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Gas/Water Flow in Porous Media in the
Presence of Adsortbed Polymer:
Experimental Study on Non-Darcy Effects

V. Blanchard, D. Lasseux, SPE, and H. Bertin, SPE, University of Bordeaux; T. Pichery, Gaz de France; and
G. Chauveteau, R. Tabary, SPE, and A. Zaitoun, SPE, Institut Francais du Pétrole

Summary

The objective of this paper is to report some experimental inves-
tigations on the effect of polymer adsorption on gas/water flow in
non-Darcy regimes in homogeneous porous media, in contrast to
previously available analyses focused mainly on the Darcy regime.
Our investigation concentrates on gas flow either at low mean
pressure, when Klinkenberg effects (or gas slippage) must be con-
sidered, or at high flow rates, when inertial effects are significant.

The experimental study reported here consists of water and
nitrogen injections into various silicon carbide model granular
packs having different permeabilities. Experiments are carried out
at different water saturations before and after polymer adsorption
over flow regimes ranging from slip flow to inertial flow. In good
agreement with previous works, in the Darcy regime, we observe
an increase in irreducible water saturation and a strong reduction in
the relative permeability to water, while the relative permeability
to gas is slightly affected. At low mean pressure in the gas phase,
the magnitude of the Klinkenberg effect is found to increase with
water saturation in the absence of polymer, whereas for the same
water saturation, the presence of an adsorbed polymer layer re-
duces this effect. In the inertial regime, a reduction of inertial
effects is observed when gas is injected after polymer adsorption,
taking into account water-saturation and permeability modifica-
tions. Experimental data are discussed according to hypotheses put
forth to explain these effects. Consequences for practical use are
also put under prospect.

Introduction

Water/oil or water/gas flows in porous media are strongly modi-
fied in the presence of an adsorbed polymer layer on the pore
surface. Several studies, performed in the Darcy regime, showed a
phenomenon of disproportionate permeability reduction (DPR).
The relative permeability to water (k,,,) is reduced more than the
relative permeability to gas (k) or to oil (k,,). Although this effect
was observed over most of the water-soluble polymer/weak gel
systems and rock materials, the origin of this effect is still contro-
versial in the literature. Several physical processes have been put
forth to explain the selective action of the polymer.

* Mennella et al. (1998) studied water/oil flows in the presence
of an adsorbed polymer layer in random packs of monodisperse
spheres. They concluded that the DPR was caused by a swelling/
shrinking effect depending on the kind of fluid flowing throughout
the packs. They also explained the DPR by pore-scale topological
modification (pore-size reduction). Similar studies (Dawe and
Zhang 1994; Sparlin and Hagen 1984) were carried out on differ-
ent systems such as micromodels.

¢ Some authors (White et al. 1973; Schneider and Owens 1982;
Nilsson et al. 1998) have interpreted the effect of polymer by
assuming that a porous medium is composed of separate oil/water
pore networks. With this representation, the DPR can be explained
by the fact that water permeability is affected by the hydrosoluble

polymer present in the pore network occupied by water, while oil
permeability is not.

* Many studies attributed the DPR to a wall effect (Zaitoun and
Kohler 1988, 2000; Barreau 1996; Zaitoun et al. 1998), which
decreases the pore section accessible to water. The physical origin
of this mechanism is adsorption—almost irreversible—on the solid
surface. An adsorbed polymer layer on pore walls induces steric
hindrance, lubrication effects, and wettability modification, all of
which are in favor of a stronger reduction of water permeability
than of oil permeability. The physical relevance of this mechanism
was tested on numerical simulations at the pore scale (Barreau
et al. 1997).

» Liang and Seright (2000), following Nilsson et al. (1998),
proposed to complete the explanation of DPR by a “gel-droplet”
model. In this scenario, gel droplets formed in pore bodies cause a
higher pressure drop at the pore throat in the wetting phase than in
the nonwetting one.

These reported studies mainly have been dedicated to the poly-
mer action on oil/water systems, and much less attention has been
paid to gas/water flow. However, all available results in this last
configuration lead to the same behavior, and the same type of
physical explanation (wall effect) was proposed (Zaitoun and
Kohler 1989; Zaitoun et al. 1991).

If published results dealing with the effect of polymer on per-
meability reduction observed in the Darcy regime are quite nu-
merous, very little work has been dedicated to the non-Darcy
regimes. Elmkies et al. (2002) reported laboratory experimental
data showing that adsorbed polymer on natural porous-media cores
decreases the inertial effects during gas flow.

In this paper, we focus our attention on the influence of ad-
sorbed polymer on gas/water core flow in non-Darcy regimes. Gas
injection was performed on unconsolidated cores having different
permeabilities, at different water saturations, before and after poly-
mer treatment, and at low mean pressure to investigate Klinken-
berg effects, as well as at high flow rates, when inertial effects
become important.

Models and Test Equipment

Porous Media. Cores were made of silicon carbide (SiC) powders,
which are commercially available in a wide range of particle sizes
with a relatively narrow distribution. Although plugging and pack-
ing difficulties may occur while using SiC powder, this choice was
motivated by the fact that surface properties of this material are
well understood (Médout-Marere et al. 2000), as well as porosity
and permeability of SiC granular packs (Chauveteau et al. 1996.

In the present work, we used SiC with a mean grain size of
d, =30 pm for the study of the Klinkenberg effect and d, =50 um
for the study of inertial effect.

Fluids. Water phases were brines ([KI]=5 or 10 g/L), with so-
dium azide ([NaN;]=0.4 g/L) used as a bactericide to prevent
polymer degradation. Brine was filtered through 0.22 wm Milli-
pore* membranes. Potassium iodide was used as a tracer for dis-
persion experiments and to improve saturation-measurement ac-

*Mark of Millipore S.A.S., Molsheim Cedex, France.
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Fig. 1—Coreflood test equipment for polymer injection.

curacy by gamma ray attenuation (Nicholls and Heaviside 1988).
The gas phase was dry pure nitrogen.

Polymer Solution. We used a nonionic polyacrylamide (PAM
from Floerger), available in powder form with a molecular weight
of 9 million dalton. The solution was prepared from slow addition
of the polymer powder into the brine ([KI]=5 g/L) in a vortex
created by magnetic stirring. After complete dissolution of the
powder, the solution was filtered with a set of 8-, 3-, and 1.2-um
Millipore membranes to remove microgels (Broseta et al. 1995).
The final solution concentration, measured by total organic carbon
analysis, is approximately 1,000 ppm.

Viscosity of the polymer solution was measured for a wide
range of shear rates with a Contraves LS 30 Couette viscometer.

Brine and Polymer Injection. Polymer injection was performed
using the coreflood test equipment represented schematically in
Fig. 1. Estimation of the polymer adsorption requires the use of a
salt dispersion front. To do so, a brine solution ([KI]=5 g/L) was
first injected into the core, initially saturated by a more-
concentrated brine ([KI]=10 g/L). The dispersion front was re-
corded by measuring the time evolution of the salt concentration of
effluents at the outlet of the core using a densimeter. In a second
step, the polymer solution was injected at a constant flow rate,
ensuring the Newtonian behavior of the polymer solution, while
the core and polymer solution were maintained at a constant tem-
perature (7'=30°C). For practical reasons, dispersion-front experi-
ments and polymer injections were performed on horizontally po-
sitioned cores, as indicated in Fig. 1. The core position is of no
importance because in these steps of the experiment, gravity has no
impact at the core-diameter scale because no significant density
contrast (0.4%) exists between the fluid injected and that present in
the core. Pressure drop was measured between the core inlet and
outlet as well as between extremities of a capillary tube placed at
the core outlet using two differential pressure transducers. The
resulting permeability reduction to fluid i (i=g or w), R, caused
by polymer adsorption was estimated by

APY
AP’

i

Ry =

where AP" and AP are the pressure drop between core edges
obtained at the same flow rate of fluid i before and after polymer
adsorption, respectively.

Klinkenberg Effects. Physical Model. Our experiments were per-
formed in absence or at a stationary water saturation S,,. Because
of the absence of local water flux within the core (see description
of experiments below), the problem can be treated as one-phase
(gas) flow. Consequently, the one-phase 1D integrated form of
Darcy’s law can be used to interpret gas flow at the core scale,
assuming constant temperature and considering the gas as ideal. In
fact, the classical 1D local form of Darcy’s law is

¢ dx=- k—gl dp,
N i
where w is the gas dynamic viscosity, Q is the local volume flow
rate, § is the porous-medium section, and k,, is the apparent local
gas permeability, while dP is the gas pressure drop over dx. Be-
cause of Klinkenberg effects, k,; depends on gas pressure and can
be expressed as (Klinkenberg 1941)

() b
kgIZkg 1 +;’ R

where b is the Klinkenberg constant, while kf) is the permeability
to gas corrected by the Klinkenberg effect (i.e., the intrinsic per-
meability if S,,=0 or the effective permeability at S,, otherwise).
The momentum conservation equation (Eq. 2) must be associated
to the local mass-conservation equation:

d(pQ)
D 0 4)
along with the ideal-gas law:
M
P=%T P Q)

In this last relation, R is the ideal-gas constant (R=8.314
J.mol™".K™") and M is the molar mass of the gas, whereas p and T
are its density and temperature, respectively. When Eq. 2 is mul-
tiplied by p and integrated between the core inlet (x=0, pressure
P, volume flow rate Q,) and outlet (x=L, pressure P,), one gets

P KT
ITQIL £ [5 (P>=P2) +b(P, —PZ)], ................ (6)

To arrive at this result, we have used the ideal-gas law (Eq. 5) and
the mass conservation in Eq. 4. Rearranging Eq. 6 leads to

rLO\P, ()
SAP = k(P b), oo 7
or, equivalently,
WP Q, Ap
P - k, L e 8)

m

where P,, and AP are the mean pressure and pressure drop, re-
spectively, given by

ANA AP = Py = Py ot (10)

In Eq. 8, k, is the apparent gas permeability of the core given by

T B
ke=h( T ) (1

m

The two models in Eqs. 7 and 8 are further used below to
determine k,, kf:) and b from experimental data Q,, P,, and P,.
Moreover, to estimate the dependence of the Klinkenberg effect on
S,, before and after polymer treatment, we use a dimensionless
quantity, k, defined by the ratio

(atm) _ ()
K_kg kb

- () 7 plam)’
kg P,

m



Backpressure
" regulator

5 AN

Absolute pressure
transducer __ e N/

-

Differential pressure
transducer . A
— (AP | !
‘ }_ A Sic
Coll
Dry { Q)

N2

Flow-rate regulator

Fig. 2—Coreflood test equipment used to the study Klinken-
berg effects.

where k(‘“‘“) is the apparent permeability to gas at mean pressure
P close to the atmospheric pressure.

Coreflood Test Equipment and Procedure. The coreflood test
equipment used to investigate the influence of polymer on the
Klinkenberg effect is illustrated in Fig. 2. The porous medium was
confined in a Pyrex* cylindrical cell (L= 10 cm, inner diameter =4
cm) vertically oriented for all gas/water or water/gas displace-
ments to avoid front instability resulting from density contrasts.
Brine and dry gas were injected sequentially with a volumetric
pump and a flow-rate regulator, respectively. Brine was injected
from the bottom of the cell, while gas was injected from either the
top or the bottom of the cell. Gas flow rate was controlled at the
core inlet using a flow-rate regulator. Gas pressure drop was mea-
sured between core inlet and outlet with a differential pressure
transducer. A backpressure regulator was placed at the core outlet
for experiments to be performed at various mean pressures P,, in
the core. The backpressure, P,, was also measured with an abso-
lute-pressure transducer.

Porosity and saturation were measured by mass balance and
gamma ray attenuation. The different sequences of the experimen-
tal procedure are described below.

1. Core packing using a vibrating table

2. Gas-permeability measurement at different mean pressures,
k", on the original dry core (S,,=0); determination of intrinsic
permeablllty, k2" and relative Klinkenberg effect k"

3. Brine saturatlon of the core after CO, flush

4. Measurement of porosity, ¢ and brine permeability, k¢,
of the original core (S,,=1)

5. Gas drainage until stationary brine saturation, S,"; mea-
surement of local brine saturation along the core by gamma ray
attenuation (initial state)

6. Measurement of the effective permeability to gas varying the
outlet backpressure (i.e., varying P,,); determination of the cor-
rected effective permeability to gas, k”(S,,), and relative
Klinkenberg effect, k"(S, ); measurement of local brine saturation
along the core by gamma ray attenuation (final state)

7. Repetition of Step 5 to vary stationary brine saturation value
(a smaller brine saturation was obtained by increasing the gas flow
rate to perform drainage in Step 5); repetition of Step 6

8. CO, flushing of the core followed by brine ([KI]=10 g/L)
injection until complete saturation of the core; CO, preflushing
was performed to improve complete brine saturation during imbi-

* Mark of Preciver, Maisons Alfort, France.

bition (this improvement is achieved owing to solubilization of
CO, bubbles that otherwise would remain trapped if imbibition
were performed on a nitrogen-saturated core)

9. Brine ([KI]=5 g/L) injection to determine salt disper-
sion front, followed by an injection of 3 pore volumes of poly-
mer solution; effluent viscosity is measured to quantify poly-
mer adsorption

10. Injection of brine to displace the nonadsorbed polymer; this
leads to a core called “treated core,” on which brine permeability,
k2, is measured to estimate brine permeability reduction, R,,,

11. Gas drainage until stationary brine saturation, S, ;
measurement of local brine saturation along the core by gamma
ray attenuation

12. Measurement of the effective permeability to gas varying
the outlet backpressure (i.e., varying P,,); determination of the
corrected effective permeability to gas, kS”(S,,), and relative
Klinkenberg effect, k®(S,,); measurement of local brine saturation
along the core by gamma ray attenuation

13. Repetition of Step 11 to vary stationary brine saturation
value by varying gas drainage flow rate; repetition of Step 12;
estimation of gas-permeability reduction, R,

Inertial Effects. Physical Model. When considering a classical
Darcy experiment, one can observe a deviation from the linear
dependence of pressure drop to mass flow rate when flow rate is
sufficiently large. This is the result of significant inertial effects at
the pore scale that can be taken into account macroscopically by

. p
correcting Darcy’s law. For Reynolds numbers Re = —L¢ greater

than roughly unity, it is now clear that inertia can be described by
a quadratic velocity correction term as proposed initially by Forch-
heimer (1901). For ideal-gas and isothermal flow, this leads to the
following 1D relationship integrated over the core length L:

Pi—P} 1 M P

L T (13)
Ql keir RTM s

2uP, — S

where, as before, M is the molar mass of gas, R is the ideal-
gas constant, 7" is the temperature, and 3 is the inertial resis-
tance coefficient.

In the inertial regime, our experiments were performed on rela-
tively high-permeability cores (see results below) at relatively high
mean pressure (caused by high flow rates). For these reasons, the
Klinkenberg effect was negligible while studying inertial effects so
that k.. in Eq. 13 can be understood as kf:).

Several authors have shown that 3 depends strongly on physi-
cal properties of the porous medium (e.g., porosity, permeability,
tortuosity) in a complex way, and it is beyond the scope of this
work to derive a precise formalism on (3. Provided that water is
immobile within the medium, Geertsma (1974) proposed that 8
could be consistently correlated to the effective porosity and ef-
fective permeability according to

B= s (14)
dff?kgf? e

where A is constant and ¢ and k. are respectively defined by

Ger=D(1=S,) oo (15)

and ko =k k,,(S,), oo (16)

where k and k,,(S,,) are the intrinsic permeability and gas relative
permeability at water saturation S,,. Eq. 14 is tested in the follow-
ing section as a possible correlation for 3.

Coreflood Test Equipment and Procedure. The coreflood test
equipment used to study inertial effects is depicted in Fig. 3. The
porous medium was confined in a stainless-steel cell (L=10 cm,
inner diameter =1 cm, outer diameter =5 cm) placed vertically to
avoid preferential pathways caused by density contrasts. Gas and
water were coinjected from the bottom of the cell at different flow
rates so that different saturation values could be reached. Water
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Fig. 3—Coreflood test equipment to study inertial effects.

was injected with a volumetric pump, while gas flow was con-
trolled with a flow-rate regulator. Steady state was assumed when
water production measured at the core outlet was equal to the inlet
water flow rate. Pressure drop was measured between two pressure
taps placed along the core at 3 cm from the inlet and outlet,
respectively. Because flow is in the inertial regime, capillary pres-
sure is assumed to be negligible, and the measured pressure drop
is supposed to be that in the gas phase. Absolute pressure was
also measured at the core inlet, and the saturation was measured
by weighting.

The experimental protocol is described below.

1. Core packing

2. Gas-permeability measurement, kg('), and inertial resistance
coefficient, ", on the original dry core (S,,=0)

3. Brine saturation of the core after CO, flush

4. Measurement of porosity, ¢, and brine permeability of the
original core, k,,‘"

5. Coinjection of gas and brine until stationary brine saturation,
S, V; measurement of effective permeability to gas, k¢ "(S,,), and
inertial resistance coefficient, B')(S,,) (this step was repeated for
different brine saturations obtained by varying water-to-gas flow-
rate ratio)

6. CO, flushing of the core followed by brine ([KI]=10 g/L)
injection until complete saturation of the core; here again, CO, was
used to improve brine saturation as described in the Coreflood Test
Equipment and Procedure section of Klinkenberg effects (Step 8)

7. Brine ([KI]=5 g/L) injection, to determine salt disper-
sion front, followed by an injection of 3 pore volumes of poly-
mer solution; effluent viscosity is measured to quantify poly-
mer adsorption

8. Injection of brine to displace the nonadsorbed polymer; this
leads to a core state called “treated core,” on which brine perme
ability, k2, is measured to estimate brine permeability reduction, R,,,

9. Coinjection of gas and brine until stationary brine saturation,
S, @; measurement of effective permeability to gas, k. *(S,,) and
inertial resistance coefficient, 8(S,,) on the treated core (this step
was repeated for different brine saturations)

Results

Polymer Adsorption. The polymer front delay with respect to the
salt dispersion front is caused by an adsorption mechanism. In the
absence of a significant excluded pore volume, as is the case with
the model granular packs used here, this delay can be interpreted
to estimate the amount of adsorbed polymer (Barreau 1996). Using
this technique, we find an adsorption corresponding to 115 pg.g™"
for the granular pack made from SiC 50-wm grain diameter, while
it is 90 pg.g™"' for the one made from SiC 30-wm grain diameter.

TABLE 1—PHYSICAL PROPERTIES AND PERMEABILITY
REDUCTIONS OF THE TWO SiC 30-um CORES PREPARED
TO STUDY THE KLINKENBERG EFFECT

SiC 30 um SiC 50 um
Original Treated Original Treated
¢ (Core 1) 0.42 - 0.41 -
Ky (M) 13 _ —12 _
(Core 1) 4.8x10 1.5x10
¢ (Core 2) 0.44 - - -
Ky (m?) 13 _ _ _
(Core 2) 5.5x10
Sw 0.34 0.52 - -
Riw 2.8 1.2
Rig 1.4 1

Stationary Brine Saturation. Experimental results given in
Table 1 show a significant increase in stationary brine saturation
after polymer adsorption. This is in accordance with observations
on water/oil systems and is a direct consequence of brine retention
in the hydrosoluble adsorbed polymer, in addition to capillary
trapping phenomena in small pores.

Permeability Reduction. Results on permeability reduction to
water and gas, as defined by Eq. 1, are given in Table 1.

Reduction of water permeability varies from 1.2 to 2.8 for the
two different types of cores (d, =30 pm and d, =50 pum) and is
always larger than the gas-permeability reduction, which remains
close to 1. This illustrates and confirms the DPR effect of polymer
for gas/water flow. These results are consistent with the wall ef-
fect hypothesis.

Klinkenberg Effects. Two different cores, referred to as Core 1
and Core 2, were prepared with SiC powder having a mean grain
size of d,=30 pum to study the Klinkenberg effect. Porosity and
intrinsic permeability of these two cores are reported in Table 1,
indicating a very good reproducibility of the packing procedure.
Examples of gas-flow experimental results obtained on Core 1 at
5, =0, 5,"=0.12, and S, =0.34 before polymer treatment
are reported in Figs. 4 and 5. These two figures clearly show, in
accordance with Eqs. 7 and 8, that k, can be determined precisely
wP,0,
SP

in a graph of vs. AP/L, while ki and b are obtained using

wLO,\P,

the representation vs. P, with an excellent precision. As

expected, kg)(” decreases as S, increases. All the results on
S, D, kfg“““)('), k(gw)('), and ‘" obtained on the two cores for all the
saturation values are reported in Table 2. In Fig. 6, we have
represented the evolution of k" (see Eq. 12) vs. S,,. This figure
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y = 4.82E-13x + 1.52E-10

g 20E07
7
& LSE07 A Sw=0.12
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5.0E-08 1 Sw=0.34

y = L48E-13x + 2.19E-09
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Fig. 4—Determination of k, (see Eq. 8) for three values of water
saturation before polymer injection.
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S AP
and b (see Eq. 7). Experimental results obtained at S,("=0,
S, =0.12, and S,"=0.34 before polymer treatment on Core 1.

shows a very good reproducibility of gas-flow experiments and
two distinct regions in the evolution of k", with S, separated by
a crossover at S”=0.2. At low saturation values, the Klinkenberg
effect remains constant, while above the crossover value, k"
seems to increase linearly with S, : k"=8% for S, "<0.2 and
increases to approximately 17% at S, =0.34. Many physical
origins can be put forth (see discussion below), the most probable
one being a microscopic water distribution that may be very dif-
ferent at the pore scale while S, varies. In our experiments, we
were only able to check that the local saturation field along the
core was not significantly modified during gas injection performed
to measure kf) and b. This is shown in Fig. 7, where we have
reported two initial (end of Step 5 of the experimental protocol)
and final (end of Step 6 of the protocol) local saturations along the
core (5, ”=0.12 and S, =0.34). These saturation profiles
present a significant gradient and an “end effect,” especially for the
larger value of §,,. Clearly, more-detailed information would be
necessary at a smaller (pore) scale to understand the evolution of
k with S,,.

As indicated in the protocol, injection of gas was repeated on
Core 2 after polymer treatment. Because stationary saturation is
difficult to control a priori, k&, k{”®, and b were measured
at saturation slightly different from those in the absence of ad-
sorbed polymer (namely, at S, =0.18 and S,,”=0.35) and are
reported in Table 2. The corresponding values of k?® indicated in
Table 2 are represented in Fig. 6. One can clearly see on this figure
that k is reduced drastically after polymer has been injected be-
cause the Klinkenberg effect fades away after treatment
(k?<0.7% at S,,* =0.35, and kK ®=1% at S,,* =0.18). This result
can be explained qualitatively by the fact that water distribution is

r 21
x Core 1 - Before polymer
o Core 2 - Before polymer X - 18
A Core 2 - After polymer L 15
o
F12 =~
y 2
F9
X
¢ 5 =
-6
-3
A
r T T T A 0
0 0.1 0.2 0.3 0.4
Sw

Fig. 6—Evolution of k with S, before and after polymer; Core 1
and 2 of SiC 30 pm.

TABLE 2—EFFECTIVE PERMEABILITIES TO GAS AND «

AT DIFFERENT SATURATIONS OBTAINED ON THE TWO

SiC 30-um CORES (1) BEFORE AND (2) AFTER POLYMER

TREATMENT
Su k™™ (m?) kg(=) (m?) K (%)

0 (Core 1) (1) 482x10"°  4.46x107"° 8.1
0.12(Core 1) (1)  3.66x 107"  3.38x107" 8.3
0.20 (Core 1) (1)  215x 107" 1.99x 10" 8.0
0.24 (Core 1) (1)  1.64x 107  147x10" 11.6
0.34 (Core 1) (1)  1.48x10™"  126x10" 17.5

0 (Core 2) (1) 540x 10"  500x10" 8
0.15(Core 2) (1)  2.79x 107  260x107"° 7.3
0.31(Core2) (1) 210x10™  186x10" 12.9
0.18 (Core 2) (2) 292x10™ 289x 107" 1.04
0.35(Core2) (2) 145x10"  1.44x10" 0.69

modified by the presence of the adsorbed polymer at the pore
scale, in addition to the fact that gas/water interface is also modi-
fied (see details in the Discussion section below). Again, further
microscale investigations would be necessary to have more physi-
cal quantitative insights into this phenomenon.

Inertial Effects. In this series of experiments, we used a core
made from SiC powder having a mean grain size of dg =50 wm.
An example of experimental results obtained over a wide range of
the Reynolds number on this type of core is reported in Fig. 8,
S (Pi-P)
2ul P,
This figure clearly shows the inertial effect for Re>2. The same
results represented in a Forchheimer plot in Fig. 9 [i.e.,
Y= (P3-P5)SI2uP,Q,L) vs. X=MP,Q,/(RTuS); see Eq. 13] for
Re>2 confirms that beyond this value of the Reynolds number, the
correction is quadratic, and the model in Eq. 13 is valid. Using this
last representation allows the determination of the inertial resis-
tance coefficient (slope of the curve) as well as an estimation of the
effective gas permeability (intercept point). Note, however, that
this method leads to an overestimation of the effective permeability.
Different stationary water saturation fields were obtained be-
fore polymer injection using a water/gas coinjection technique as
described above. Gas permeabilities and inertial resistance coeffi-
cients were determined for all the water saturations that were ob-
tained (S,,V=0.23, S,=0.29, and S,‘"’=0.35). The corre-
sponding experimental data are reported in Table 3 and repre-
sented in Fig. 10 (Darcy plot) and Fig. 11 (Forchheimer plot). As
expected, these results indicate that gas permeability decreases and
that the inertial resistance coefficient increases when water satu-

where we have represented vs. Q, in a Darcy plot.
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Fig. 7—Local brine saturation before polymer treatment vs. po-
sition along Core 1 of SiC 30 pm; S,=0.12 and 0.34.
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Fig. 8—Darcy plot of experimental data obtained on dry core of
SiC 50 pm.

ration increases. Moreover, as shown in Fig. 12, 3 seems to be
well correlated to ¢, and k., according to the relationship in Eq. 14.

Gas/water coinjection was repeated on the same core after
polymer injection, as indicated in the experimental protocol.
Again, because the stationary saturation could not be controlled a
priori, results are available at water saturations different from those
before polymer treatment [i.e., S, @=0.17, §,,*=0.27, and
S, =0.32; see Table 3]. The corresponding experimental results
are reported in Fig. 13 (Darcy plot) and Fig. 14 (Forchheimer
plot). After polymer treatment, the same behavior is observed on
the dependence of k. ? and B on the water saturation. How-
ever, an important result lies in the reduction of the inertial resis-
tance coefficient after polymer injection. In fact, as shown in Fig.
15, where we have reported experimental data obtained on the
original and treated core for very close water-saturation values, the
equivalent pressure drop (corrected from compressibility effects),
keeping Q, constant, is reduced significantly when polymer is
present. This result is confirmed in Fig. 16, where we have rep-
resented B vs. ¢y ko>, both before and after polymer treatment.
First, it can be seen that the correlation in Eq. 14 remains consis-
tent after polymer treatment on the range of the effective properties
investigated here. Second, for a given set of the effective proper-
ties, the inertial resistance coefficient is smaller after polymer
adsorption in the core in comparison to that on the original core.
This observation confirms a similar trend obtained on sandstones
cores (Elmkies et al. 2002). This mechanism could have practical
consequences of great interest, considering head losses close to the
wellbore after polymer treatment of a gas well.

Discussion

In this section, we shall briefly discuss some plausible physical
phenomena that may explain some of the observations reported
above. It should be noticed, however, that these observations are
macroscopic results at the core scale, requiring more thorough
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Fig. 10—Darcy plot of experimental data obtained before poly-
mer on core of SiC 50 pm partially saturated; S,, varies between
0.23 and 0.35.
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Fig. 9—Forchheimer plot of experimental data obtained on dry
core of SiC 50 pym.

pore-scale investigation to get insight into their detailed physical
explanation. One key point in particular is the fluid distribution
within the pores and its dependence upon saturation, flow rate, and
the presence or absence of adsorbed polymer. Results on the DPR
observed here are consistent with previous results (Zaitoun and
Kohler 1989) and might be explained by the same mechanisms as
those presented in the Introduction section of this paper.

The global increase of the Klinkenberg effect with the satura-
tion in the absence of polymer is coherent with the fact that this
effect increases when the effective pore diameter opened to gas
flow decreases. It is also in agreement with some previous obser-
vations (Li and Horne 2004), although in contradiction with others
(Sampath and Keighin 1982). The existence of a water-saturation
crossover value, below which this effect remains almost constant
and above which it increases quasilinearly with S,, might be ex-
plained by the distribution of the (immobile) water phase within
the pore network. In fact, one might expect that below this cross-
over value of S,, water is trapped under the form of pendular rings
that do not contribute significantly to the pore reduction, leaving
the Klinkenberg effect quasi-unaffected in comparison to the dry
porous medium (S,,=0). Above this value, one can expect a fu-
nicular distribution of (immobile) water corresponding to pendular
rings connected by wetting films covering solid grains. In this
situation, water films would contribute to a significant pore reduc-
tion yielding an increase of the Klinkenberg effect.

The drastic reduction of the Klinkenberg effect after polymer
adsorption might be explained by the fact that the smaller pore
throats are clogged up because of the presence of the adsorbed
polymer layer so that gas flow occurs in larger channels, leading to
a net reduction of the Klinkenberg effect in comparison to a poly-
mer-free configuration. More subtle effects of gas/polymer inter-
facial interaction might also be part of this explanation.

In the inertial regime, an increase of the inertial resistance
coefficient B with the water saturation observed in our experiments
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Fig. 11—Forchheimer plot of experimental data obtained before
polymer on core of SiC 50 ym partially saturated; S, varies
between 0.23 and 0.35.
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Fig. 12—Inertial resistance coefficient on core of SiC 50 pm
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in the absence of polymer is consistent with previous observations
(Li and Engler 2001). In essence, this is a direct consequence of
reducing the gas effective permeability while increasing the (im-
mobile) water saturation. This is in accordance with extensive
results available for one-phase flow in porous media (Edwards
et al. 1990). It is confirmed by the dependence of B with ¢ and
k.gr obtained from our experiments, which is in good agreement
with the correlation proposed by Geertsma (1974) (see Eq. 14).

In the presence of polymer, the major result is a clear reduction
of the inertial resistance coefficient in comparison to the case
without adsorbed polymer. A possible explanation of this behavior
lies in the smoothing effect of the adsorbed polymer layer, reduc-
ing roughness and tortuosity of gas flow paths.

From a practical point of view, this last result opens an inter-
esting perspective for field applications. Beyond the DPR effect,
polymer adsorption would allow a reduction of inertial effects. The
reduction of this (unwanted) extra friction can be of major concern
in the domain of gas storage during the injection process, as well
as during production periods, allowing larger flow rates at the
same bottomhole pressure.

Conclusions

In this work, the impact of polymer adsorption in porous media on

gas flow in both the Klinkenberg and inertial regimes was inves-

tigated experimentally with and without the presence of a station-
ary water saturation. Our experiments performed on model SiC
granular packs led to the following conclusions.

1. DPR resulting from nonionic polyacrylamide adsorption is con-
firmed in this type of unconsolidated core for gas/water flow.
Permeability to gas is not markedly modified, while permeabil-
ity to water is significantly reduced.

2. Before polymer injection, and in the presence of a stationary
water saturation S,,, the Klinkenberg effect exhibits two distinct
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Fig. 13—Darcy plot of experimental data obtained on partially
saturated core of SiC 50 ym after polymer. S, varies between
0.17 and 0.32.

TABLE 3—EFFECTIVE PERMEABILITIES TO GAS, INERTIAL
RESISTANCE COEFFICIENT, AND EFFECTIVE POROSITY

OBTAINED ON ORIGINAL AND TREATED SiC 50-um CORE
(1) BEFORE AND (2) AFTER POLYMER TREATMENT
S kg(Sw) (M?) B(m™) et
0(1) 15x%x 1072 6.4 x 10° 0.41
0.23 (1) 9.5%x 107" 1.8x10° 0.32
0.29 (1) 1.2x 1072 3.9 x 10° 0.29
0.35(1) 1.3x107" 4.7 %x10° 0.27
0.17 (2) 1.1x107" 1.1x10° 0.34
0.27 (2) 99x10" 1.9 x10° 0.30
0.32(2) 85x 107" 2.3x10° 0.29

behaviors separated by a crossover saturation. While this effect
remains constant for §,, smaller than the crossover value, it
increases linearly with §,, beyond the crossover.

3. After polymer adsorption, the Klinkenberg effect is strong-
ly decreased.

4. In accordance with previous works, inertial effects are increased
significantly by the presence of water saturation. For the granu-
lar pack models used in this work, a correlation between the
inertial resistance coefficient, B, and ¢, k;F>, as proposed
elsewhere (Geertsma 1974), was found consistent.

5. The presence of polymer leads to a reduction of the inertial
resistance coefficient. The rate of increase of B with ¢ ko>
is significantly smaller after polymer, yet this effect is in com-
petition with the increase of stationary brine saturation, which
increases 3 and is induced by polymer adsorption.

Nomenclature

b = Klinkenberg constant (Pa)

d, = mean grain size (m)
k = permeability (m?)

L = core length (m)

P = pressure (Pa)

P,, = arithmetic mean pressure (Pa)
Q = volume flow rate (m>.s™")

R,, = gas-permeability reduction
brine-permeability reduction
S = core section (m?)

S,, = brine saturation

=
>
2

Il

T = temperature (K)
B = inertial resistance coefficient (m™")
= gas dynamic viscosity (Pa-s)
p = density (kg.m™)
k = Klinkenberg effect
: -
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Fig. 14—Forchheimer plot of experimental data obtained on par-
tially saturated core of SiC 50 pm after polymer. S,, varies be-
tween 0.17 and 0.32.
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Fig. 15—Darcy plot of experimental data obtained on partially
saturated core of SiC 50 um before polymer (S,,=0.27) and after
polymer (S,,=0.29).

Subscripts
1, 2 = core inlet, outlet
eff = effective
g = gas phase
w = water phase
Superscripts
(1) = original core

(2) = treated core
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S1 Metric Conversion Factors

atm x 1.013 250* E+05 = Pa

ft x 3.048%* E-01 = m
ft® x 9.290 304* E-02 = m?
ft® x 2.831 685 E-02 = m?
°F (°F-32)/1.8 = °C
in. X 2.54% E+00 = cm

*Conversion factor is exact.
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