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1.  Introduction

After four decades of water drive development, the DG oilfield has reached the stage of high recovery and ultrahigh watercut. 
At present, the effectiveness of water flooding in the DG oilfield is poor, and the resulting production rate of the enhanced oil 
recovery (EOR) methods is low. Therefore, to improve the recovery factor in the DG oilfield, a new EOR mode has been developed, 
followed by pilot field tests of binary flooding. The results prove that the new EOR technique can provide an effectiveness of 
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10.2%. The application of the new technique is complicated by polymer blockage, low concentration of the produced fluid (less 
than 100 mg/L), and poor fluidity. Moreover, the adsorption capacity of the surfactant is comparatively high, and the mechanism of 
the surfactant is unclear. The above problems restrict the effective application of binary flooding technology. In the ASP flooding, 
the displacement fluid consists of the alkali, surfactant, and polymer solutions (thus abbreviated as ASP). Since the 1980s, ASP 
technology has been rapidly developing, both in China and abroad [1-2]. In China, in-depth scientific and technological research 
and numerous field tests have been carried out in the Daqing Oilfield and Shengli Oilfield. So far, the cumulative oil production 
stimulated by the ASP flooding in the Daqing Oilfield exceeded 18.3 million tons, accounting for 58.6% of the cumulative oil 
production, which is 10.7 million tons higher than that provided by conventional water flooding [3-10]. The results of both laboratory 
and field tests show that under similar injection pore volume conditions, the combination of the ASP flooding and water flooding 
can increase the recovery factor by more than 20%, which is more than 1.5 times higher than that by polymer flooding. Indeed, 
ASP flooding has since become a new production growth point in many oilfields, and the recovery factor can be increased up to 
60%, showing broad application prospects of the technology [11-16]. Based on the previously published research, the authors 
have developed a new weak-alkali ASP system and studied the factors influencing the ASP system, including the impact of sodium 
and potassium ions, calcium and magnesium ions, water quality, and displacement activity.

2.  Experimental section

2.1. Materials and instruments

The experimental water is clean water and treated re-injection sewage obtained from the DG Oilfield.
The chemical agent P2 polymer is partially hydrolyzed polyacrylamide (HPAM) with a relative molecular weight of 1000×104; 

it is a white powdery solid with 90% mass fraction produced by Daqing Refining and Chemical Company. The surface-active agent 
TX-3 is a laboratory-produced surfactant with an effective mass fraction of 50%. Weak alkali is Na2CO3 with a mass fraction of 98%. 
Sodium chloride and potassium chloride substances are solid powders supplied by Sinopharm Chemical Reagent Company, Ltd.

The experimental temperature is 55°C, which corresponds to the reservoir temperature.  
The instruments include a TX-500c rotary drop interfacial tension meter, Brookfield DV-II+ viscosimeter, Ja2103N precision 

electronic balance, Jan-79 magnetic heating stirrer, JJ-1 electric stirrer, etc.

2.2. Influencing factors

In this paper, the effects of sodium and potassium ions, calcium and magnesium ions, water quality, and shearing on the 
viscosity and interfacial tension of the developed weak-alkali ASP system are investigated and the stability of the system evaluated.

3. Results and discussion

3.1. Effect of sodium and potassium ions on ASP system

The pretreated sewage from the DG oilfield is used to prepare a P2 polymer solution with a concentration of 2000 mg/L. The 
surfactant TX-3 concentration is 0.2%. The Na2CO3 weak alkali concentration is 1%. These three components constitute the ASP 
system. For experimental tests, ASP system solutions containing sodium chloride or potassium chloride in concentrations of 0.2%, 
0.4%, 0.6%, 0.8%, 1%, 2%, and 3% are prepared, and the viscosity and interfacial tension of the sample solutions are measured.

3.1.1. Effect of sodium and potassium ion concentration on viscosity

The viscosity of the developed weak-alkali ASP system containing different concentrations of sodium and potassium ions has 
been measured, and the experimental results are shown in Table 1.

As can be seen from Table 1, when the sodium and potassium ion concentration is 0.2%, the viscosity of the ASP solution 
is 25.6 and 24.5 mPa·s, respectively. With increase in ion concentration, the solution viscosity decreases slightly. When the 
concentration of sodium and potassium ions is 3%, the viscosity decreases to 19.2 mPa·s, and the viscosity loss rate is 25% and 
21.6%, respectively. The experimental results show that the effect of sodium ions on the ASP solution viscosity is slightly higher 
than that of potassium ions.
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3.1.2. Effect of sodium ion concentration on interfacial tension

Figure 1 shows that with increase in sodium ion concentration, the interfacial tension of the weak-alkali ASP system after 
2 h of measuring increases slightly. When the sodium ion concentration is 0.2%, 0.4%, 0.6%, 0.8%, 1.0%, 2.0%, and 3.0%, 
the interfacial tension is about 9.8·10–4, 2.4·10–4, 4.5·10–4, 2.7·10–4, 1.7·10–4, 6.0·10–4, and 5.7·10–4 mN/m, respectively. The 
experimental results show that when the concentration of sodium ions ranges between 0.2% and 3.0%, the interfacial tension of 
the system can reach an ultralow level below 10–4 mN/m, depending on time. The experimental results also prove that the sodium 
ion concentration has little impact on the interfacial tension in the system.

3.1.3. Effect of potassium ion concentration on interfacial tension

Figure 2 shows that with increase in potassium ion concentration, the interfacial tension of the developed weak-alkali ASP 
system solution first increases slightly and then tends to be stable. When the concentration of potassium ions is 0.2%, 0.4%, 0.6%, 
0.8%, 1%, 2% and 3%, and the time of measurements is 120 min, the interfacial tension of the ASP system is 1.5·10–4, 2.7·10-3, 
1.4·10-3, 1.0·10–3, 1.8·10–4, 6.3·10–4, and 4.5·10–4 mN/m, respectively. The experimental results show that when the potassium 
ion concentration ranges between 0.2% and 3.0%, the interfacial tension of the ASP system can reach an ultralow level below 
10–3 mN/m. The experimental results also prove that the potassium ion concentration has little impact on the interfacial tension 
in the system. Nonetheless, comparing the effect of equal concentrations of the sodium and potassium ions, we can see that the 
impact of potassium ions is slightly higher than that of the sodium ions.

3.2. Effect of calcium and magnesium ions on ASP system

The P2 polymer solution is prepared with a polymer concentration of 2000 mg/L and water obtained from the pretreated 
sewage of the DG oilfield. The TX-3 surfactant concentration is 0.2%. The weak-alkali Na2CO3 concentration is 1.0%. The three 
components are mixed to produce the designed ASP system. Then sample solutions are prepared containing 0.01%, 0.02%, 0.03%, 
0.04%, and 0.05% concentration of calcium chloride or magnesium chloride. Finally, the relationship between the viscosity and 
interfacial tension of the sample solutions and the time is measured.

Sodium ion concentration (%) Potassium ion concentration (%)

Viscosity
(mPa·s)

0.2 0.4 0.6 0.8 1.0 2.0 3.0 0.2 0.4 0.6 0.8 1.0 2.0 3.0

25.6 24.5 23.5 23.5 22.4 20.1 19.2 24.5 24.5 23.5 23.5 22.4 19.2 19.2

Table 1. Effect of Sodium and Potassium Ion Concentration on Viscosity
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Fig. 1. Effect of sodium ion concentration on interfacial tension. 1) 0.2%; 2) 0.4%; 3) 0.6%; 4) 0.8%; 5) 1.0%; 6) 2.0%; 7) 3.0% 
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3.2.1. Effect of calcium and magnesium ion concentrations on viscosity

The viscosity of the ASP solutions with different concentrations of calcium and magnesium ions is measured, and the 
experimental results are shown in Table 2.

When the concentration of calcium and magnesium ions is 0.01%, the viscosity of the ASP solution is 25.6 and 24.5 mPa·s, 
respectively. With increase in ion concentration, the viscosity of the system remains unchanged. When the concentration of calcium 
and magnesium ions increases to 0.05%, the viscosity of the system is 25.0 and 24.2 mPa·s, respectively. The experimental results 
show that the impact of calcium ions on viscosity is slightly higher than that of magnesium ions.
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Fig. 2. Effect of potassium ion concentration on interfacial tension. 1) 0.2%; 2) 0.4%; 3) 0.6%; 4) 0.8%; 5) 1.0%; 6) 2.0%; 7) 3.0%

Calcium ion concentration (%) Magnesium ion concentration (%)

Viscosity
(mPa·s)

0.01 0.02 0.03 0.04 0.05 0.01 0.02 0.03 0.04 0.05

25.6 25.6 25.3 25.4 25.0 24.5 24.5 24.3 24.2 24.2

Table 2. Effect of Calcium and Magnesium Ion Concentration on Viscosity
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Fig. 3. Effect of calcium ion concentration on interfacial tension. 1) 0.01%; 2) 0.02%; 3) 0.03%; 4) 0.04%; 5) 0.05% 
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3.2.2. Effect of calcium ions on interfacial tension

As shown in Fig. 3, when the calcium ion concentration increases from 0.01% to 0.04%, the interfacial tension of the ASP 
decreases slightly. However, when the calcium ion concentration is 0.05%, the interfacial tension of the solution increases. When 
the concentration of calcium ions is 0.01%, 0.02%, 0.03%, 0.04%, and 0.05% and the time is 120 min, the interfacial tension is 
1.6·10–3, 1.2·10–4, 4.5·10–5, 9.6·10–5, and 2.0·10–3 mN/m, respectively. The results show that when the calcium ion concentration 
ranges between 0.01% and 0.05%, the interfacial tension of the developed weak-alkali ASP system can reach an ultralow level 
below 10-3 mN/m. As can be seen, the calcium ion concentrations within the tested range have little impact on the interfacial 
tension of the complex weak-alkali system.

3.2.3. Effect of magnesium ions on interfacial tension

Figure 4 shows that when the concentration of magnesium ions increases from 0.01% to 0.05%, the interfacial tension of the 
ASP system solution decreases slightly. When the magnesium ion concentration is 0.01%, 0.02%, 0.03%, 0.04%, and 0.05% and 
the time is 120 min, the interfacial tension is 1.2·10–3, 9.3·10–4, 1.0·10–3, 1.1·10–4, and 9.5·10–4 mN/m, respectively. The results 
suggest that when the magnesium ion concentration ranges between 0.01% and 0.05%, the interfacial tension of the system can 
reach an ultralow level below 10–3 mN/m.

Figures 3 and 4 show that equal concentrations of calcium and magnesium ions have a different impact on interfacial tension 
of the ASP system, and the influence of magnesium ions is slightly higher than that of the calcium ions.

3.3. Effect of water quality on ASP system

To evaluate the effect of water quality on the ASP system parameters, three types of polymer solutions are prepared using water 
of different quality: clean water, a mixture of clean water and the DG oilfield injection sewage at 4:6 ratio, and the DG oilfield 
injection sewage. The P2 polymer concentration is 2000 mg/L, the TX-3 surfactant concentration is 0.2%, and the Na2CO3 weak 
alkali concentration is 1.0%. The three components are formulated to produce the developed weak-alkali ASP system. Then the 
viscosity and interfacial tension of the solutions of different water quality are measured.

Figure 5 shows that the quality of water used in the solutions has a great influence on the viscosity of the developed ASP 
system. With increase in salinity, the viscosity of the system gradually decreases. Moreover, for all three types of solutions, the 
viscosity decreases with time. After 40 days, the viscosity of the clean water solution, clean water/sewage solution, and oilfield 
sewage solution changes from high to low and is 24.1, 16.0, and 13.2 mPa·s, respectively. Thus, the viscosity retention rate for 
the three types of solutions is 66.4%, 59.9%, and 51.6%, respectively.
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Fig. 4. Effect of magnesium ion concentration on interfacial tension. 1) 0.01%; 2) 0.02%; 3) 0.03%; 4) 0.04%; 5) 0.05%
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Based on the experimental results and considering the oilfield requirements and cost reduction, we suggest that water used 
in the ASP system be diluted with the pretreated oilfield sewage. Considering the negative influence of calcium and magnesium 
ions, the ions should be removed from the solvent before preparing the P2 polymer solution.

3.4. Effect of shearing in a pore throat on ASP system

When the system is subjected to high-speed shearing, it suffers a rapid decrease in the molecular weight and viscosity of the 
solution. The phenomenon can affect the viscoelasticity of the developed ASP system, thus reducing the swept volume expanding 
effect. To study the impact of shearing, we have prepared a sample solution containing the DG oilfield injecting sewage as the 
solvent and P2 polymer in a concentration of 2000 mg/L. The TX-3 surfactant concentration is 0.2%. The Na2CO3 concentration 
is 1.0%. The three components are formulated to constitute the ASP system. Then, we simulate the ASP system shearing in a pore 
throat and study the effect of shearing on the molecular weight and the viscosity of the system.

Figure 6 shows that before shearing, the solution viscosity of the weak-alkali ASP system is 25.6 mPa·s. After the sample 
is subjected to shearing for 20 s, the relative molecular weight of the polymer decreases to 715·104, and the viscosity decreases 
to 14.2 mPa·s. After that, the ASP solution is used for displacement in the natural core with a permeability of 95·10–3 μm2. The 
results show that after the displacement the relative molecular mass is reduced to 639·104, and the viscosity decreases to 13.2 
mPa·s, indicating that shearing not only affects the molecular weight of the polymer but causes shrinkage of the polymer coil 
size. Thus, the polymer can easily pass through the pore throat. When the core permeability is 95·10-3 μm2, the pore throat radius 
has little effect on the molecular weight and viscosity of the system.
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4. Conclusions

1. The effect of sodium ions on the viscosity of the developed weak-alkali ASP system is slightly higher than that of potassium 
ions. When the concentration of sodium and potassium ions ranges between 0.2% and 3.0%, the interfacial tension of the system 
is below 10-3 mN/m. The effect of calcium ions on the viscosity of the system is slightly higher than that of magnesium ions. 
When the concentration of magnesium ions is between 0.01% and 0.05%, the interfacial tension of the system is below 10-3 
mN/m. Comparing the solutions with equal concentrations of calcium and magnesium ions, it can be seen that the influence of 
magnesium ions on the interfacial tension in the system is slightly higher than that of calcium ions.

2. The influence of water quality shows that the viscosity of the ASP system depends on the salinity of the solvent used for 
preparing the solutions. The viscosity of a weak-alkali ASP system diluted with clean water is 24.1 mPa·s; in the case of the clean 
water/oilfield sewage in the ratio of 4:6, the viscosity is 16 mPa·s; when the oilfield sewage is used for the solution, the viscosity 
is 13.2 mPa·s; the corresponding viscosity retention rate is 66.4%, 59.9%, and 51.6%, respectively. The effect of the solvent type 
on the interfacial tension of the ASP system is similar, and in all cases, the interfacial tension can reach an ultralow level below 
10–3 mN/m. Based on the results and considering the cost-effectiveness of the ASP system preparation, it is recommended that the 
developed weak-alkali ASP system be prepared with a mixture of clean water with oilfield sewage, and calcium and magnesium 
ions be removed from the solution prior to the system preparation.

3. The process of displacement in the natural core is simulated by experimental tests. The results show that after the displacement 
the molecular weight of the system is reduced to 639·104 and the viscosity decreases to 13.2 mPa·s. The decrease in polymer 
molecular weight after shearing occurs simultaneously with decrease in molecular coil size after shearing, which enables the 
polymer molecules to pass through the pore throat. When the core permeability is 95·10–3 μm2, the pore throat size has little effect 
on the molecular weight and the viscosity of the ASP system after shearing. 
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