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Abstract Chemical flooding methods are now getting

importance in enhanced oil recovery to recover the trapped

oil after conventional recovery. In the present study, a

comprehensive study has been carried out on alkali, sur-

factant and polymer flooding. The chemicals with different

compositions and combinations were used to recover the oil

after conventional water flooding. It has been observed that

increase in concentration of alkali, surfactant and polymer

increases the additional recovery, but beyond a certain

limit, the increase in recovery is only marginal. A series of

flooding experiments using the combination of the above

methods have been performed with additional recoveries

more than 25 %. An analysis has been made on the relative

cost of the different chemical slugs injected and the corre-

sponding additional oil recovery. Based on the analysis, an

optimum composition of the alkali–surfactant–polymer

system has been recommended.

Keywords ASP flooding � Oil recovery � Viscosity �
Surface tension

Introduction

In the recent years, a great progress has been made either in

laboratory studies or in pilot tests for alkali/surfactant/

polymer (ASP) and surfactant/alkali/polymer (SAP) com-

bination flooding (Zhang et al. 2007; Hou et al. 2005;

Daoshan et al. 2004; Thomas and Farouq Ali 2001; Zerpa

et al. 2005; Wang et al. 2011). ASP flooding is a technique

which is developed out on the basis of alkali flooding,

surfactant flooding and polymer flooding (Wang et al.

2007) and oil recovery is enhanced gently by decreasing

interfacial tension (IFT), increasing capillary number,

enhancing microscopic displacing efficiency, improving

mobility ration and increasing macroscopic sweep effi-

ciency (Shen and Yu 2002). Alkali forms soaps by reacting

with naturally occurring organic acid in the crude oil,

which interact synergistically with added surfactant to

produce ultra-low IFT (Al-Sahhaf et al. 2002; Gao et al.

1995; Martin et al. 1995). The ultra-low IFT is obtained by

surfactant distribution between oil and water phase, and

surfactant arrangement at interface of oil/water. This is

controlled by pH value and ionic strength (Rudin et al.

1994; Jun et al. 2000). The alkali injected with surfactant

can reduce surfactant adsorption, play the role of ionic

strength and lower IFT (Krumrine et al. 1982, 1983; Martin

and Oxley 1985). Addition of polymer increases the vis-

cosity of its aqueous phase (Walters and Jones 1989), so

that the mobility of aqueous phase decreases. Thus, the

decrease in mobility ratio greatly increase sweep effi-

ciency. Another main accepted mechanism of mobile

residual oil after water flooding is that there must be a

rather large viscous force perpendicular to the oil–water

interface to push the residual oil. This force must overcome

the capillary forces retaining the residual oil, move it,

mobilize it, and recover it (Guo and Huang 1990). Wang

et al. (2010) studied the viscoelastic effect of retained

polymer molecules in porous media based on the pressure

draw-down and buildup process. They proposed that the

micro-scale displacement efficiency depends on the flow

pattern and magnitude of the viscous force parallel to the

oil–water interface.

Under the same displacement efficiency as that of sur-

factant/polymer flooding, the ASP and SAP flooding
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reduce the concentration of surfactant by more than ten

times, as well as the capital cost of the surfactant. Two

pilot tests of ASP and SAP flooding have been successful

in China. The one (SAP) is in Daqing Oil Field for waxy

crude oil of low acid (Gao et al. 1996), and the other (ASP)

is in Shengli Oil Field for the high acid oil (Song et al.

1995; Krumrine et al. 1983).

Substantial research works are being carried out

worldwide on alkali, surfactant and polymer flooding by

different researchers (Nasr-El-Din et al. 1994; Al-Hashim

et al. 1996; Taylor and Nasr-El-Din 1996). Hawkins et al.

(1994) reported that the simultaneous injection of alkali

and polymer is more effective than the same chemicals

injected sequentially with no contact between alkali and

polymer. Tong et al. (1998) and Guo (1990) reported that

the main mechanisms of ASP flooding are interface pro-

ducing, bridging between inner-pore and outer-pore and

oil–water emulsion. In a vertical heterogeneous reservoir,

ASP flooding increases displacing efficiency by displacing

residual oil through decreasing IFT and improving sweep

efficiency. Wanchao et al. (1995) reported that ASP

flooding is more effective for oil with high acid value.

They showed that flooding system’s rheology and IFT

between flooding system and oil with high acid value were

the key factors effecting oil recovery. Shen et al. (2009)

investigated the fluid-flow mechanism of enhanced oil

recovery (EOR) in porous media by ASP flooding. They

have reported that ASP flooding displaces not only the

residual oil in the high-permeability layer but also the

remaining oil in the low- and middle permeability layers by

increasing both swept volume and displacement efficiency.

A critical step for the optimal design and control of ASP

recovery processes is to find the relative contributions of

design variables such as, slug size and chemical concen-

trations, in the variability of given performance measures

(e.g., net present value, cumulative oil recovery), consid-

ering a heterogeneous and multiphase petroleum reservoir.

In the present work, comprehensive studies have been done

on ASP flooding varying the concentration and composi-

tion of different chemicals.

Experimental

Materials

Anionic surfactant, sodium dodecyl sulfate (SDS)

(C12H24SO4Na, MW = 288.38) was purchased from Cen-

tral Drug House (P) Ltd., India. Reagent-grade sodium

hydroxide (96 % purity) from Sd Fine-Chem Ltd., was

used as alkali. Partially hydrolyzed polyacrylamide

(PHPAM) (Polymer Pusher 1000, SNF Floerger, France) is

used as polymer. The crude oil used in the flooding

experiments was collected from Ahmedabad Oil Field

(India). It was degassed and dehydrated, with a viscosity of

50.12 mPa s at 45 �C, and a total acid number of

0.038 mg KOH/g.

Experimental apparatus and methods

The experimental apparatus is composed of a sand-pack

holder, cylinders for chemical slugs and crude oil, positive

displacement pump, measuring cylinders for collecting the

samples. The detail of the apparatus is shown in Fig. 1. The

displacement pump is one set of Teledyne Isco syringe

pump. Control and measuring system is composed of dif-

ferent pressure transducers and a computer. The physical

model is homogeneous sand-packing model vertically

positive rhythm. The model geometry size is L = 35 cm

and r = 3.5 cm.

Sandpack flood tests were employed for the evaluation

of the effectiveness of ASP flooding. For uniform sand-

packs, 60–100 mesh sand was poured into the coreholder

which was vertically mounted on a vibrator and filled with

1.0 wt% brine. The coreholder was fully filled at a time and

was vibrated for one hour. The wet-packed sandpack was

flooded with the heavy oil until water production ceased

(water cut was less than 1 %). The initial water saturation

was determined on the basis of mass balance. The wet-

packed sandpack was flooded with the crude oil at 800 psig

to irreducible water saturation. The initial water saturation

was determined on the basis of mass balance. Water

flooding was conducted horizontally at a constant injection

flow rate. The same injection flow rate was used for all the

displacement tests of this study. After water flooding,

*0.5 PV alkali (for alkali flooding) polymer slug (for

polymer flooding) and surfactant (for surfactant flooding)

were injected followed by *2.0 PV water injection as

chase water flooding. The same methods are followed for

different combinations alkali, surfactant and polymer

floodings.

Fig. 1 Schematic of experimental set-up for polymer flooding in

sandpacks
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Results and discussion

Effect of alkali and polymer on surface tension

of surfactant solutions

The variations of surface tension with the surfactant con-

centration in the presence of polymer and alkali have been

presented in Fig. 2. The ability to lower the surface tension

between aqueous solutions and other phases is one of the

most significant aspects of surfactants that raise their

applicability in industries. The critical micelle concentra-

tion (CMC), one of the main parameters for surfactants, is

the concentration at which the surfactant solutions begin to

form micelles in large amount (Hoff et al. 2001). Presence

of polymer and alkali in a solution of surfactant signifi-

cantly influences the surface tensions (Nedjhioui et al.

2005; Horváth-Szabó et al. (2002). For evaluating the

effect of polymer on the surface properties, surface tension

measurements of SDS surfactants have been performed in

the presence and absence of polymer. From Fig. 2, it may

be seen that polymer increases the surface tension of the

surfactant solution due to interaction of the functional

group of both polymer and ionic surfactant (Minatti and

Zanette 1996; Suksamranchit and Sirivat 2007). On the

other hand, addition of alkali reduces the surface tension as

alkali itself reduces the surface tension of water signifi-

cantly (Nedjhioui et al. 2005; Horváth-Szabó et al. 2002).

Effect of alkali and surfactant on the viscosity

of polymer solutions

The effects of interactions between alkali and surfactant

with polymer viscosity must be considered while injecting

such ASP slug for EOR. Alkali can modify the viscosity of a

PHPAM solution in two ways; first, alkali provides cations

into the polymer solution. These cations can reduce poly-

mer viscosity (Fig. 3) through the charge shielding mech-

anism (Guo et al. 1998; Samanta et al. 2011) Second, alkali

can hydrolyze the amide groups on the polymer chain (base

hydrolysis). This process can increase the polymer solution

viscosity. Obviously, the net effect of alkali on the polymer

solution viscosity depends on the relative extent of these

two factors. Surfactant slugs are frequently used in EOR

processes to mobilize residual oil by changing rock wetta-

bility or reducing IFT. To increase the efficiency of such

processes, polymers can be co-injected with the surfactant

slug. Under the reservoir condition, the surfactant can be

mixed with polymer which leads to change of viscosity of

the polymer solution. It is very important to simulate the

viscosity of polymer solutions or mobility ratio for any ASP

injection process. Thus, the effects of SDS on the viscosity

of PHPAM solutions were examined. Figure 3 also shows

the effect of SDS concentration on the apparent viscosity of

PHPAM polymer solution having 1,000 ppm. The apparent

viscosity of polymer decreases in the presence of surfactant.

These results indicate that SDS reacts physically as well as

chemically with the polymer chain in deionized water. This

trend is similar to that observed by (Shupe 1981) and it was

suggested that anionic surfactant affects the viscosity

behavior of polyacrylamide through charge-shielding

mechanism, which causes the shrinkage of molecular chains

of polymer and the decrease of hydrodynamic radius.

Comparison of alkali, surfactant, polymer, surfactant

polymer and alkali–surfactant–polymer flooding

for EOR

The additional oil recovery by alkali injection after con-

ventional water flooding is obtained by four possible
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mechanisms (Johnson 1976) viz., reduction of oil–water

IFT; in situ formation of surfactant by reacting with acidic

components of oil; emulsification of oil into water; wetta-

bility alteration and improvement of sweep efficiency by

emulsification and entrapment. NaOH is conventionally

used as alkali as it is relatively cheaper and reduces the

surface tension or IFT between oil and water significantly.

Our earlier work (Khan et al. 2009) reported that surface

tension of NaOH in its aqueous solution decreases as its

concentration increased up to 1 % and then remains almost

constant. Thus, in the present study, concentrations of

NaOH were varied from 0.5 to 1.0 % for flooding experi-

ments. The additional oil recovery after conventional water

flooding has been shown graphically in Fig. 4. The addi-

tional recovery is around 14 %.

Polymers are often used as mobility controller for EOR.

Injection of small quantity of polymer significantly increa-

ses the viscosity of solution, which can increase the sweep

efficiency of the displacing fluid in the porous media during

flooding. The aqueous solution of polymer shows non-

Newtonian behavior and its apparent viscosity is function of

polymer concentration, shear rate, temperature, etc. (Nasr-

El-Din et al. 1992). For economic implementation of poly-

mer flooding projects, concentration of different polymer is

generally varied from 1,000 to 2,000 ppm (Needham and

Doe 1987), and hence, the polymer concentration for this

present study was kept in the aforesaid range. The additional

oil recovery by injection of 0.5 PV 1,500 ppm PHPAM

followed by chase water is around 16 % after conventional

water flooding has been shown in Fig. 2.

Surfactants are considered as good EOR agents since

1970s (Healy and Reed 1974), because, it can significantly

lower the IFTs and alter wetting properties. Displacement by

surfactant solutions is one of the important tertiary recovery

processes by chemical solutions. The addition of surfactant

decreases the IFT between crude oil and formation water,

lowers the capillary forces, facilitates oil mobilization, and

enhances oil recovery. The concentrations of surfactants are

generally kept above their CMC. SDS was used as surfactant

for the present study and its concentration was varied from

0.1 to 0.3 %. The typical additional recovery using surfac-

tant after water flooding is shown in Fig. 4.

The comparative picture of additional recovery of

individual alkali, polymer and surfactant under economic

limit is shown in Table 1. It has been found that the

injection of same pore volume of combined surfactant and

polymer gives better recovery than either of the above

methods. This is because of reduced IFT using surfactant

and improved mobility by polymer. The oil recovery and

corresponding water cut are shown in Fig. 4. The syner-

gistic effects of alkali, surfactant and polymer in ASP

flooding again gives higher recovery compare to others.

Effect of polymer in ASP flooding

Figure 5 shows a typical ASP flooding for EOR after water

flooding where concentration of alkali and surfactant are

kept constant. Significant additional recovery after water
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Table 1 Comparison of Alkali, surfactant, polymer, surfactant polymer and alkali–surfactant–polymer flooding for enhanced oil recovery

Expt.

No.

Porosity

(%)

Permeability,

k (darcy)

Design of chemical slug for flooding Recovery of oil

by water flooding

at 95 % water cut

(% OOIP)

Additional

recovery

(% OOIP)

Saturation (%)

kw

(Sw = 1)

ko

(Swi)

Swi Soi Sor

S1 38.665 0.5 PV NaOH (0.5 %) ? chase water 50.71 13.88 19.1 80.9 25.4

S2 37.265 1.235 0.218 0.5 PV 1,500 ppm PHPAM ? chase water 52.65 16.12 18.51 81.49 22.96

S3 38.665 1.234 0.212 0.5 PV SDS (0.1 %) ? chase water 51.65 17.96 19.09 80.91 20.2

S4 36. 805 1.224 0.213 0.3 PV 0.1 % SDS ? 0.2 PV 2,000 ppm

PHPAM ? chase water

51.35 20.99 15.00 85.00 22.87

S5 37.265 1.144 0.217 0.3 PV (0.5 % NaOH ? 0.1 % SDS ? 1,500 ppm

PHPAM) ? 0.2 PV 1,500 ppm buffer ? chase

water

50.20 23.69 18.52 81.48 20.49
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flooding was observed by injection of 0.3 PV ASP slug and

0.2 PV polymer followed by chase water. It may be seen

from Table 2 that additional recovery increases only

marginally as concentration of PHPAM is changed from

1,500 to 2,500 ppm. Injection of polymer increases the

sweep efficiency, and hence, oil recovery. After a certain

concentration of polymer, the sweep efficiency approaches

to its limiting value and thus only marginal additional

recovery is observed.

Effect of alkali in ASP flooding

Table 3 summarizes the three sets of ASP flooding

experiments where same pore volumes of different chem-

ical slugs were used. The effects of alkali have been studies

by varying the concentrations of alkali in the ASP slug. An

increase in concentration of alkali increases the additional

recovery as it is well known that the injected alkali quickly

reacts with the carboxylic acid groups of crude oil forming

in situ surfactant. Presence of alkali in a solution signifi-

cantly influences the surface and IFTs. Significantly lower

values of surface tension are observed in alkali-polymer–

surfactant system due to synergistic effect of surfactant and

alkali compared to surfactant–polymer system without
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Fig. 5 Production performance of alkali–surfactant–polymer flood-

ing (where 1 % SDS and 0.5 wt% NaOH used)

Table 2 Recovery of oil by ASP flooding with varying concentration of polymer

Expt.

No.

Porosity

(%)

Permeability,

k (darcy)

Design of chemical slug for flooding Recovery of oil after

water flooding at 95 %

water cut (% OOIP)

Additional

recovery

(% OOIP)

Saturation (%)

kw

(Sw = 1)

ko

(Swi)

Swi Soi Sor

S6 37.265 1.144 0.217 0.3 PV (0.5 % NaOH ? 0.1 %

SDS ? 1,500 ppm PHPAM) ? 0.2 PV

1,500 ppm buffer ? chase water

50.2 23.69 18.519 81.482 20.49

S7 36.805 1.145 0.218 0.3 PV (0.5 % NaOH ? 0.1 %

SDS ? 2,000 ppm PHPAM) ? 0.2 PV

2,000 ppm buffer ? chase water

52.8 23.5 17.500 82.500 20.45

S8 37.265 1.143 0.217 0.3 PV (0.5 % NaOH ? 0.1 %

SDS ? 2,500 ppm PHPAM) ? 0.2 PV

2,500 ppm buffer ? chase water

52.9 24.2 17.284 82.716 20.4

Table 3 Recovery of oil by ASP flooding with varying concentration of polymer

Expt.

No.

Porosity

(%)

Permeability,

k (darcy)

Design of chemical slug for flooding Recovery of oil after

water flooding at 95 %

water cut (% OOIP)

Additional

recovery

(% OOIP)

Saturation (%)

kw

(Sw = 1)

ko

(Swi)

Swi Soi Sor

S9 37.265 1.144 0.217 0.3 PV (0.5 % NaOH ? 0.1 %

SDS ? 1,500 ppm PHPAM) ? 0.2 PV

1,500 ppm buffer ? chase water

50.02 23.69 18.519 81.482 20.49

S10 37.265 1.145 0.217 0.3 PV (0.7 % NaOH ? 0.1 %

SDS ? 1,500 PPM PHPAM) ? 0.2 PV

1,500 PPM buffer ? chase water

50.42 24.08 17.284 82.716 19.630

S11 37.265 1.144 0.218 0.3 PV (1.0 % NaOH ? 0.1 %

SDS ? 1,500 PPM PHPA) ? 0.2 PV

1,500 PPM buffer ? chase water

50.54 24.91 16.231 83.951 18.772
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alkali. The decrease of surface tension of surfactant–

polymer solution in the presence of alkali may also be due

to charge-shielding mechanism and hydrolysis polymer.

This reduced surface tension is one of the most important

criteria for enhanced recovery of oil by increasing the

capillary number of oil–water system.

Effect of surfactant in ASP flooding

Surfactants are very effective in reducing the IFT and

create emulsion of fluids. Thus, surfactant plays an

important role in ASP flooding. Three sets of experiments

have been carried out by varying the concentration of

surfactant in the injected ASP slug. It has been found that

increase in concentration of surfactant increases the addi-

tional recovery significantly. The results are shown in

Table 4. The main problem of surfactant is that its con-

centration is depleted quickly by adsorption onto the rock

surface. Use of alkali reduces the surfactant depletion rate.

Increase in surfactant concentration increases the addi-

tional recovery, but the rate of change is higher at lower

concentration range.

Optimum design of ASP slug

A series of experiments on ASP flooding have been per-

formed by varying the composition of ASP slug. The

results are shown in Table 5. It has been found that

increase in concentration of alkali, surfactant and polymer

increases the additional recovery, but after a certain con-

centration, the increase in recovery is only marginal. Based

on the prices of crude oil and the cost of chemicals, the

optimum concentration of different chemicals in ASP slug

may be varied within a certain concentration range where

substantial additional recoveries are obtained. An analysis

has been made on the relative cost of the chemical slug

injected and the corresponding additional oil recovery as

shown in Fig. 6. Based on the present study, the recom-

mended concentration range of alkali, polymer and sur-

factant used for flooding experiments are 0.7–1.0 wt%,

Table 4 Recovery of oil by ASP flooding with varying concentration of surfactant

Expt.

No.

Porosity

(%)

Permeability,

k (darcy)

Design of chemical slug for flooding Recovery of oil after

water flooding at 95 %

water cut (% OOIP)

Additional

recovery

(% OOIP)

Saturation (%)

kw

(Sw = 1)

ko

(Swi)

Swi Soi Sor

S12 37.265 1.144 0.217 0.3 PV (0.5 % NaOH ? 0.1 %

SDS ? 1,500 ppm PHPAM) ? 0.2 PV

1,500 ppm buffer ? chase water

50.02 23.69 18.519 81.482 20.49

S13 37.265 1.143 0.217 0.3 PV (0.5 % NaOH ? 0.2 %

SDS ? 1,500 PPM PHPA) ? 0.2 PV

1,500 PPM buffer ? chase water

51.18 27.18 16.050 83.951 17.531

S14 37.265 1.143 0.217 0.3 PV (0.5 % NaOH ? 0.3 %

SDS ? 1,500 PPM PHPA) ? 0.2 PV

1,500 PPM buffer ? chase water

50.09 28.72 17.48 82.52 18.75

Table 5 Comparison of flooding performances using ASP slugs of

different compositions

Expt.

No.

Concentration

of alkali

(%)

Concentration

of surfactant

(%)

Concentration

of polymer

(ppm)

Additional

recovery

(% OOIP)

1 0.5 0.1 1,500 23.69

2 0.5 0.1 2,000 23.9

3 0.5 0.1 2,500 24.2

4 0.7 0.1 1,500 23.946

5 0.7 0.1 2,000 24.446

6 0.7 0.1 2,500 24.559

7 1 0.1 1,500 24.91

8 1 0.1 2,000 25.2

9 1 0.1 2,500 25.4

10 0.5 0.2 1,500 27.18

11 0.5 0.2 2,000 27.3

12 0.5 0.2 2,500 27.8

13 0.7 0.2 1,500 29.5

14 0.7 0.2 2,000 30.7

15 0.7 0.2 2,500 31.4

16 1 0.2 1,500 30.2

17 1 0.2 2,000 30.9

18 1 0.2 2,500 31.5

19 0.5 0.3 1,500 28.72

20 0.5 0.3 2,000 28.95

21 0.5 0.3 2,500 29.3

22 0.7 0.3 1,500 29.87

23 0.7 0.3 2,000 30.1

24 0.7 0.3 2,500 30.78

25 1 0.3 1,500 30.95

26 1 0.3 2,000 31.4

27 1 0.3 2,500 31.98

72 J Petrol Explor Prod Technol (2012) 2:67–74

123



1,500–2,500 PPM and 0.2 wt%, respectively. However,

since the recovery of oil is strongly dependent on the res-

ervoir rock and fluid properties, the concentration range

may vary from field to field. Permeability of reservoir rocks

plays an important role in selecting the concentration of

chemical slug in oil recovery. For low-permeable sand, a

good result of oil recovery can be achieved by low con-

centration of polymer slug. In low-permeable rocks, small

amount of polymer (low polymer concentration and slug

sizes) effectively improve the mobility control, mainly

because of relatively high polymer retention. But in case of

high permeable rocks, lower dosages of polymer (high

polymer concentration or larger slug sizes) are required to

improve effectively the mobility control, mainly because of

low polymer retention. Using high polymer concentration

in small slug, the oil recovery improvements in high per-

meable rocks are greater than in low-permeable rocks.

Szabo and Corp (1975) reported that when larger volume

of fluids were injected, the effect of polymer concentration

on oil recovery was not as great. They also reported that on

doubling the polymer concentration, the oil recovery is less

than a potential increased in recovery at low injected

volume.

Conclusion

In the present study, experiments have been performed to

examine the interactions of alkali, surfactant and polymer

in ASP slugs. The effects of alkali and surfactant on

polymer viscosity leads to the optimum concentration of

polymer required for mobility control in the presence of

other chemicals. The results on the effects of alkali and

polymer on surface tension of polymer solution leads to

optimum concentration of surfactant required for reduction

of interfacial tension between oil and water. The effec-

tiveness of ASP system on EOR was tested with a series of

flooding experiments performed in the sand-pack systems.

Recovery efficiencies vary 23–33 % of original oil in place

over the conventional water flooding. Several mechanism

viz., reduction IFT, emulsification of oil and water, solu-

bilization of interfacial films, wettability reversal, viscosity

improvement, etc. are responsible for the EOR. Based on

the experimental data and relative cost of different chem-

icals, concentration range of alkali (0.7–1.0 wt%,), poly-

mer (1,500–2,500 ppm) and surfactant (0.2 wt%) have

been recommended for successful ASP flooding.
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