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To determine modifications of oil/water two-phase-flow properties 
after injection of water-soluble polymers, unsteady-state flow ex-
periments were performed on both water- and oil-wet (silane-
treated) sandstones. The same imbibition cycle (water displacing 
oil) under the same conditions was performed on the same core, first 
without any polymer and then after polyacrylamide had been ad-
sorbed within the core. The capillary pressure was measured direct-
ly along the core by use of water- and oil-wet semipermeable mem-
branes, while relative permeabilities were determined from the 
measurement of the saturation profile (by gamma ray absorption), 
outlet fluid production, and pressure drop.

The action of adsorbed polymer on relative permeabilities was 
found to be the same with both water- and oil-wet cores (i.e. a selec-
tive reduction of the relative permeability to water with respect to 
the relative permeability to oil). The trend was somewhat different 
for the capillary pressure. For the case of water-wet sandstones, the 
capillary pressure remained positive but increased dramatically af-
ter polymer adsorption. Because the polymer has little effect on the 
interfacial tension (IFT), this effect was attributed to the reduction 
of pore-throat size caused by macromolecule adsorption and to a 
possible improvement of the wettability of the core to water. For the 
case of oil-wet sandstone, the capillary pressure curve moved from 
negative to positive values, indicating that, in addition to pore-size 
restriction, the wettability of the core changed after polymer adsorp-
tion. This wettability change also induced a dramatic drop in residu-
al oil saturation (ROS).

�ntroduction
Excessive production of water as a result of heterogeneities or frac-
tures often causes channeling or water coning and is a problem of 
central importance for field operators. Several techniques have been 
developed to overcome this problem. Among them, direct injection 
of polymer or gels in the production well was shown to enable 
the reduction of the water cut. If the drawdown on the treated well 
can be increased, then, in addition to the reduction in water 
production, the treatment can induce an increase in oil 
production.1 Several re-searchers have studied the mechanisms 
involved in the action of polymer or gels (Schneider and Owens,2 
Zaitoun and Kohler,3 Zai-toun et al.,4 Liang et al.5). They all 
found that polymer or gels are able to reduce selectively the 
relative permeability to water with re-spect to the relative 
permeability to oil. Provided that the polymer is hydrophilic, this 
property does not depend on the polymer type (polyacrylamide, 
xanthan or scleroglucan) or on the nature of the rock (sandstone, 
limestone, or unconsolidated sand). Most existing experiments 
have been performed either under steady- or unsteady-state 
conditions at a high flow rate (Welge method).

Several physical processes have been proposed to explain the se-
lective action of the polymer. The following are some principal ones.

*Now at Inst. Français du Pétrole.

1. Shrinking of the gel in the presence of oil. Dawe and Zhang6

observed water eviction from a gel during the displacement of an oil
droplet in a micromodel. The influence of the wettability was also
investigated. The gel was shown to have a lower blocking efficiency
in oil-wet micromodels.

2. Partitioning of fluids. This hypothesis, put forward by Liang et
al.,5 suggests that a segregation of oil and water occurs in the core
and explains the disproportionate permeability.

3. Wall effect. The presence of the polymer adsorbed on pore
walls may induce a lubrication effect that favors the flow of oil
through the center of the pore channels and attenuate pore-wall
roughness. This hypothesis was suggested by Zaitoun and Kohler.3

These authors proposed a simple two-phase-flow capillary model
within a cylindrical geometry to describe the effect of an adsorbed
polymer layer at the pore wall. To complete this pore-level study, we
are developing a numerical model where the pore consists in a peri-
odic two-dimensional (2D) divergent/convergent channel.7 The
first results8 confirm qualitatively the experimental observations.

4. Wettability effect. The adsorption of the hydrophilic polymer
on pore walls may enhance the water wettability of the rock and thus
contribute to the relative permeability modification.

Most of reported studies were focused on relative permeability
modifications, but little information (Barrufet and Ali9) is available
about the effect of polymer on the capillary pressure. Our exper-
imental procedure aimed at the measurement of this parameter as
well. We performed unsteady-state core-flow experiments at low
flow rates. To our point of view, these experiments are more realistic
than steady-state ones. During these experiments, we measured di-
rectly the capillary pressure along the core using semipermeable
membranes at pressure taps, and we determined the relative permea-
bilities over the whole saturation range.
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Fluids. We used synthetic brines containing 50 g/L�1 KI and
0.4 g/L�1 NaN3. The potassium ion prevents clay migration while
the iodide ion improves the accuracy of saturation measurements by
gamma ray attenuation technique.10 Sodium azide was used as a bac-
tericide. As the oil phase, we used Marcol 52, a mineral oil having a
viscosity of 10.5 mPa�s at 20°C. IFT’s between brine and oil and be-
tween polymer solution and oil were measured with the ring tech-
nique; values were 33�10�3  and 28�10�3 N/m�1, respectively.

Polymer Solution. We used a high-molecular-weight nonionic
polyacrylamide (PAM) available in powder form. The polymer be-
haves like a flexible coil in solution with an average diameter of 0.32
�m. Its molecular weight is 9�106 dalton.4 The solution, whose
concentration is 2500 ppm, was prepared by slow addition of poly-
mer powder to the brine in a vortex created by magnetic stirring. Af-
ter complete dissolution of the powder, the solution was filtered on
line with a set of 8-, 3- and 1.2-�m Millipore membranes to remove
any solid or microgel. The viscosity of the polymer solution was
measured over a wide range of shear rates with a Contraves LS 30
viscometer. The curve of viscosity vs. shear rate is plotted in Fig. 1.

Core Samples. Both water- and oil-wet media were used in this study.
Water-Wet Medium. The water-wet medium is a Vosges sand-

stone (“gray” quality) with a permeability ranging between 0.25 and



Fig. 1—Viscosity of PAM solution (2500 ppm).

0.75 �m2 and a porosity ranging between 0.23 and 0.25. This sand-
stone, used in several experimental studies,11,12 is strongly water-
wet and relatively homogeneous. The mineralogy was determined 
by X-ray diffraction. The sandstone was mainly composed of 
quartz, feldspars, and clays (mainly magnesite, chlorite, and some 
traces of illite and kaolinite). Clay content of the rock is approxi-

mately 7%. The specific area (A�3.25 m2/g�1) was measured by nitrogen adsorption. Microscopic examination of the rock showed 
that the sand grains are almost totally covered by clays. Pore-size 
distribution was determined by mercury injection (Purcell meth-
od—Fig. 2). Average pore radius is 8.5 �m.

Oil-Wet Medium. The oil-wet medium was obtained by silana-
tion of the same Vosges sandstone. The method consists of grafting 
silane molecules to the surface of the rock, substituting silanol hy-
drophilic groups by organosilyl hydrophobic groups. This treatment 
was used by several authors13,14 and found to be stable after oil or 
brine flow. This chemical treatment changes the wettability of the 
porous medium and produces a homogeneous hydrophobic layer on 
the surface of the solid without affecting the other petrophysical 
properties, like porosity or permeability. This treatment does not 
correspond to a natural wettability change of the rock; however, it 
provides a reliable laboratory core with properties that can be 
compared with the ones of the original material.

Sandstone cores had a 5�5-cm2 cross section and were 20 cm 
long. Cores were wrapped in an epoxy resin reinforced with glass-fi-
ber to ensure enough tightness and sufficient transparency for gamma 
ray measurements. The capillary pressure was measured with micro-
pore water- and oil-wet membranes placed at the bottom and upper 
sides of the horizontal core, respectively. Those membranes were 
changed after polymer injection to avoid plugging problems.

�o������t-���ipment
Our experimental flow equipment, represented in Fig. 3, was made 
of a displacement pump connected to the oil, brine, and polymer-
solution containers. The core sample was positioned on a 2D rig dis-
placing a gamma ray source. A photon-counting device was used to 
measure the saturation. Pressure drop across the core and capillary 
pressure at three different levels along the core were measured with 
pressure transducers. During two-phase-flow experiments, cumula-
tive volumes of oil and water were determined on the effluents by 
use of a graduated cell on a scale.

The saturation measurements were performed at 60 points lo-

cated on a 4�15 grid (illustrated in Fig. 3). The beam was colli-
mated at a diameter of 4 mm. The photon-counting time for each 
measurement was 25 seconds so that the entire saturation field was 
determined in less than 30 minutes. We calculated the average satu-
ration (computed with four saturation measurements) on the 15 
straight sections of the core. Displacement of the 2D rig and data ac-
quisitions of saturation, pressure drop, capillary pressure and efflu-
ent recovery were monitored by a personal computer. The system 
temperature was kept constant at 20�1°C.

Experimental Procedure. Flow tests, with both water- and oil-wet 
media, were run with the following sequences.

Fig. 2—Pore-size distribution obtained by Purcell method.

1. Saturation of the core under vacuum with brine. Measurement
of pore volume, porosity and permeability.

2. First oilflood at high flow rate (q�120.10�6 m3/h). Measure-
ment of S1

wi and ko  at S1
wi .

3. Installation of the semipermeable membranes used to measure
the capillary pressure.

4. First waterflood performed at low flow rate (q�5.10�6 m3/h).
Measurement of water saturation, pressure drop, and oil recovery
evolution with time. Pressure difference between oil- and water-wet
membranes was monitored while measuring the saturation evolution.
This measurement provides the capillary pressure vs. water satura-
tion. At the end of the waterflood we measured S1

or and kw  at S1
or.

5. Low-shear injection of 2 PV of polymer followed by a shut-in
time of 12 hours to complete polymer adsorption. Measurement of
polymer adsorption from the delay of the polymer front after 1 PV
has been injected.

6. Waterflood (q�5.10�6 m3/h) to displace the nonadsorbed
polymer remaining in the core. Measurement of S2

or and kw  at S2
or.

7. Change semipermeable membranes plugged by polymer.
8. Second oilflood (q�120.10�6 m3/h). Measurement of S2

wi
and ko  at S2

wi.
9. Second waterflood (q�5.10�6 m3/h). Measurement of S3

or

and kw  at S3
or.
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Our experimental results are presented in terms of modification of
capillary pressure and relative permeabilities caused by the polymer
adsorbed in the core. Because of the high flow rate used during
drainage cycles, measurements of saturation fields vs. time were not
performed during this stage of the experiment and were focused on
the imbibition cycles (water displacing oil).

The capillary pressure was measured directly at each tap level.
Because the saturation of the core was also checked at the same tap
level, we could establish capillary pressure curves vs. saturation.
Pressure was recorded continuously, every minute, while the satura-
tion was measured with a time lag of 30 minutes. As a consequence,
the capillary pressure relationship contains a limited number of
points corresponding to pressure and saturation measurements at

Fig. 3—Experimental setup.



TABLE 1—WATER-WET CORE: ENDPOINT DATA BEFORE
AND AFTER POLYMER

� 0.23
k, �m2 0.25

S1
wi

0.327

ko at S1
wi , �m2 0.222

S1
or

0.336

kw at S1
or , �m2 0.0155

S2
or

—

kw at S2
or , �m2 —

S2
wi

0.492

ko at S2
wi , �m2 0.138

S3
or

0.328

kw at S3
or , �m2 0.0007

the same instant and the same position. A similar method was used
successfully by Kalaydjian.15,16

Relative permeabilities were determined with a minimization
computer program, FISOLE�17 from one-dimensional exper-
imental values of local saturation, outlet production, and pressure
drop. The capillary pressure curve was used as input data. Simulta-
neous determination of relative permeabilities and capillary pres-
sure from experimental data was performed as well and provided
good results. Results obtained with both water- and oil-wet media
are presented next.

Water-Wet Medium. Table 1 summarizes the experimental data.
Polymer Adsorption. The polymer front, determined by viscosity

measurements in the Newtonian regime, is represented in Fig. 4.
The delay of the front with respect to 1 PV provides a value of 97
�g/g, which is in good agreement with previous results.3 The thick-
ness of the adsorbed-polymer layer was estimated from the perme-
ability reduction to brine at ROS. To estimate the polymer-layer
thickness, h, we used the classic model of a bundle of capillary tubes
for the porous medium. Assuming that the polymer layer is impene-
trable, we obtain 3,18

h � �1 � R�1�4
k

�
8kkrw

�(1 � S3
or)

	 . (1). . . . . . . . . . . . . . . . . . . 

In this equation, the permeability reduction, Rk�ratio of effec-
tive permeability to water at ROS before and after polymer adsorp-
tion. In our case, we found h�0.49 �m, a value which is also in
good agreement with previous results.3

Capillary Pressure. The capillary pressure, measured as de-
scribed earlier during the two successive imbibition cycles (Steps 4
and 9) are plotted in Fig. 5. We observe a strong increase in the irre-
ducible water saturation after polymer adsorption—from
S1

wi�0.327 to S2
wi�0.492. This difference can be understood as a

result of the adsorbed-polymer layer, which traps an extra amount
of brine (this actually represents a weak contribution) and closes
smaller pores to oil flow. At the end of the two imbibition cycles, the
ROS is almost unchanged (see S1

or and S3
or in Table 1). The capillary

pressure is strongly increased over the whole saturation range by the
presence of adsorbed polymer in the core.

From our point of view, because brine/oil and polymer-solution/
oil IFT’s are almost the same, this behavior can only be explained
by an improvement of the wettability on the one hand and a net-
pore-size reduction on the other hand. This can be better understood
if one considers again a simple model of a bundle of capillary tubes
for the porous medium. With this model, the capillary pressure is di-
rectly proportional to the IFT and inversely proportional to the tube
radius according to

Pc �
2� cos �

r . (2). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

Keeping the IFT constant, one can readily see that the capillary 
pressure increase can only results from a decrease of � (i.e., a wet-

Fig. 4—Propagation of PAM slug in the water-wet medium.

Fig. 5—Capillary pressure as a function of water saturation be-
fore and after polymer adsorption in the water-wet core.

Fig. 6—Modification of water and oil relative permeabilities after
PAM injection in the water-wet medium.

tability improvement), which is probably a weak effect in our ex-
periments, and a radius decrease caused by adsorption of the poly-
mer layer. A two-phase-flow numerical study7,18 performed on a 2D
convergent/divergent model of a porous medium indicates that the
presence of an adsorbed layer yields a capillary pressure increase
and confirms this physical mechanism from a phenomenological
point of view.

Relative Permeabilities. Relative permeabilities are given in Fig.
6. The dimensionless kr are taken as the ratio of the corresponding
effective permeability to the effective permeability to oil at the first
irreducible water saturation. The ratio between oil relative permea-
bilities at endpoints before and after polymer adsorption (ko  at S1

wi
and ko  at S2

wi, respectively) is equal to 1.6, while the ratio between
water relative permeabilities at endpoints (kw  at S1

or and kw  at S3
or)

is equal to 22.1. This result shows a strong selective effect of the
polymer adsorbed in the core and is in good agreement with pre-
vious works.2,3,5 This behavior has also been obtained numerically
with our simulator on a simplified 2D model.

As reported by Hawkins and Bouchard,19 relative permeability
hysteresis is frequently observed during successive imbibition
cycles. This is usually a result of the change in fluid distribution at
the pore level. To check that the relative permeability change before
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TABLE 2—WATER-WET CORE: HYSTERESIS EFFECTS

Swi 0.30
Sor 0.366
kw, �m2 0.0454
ko , �m2 0.467
Swi 0.316
Sor 0.366
kw, �m2 0.0382
ko , �m2 0.466
Swi 0.317
Sor 0.366
kw, �m2 0.349
ko , �m2 0.461

and after polymer adsorption is not just caused by hysteresis effects,
three cycles of oil and brine injection without any polymer in the
core material were performed. Results given in Table 2 show that
cycle-dependent hysteresis is weak. This confirms that effects ob-
served previously were essentially caused by the presence of poly-
mer in the core.

Saturation Fields. In Figs. 7 and 8, experimental and computed
evolution of the reduced water saturation S*1

w  and S*2
w  before and af-

ter polymer adsorption, respectively, are represented. They were de-
duced from the following relationship:

S*j
w �

�Sw � S j
wi
�

�1 � S j
or � S j

wi
�

, . . . , j � 1, 2 . (3). . . . . . . . . . . . . . . 

Experimental results correspond to the average saturation com-
puted on the 15 straight sections covering the core, while the com-
puted saturations correspond to the result of a numerical simulation
performed with the petrophysical properties of the core (measured
capillary pressure and estimated relative permeabilities). For the
two imbibition cycles (before and after polymer adsorption, respec-
tively), we note a good agreement between experimental and calcu-
lated values. Saturation profiles in the absence of adsorbed polymer
are more spread out than in its presence; this is again in accordance
with a capillary pressure increase. Several experiments were per-
formed with similar water-wet porous media. We always observe
the same behavior (i.e., a selective reduction of the relative perme-
ability to water with respect to the relative permeability to oil and
a subsequent increase in the capillary pressure).

Oil-Wet Medium. Table 3 summarizes the experimental endpoints.
Endpoint Saturations. After the first imbibition (Step 4), we ob-

tained a high value of the ROS (S1
or�0.54). This value decreased

significantly after injection of the polymer solution in the core
(S2

or�0.22). After the second drainage (Step 8) the irreducible wa-
ter saturation was also increased from S1

wi�0.32 to S2
wi�0.49. At

TABLE 3—OIL-WET CORE: ENDPOINT DATA BEFORE AND
AFTER POLYMER

� 0.24
kw, �m2 0.10

S1
wi

0.32

ko at S1
wi , �m2 0.278

S1
or

0.54

kw at S1
or , �m2 0.047

S2
or

0.22

kw at S2
or , �m2 0.36

S2
wi

0.49

ko at S2
wi , �m2 0.118

S3
or

0.17

kw at S3
or , �m2 0.0114

the end of the second imbibition, the oil recovery was even higher.
The value of the ROS dropped to S3

or�0.17.
Capillary Pressure. Capillary pressures measured during the two

imbibitions (Steps 4 and 9) are plotted in Figs. 9 and 10.
The curve in Fig. 9 is representative of an oil-wet medium be-

cause the capillary pressure is negative, while the curve in Fig. 10,
(after polymer adsorption in the core) is positive, with a higher max-
imum value. This curve is representative of a water-wet medium in
which pore-throat dimensions are reduced by adsorbed polymer.
This result is consistent with the increase in oil recovery observed
after polymer injection. Adsorption of polymer on the pore walls
drives oil away from the surface of the rock to the pore body, thus
enhancing oil recovery and modifying the wettability of the core.
Broseta et al.14 also observed adsorption of hydrophilic polymers
on oil-wet media.

Relative Permeabilities. In Fig. 11, we plotted the cross relative
permeabilities obtained from the endpoints measured during the
two successive imbibition cycles. Because of the very strong shift
in both irreducible water saturation and ROS induced by the poly-
mer, it is difficult to compare relative permeability values obtained
at endpoints. Indeed, these values have to be compared at the same
saturation state of the core.

Saturation Fields. Time evolution of the reduced water satura-
tion throughout the core, before and after polymer adsorption, re-
spectively, is given in Figs. 12 and 13. Although experimental
points are very spread out, we can notice a straightening up of the
saturation fronts after polymer adsorption.

�
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1. An experimental core-flow equipment enabling direct meas-
urement of the capillary pressure and determination of relative per-
meabilities during oil and water injections was designed to check
the effect of adsorbed polymer.

Fig. 7—Waterflooding in absence of adsorbed polymer; compar-
ison between experimental and simulated averaged reduced wa-
ter saturations.

Fig. 8—Waterflooding in presence of adsorbed polymer; com-
parison between experimental and simulated averaged reduced
water saturations.



Fig. 9—Modification of water and oil cross relative permeabili-
ties after PAM injection in the oil-wet medium (endpoints).

Fig. 10—Capillary pressure as a function of water saturation be-
fore polymer adsorption in the oil-wet core.

2. After polymer adsorption, irreducible water saturation in-
creases. This can be explained partially by the presence in the core
of polymer-hydration water, but mainly by the fact that smaller
pores are closed to oil flow. This was observed on both water- and
oil-wet media. ROS drops significantly after polymer adsorption in
oil-wet media, whereas it changes very little in water-wet media.

3. Adsorbed polymer induces a strong increase in the capillary
pressure over the whole saturation range. For a water-wet medium,
because the polymer does not significantly change the IFT between
oil and water, we believe that this effect is mainly the result of the
reduction of pore-throat size by the adsorbed-polymer layer and
possibly of a (weak) wettability improvement. For an oil-wet me-
dium, a complete change of wettability is observed in addition to
pore-size restriction.

4. The change in the relative permeability curves clearly shows the
selective action of the polymer, which reduces the relative permeabil-
ity to water much more than the relative permeability to oil. This ef-
fect is stronger with a water-wet than with an oil-wet medium.

5. All these results are consistent with the picture of an adsorbed-
polymer layer at pore wall, which modifies considerably the petro-
physical properties of the core.17

�
������	���

A� specific area, L2/m, m2/g�1

h� thickness of adsorbed polymer layer, L, �m
k� absolute permeability, L2

, �m2

ko� effective permeability to oil, L2
, �m2

kro� relative permeability to oil
krw� relative permeability to water
kw� effective permeability to water, L2

, �m2

Pc� capillary pressure, m/Lt2, Pa
Rk� permeability reduction

Sor� ROS
S1

or� ROS (first waterflood)
S2

or� ROS after polymer injection
S3

or� ROS (second waterflood)
Sw� water saturation
Swi� irreducible water saturation
S1

wi� irreducible water saturation (first oilflood)

S2
wi� irreducible water saturation (second oilflood)

S*1
w � reduced water saturation (first waterflood)

S*2
w � reduced water saturation (second waterflood)
�� shear rate, t�1, second�1

�� porosity
�� dynamic viscosity, m/Lt, mPa�s
�� contact angle, degrees
�� IFT, m/t2, N/m

Fig. 11—Capillary pressure as a function of water saturation af-
ter polymer adsorption in the oil-wet core.
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bbl �1.589 873 E�01�m3

cp �1.0* E�03�Pa�s
dyne/cm �1.0* E
00�mN/m

ft �3.048* E�01�m
ft2 �9.290 304* E�02�m2

�F (�F�32)/1.8 ��C
in. �2.54* E
00�cm

in.2 �6.451 6* E
00�cm2

md �9.869 233 E�04��m2

*Conversion factor is exact.
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