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Abstract: Polymer flood gains expansive popularity as a promising EOR method in various oilfields worldwide. How-

ever, there are still substantial amount of resources underground after polymer application. To further enhance oil recov-

ery, secondary chemicals are sometimes utilized to sweep the remaining hydrocarbons to maintain the consistent devel-

opment of oilfields. In this paper, a series of experiments are established and conducted to explore the feasibility of sur-

factant/polymer flooding applied to a polymer flooded reservoir, and also the influence of polymer retention in porous 

media to enhance the oil recovery performance of subsequent chemical drive. The data of the experiments suggest that 

surfactant/polymer flooding owns a very good potential as a subsequent EOR technique, and that polymer retention in 

pores helps block underground water channels, improving greatly the sweeping efficiency of secondary chemical flood. 
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INTRODUCTION 

Polymer flood can effectively enhance oil recovery by 
improving sweeping and flooding efficiency, making it a 
promising and widely-applied EOR method both at home 
and abroad. In some oilfields in China, polymer flood can 
enhance oil recovery up to nearly 14% of the original oil in 
place [1]. In spite of the remarkable performance of poly-
mers, there are still substantial amount of reserves, nearly 
half of original oil in place, in porous media after polymer 
flood [2]. To excavate these remaining hydrocarbons and 
keep the consistent development of oilfield, secondary 
chemicals are frequently taken into consideration to further 
enhance oil recovery, such as surfactant and polymer. 

Surfactant/polymer flood (SP) is a binary combination 
flooding method integrating the benefits of both polymer 
flood and surfactant flood. It originally derives from alkali-
surfactant-polymer flooding technique (ASP) and excludes 
the existence of alkali, without derogating too much the 
comprehensive EOR advances of the combination drive [3]. 
In particular, surfactant/polymer flood avoids a lot of prob-
lems and troubles that alkali could bring about, such as scal-
ing and fluid emulsification, demonstrating a very big EOR 
potential.  

To the massive valuable remains after polymer applica-
tion, some scholars had discussed the further enhanced oil 
recovery technique succeeding polymer flooding [4],

 
Lu 

Xiangguo [5] conducted experimental study to further im-
prove recovery method after polymer flooding, and proposed 
that injecting higher molecular weight  greater concentration 
of the polymer or cross linked polymer can further expand 
the swept volume and enhance oil recovery in the  
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embodiment of reservoir after a polymer flooding. Guo 
Shangping [4] further explored enhanced oil recovery prob-
lem after polymer flooding, and proposed the surfactant 
flooding after polymer flooding and the liquid crystal system 
flooding after polymer flooding. Then Liu Ye, Zhao Fulin, 
Li Aifen and other people also proposed a lot of further im-
proving recovery methods after polymer flooding [6-18], 
such as the microbial flooding after polymer flooding, the 
profile control agent deep profile after polymer flooding, the 
foam flooding after polymer flooding and other methods. All 
the experimental studies have shown that using appropriate 
methods after polymer flooding can further enhance oil re-
covery. But they failed to cover SP flooding, and discuss the 
influence of polymer retention on subsequent EOR tech-
nique. In this work, a series of experiments are initiated to 
investigate the feasibility of subsequent surfactant/polymer 
flood applies to remains after first EOR application of poly-
mer flooding. In addition, the influence of polymer retention 
in porous media on the performance of later chemical drive 
is also discussed.  

MODEL DESIGN 

For simplicity and representativeness, a typical two-
dimension (2D) double-layer model with a size of 
30 4.5 4.5cm is established (shown in Fig. 1). To take into 
consideration and the heterogeneity, the permeability of two 
layers is specified as 800mD and 200mD respectively, the 
porosity of the two layers is about 23%. 

EXISTING FORMS OF THE POLYMER IN FORMA-
TION AFTER POLYMER FLOODING  

Because of the size of polymer molecule, there is an in-
accessible pore volume for polymer in the formation as natu-
rally polymers do not exist in the space. But in accessible 
pore volume, the residual polymer exists in the forms of dis-
solution, absorption and entrapment. The retention quantity 
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of residual polymer includes the absorption quantity on the 
surface of sandstone and entrapment quantity in the pore. 
 

 

Fig. (1). The two-layer 2D model. 

 
The material balance method is used to determine reten-

tion quantity of polymer in formation. The steps are as fol-
lows: 1) Inject 0.57 PV polymer solutions with a concentra-
tion of 1000mg/L to the core; 2) Inject 0, 0.2, 0.4, 0.6 and 
1.0 PV volumes of water to the core respectively after poly-
mer injection; 3) Measure produced concentration of poly-
mer at the deliver end; 4) Calculate the retention quantity of 
polymer in the core according to equation (1): 

  

Q = (
0
V

0 i
i=1

n

V
i
) / W   (1) 

Where:  

Q—the retention quantity of HPAM, μg g
-1

; 

0
—the mass concentration of HPAM, mg L

-1
; 

V
0

—accumulative injection volume of HPAM, mL; 

i
—mass concentration of the i sample of effluent HPAM, 

mg L
-1

; 

V
i
—the volume of the i sample of effluent HPAM mL; 

 n —the number of effluent HPAM sample; 

W —dry weight of core, g  

If the wettability of the core altered from water-wet to 
oil-wet by steeping in the silicone oil, it can eliminate the 
absorption of polymer in the core. Thus the entrapment is 
equals to retention of HPAM.  

From Table 1 we can see that the retention quantity of 
HPAM in the core is about 2.5 times compared to the en-
trapment quantity in the core. The absorption quantity of 
polymer in the core equals to the difference of the retention 
quantity and the entrapment quantity, which is generated by 
dynamic absorption. 
 
Table 1.  Polymer remnant of different models. 

No. 
Porosity 

(%) 

Polymer 

remnant 

(mg) 

Polymer 

entrapment 

(mg) 

Polymer 

adsorption 

(mg) 

1 

2 

3 

4 

5 

23.64 

23.54 

23.85 

24.07 

23.18 

35.1 

18.4 

15.6 

13.9 

12.2 

13.5 

7.7 

6.2 

5.5 

4.7 

21.6 

10.7 

9.4 

8.4 

7.5 

 
To calculate the dissolution quantity of polymer in the 

core, we assume that the core was 1 m
3
, the porosity was 

30%, inaccessible volume was 10%, the mass concentration 
of injected polymer was 1750 mg·L

-1
, the density of sand-

stone was 2.6 t·m
-3

, the produced polymer mass occupied 
about 10% of the injected polymer. Then the calculated re-
sults are that in about 90% of the residual polymer, the disso-
lution quantity, the absorption quantity and the entrapment 
quantity separately account for 79%, 6% and 5% of the in-
jected polymer. 

ABSORPTION QUANTITY DETERMINATION OF 
THE SURFACTANT AFTER POLYMER FLOODING  

To accurately analyze the rule of adsorption and retention 

of surfactant in porous media, the experiment investigated 

the dynamic adsorption and retention law of surfactant solu-

tion in the core without oil, and concentrations of the surfac-

tant solution were separately 0.1%, 0.2%, 0.3%, 0.4%. Re-

tention quantity means the amount of active agent existing in 

the unit weight (or volume) core after the active agent solu-

tion flow through the core, and the total retention quantity 

equals to the difference in the total amount of active agent 

injected into the core and the total amount of active agent 

flowing out of the core. In another set of experiment, we 

separately injected surfactant solution with concentration 

0.1%, 0.2%, 0.3%, 0.4% under the conditions of different 

residual polymer after polymer flooding, and then analyze its 

dynamic adsorption and retention law under the existence of 
residual polymer. The injection rate was 0.5mL/min. 

The adsorption quantity gradually increased with the in-

crease in surfactant concentration in the cores with residual 

polymer (Table 2), when surfactant concentration is 0.3 %, 

the adsorption quantity reached the maximum of 0.378mg/g, 

and then with the increase in surfactant concentration, the 

adsorption quantity decreased, which indicates that the dy-

namic adsorption number of the surfactant with 0.3% con-

centration reaches to a peak. With the increase in polymer 

residues, the adsorption quantity of the surfactant is further 

reduced. The solubility of the surfactant is limited, when the 

solubility reaches the maximum, the absorption quantity 

reaches maximum of 0.378mg/g. The adsorption number oc-

curs in the vicinity of the critical micelle concentration 

(CMC), as surfactant concentration is 0.3%, and then the ad-

sorption number declined with the increase in surfactant con-

centration. The existence of the polymer reduces the adsorp-

tion of surfactants. The adsorption quantity of low concentra-

tion surfactant in the solid surface is large, and it will gradu-
ally decrease with the increase of surfactant concentration. 

Since the structure of polymer and surfactant molecule 

are different, clay minerals in the core of their adsorption 

capacity have differences, and thus the competitive adsorp-

tion between surfactant and the polymer molecules in rock 

surface occures, which greatly reduces transient absorption 

quantity of the surfactant agent in the flowing channels of 

the system, the surfactant cannot be out of the system and 

alone enter inaccessible pore volume of the polymer, so it 

further decreases the adsorption of surfactant in the rock and 

reduces the loss of surfactant adsorption. For the above rea-

sons, the adsorption loss of surfactant under the conditions of 

residual surfactant will greatly lower the adsorption quantity 
under the conditions of no polymer. 

 

 

              

 Low permeability zone 

High permeability zone 
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Table 2.  Surfactant adsorption quantity under the conditions of different residual polymer. 

No. 
Porosity 

(%) 

Polymer  

Retention 

(mg/g) 

Surfactant 

concetration,% 

(mg/L) 

Surfactant  

Adsorption 

(mg/g) 

1 

2 

3 

4 

23.64 

23.54 

23.19 

24.07 

0 0.1 

0.2 

0.3 

0.4 

0.052 

0.196 

0.378 

0.369 

5 

6 

7 

8 

23.18 

23.54 

23.47 

23.34 

12.2 0.1 

0.2 

0.3 

0.4 

0.033 

0.128 

0.259 

0.235 

9 

10 

11 

12 

23.89 

23.27 

24.12 

23.42 

18.4 0.1 

0.2 

0.3 

0.4 

0.023 

0.088 

0.166 

0.157 

13 

14 

15 

16 

23.38 

23.23 

23.56 

23.15 

35.1 0.1 

0.2 

0.3 

0.4 

0.020 

0.079 

0.149 

0.142 

 
Table 3.  Experimental procedure. 

No. Water flood First polymer flood 
Subsequent water  

injection 
SP Subsequent water flood 

1 0 PV 

2 0.2 PV 

3 0.4 PV 

4 0.6 PV 

5 

to fw 98% Cp: 1000mg/L, 16.5cP, 

0.57PV 

1.0 PV 

Cp: 1400 mg/L; Cs: 

0.3%, 

to Cw 98% 

 
Table 4.  Experimental outcomes for all models. 

No. 
Porosity 

(%) 

So 

(%) 

Water recovery 

(%) 

Water slug 

(PV) 

Polymer  

recovery (%) 

SP recovery  

increment (%) 

Ultimate  

recovery (%) 

1 23.64 73.34 47.09 0 65.38 10.06 75.43 

2 23.54 73.55 47.87 0.2 65.24 8.45 73.69 

3 23.85 74.78 46.31 0.4 66.09 7.25 73.34 

4 24.07 73.92 46.74 0.6 66.75 6.53 73.28 

5 23.18 74.16 45.95 1.0 67.38 6.21 73.59 

 
OIL DISPLACEMENT OF IMPACT OF POLYMER 

RETENTION ON SP FLOOD  

To make a comparison, 5 of these models are prepared 

with nearly the same properties. The porosity of these mod-

els is approximately 23.6%. Saturate these models with 
crude oil, and expose them to air over several days for suffi-

cient interaction between oil and soil. Flood models with 

water to a water cut of 98%. The injection rate was 
0.5mL/min. Then 0.57 PV polymer solutions with a concen-

tration of 1000mg/L, sheared viscosity of 16.5cP are injected 
to each model for the first EOR application. Afterwards, 0, 

0.2, 0.4, 0.6 and 1.0 PV volumes of water are utilized to 

sweep each model respectively after polymer injection, mak-
ing distinct polymers exist in these models. Finally surfac-

tant/polymer flooding technique is applied to each model 

until water cut reaches 98% for further enhanced oil recovery 
process. During the entire processes, water cut is observed 

and oil recovery is gauged Table 3. 
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ANALYSIS OF THE RESULTS 

There could be approximately equivalent amount of 

polymers retained in each model mainly due to adsorption 
and retention after injecting 0.57 PV polymer solutions. To 

differentiate the dimension of polymer retention in each 

model before surfactant/polymer application, different vol-
umes of water are injected to sweep these models.  

The outcome of the experiments in Table 4 suggests that 
the amount of polymer retention in porous media plays an 
important role in the enhanced oil recovery performance of 
later polymer-surfactant drive. It shows apparently in Table 
1 that the bigger the size of water slug used to sweep the 
model after polymer injection, the fewer polymers retain in 
the porous media, and the worse the performance of poly-
mer-surfactant flood.  

Some data are presented in curves, just as shown in Figs. 
(2, 3). It has been demonstrated in Fig. (2) that polymer re-
tention retained in porous media plays a positive role in the 
recovery of subsequent surfactant-polymer flood. In reality, 
polymers retained in formations help block some big chan-
nels and hence advance the sweeping area of subsequent 
chemical drive. In mechanism, therefore, the more polymers 
retained in porous media, the bigger the sweeping zone and 
the better the chemicals flood.  

 

 

Fig. (2). The influence of polymer retention to SP EOR effect. 

 

 

Fig. (3). The influence of the size of subsequent water slug to SP 

EOR effect. 

 
Fig. (3) reveals the relationship between the recovery of 

subsequent chemicals drive and the water injection after 
polymer flood. Water slugs sweep polymers in porous me-

dia, making polymers retain in pores at different levels. So 
more water sweeps out more polymers, lowering the 
amounts of polymers retained in pores and consequently 
minimizing the EOR effect of subsequent surfactant-polymer 
flood.  

More accurately, we find out from the curve in Fig. (3) 
that when subsequent water slug exceeds 0.4 PV, the poly-
mer-surfactant recovery increases very smoothly, indicating 
that polymer adsorption and desorption, in this circumstance, 
reaches a state of equilibrium and no more polymer could be 
flooded out by water.  

Curves describing oil recovery incremental and water cut 
for each model follow as shown from Figs. (4-8). 
 

 

Fig. (4). Oil recovery incremental and water cut for Case 1. 

 

 

Fig. (5). Oil recovery incremental and water cut for Case 2. 

 

 

Fig. (6). Oil recovery incremental and water cut for Case 3. 
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Fig. (7). Oil recovery incremental and water cut for Case 4. 

 

 

Fig. (8). Oil recovery incremental and water cut for Case 5. 

 

In these curves, we can clearly observe that two water cut 

troughs exist during this entire experimental procedure. One 

is at the first polymer flood, exhibiting polymer’s remarkable 

water control mechanism, while the other is at the surfactant-

polymer combination flood, demonstrating SP’s promising 

prospective as a further EOR approach after first polymer 

flood. As for oil recovery, it appears that a bigger water slug 

after first polymer injection accounts for a better EOR per-

formance of the subsequent SP flood. And the highest and 

lowest recovery incrementals from SP application are 

10.06% and 6.21% respectively, with a big difference of 

3.85 percentage which reveals greatly the important role of 
polymer remnant in porous media in further EOR method. 

Figs. (9, 10) compare the oil recovery incremental and 
water cut of these models comprehensively. 
 

 

Fig. (9). Water cut for all cases. 

Fig. (10). Oil recovery incremental for all cases. 

 
CONCLUSION 

1.  Polymer flood served as a strong EOR technique can 

produce remarkable amount of oil. Reserves in pores, 
however, are still substantial and worth investigating. 

Further EOR technique is of significant importance. 

2.  Surfactant-polymer flood is a promising EOR method, 

and can serve as a favorable subsequent EOR technique 

applying to oilfields undergoing polymer injection. Ex-
periments exhibit that surfactant-polymer application af-

ter polymer flood can attribute to up to 10% OOIP at 

most in recovery incremental, demonstrating a very big 
further EOR potential.  

3.  Polymer remnant in pores plays a significant role in the 

subsequent surfactant-polymer flood. Experiments show 
that polymers retained in porous media can block big 

channels and hence improve sweep efficiency, guarantee-

ing a better EOR performance of further chemicals com-
bination drive. In particular, the positive role of polymer 

remnant to further improve EOR performance can reach 

to constant when polymers go into a state of equilibrium 
of adsorption and desorption. 
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