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in tertiary oil recovery.

INTRODUCTION

The application of water-soluble polymer is an economic
way for enhanced oil recovery (EOR)"?, which has already
been successfully used in water flooding™”. In the most enhanced
oil recovery field application, one of the most important effects
of these polymers is to increase the viscosity of the water
solution. They can remarkably enlarge the sweep volume and
enhance the sweep effective, thus highly increase the oil
recovery by 8-10 % higher than conventional water flooding.

Although the polymer flooding is a relatively mature
tertiary oil recovery technology, the problems are also obvious
during the process as following: (1) Viscosity of the polymer
decreases by several factors during flowing such as shearing,
thermal effect, bacterial action, hydrolysis and high metal ions,
which influences the development effect of polymer flooding.
(2) The polymer solution used in polymer flooding has certain
function of profile modification. But its ability to control high
permeability layer especially the extra-high permeable strata
is limited. When blocks with high permeability layer especially
the extra-high permeable strata are injected with polymer
solution, the concentration of polymer produced from oil well
is high, which not only affect the development effect but also
results in environmental pollution. (3) There exists fingering
phenomenon during the process of subsequent water flooding,
which leads to the rapid increase of water cut and significantly
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decrease of oil production. As a consequence, a high concen-
tration of the polymer is required in actual applications and
hydrolyzed polyacrylamide (HPAM) is not suitable for oil
reservoir with high temperature and high salinity nature. Thus
the specific molecular structure indicates that HPAM can only
be used in moderate temperature and salinity for enhanced oil
recovery. All these disadvantages seriously retard the propa-
gation of chemical flooding in China. With the tertiary oil
recovery developing into the stage of high temperature and
high salinity, the conventional water-soluble polymer can't
meet the requirement in profile modification®. Hence, the
research and development of the salt-resistant water-soluble
polymers for enhancing oil recovery has become very urgent.

The hydrophobically associating polymer studied in this
paper is similar to the hydrophobically associating water-
soluable polymer (HAWP). It increases the viscosity of the
system with the network structure formed by intermolecular
association which leads to the formation of three-dimensional
network. This association can increase the fluid mechanical
volume which may lead to a significant increase of apparent
viscosity”'’. Therefore it has a strong effect on increasing the
viscosity of the water solution, which shows that it improves
the ability of profile modification and oil flooding. Adding
small molecular electrolytes into water solution can increase
the polarizability of the water solution and then reinforce the
self-thickening ability. Thus the hydrophobically associating
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polymer can effectively improves the water-soluble polymer's
ability in salt-resistant. Furthermore, the self-thickening effect
can be regarded as a process of entropy increase, which means
that as temperature increases, the self-thickening phenomenon
also happens. The intermolecular association is favored when
temperature increase in certain ranges which means the hydro-
phobically associating polymer should have higher temperature
resistance than ordinary water-soluble polymers. The hydro-
phobically associating polymer also has superior properties
in the aspect of salt-resistant, self-thickening and anti-shearing.

Although the rheology of the hydrophobically associating
water-soluble polymer has been studied widely. All of their
experiments are carried out without considering time factor.
So viscosity of hydrophobically associating polymer in high
salinity reservoir studied in this paper is not only theoretically
significant but also practically meaningful.

EXPERIMENTAL

Hydrophobically associating polymer and sodium chloride
(AR) were provided by Xilong Co. Ltd. China. Calcium chloride
anhydrous (AR) was provided by Sinopharm Chemical Reagent
Co. Ltd. A BROOK-FIELD PRO DV-II viscometer was used
to measure the viscosity of polymer solutions.

RESULTS AND DISCUSSION

Characteristic properties of the hydrophobically
associating polymer solution: Fig. 1 shows viscosity vs.
polymer concentration of the hydrophobically associating
polymer. It is clearly shown that the viscosity of hydro-
phobically associating polymer solution increases smoothly
under 2500 mg/L. However, the viscosity of the hydro-
phobically associating polymer solution increases rapidly with
its concentration above 3000 mg/L.

350 -

300 -

[\*]

[

o
T

200 -

150 |-

Viscosity (mPa/s)

100 -

50 -

|
0 | - 1 1 1 1

0 1000 2000 3000 4000 5000

Concentration (mg/L)

Fig. 1. Effect of hydrophobically associating polymer concentration on
the viscosity of solution

The results mean that when the concentration is above
2500 mg/L, the aggregation of hydrophobic groups happens
and physical cross-linking takes place. The polymer concen-
tration at this point is called the critical aggregation concen-
tration (C*). When hydrophobically associating polymer

concentration was lower than C*, intra-action of polymer
molecules was dominant and polymer chains were highly
coiled. As aresult, viscosity increases slowly with the increase
of polymer concentration. When polymer concentration is close
to, even higher than C*, intermolecular association emerge and
become strong, resulting viscosity increased sharply with the
increase of polymer concentration.

Effects of salinity on the viscosity of hydrophobically
associating polymer solution: Fig. 2 showed that when the
salinity ranges from 40500 to 80500 mg/L, the initial viscosity
of hydrophobically associating polymer increases and forms
a homogeneous solution in 3 to 4 h.

However, with the salinity higher than 80500 mg/L, the
polymer can't be dissolved completely in water, which results
in a pretty low viscosity as shown in Fig. 2. When the attraction
between polymer molecule and solvent is beyond the cohesion
among polymer molecules, polymer can stretch thoroughly
in the solvent. On the contrary, when the cohesion among
polymer molecules is higher than the attraction between solvent
and polymer molecules, polymer curls up in the solvent. With
the adding of salt content, the attraction between solvent and
the hydrophilic main chain of hydrophobically associating
polymer decreases, which leads to the contraction of polymer
molecules. It is a disadvantage for the formation of physical
cross-linking network, which results in the no increase in
viscosity of polymer solution or even insolubilization of the
polymer. As a result, the salinity should be under 80500 mg/L
in the following experiment.
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Fig. 2. Effect of salinity on the solubility of hydrophobically associating
polymer solution

Fig. 3 reveals that the viscosity of polymer solution when
salinity is 20500 or 40500 mg/L increases little. Viscosity of
the hydrophobically associating polymer increases signifi-
cantly when the salinity is 40500 or 80500 mg/L. It is observed
that to hydrophobically associating polymer, there also exists
a critical salinity 10 under which there's no phenomenon of
self-thickening. To some extent (the salinity under 80500
mg/L), the higher the salinity, the higher the stable viscosity
of the hydrophobically associating polymer.
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Fig. 3. Effect of salinity on the viscosity of polymer solution

Effects of mass concentration on the viscosity of hydro-
phobically associating polymer solution: Fig. 4 showed that
the viscosity of polymer solution increases hardly when the
mass fraction is under 2500 mg/L. However, viscosity of the
hydrophobically associating polymer increases significantly
when the mass fraction is above 2500 mg/L. The higher the
mass fraction, the higher the stable viscosity of the hydropho-
bically associating polymer is. The effect is significant. The
increase in viscosity of polymer solution is determined by three
aspects. Firstly, as known, the conformation of the polymer
molecular in solution is curly. When the mass fraction is above
some value the viscosity increases sharply through the mutual
entanglement among polymer molecules which leads to the
formation of network structure. Secondly, strong intermole-
cular forces existing among polymer molecular with which
the network structure forms when the distance among them is
shorten to a certain value, which results in the increase in visco-
sity. Thirdly, to hydrophobically associating polymer, there
exists a critical association concentration above which
intermolecular association dominates, that results in the sharply
increase of apparent viscosity. However, when the mass fraction
is up to 5000 mg/L, not only the stable viscosity reaches about
10000 mPa-s but also the initial viscosity is about 200 mPa-s
which is disadvantageous on its injectivity.
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Fig. 4. Effect of polymer concentration on the viscosity of hydrophobically
associating polymer solution

Effects of temperature on the viscosity of hydropho-
bically associating polymer solution: From Fig. 5, the self-
thickening effect of polymer is significant from 20 to 60 °C
and the stable viscosity is approximately 2500 mPa-s. With
the further increase of temperature, the self-thickening effect
gets worse. There is rarely phenomenon of self-thickening
when the temperature is up to 80 °C. The reasons can be divided
into 3 parts. Firstly, the rising of temperature results in the
aggravation of molecular thermodynamic movement. The
hydrated structure of the hydrophobic group is changed, that
weakens the association among molecular chains. The
increment of temperature also curls the polymer molecular,
which also leads to the reduction of viscosity of the polymer
solution. Thirdly, the interaction among hydrophobically
associating polymer is a process of entropy-driven. With
temperature going up, the entropy of the polymer system
increases which leads to the enhancement of self-thickening
ability. However, when the temperature beyond 40 °C, the
viscosity of solution drops with the rising of temperature.
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Fig. 5. Effect of temperature on the viscosity of hydrophobically associating

polymer solution

Effects of shearing on the viscosity of hydrophobically
associating polymer solution: Shearing has a significant
influence on the viscosity of the polymer solution (Fig. 6).
The longer the shearing time is, the lower the initial viscosity
because of the destruction of molecular chains. Furthermore,
the polymer after shearing also has the ability to regain its
viscosity, which is critical to its practical application. The
reason lies in that the shearing destroys structure of polymer
molecular that leads to the reduction of viscosity. Yet because
of the low molecular weight of the hydrophobically associating
polymer, molecules are not sheared off. Only some or most of
the physical network structure and supra-molecular aggregates
are split up. Thus after shearing, molecular chains split up
gather again to form the supra-molecular aggregate which
results in the increase of its viscosity, which demonstrates its
excellent property of shear-resistant.

Incremental oil recovery: The experimental flow chart
is shown in Fig. 7. The steps for determining the oil recovery
increment are as followings: (1) saturate water in sand-packed
cores; (2) saturate crude oil in sand-packed cores; (3) water
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Fig. 6. Effect of shearing time on the viscosity of hydrophobically
associating polymer solution
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Oil displacement experiment flow chart, 1-pump; 2-valve; 3-water
container; 4-oil container; 5-intermediate container; 6-pressure
meter 7-hypotonic sand-packing model; 8-hypertonic sand-packing
model; 9-graduated test-tube; 10-valve

Fig. 7.

flood until effluent water cut is around to 98 %; (4) inject 0.3
PV self-polymer solutions; (5) put two sand packs into oven
for 48 h under 40 °C; (6) water flood until effluent water cut is
around 98 % again; (7) calculate oil recovery increment;

The recovery rate of water flooding is about 35 %
while final recovery rate is about 48.3 %. Enhancement in oil
recovery rate is 13.3 % (Fig. 8).
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Fig. 8. Relationship between water cut/oil recovery and injecting pore volume

Conclusion

The properties of hydrophobically associating polymer
were studied in this paper. The hydrophobically associating
polymer has remarkably improved the properties of salt-
resistance and temperature-resistant. The applicable conditions
are optimized and the opportunity for subsequent water
flooding is determined which has practical meaning for oilfield
application. Anti-shearing and oil displacement experiment
shows its pretty good performance in self-assemble behaviour
and enhanced oil recovery.
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