Sobretiro de

ADVANGCES
IN RHEOLOGY

VOLUME 2: FLUIDS



Proc. IX Intl. Congress on Rheology, Mexico, 1984.

ADSORPTION AND APPARENT SLIP EFFECTS IN THE FLOW OF
POLYMER SOLUTIONS AND MICROEMULSIONS THROUGH POROUS MEDIA

Yoram Cohen
Department of Chemical Engineering
University of California, Los Angeles
Los Angeles, California 90024

ABSTRACT

Polymer solutions and microemulsions are shown to exhibit abnormal flow
enhancement, termed here apparent slip, when flowing through porous media. In
contrast, polymer adsorption at the pore walls can result in significant flow
reduction.

An experimental investigation of the above phenomena is reported for aqueous
polymer solutions, and for oil-in-water microemulsions in porous media and
capillary tubes. The results of this study provide a procedure for the
separation and quantification of apparent slip, adsorption, and viscoelastic
effects.

INTRODUCTION

The flow behavior of both microemulsions and polymer solutions through porous
media has been extensively studied in the literature with the specific goal of
modeling the pressure drop-flow rate relationship for these fluids. Extensive
reviews of the complex flow behavior of polymer solutions in porous media have
been provided by Savins (1969), Metzner (1977), Willhite and Dominguez (1977),
Wang et al. (1979), and Dreher and Gogarty (1969). Detalled accounts of the
flow behavior of microemulsions in porous media have been reported by Gogarty
(1867), Sheffield and Metzner (197€), Uzoigwe and Marsden (1970), Alvarado and
Marsden (1979), and Cohen and Cheng-Nian (1984). 1In both the flow of
microemulsions and polymer solutions, "anomalous" behavior associated with the
wall region in the porous medium channels may lead to either a flow enhance-
ment or retardation (Savins, 1969; Kozicki et al., 1967).

Polymer adsorption onto the pore walls may lead to significant permeability
reduction as well as a loss of the polymeric additive. Adsorption effects
however, are usually accompanied by other complex phenomena such as hydro-
dynamic polymer retention (Maerker, 1973; Chauveteau and Kohler (1974) and
viscoelastic effects (Marshall and Metzner, 1967) both which contribute te
permeability reduction. These complications to date, have complicated the
separation and quantirication of adsorption from other competing phénodeéna.
The existing studies have generally quantified the resistance of a residual
adsorbed polymer layer to the flow of the solvent and not the desired resis-
tance to the flow of the polymer solution.

Abnormal flow enhancement may occur for both polymer solutions and emulsions.
Such an effect is known as apparent slip (Cohen and Metzner, 1982,1984) and it
is normally associated with the formation of a thin wall layer depleted of
polymer or emulsion droplets. The apparent slip phenomenon has been recently
reviewed for capillary tube flow of polymer solutlons (Cohen and Melzner,
1984; Chauveteau, 1982) and microemulsions (Cohen and Cheng-Nian, 1984). The
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corresponding phenomenon in porous media flow has not been well appreciated in
the literature due to the difficulty in separating the various complicating
phenomena (Cohen and Christ, 1984). It is important to note that such effects
may lead mobility enhancement and hence possible fingering that is undesirable
in oil recovery operations. 1In the case of polymer solutions. apparent slip
or mobility enhancement are most significant in small pores (Cohen and
Metzner, 1982). Consequently, apparent slip flow may counteract the reduction
in mobility due to adsorption and elastic effects and thereby contribute to
equalizing the frontal velocity of the injected polymer slug.

ANALYSIS

The Newtonian shear rate-shear stress relationship for capillary tube flow can
be expressed by (Mooney, 1931)
T
: y ¥ o2
Y. =8<VW/D = BV /D + — [ 1 f(1)dr
ac m 3
0 0 (1)
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in which D is the tube diameter, <V> is the average velocity, V_ is the effec-
tive slip velocity at the tube wall, Ty is the wall shear stress, 1 is the
local stress, and f(1) is the corresponding shear rate function.

A parallel analysis for porous media flow yields (Kozicki et al., 1967;
Savins, 1969),

T

4 2
Yap = 8<v>/(uRH) - avsp/URH + :5— T f(1)dt

°0-3

wp (2)
in which <V> is the interstitial velocity that is replaced by V (Le/L)/e,
where Vo is the superficial velocity and e€ is the bed porosity ?Kemblowski and
Michniewicz, 1979). The wall stress in the packed bed r"p is given by

Twp = AP/[(Le/L)(L/RH)] (3)
where Le/L is the tortuosity factor taken as 1.443 for polydisperse spheres
(Cohen and Metzner, 1981). Finally, the hydraulic radius R,, is defined as

R, = D_e/[6(1-¢)] (Bird et al., 1960) where D_ is the particle diameter.
Equatign (2) is an equivalent form of the cap?llary—power law model (CPL)} if

the stress is expressed by the power law model namely, t = KYn (K and n are
the power law parameters),

In the presence of adsorption, the flow retardation can be expressed by an
effective hydrodynamic thickness of the adsorbed polymer layer,
n/(3n+1)]

§ = ZRH[1—(Y /Y_ )

ad” ap )

in which Y and Y are the Newtonian shear rates in the presence and absence
28 B
of an adsorbed polymer layer, respectively.
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EXPERIMENTAL

The flow experiments consisted of determining the pressure drop-flow rate
relationship for the flow of aqueous solutions of partially hydrolyzed
polyacrylamide (Separan AP-30 and J333, Dow Chemical Company) and water-in-oil
microemulsions through packed beds of silica sand (Agsco Corporation, Pater-
son, NJ) and single stainless steel capillary tubes. The microemulsions used
in this study all had the following similar composition by volume percent; 3%
distilled water, 1% isopropyl alcohol, 76.5% isooctane, ad 19.5% sodium sul-
fonate. Significant apparent slip effects were previously shown to exist for
lower surfactant concentrations and higher water-to-oil ratios (Cohen and
Cheng-Nian, 1984).

The packed bed and single capillary experiments were carried out using a
stainless steel constant pressure rheometer (Christ, 1984)., A1l of the equip-
ment parts in contact with the test fluid were manufactured from stainless
steel. Temperature control (23 + 0.5) was achieved by circulating water from
a constant temperature water bath through a water jacket around the apparatus.
The packed bed made of Lucide, was 20.3 cm long and 1.3 cm in inside diameter.
The column to particle diameter ratio, Dc/D , was approximately 140 for the
packed beds studied in this work, hence colgmn wall effects were negligible
(Cohen and Metzner, 1981). The pressure drop across the packed bed was meas-
ured using a stainless steel differential pressure transducer with inter-
changeable diaphragms (Madel DP15, Validyne Engineering, Northridge, CA). The
pressure transducers were calibrated periodically using a dead-weight tester
(Model T-10, Amatek Mansfield and Green, Sellersville, PA) with an accuracy of
0.1% of the calibrated pressure. The overall error in the pressure drop meas-
urements was estimated to be less than +0.1%. The pressure was controlled to
+0.02 psi during each flow rate determination. Flow rates were determined by
using an electronic load cell of a design similar to that of Cohen (1981).

The estimated error in the flow measurements was less than +0.5%.

The flow experiments were all carried out in both adsorbing and non-adsorbing
packed beds, and single capillaries. Non-adsorbing surfaces were prepared by
chemically treating the packed silica beds and the capillary tubes with a
solution of 2% dimethyldiethoxysilane in a solvent mixture made of 95% ethanocl
and 5% distilled water, adjusted to & pH of about 4.5-5.5 with acetic acid.
Details of the treatment procedure are described elsewhere (Cohen and Christ,
1984; Cohen, 1983). The adsorbing surfaces were the native untreated surfaces
onto which the various polymers were adsorbed from either stagnant or flowing
polymer solutions.

RESULTS AND DISCUSSION

The evaluation of adsorption and apparent slip effects has been based on the
simple capillary-power law (CPL) model since the main interest on this work
was to assess the relative magnitude of these two effects. In the initial
part of the study it was dcmonstrabed that the CPL model accurately describes
the pressure drop-flow rate behavior of inelastie shear thinning microemul-
sions for which both adsorption and apparent slip effects are absent. The
results for such a fluid are shown in Fig. 1. The capillary flow curves are
equivalent to the prediction of the CPL model (Eq. 2). The average error in
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the prediction of Eq. (2) is about 6%. Previous studies have tested the CPL
model for elther viscoelastic polymer solutions (Christopher and Middleman,
1965; Savins, 1969, Duda et al., 1980) and emulsions for which significant
apparent slip effect were present (Sheffield and Metzner, 1976; Cohen and
Cheng-Nian, 1984), Moreover, the comparison has often been made based on a
friction factor-Reynolds number correlation that obscured the actual errors in
the prediction (Sheffield and Metzner, 1976).

The results depicted in Fig. 1 suggest that experimental flow rates that are
less than the CPL prediction can be attributed to elongational flow, in the
absence of adsorption, as originally suggested by Marshall and Metzner (1967).
Flow rates higher than the CPL model prediction can be attributed to apparent
slip from (Cohen and Cheng-Nian, 1984). The test for the presence of both
viscoelastic and apparent slip flow in porous media can then be aceomplished
by plotting the ratio of the experimental to predicted shear rates Yex/Y r?
versus the Deborah number. Theé Deborah number, De, ror porous media flgw can
be defined by De = 8<V>/D_ in which 6 is.the.Maxwell relaxation time (Marshall
and Metzner, 1967). The Borrelation of Y __/Y__ versus De, for two
polyacrylamide solutions (Separan AP-30) ?5 sRSwn in Fig. 2. The results
indicate that at a De number greater than about 0.08, the experimental flow
rates are lower than predicted by Eq. (2). This "critical" De number marks
the "onset" of viscoelastic effects. This is in agreement with the results of
Marshall and Metzner (1967) if the factor of Le/L is included in their defini-
tion of the De number (Kemblowski and Michniewicz, 1979). Below a De number
of about 0.08, the experimental flow rates are higher than the CPL model pred-
iction. This flow enhancement is the consequence of apparent slip effects
that become significant at low De numbers versus viscoelastic effects dimin-
ish. It is worth noting that in enhanced oil recovery operations the value of
De may be significantly lower than unity. This suggests that at the low De
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region apparent siip effects may be of particular importance in oil recovery
operations. This of course provided that adsorption effects are negligibvle.

In contrast to apparent slip flow, polymer adsorption onto the channel walls
leads to flow reduction. The flow curves for J333 polymer in adsorbing and
non-adsorbing silica sand beds and in a non-adsorbing capillary tube are given
in Fig. 3. These results clearly indicate that the Newtonian shear rate at a
given stress level is lower for the native adsorbing surfaces. This flow
retardation is due to the presence of an adsorbed polymer layer. Addition-
ally, the stress levels in the packed beds are substantially higher than in
the capillary rheometer at the same shear rate. This additional resistance to
flow in the packed beds is due to viscoelastic effects.

The flow retardation due to adsorption can be more conveniently expressed as
an effective hydrodynamic thickness (EHT) of the adsorbed polymer layer. The
EHT values for two different silica beds are shown in Fig. 4. The EHT
decreases with increasing shear stress level due to the deformation of the
adsorbed polymer layer. These results are in qualitative agreement with the
EHT values reported by Cohen and Metzner (1982) for capillary tube flow. The
results depicted in Fig. 4 translate to a permeability reduction that
increases with a decreasing stress level, Such a behavior was reported ear-
lier by Fan (1989), Duda et al. (1980), and Wang et al. (1979) for a pure sol-
vent flowing over a residual adsorbed layer. It is emphasized that the
current results, in contrast to previous studies, deplct the resistance of the
adsorbed polymer layer to the flow of the polymer solution. Hence the present
results are a more accurate representation of permeability reduction due to
polymer adsorption.
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Fig. 3 Flow Curves for 45-75 Micron Silica Sand

The largest EHT valug? determined in this study were about 0.9 ym at a shear
rate level of 55 sec . This is about three times the magnitude of the resi-
dual EHT reported by Thomas (1976) for an equivalent polyacrylamide (Pusher
700) in a capillary tube flow. It is interesting to note that the lowest
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shear rate level in Fig. 4 corresponds to a frontal velocity of about 18
ft/day which is higher than the typical frontal velocities encountered in
enhanced oil recovery operations. Therefore, it is speculated that at shear
rate levels lower than achieved in this study, the EHT and hence the permea-
bility reduction may be even greater.
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Fig. 4. Effective Hydrodynamic Thickness (EHT) for 45-75 Micron
Silica Sand Packs

The results of this study have demonstrated that both apparent slip flow and
flow retardation due to polymer adsorption are significant in porous media
flow of polymer solutions, particularly at low shear rate (or stress levels).
Consequently these phenomena may be of importance in enhanced oil recovery
operations where the shear rate levels are even lower than investigated in the
present study. The flow reduction due to adsorbed polyacrylamide was found to
be as high as 20%. This reduction is significant at low stress levels but it
is masked by dominant viscoelastic effects at high shear rates. In contrast,
apparent slip effects may lead to a significant flow enhancement (as high as
100%) for non-dilute polymer solutdions in the absence of adsorption (Fig. 2).
Previous work in capillary tube flow (Cohen and Metzner, 14Y84) indicated
negligible apparent slip effects for polyacrylamide concentrations which were
below 0.1%. Therefore, it is suggested that at low concentrations and low
shear rates flow retardation due to adsorption is more significant than either
viscoelastic or apparent slip effects.

The experimental method of this study allowed the direct comparison of the
flow behavior of adsorbing and non-adsorbing surfaces. This method is
currently being extended to the analysis of adsorption effects in actual
reservoir core samples.
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