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ABSTRACT: Polymer flooding characteristics of partially hydrolyzed polyacrylamide (HPAM) solution with the addition of NaOH

were examined in homogeneous glass-bead packs. The heavy oil recovery in unconsolidated sandstone formations by applying the

alkali-polymer flooding was observed. Experimental results showed that HPAM solution was sensitive to temperature, salinity, and

alkali, finding that alkali-polymer solutions are more effective in improving viscosity than conventional polymer solutions. The solu-

tion of 0.5 wt % NaOH mixed with 1500 ppm HPAM (12 mol % hydrolysis degree) was found to be the optimal choice, which gives

rise to the highest viscosity on the rheological characterization. Flood tests using the alkali-polymer solution showed an increase in

oil recovery by 30% over water-flooding when the water-cut reached 95%, indicating that alkali-polymer could be more effective in

improving sweep efficiency than polymer flood. VC 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 000: 000–000, 2012
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INTRODUCTION

As the production from conventional oil reservoirs starts declin-

ing, the need for heavy oil development processes becomes

increasingly important. Polymers have been successfully used in

enhanced oil recovery (EOR) as flooding agents for a long time

in the commercially proven polymer flooding technology, in

which the aqueous polymer solution as a displacement fluid sta-

bilizes a water–oil interface. As a main mechanism for polymer

flooding, a water-soluble polymer is added into the flooding

water, resulting in the increase of its shear viscosity. Three

potential ways by which a polymer flooding makes the oil re-

covery process more efficient are generally accepted: (1) the

effects of polymers on fractional flow, (2) decrease in the water/

oil mobility ratio, and (3) diversion of injected water from

zones that have been swept.1 Polymers have a variety of applica-

tions in the petroleum industry because of their remarkable

ability to increase sweep efficiency and to decrease mobility ra-

tio. This process may be applicable to many reservoirs. Field

tests also indicate that flooding with low-concentration partially

hydrolyzed polyacrylamide (HPAM) solutions has a potential of

commercial application to various fields.2,3 However, it has been

also reported by many laboratory studies and field tests that

polymer flooding is not recommended for the viscous oil hav-

ing a viscosity of over 200 mPa s.4 Mobility reduction is one of

the critical parameters in polymer flooding. Viscous fingering

during polymer flooding of heavy oil leaves large amount of oil

in the reservoir untouched.5,6 Moreover, both technical and eco-

nomic factors restrict the application of polymer flooding to

heavy oil reservoirs. On the other hand, high level screening cri-

teria shows that the polymer flood technology implies greater

potential than thermal, solvent or microbial EOR methods.7

Higher polymer concentration and larger slug size may be prof-

itable for some heavy oils with higher viscosity than the viscos-

ity limitations usually recommended in the screening criteria.

There are some field tests where polymer flood was considered

for heavier oil reservoirs. Both fields of Pelican lake in Canada

and the East Bodo were successfully performed with polymer

solution in 600–1000 cp oil reservoirs.7

Earlier research results suggest that polymer efficiency is subject

to variables such as polymer type, concentration, salinity, pH,

rock type, and crude oil compositions.8 Especially polyacryl-

amide polymers are known to be sensitive to shear degradation

and shear thickening at high fluxes.9 Furthermore, the efforts to

increase viscosity in the polymer solution resulted in an alkali-

polymer flooding technology with enhanced sweep efficiency.

Lowering viscosity of HPAM solution by adding alkali is mainly

attributed to high ionic strength condition rather than high pH.

Instead, an optimal alkali condition at the same ionic strength

tends to increase polymer solution viscosity.10 Alkalis can also

alter rock–fluid and fluid–fluid properties such as wettability

VC 2012 Wiley Periodicals, Inc.
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and oil–water interfacial tension, which could improve oil re-

covery under proper conditions.10 Therefore, alkalinity is versa-

tile with improving oil recovery in petroleum industry. It is im-

portant to clearly identify rheological parameters of a polymer

solution in different environments, i.e., reservoirs.

In this study using the HPAM, test procedures were established

to investigate the effect of alkali, salinity, and temperature on

polymer solutions in various polymer concentrations. Both the

polymer flooding and alkali-polymer flooding tests were per-

formed at same residual oil saturations to investigate the effect

of each test on the recovery efficiency. These performances were

correlated with rheological properties of the polymer solutions

at various experimental conditions.

EXPERIMENTAL

The HPAM (A-132PH, OCI-SNF) with molecular weight of 13

� 106 Dalton and hydrolysis degree of 12 mol % was used,

which is linear, water-soluble polymer having negative charges

along its chain. The stoke solution (0.5 wt %) of HPAM was

prepared in advance under mild stirring for 1 week at room

temperature. The preprepared polymer solution with the desired

concentration was injected in homogeneous glass-bead packs

containing heavy oil in the pore space, in which the shear vis-

cosity of heavy oil (SK energy, Korean) is 450 mPa s at 25�C.
Porous medium used in the experiment was glass beads ranging

from 63 to 106 lm in diameter, which were packed in cylindri-

cal-type core holder with 32 cm in length and 7.8 cm in diame-

ter. When producing glass-bead pack, glass beads were first

thrown into a cylindrical core holder, then the core holder was

vibrated for more than 1 h to ensure tight packing, and the

core holder packed with glass bead was filled with formation

brine in upright position and remained for 24 h for wettability

restoration. After that, the porosity and permeability were meas-

ured to be 37% and 3.4 Darcy, respectively. Note that reservoir

in different areas has different permeability due to various geo-

logical structures such as average permeabilities of East Bodo

reservoirs and Turkey reservoirs which are low-permeability res-

ervoirs around 1.0 Darcy7 and 0.05 Darcy (50 md),11 respec-

tively. On the other hand, the heavy oil reservoirs in California

and Alaska (Ugnu Field, North field) have the average perme-

ability from 1.0 to 10 Darcy, while the permeabilities of Cana-

dian reservoirs are in the range 0.5–5 Darcy and Venezuelan res-

ervoirs also show a large range of permeabilities from 2 to 15

Darcy.12 We prepared the packed bed with the permeability of

3.4, which is in the range of permeability of the most reservoirs

in the oil industry. Therefore, it is believed that the results

obtained in this study can provide useful references for applica-

tion of the polymer into the EOR in the unconventional reser-

voirs. In addition, heavy oil was also injected vertically using

ISCO pump until the water production ceased. The initial oil

saturation generated in this manner ranged from 88 to 92%. Af-

ter generating the initial oil saturation, both the polymer flood-

ing and alkali-polymer flooding tests were performed at same

residual oil saturations in horizontal flow condition to examine

the effect of additives on the recovery efficiency of oil. Summary

of pressure on glass-bead pack flood tests is shown in Table IV.

Although the glass-bead pack for each test was produced by the

Figure 1. Schematic diagram of experimental apparatus for polymer flooding. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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same method, there still remains an error (The error is in the

allowable range), thus leading to the difference in initial inlet

pressure.

Injection rate of 4 mL/min was maintained in all flood tests.

Water flood tests called as secondary recovery were continued

until the water-cut reached about 95% at 0.6 pore volume (PV)

of injection. Tertiary flood tests were performed at same resid-

ual oil saturations after water floods to investigate the effect of

chemical flooding on the recovery efficiency. Even though the

increased shear viscosity of the polymer solution improved the

oil production in a tertiary oil recovery, there existed a viscosity

range of polymer solution in which the tertiary oil recovery had

an evident increase in oil production with the increase in the

effective viscosity of polymer solution. When the viscosity of

polymer solution was out of the range, the increase of the poly-

mer solution viscosity resulted in only a small incremental oil

recovery.13

The experimental apparatus consisted of cylindrical core holder,

ISCO syringe pump, transfer cylinder, pressure transducers, and

a computer with data collection board. Figure 1 shows the sche-

matic diagram of the experimental apparatus used for the poly-

mer flooding experiments. The temperature of the cylindrical

core holder is controlled at 25�C by circulator, and the outlet

pressure is adjusted by back pressure regulator. The water used

in all of the flood tests was 3.0 wt % NaCl at 25�C. After the

flood test was completed, the photos of the glass-bead packs

were taken to compare the residual oil saturation distributions

in the cores.

Addition of polymer can increase the viscosity of the aqueous

phase and control mobility ratio, thus improve sweep efficiency

during EOR processes. The viscosity of polymer solution is

strongly dependent on different parameters, such as shear rate,

temperature, salinity, hardness, pH, and active polymer concen-

tration.1–10,14–16 The effects of concentration, temperature, al-

kali, and salinity on polymer solutions in various polymer con-

centrations were investigated via a rotational rheometer

(Physica MCR 300, Anton Paar, Germany).

RESULTS AND DISCUSSION

Figure 2 shows the shear viscosity of different concentrations of

HPAM solution versus shear rate at 25�C. The shear viscosities

at a low shear rate region show an obvious increase with con-

centration. The apparent viscosities show the shear-thinning

behavior with an increasing shear rate as the result of the

uncoiling and aligning of polymer chains17,18 under exposed

shear flow. The relationship of viscosity and shear rate was fit-

ted with Carreau model [eq. (1)], which is one of the shear vis-

cosity models consisting four parameters and can describe the

viscosity behavior over the whole range of shear rates not only

including a shear-thinning ‘‘power-law’’ range but also involving

a low shear rate Newtonian region and a high shear rate Newto-

nian plateau.19

g� g1
g0�g1

¼ ½1þ ðk c: Þ2�ðn�1Þ=2
(1)

where g is the steady-shear viscosity, g0 is zero-shear-rate viscos-
ity, g1 is the limiting Newtonian viscosity at the high shear

limits, k is a time constant, and n is the ‘‘power-law’’ index

(n � 1 is the slope of g�g1
g0�g1

versus c
:
in log–log plot). The

parameters in the Carreau model are summarized in Table I,

representing that g0 and k increase and n decreases when

increasing polymer concentrations. The Carreau model is con-

sidered to fit the viscosity data in the regions above the critical

values of shear rate c
:

c
in both 3000 and 5000 ppm. It can also

be noted that very dilute solutions of flexible polymers includ-

ing the HPAM in this study possess high-extensional viscosities,

which affect the pressure losses in the polymer flooding20 and

drag reduction in the turbulent drag reduction phenomenon.21

It was also observed that the addition of sodium chloride

(NaCl) into HPAM solution (1500 ppm) at 25�C significantly

reduced the polymer solution viscosity as shown in Figure 3.

Nasr-EI-Din et al.22 and Samanta et al.23 explained that this

phenomenon is due to the addition of Naþ effectively screening

the negative charges (carboxyl groups) to reduce the electro-

static repulsion within the polymer chains. Thus conformational

transition of the polymer from a stretched state to a shrinkable

state decreases the hydraulic radius of the chain and the degree

of polymer chain entanglement, resulting in reduction of viscos-

ity of polymer solution. Although the observation from Nasr-

EI-Din et al.22 indicates that the apparent viscosity decreases

with increasing salinity concentration at a given shear rate, the

difference between the apparent viscosities is small even at low

shear rates when the concentrations are higher than 1.4 wt %.

Our observation is similar to those observed by Nasr-EI-Din

Figure 2. Effect of concentration of HPAM on shear viscosity at 25�C.
The solid line obtained from Carreau model.

Table I. The Optimal Parameters in the Carreau Model Obtained from

the Flow Curve of HPAM Solution at Various Concentrations

g0 g1 k N

1500 ppm 11.5 6.0 0.1 0.04

3000 ppm 58.0 11.5 0.2 0.03

5000 ppm 370.0 19.0 0.9 0.25

8000 ppm 3950.0 43.0 1.9 0.02
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et al.22 The limitation is called ‘‘critical salinity’’10 above which

the viscosity of solvent is slightly influenced by the increase of

salinity. The critical salinity existing is considered to be the sat-

uration of the shielding effect of salt cations around the poly-

mer molecules.

Figure 4 shows the effect of temperature on viscosity of pure

HPAM solution (1500 ppm). It is found that the viscosity of

polymer solution is strongly dependent on temperature, that is,

the viscosity decreased as the temperature increased.24 When

temperature increased, the intermolecular interaction is consid-

ered to be decreased due to the increase in thermal motion of

molecules,23 while Muller et al.25 indicated that the influence of

temperature on HPAM polymer viscosity is very complicated

because the solution viscosity can be increased due to the

enhanced hydrolysis of HPAM at high temperature range.

The shear viscosity of HPAM is strongly dependent on the vari-

ation of pH due to the carboxyl groups (pH-sensitive) along its

backbone chain. Thus, the viscosity of HPAM with different

NaOH concentration was observed in Figure 5. It can be seen

that the viscosity of HPAM increases with NaOH concentration

at lower concentrations, and then it slightly declines and

changes to be steady at higher concentration. At low NaOH

concentrations, the polymer molecules of HPAM in the solution

possess tightly coil conformation, leading to a low viscosity.

However, by increasing NaOH concentrations, the negatively

charged carboxyl groups along the chains make the polymer

molecules tend to coil up due to the electric repulsion showing

large hydrodynamic radius, which leads to a large increase in

Figure 3. HPAM (1500 ppm) viscosities at different NaCl concentrations

at 25�C versus shear rate.

Figure 4. Viscosity of HPAM aqueous solutions (1500 ppm) at different

temperatures.

Figure 5. Effect of NaOH concentration on shear viscosity of HPAM so-

lution (1500 ppm) with the shear rate of 11.7 s�1.

Figure 6. Effect of concentration of HPAM on shear viscosity with 0.5 wt

% of NaOH at 25�C.

Figure 7. Effect of temperature on shear viscosity of HPAM (1500 ppm)

with 0.5 wt % NaOH at 25�C.
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solution viscosity. This phenomenon is similar to the salinity

effect on viscosity as shown in Figure 3. According to the results

obtained in Figure 5, we prepared different polymer solutions

with 0.5 wt % NaOH for another rheological measurement.

In Figure 6, it can be observed that increasing the concentration

of HPAM polymer solution also drives the viscosity to increase

when NaOH (0.5 wt %) is added, while the increase extent in

viscosity is higher than ‘‘alkali-free’’ solution (Figure 5) at the

same concentration, indicating that addition of NaOH signifi-

cantly increase the viscosity because of the increase of ionic

strength.10 The similar results of the increase in viscosity of

HPAM polymer solution (1500 ppm) can be found with

increasing temperature when NaOH (0.5 wt %) is added

(Figure 7). Kurenkov et al.26 reported that polyacrylamide can

be hydrolyzed in the presence of sodium hydroxide to form co-

polymer of acrylamide (AA) and acrylic (AAc) salts. Thus, in

our experiment, the new generation of carboxylic side groups

along HPAM chain might be obtained due to hydrolysis in al-

kali solution, which causes the polymer chain more expanded,

resulting in increase of viscosity.

Note that the main goal of this study was to investigate the

technical feasibility of the proposed variations of an improved

polymer flood and to examine their effectiveness when com-

pared with a conventional water flood. In order to achieve this

goal, a few parameters had to be established. Table II summa-

rizes petrophysical properties of glass-bead packs for flood

experiment.

The main purpose of using polymer in the EOR process is to

increase solution viscosity and reduce rock permeability, both of

which help to increase sweep efficiency by reducing the mobility

of displacing fluid.10 In order to investigate the effect of poly-

mer flooding on oil recovery, a comparison of cumulative oil

recoveries between water flooding and polymer flooding was

made as shown in Figure 8. The flow rate in all the flood tests

was maintained at 4 mL/min by using syringe pump.

The first test was with the oil recovery made by water flood test

with an injection of 3.0 PV. The second test was the oil recovery

made by the polymer flood test with an injection from 0.6 to 3.0

PV after the water-cut reached about 95% at 0.6 PV of water

injection. The polymer solution of both 1500 ppm solution of

HPAM and 3 wt % NaCl was injected. As shown in Figure 8, ex-

perimental results represented that 61.9% of original oil in place

(OOIP) was produced by polymer flood test, whereas only 40.2%

of OOIP was produced by water flood test with an injection of

3.0 PV. Therefore polymer flooding proved to be more efficient

in oil recovery than water flooding by 21.7%. It would be recog-

nized that the more PVs of polymer solution is injected the more

oil is recovered due to the reduction in mobility ratio of water to

oil. The oil recovery was recorded as a function of PV of injected

fluids in each test. The test results are summarized in Table III.

Since the oil recovery is affected by viscous fingering phenom-

enon, the low viscous fingering at the water front would increase

oil recovery. In water flooding, on the other hand, further injec-

tion of water would not produce any significant amount of oil

after the water-cut ratio of 95% at 0.6 PV. Wassmuth et al.7

applied polymer flooding of the HPAM to improve heavy oil re-

covery at East Bodo with the permeability of 1 Darcy, finding

that the oil recovery reached 20% OOIP and the water cut was

approached to 95% after water flooding. In addition, Wassmuth

et al.27 also reported that the oil recoveries ranging from 16 to

23% OOIP was achieved by polymer flooding in different oil

core floods with the viscosities from 280 (with the core perme-

ability of 1.35 Darcy) to 1600 cp (with the core permeability of

5.7 Darcy) after the water-cut at a minimum of 1 PV.

As shown in Figure 9, an unstable pressure drop can be seen

after breakthrough in water flood test. Such phenomenon can

be explained by the viscous fingering occurrence at outlet face.

Table II. Properties of the Glass-Bead Packs

Flood types
Porosity
(%)

Absolute
permeability
(Darcy) Soi (%)

Sor after
water
flood (%)

Water flood 36.9 3.79 91.0 –

Polymer flood 37.8 3.15 91.9 76.0

Alkali-polymer
flood

36.3 3.33 91.2 75.5

Figure 8. Comparison of oil recoveries in water and polymer flood tests.

Table III. Summary of Glass-Bead Pack Flood Tests

Flood types

Water flood recovery Tertiary recovery
Final recovery

OOIP (%) Injected (PV) OOIP (%) ROIP (%) OOIP (%)

Water flood 40.2 3.0 – – 40.2

Polymer flood 24.0 0.6 37.9 81.3 61.9

Alkali-polymer flood 24.5 0.6 46.8 94.4 71.3

ARTICLE

WWW.MATERIALSVIEWS.COM WILEYONLINELIBRARY.COM/APP J. APPL. POLYM. SCI. 2012, DOI: 10.1002/APP.38070 5



The alkali is directly related to the high viscosity of polymer so-

lution. The pH effect on viscosity was confirmed by rheological

analysis. Thus, it was designed to find the effect of alkali-poly-

mer flood on tertiary recovery. The mixed solution of 12%

HPAM, 3 wt % NaCl, and 0.5 wt % NaOH was prepared for

the flood tests. The third test was the oil recovery made by al-

kali-polymer flooding with an injection from 0.6 to 3.0 PV.

Water flooding was conducted until the water-cut ratio reached

to 95% at 0.6 PV before the third test. Alkali-polymer flooding

was followed after the water flooding to compare the recovery

efficiency of alkali-polymer flooding with that of polymer flood-

ing. As shown in Figure 10, 71.3% of OOIP was recovered by

the alkali-polymer flood test. It represents almost 10% more oil

recovery over HPAM solution when using HPAM solution with

alkali. It can be explained that pressure drop after breakthrough

held stable at 37.6 psi in the alkali-polymer flood, which is five

times higher than that of polymer flooding stable at 7.3 psi as

shown in Figure 9. The combination of alkalis and polymer

strengthened the block role of displacing fluid in channel zones

so that alkali-polymer flooding pressure drop was improved.28

Moreover oil recovery efficiency increased more rapidly in the

early stage of alkali-polymer injection due to the effect of mo-

bility control. This indicates that more oil is recovered due to

the improved sweep efficiency and mobility ratio reduction.

Samanta et al.29 presented the mechanism of alkali in EOR

which showed that alkali can react with the organic acid existed

in crude oil to form the surfactant and emulsification,30 thus to

decrease the surface tension. In the process, the variation of sur-

face tension is suggested to be strongly dependent on the

concentration of alkali, which is increased with an increase in

the concentration of alkali and then decreased. In addition,

Kazempour et al.31 reported that the effect of alkalinity on oil

recovery during polymer floods in sandstone, indicating that

the alkali could react with polymer to decrease its viscosity,

allowing for better injectivity. And, addition of alkali also allows

for decreasing adsorption of HPAM on the rock surface and

polymer retention in the core. In the experiment, 95% water-

cut was obtained at 1.85 PV in alkali-polymer flood, while 95%

water-cut was obtained to 2.33 PV in polymer flood. It could

be explained that improved sweep efficiency leaded to the accel-

eration of oil recovery.

CONCLUSION

Throughout the experiments, the potential impact of an al-

kali-polymer flood on heavy oil recovery was investigated. A

full-scale rheological characterization of the polymer solutions

was studied and test results were compared. Shear viscosity

behavior was examined by rheological test results as well as

viscous modulus measurements at different polymer concen-

trations, salinities, temperatures, and alkalis. Both the oil re-

covery by the polymer flood and by the alkali-polymer flood

were attempted and compared as shown in Table IV. Rheo-

logical measurements show that HPAM solution is sensitive

to temperature, salinity, and alkali. The solution of 0.5 wt %

NaOH mixed with 1500 ppm HPAM was the optimal choice,

giving rise to the highest viscosity on the rheological

characterization.

Figure 9. The shape of pressure drops in each test.
Figure 10. Comparison of oil recoveries in polymer and alkali-polymer

flood tests.

Table IV. Summary of Pressure on Glass-Bead Pack Flood Tests

Flood types
Initial inlet
pressure (psi)

Pressure at water
flood recovery Pressure at tertiary recovery

Initial pressure
drop (psi)

Injected
(PV)

Maximum inlet
pressure (psi)

Initial pressure
drop (psi)

Stable
pressure (psi)

Water flood 190.7 74.3 3.0 – – 1.8

Polymer flood 214.1 77.8 0.6 190.4 125.8 7.3

Alkali-polymer flood 219.7 75.2 0.6 431.6 260.2 37.6
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The flood tests performed on glass-bead packs indicated that al-

kali-polymer could improve oil recovery up to 10–30% of

OOIP over the water flooding or polymer flooding. The appli-

cation of polymer solution was more effective with 0.5 wt %

NaOH. The results can be applied to the polymer flooding proj-

ects to evaluate the feasibility at the planning stage.
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