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A b s t r a c t 
To determine the performance change of surfactant-polymer system in deep 
reservoir, flowing experiments were carried out with the cores of different lengths. 
The pressure of different locations in the same core was measured to investigate 
resistance factor and residual resistance factor of surfactant-polymer system. Oil/
water IFT of produced fluid was tested by the traditional spinning drop method 
to study oil/water interfacial activity in deep reservoir. This paper studied the 
contributions of viscosity and interfacial activity on the oil recovery, the paper could 
be a reliable basis for choosing polymer and surfactant in order to reach the maximal 
oil recovery.
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1. Introduction
Chemical flooding could improve oil recovery 

evidently after the water flooding [1-3]. Chemical 
flooding includes polymer flooding, SP flooding and 
ASP flooding. SP system [4] could exhibit the ability 
in controlling mobility ratio as great as polymer 
and keep the similar oil displacement efficiency as 
APS flooding. Furthermore, SP system could also 
overcome some problems including scale formation, 
particle deposition of formation, loss of polymer’s 
viscoelasticity and difficulty of processing emulsion 
which is common in ASP flooding. Consequently, SP 
system should be one of the main EOR (enhanced oil 
recovery) technologies.

Studies [5] about SP system are to screen the 
kind of polymer and surfactant and evaluate their 
interaction. Also there have been some reports [6-12] 
about the factors of influencing on SP system’s 
performance, such as salinity of formation water, 
concentration of polymer and surfactant, formation 
temperature and oil component. In fact, the reason 
why SP system could improve oil recovery is that 
it can control mobility ratio in deep reservoir, and 
also it plays a great role in lowering oil/water IFT 
and increases flowing resistance of surfactant alone. 
However, few studies on the flowing performance 

of SP system in deep reservoir have been reported.
The seventh district of Gudong reservoir in Shengli 

oil field is the formation that has the characteristics 
of high porosity, high permeability, formation water 
with high salinity and unconsolidated reservoir 
structure. It is easy to produce sand. This paper 
studied the change of resistance factor, residual 
resistance factor and oil/water interfacial activity of 
SP system in middle-high permeability reservoir. 
The study provided theoretical support in screening 
polymer and surfactant for field application.

2. Development status 
The experimental block is located in the south of 

the seven district of Gudong oilfield. The oil area is 
0.94 km2; OOIP is 2771×104 t; Depth of the formation 
is 1261~1294 m, which includes three thin oil layers. 
The porosity is 34%, and average permeability is 
1320×10-3 μm2; the permeability variation coefficient 
is 0.58. Original oil saturation is 72%; viscosity of 
oil in formation is 45mPa·s. Salinity of formation 
water is 3152 mg/L, but salinity of produced water is 
8207 mg/L. Reservoir temperature is 68 oC. Original 
formation pressure is 12.4 MPa, and saturation 
pressure is 10.2 MPa. Now, the average of water 
cut in the experimental block is 97.4%, and reserve 
recovery is 34.4% so far.

After SP system flooding, the total oil production 
of this experimental block is 1.0824×105 t, and oil 
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recovery has been improved as much as 3.9% up to 
now, and the average water cut declines from 98.2% 
to 83.4%. 

3. Experimental
3.1. Experimental apparatus 
As shown in figure1, water is pumped into 

high pressure intermediate container by advection 
pump, and we can control valves to push SP system 
or formation water out of intermediate containers, 
and push fluid to flow in the long core which is 
held by core holder, and the change of pressure 
along flowing direction of the core is monitored by 
pressure sensors, and when the fluid flows out of the 
core, it will be separated and measured.

3.2. Materials
The type of formation water used in this study is 

NaHCO3 type. The total salinity is 8795 mg/L; salinity 
of each ion is shown in table 1. The diameter of man-
made sand cores used in this study was 2.5 cm; the 
average permeability is 1.0~1.5×10-3 μm2, and average 
porosity is 27.07%. Partial hydrolysis polyacrylamide 
is named B4, whose relative molecular mass is 2.6×107 
and solid content is 90.94% is made up to the polymer 
mother solution of 3000 mg/L by deionized water. 
The petroleum sulfonate and addition agent with the 
ratio of 3:1 by volume are mixed as the surfactant. 
Then surfactant solution is made up to mother 
solution of mass concentration of 1% by formation 
water. The polymer solution and surfactant solution 
are mixed and diluted to the mixture of 1200 mg/L 
B4+0.4% S, whose viscosity is 12.3 mPa·s (7.34 s-1) 
and IFT is 9.91×10-3 mN/m (68 oC, 8795 mg/L).

3.3. Procedure
1. Cores were vacuumized and saturated with 

formation water, and the porosity of cores are 
calculated.

2. Keeping the cores saturated with formation 
water in thermo tank for 12 hours, and testing 
the permeability with formation water.

3. The above SP system is separately pumped 
into the core of 10, 20, 30, 40, 60 and 80 cm 
length at the speed of 5m/d. Until the pressure 
in different places of cores is stable, while the 
confining pressure is 2.0~3.0 MPa higher than 
inlet pressure. Average resistance factor of 
each section is calculated, the IFT between oil 
and produced fluid is tested.

4. Subsequent water-drive is used when the 
pressure of outlet is steady. In this process, the 
pressures of different stations are recorded, 
and average residual resistance factor of each 
section is calculated.

4. Results and discussion
4.1. Static property of the SP system
The polymer solution of 3000 mg/L is diluted by 

formation water to 100 mg/L, 300 mg/L, 500 mg/L, 
700 mg/L, 900 mg/L, 1000 mg/L, 1300 mg/L, 1500 
mg/L, 1800 mg/L and 2000 mg/L, whose viscosities 
are tested under reservoir temperature. As shown in 
figure 2, to satisfy great injectivity and viscosifying 
action, the mass concentration of polymer solution 
is 1200 mg/L, whose viscosity is 12.9 mPa·s. And 
in order to improve oil sweep efficiency, SP system 
keeps a good viscosifying action firstly, so it’s 
necessary to study the effect of surfactant on viscosity 
of SP system. The systems are mixed with a polymer 

Na++K+ Ca2+ Mg2+ Cl- SO4
2- HCO3

- CO3
2- Total salinity

3056 223 60 4984 0 431 41 8795
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Table 1 
Total salinity and ions content of formation water

Fig.1. Experimental apparatus
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solution of 1200 mg/L and surfactants of different 
concentrations. The result is shown in table 2.

Table 2 shows that the viscosity of single 
polymer solution is 12.9 mPa·s. With increase of 
surfactant concentration, viscosity of SP system 
fluctuates, and then stabilizes at 11mPa·s. In the 
static experiment, the addition of surfactant has 
little effect on viscosity of SP system.

Oil/water IFT is tested under the reservoir 
temperature of 68 oC. The mass concentration 
of polymer solution increases from 500 mg/L to 
1200 mg/L, and the concentration of surfactant 
increases from 0.1% to 1%. The result is shown 
in table 3. When the concentration of surfactant 
is 0.1% or 0.2%, the IFTs, which are dissolved by 
different mass concentrations of polymer can not 
reach ultra-low. And when the concentration of 
surfactant is more than 0.2%.

Table 3 shows that once the value reaches 0.3%, 
the IFT begins to stabilize. After the concentration 
of surfactant is more than 0.3%, with increase 
of the concentration of surfactant, the time to 

reach the ultra-low IFT becomes shorter and 
shorter, which stabilizes in 0.5 minute when 
the concentration is 0.4%.

With increase of mass concentration of 
polymer solution, the amount of polymer 
molecules in unit volume of SP system 
increases. Owing to the existence of 
a hydrophobic group of polymer, there 
will be hydrophobic and attractive action 
between polymer and surfactant molecule. 
Since partial hydrolysis polyacrylamide and 
petroleum sulfonate are both negative ions, 
a strong repulsion force exists between 
polymer and surfactant molecule, so more 
and more surfactant molecules are separated 
by long chains of polymer, then surfactant 
molecules are pushed to adsorb to oil/
water interface. However, if only there is 

sufficient contact time between oil and SP system, 
ultra-low IFT will be reached. For the application 
of SP system in field, the way to prolong the 
contact time between surfactant molecule and oil-
water interface is to increase the concentration 
of surfactant or bring down the concentration 
of polymer, but this method will increase the 
economic cost or decrease the viscosifying ability. 
Therefore, multi-slug injection can not only prolong 
the contact time between surfactant molecule and 
oil-water interface, but also lower the cost and 
keep great viscosifying ability. 

4.2. Performance change in oil displacement 
SP system can substantially improve sweep 

efficiency in the process of displacing oil because 
it has a good viscosifying ability. And resistance 
factor and residual resistance factor are important 
indicators to describe the ability of sweep efficiency 
of chemical systems in the oil displacement process. 
The improving oil displacement efficiency benefits 
from the good ability of SP system to reduce oil/

Surfactant 
Polymer system

1200 mg/L 
B4

1200 mg/L 
B4+0.1% S

1200 mg/L 
B4+0.2% S

1200 mg/L 
B4+0.3% S

1200 mg/L 
B4+0.4% S

Viscosity/(mPa·s) 12.9 9.3 11.9 10.5 12.3

Concentration of 
surfactant/%

S 500 mg/L B4+S 1200 mg/L B4+S

t/min σ/(10-3mN/m) t/min σ/(10-3mN/m) t/min σ/(10-3mN/m)
0.1 6 135.77 28 322.23 56 184.25
0.2 8.5 91.82 31 33.44 38 27.72
0.3 4 8.61 8 7.77 20 9.91
0.4 0.5 9.91 3 5.63 7 9.91
0.5 0.4 6.38 4 3.24 9 7.82
1 0.5 9.91 3 2.56 8 5.73
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Table 2 
Viscosity of SP system with different concentrations of surfactant

Table 3 
IFT of SP system changing with the concentration of polymer solution

Fig.2. Viscosity of polymer B4 
solution changing with concentration

0.00

5.00

10.00

15.00

20.00

25.00

30.00

0 500 1000 1500 2000

Vi
sc

os
it

y,
 m

Pa
۰s

Concentration, mg/L

B4



37

water IFT. SP system’s performance is studied in 
deep reservoir by conducting SP system flowing 
experiments in cores of different length.

4.2.1. Change of the resistance factors 
Resistance factor (RF) expresses the ability of 

chemical systems to reduce the mobility ratio, and 
it represents the ratio of water mobility and oil 
mobility as shown below,

                                 (1)

From equation (1), we know that compared 
with the parameter as viscosity alone, resistance 
factor can be better to reflect the performance 
change of SP system in the process of flowing. 
As produced water is often reinjected in field 
application, the method of “solution with 
deionized water, dilution with produced water” 
is adopted during the experiment. Under the 
condition of 68 oC (reservoir temperature), inject 
the configured 1200 mg/L B4+0.4% S into the 
core (with a length of 80cm) with a speed of 
5 m/d and then observe the pressure change 
in different positions of core. The results are 
shown in figure 3.

The calculation of resistance factor is 
transformed from the core pressures at 

both ends of sides. Therefore, it could just reflect 
resistance factor’s variation of the tested segment of 
core; that is, the ability of chemical system to control 
mobility. From the view of calculus, it can be only 
analyzed by reducing the length of tested segment 
to study the change of ability to control mobility 
at one point. With the increase of injection volume, 
the resistance factors of different sediments increase 
rapidly at first, but then keep stable around a value. 
Meanwhile, the closer the inlet gets to the end, the 
easier the resistance factor reaches stable.

4.2.2. Change of residual resistance factor
Residual resistance factor (RRF) expresses the 

ability of chemical systems to reduce permeability 
and is the ratio of the water permeability before 
SP system drives, and after it drives, that is, the 
coefficient of permeability reduction.

      RRF = Kwb / Kwa                              (2)

In the SP system, polymer and surfactant 
may be adsorbed and loss. Retention 
and mechanical trap will decline the 
permeability. It is bad to lose some effective 
amount, but the loss can add the flow 
resistance in subsequent water flooding, 
which can adjust water injection profile to 
improve the sweep efficiency. Therefore, 
under the reservoir temperature, formation 
water is injected into the 80cm-length cores 
in the same rate, and then the pressure 
variation is measured at different position. 
The result is shown in figure 4.

Figure 4 shows that the change of 
residual resistance factor is similar to that 
of resistance factor. Firstly, it has a sharp 
decline and then keeps stable around a 
value. Furthermore, the variation tendency 
of segment 0-4 cm is different from other 
segments. Residual resistance factor of 
the sediment is small at the beginning 

and gradually becomes larger with the increase of 
injection volume, and keeps stable at last. There is 
a migration blockage of the SP system in the front 
of the core, that is to say, the blockage occurs near 
the wellbore, which is bad for chemical flooding. 
Therefore, after the chemical flooding, it is necessary 
to adopt the method of reducing injection speed and 
adjusting injection to accomplish water flooding to 
reduce the blockage in the end of inlet.

As is shown in figure 5, with the increase of 
relative distance, both of resistance factor and 
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Fig.3. Curve of resistance factor changing 
with injection volume in different parts of core

Fig.4. Curve of residual resistance factor changing 
with injection volume in different parts of core
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residual resistance factor decline rapidly at first, and 
then begin to keep stable in the position of 30%~45%. 
In the front of core, equal to the region near the 
wellbore in reservoir, resistance factor and residual 
resistance factor are 205.32 and 46.39 respectively, 
while they keep at 118.33 and 2.02 respectively in 
the deep reservoir. Thence the SP system’s ability 
of controlling mobility in the reservoir remains at 
57.63% of its initial value. And after subsequent water 
flooding, it does little harm on the permeability. The 
large residual resistance factor is mainly in the inlet 
end of cores where a severe blockage happens. In the 
deep reservoir, water permeability just declines by 
two to three times. Therefore, before we study the SP 
system, we should firstly make sure that it is good 
at reducing permeability in deep reservoir instead 
of the area near the wellbore. Meantime, 
excellent ability of controlling mobility is 
because of a little loss of chemical agent. As 
a result, we should make full use of it, and it 
will be conducive to maintain the ability by 
using multi-slug injection method.

4.2.3. Change of oil/water interfacial 
activity

In accordance with the researches on oil 
displacement efficiency about SP system, 
most researches [13-14] took the method 
of theoretical predictions or physical 
simulation, and measure the pressure and 
detect chemical agent concentration of the 
sample. Some researchers [15] arrange a 
plurality of measuring points on a long slim 
tube model, which need fewer samples and 
time and has little influence on the result.

Nevertheless, long slim tube model can’t 
simulate actual pore structure and its distribution; 
however, sampling in lengthy core segment results 
in local pressure disturbance, which will have a huge 
influence on the flowing of rear system. Therefore, 
the author puts forward the method to take the core 
of different length as different positions of a long 
core. It’s reliable to test the change of IFT in the 

exit end to simulate interfacial activity of 
SP system in different positions of core. At 
the same time, in contrast with the sampling 
results of segments in long core, flooding 
performance of SP system are obtained.

Different lengths of cores are conversed 
to different positions in a certain length core; 
therefore, there is a conversion of PV. In 
field test of polymer flooding, the injection 
of polymer solution is about 0.25~0.5 PV.In 
the reservoir, there are much more chemicals 
through the wellbore than the region far 
away from the well. Hence, in order to 
distinguish volumes of chemical agent 
between the near and far area. The chemical 
agent volume through a flowing section of 
formation is defined as local PV, named Vr. 
In one- dimension flowing,

                                      (3)

L—length of the whole core, m
L1—local length of flowing, m
Vw—pore volume relative to the whole core 
In radial flowing,

                                  (4)

R—radius of whole reservoir displaced with 
chemical system, m

r—distance between flowing section and the 
wellbore, m

V’r, V’w — PV of integral and local reservoir, 
respectively

In this study, the different lengths of cores, 10 cm, 

40 cm, 60 cm, 80 cm, are conversed to 1/8, 1/2, 3/4, 1 of 
the length of 80 cm. Take IFT of product for example, 
when the injection reaches 1PV, the relative pore 
volume of 10 cm, 40 cm, 60 cm and 80 cm length 
cores respectively is 8PV, 2PV, 4/3PV and 1PV 
respectively. Consequently, the curve between IFT 
and relative distance is shown in figure 6.
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Fig.5. Curve of resistance factor and residual 
resistance factor changing with the distance 

Fig.6. curve of IFT distribution of SP 
system inflowing direction at the initial time
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Figure 6 Shows that IFT between oil drop and 
SP system increases with the increase of relative 
distance, the value changes from ultra-low IFT 
1.1×10-4 mN/m to 10 mN/m, and is steady in the 
section of 20~100%. From the results, it is obvious 
that interfacial activity is the main loss in the section 
of 0~20% which is the same as the place near the 
wellbore. The higher surfactant concentration is, the 
lower oil/water IFT is.

The main way to enhance oil displacement 
efficiency of SP system is to lower oil/water IFT. 

After long-term water flushing through 
the area near the wellbore, some remained 
oil mainly distributes in the far zone. So 
it’s necessary for SP system to keep high 
interfacial activity of the area far away from 
wellbore. Figure 6 shows that IFT of 20~100% 
keeps stable in 10 mN/m, which is much 
higher than ultra-low IFT. Therefore, the 
oil recovery is improved not by the ultra-
low IFT in deep reservoir. Therefore, for 
SP system, if it is very difficult to reach the 
ultra-low IFT in deep reservoir, coordinative 
role between polymer and surfactant shall 
be brought out as soon as possible, which 
shall be one of most important research 
directions of chemical flooding. If there is 
the same concentration of polymer between 
two kinds of SP system, when the surfactant 
is higher, IFT in deep reservoir keeps lower. 
Consequently, if the cost is allowed, the 

higher concentration of surfactant solution should 
be used in SP system.

In the lab, flowing experiments of SP system are 
conducted in 60 cm and 80 cm - length cores. Figure 
7 shows that in cores with different length, change 
of IFT in different cores is similar. IFT increases 
sharply at the beginning, then becomes stable in 
1.12 mN/m at 40% of core length, so when the SP 
system reaches stable flowing, IFT distribution has 
little relationship with core length.

5. Conclusions
1. With the increase of injection, firstly, both resistance factor and residual resistance factor 

increase quickly, then become stable. Conversely, as the distance increases, these factors decrease 
quickly, and later fluctuate around one value. These factors are 205.32 and 46.39 respectively, while 
in deep reservoir (60%~80%) they are 118.32 and 2.02 respectively. The mobility control ability of 
SP system in deep reservoir keeps 57.63% of near the wellbore. However, as the injection water 
displaces the residual SP system in deep reservoir, the ability of lowering the permeability keeps 
4.35% near the well bore.

2. In the early flowing period, IFT of SP system 1200 mg/L B4+0.4% S increases from 1.1×10-4 
mN/m to 10 mN/m, and keeps stable in deep reservoir (60~80%). Therefore, the surface activity 
plays little role in improving displacement efficiency in deep reservoir. It should be a way for 
chemical flooding to play a role of solubilization, emulsification, wettability change and cooperation 
between polymer and surfactant solution.

3. According to the static and flowing experiments, the injection of multi-plug of SP system is 
good way to replace residual oil in deep reservoir. On the condition of the same mass concentration 
of polymer solution, IFT between oil and water decreases with the concentration of surfactant 
increases. So if the cost allows, it is better to use high-concentration surfactant. Meanwhile, it is 
supposed that the core length is irrelevant to evaluation of SP system in deep reservoir.
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Fig.7. Curve of IFT distribution of SP 
system inflowing direction at the stable time
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Реферат

В статье, с целью изучения изменения свойств ПАВ-полимерной системы в глубоко 
залегающих пластах, представлены результаты экспериментальных исследований систе-
мы на образцах керна разной длины. Фактор и остаточный фактор сопротивления ПАВ-
полимерной системы определялись замерами давления в разных точках одного и того же 
образца керна. С целью исследования межфазной активности на границе раздела нефти 
и воды в глубоко залегающих пластах, методом вращающейся капли было определено 
поверхностное натяжение в добываемом флюиде. В статье изучается влияние вязкости и 
межфазной активности на нефтедобычу, а результаты исследований могут служить руко-
водством при выборе полимера и ПАВ с целью достижения максимальной нефтедобычи.

Ключевые слова: химическое заводнение, вытеснение нефти, коэффициент сопротив-
ления, коэффициент остаточного сопротивления, активность на поверхности раздела фаз

Dərin laylarda SAM-polimer sisteminin 
xassələrinin tədqiqi

Z.Vu1,4, Z.Yanq2, L.Çao3, Q.Vanq3

1«Böyük Sədd» Qazma Şirkəti, ÇMNK, Pekin, Çin; 
2Neft Kəşfiyyatı və İşləmələri ETİ, PetroChina, Pekin, Çin; 

3«Böyük Sədd» Qazma Şirkəti, ÇMNK, Panjin, Çin; 
4Çin Neft Universiteti, Pekin, Çin

Xülasə

Məqalədə dərin laylarda SAM-polimer sisteminin xassələrinin dəyişməsinin öyrənilməsi 
məqsədi ilə, sistemin müxtəlif uzunluqda kern nümunələri üzərində aparılmış sınaq 
tədqiqatlarının nəticələri təqdim edilir. SAM-polimer sisteminin müqavimət və müqavimətin 
qalıq amilləri təzyiqin eyni kern nümunəsinin müxtəlif nöqtələrindəki ölçmələri ilə təyin 
edilmişdir. Dərin laylarda neft və su sərhədində fazalararası aktivliyin tədqiqi məqsədi ilə hasil 
olunan flüiddə fırlanan damcı üsulu ilə səthi gərilmə müəyyən edilmişdir. Məqalədə özlülüyün 
və fazalararsı aktivliyin neftçıxarmaya təsiri öyrənilir. Tədqiqatların nəticələrindən maksimal 
neft çıxarmaya nail olmaq məqsədi ilə polimer və SAM seçimi edilərkən yardımçı vəsait kimi 
istifadə etmək olar.

Açar sözlər: kimyəvi suvurma, neftin sıxışdırılması, müqavimət əmsalı, qalıq müqavimət 
əmsalı,  fazaların ayrılma sıthində aktivlik.
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