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OPTIMAL RHEOLOGICAL CHARACTERISTICS IN DYNAMIC STABILITY
OF POLYMER FLOW THROUGH POROUS MEDIA

by H. W. Gao and T. R. French

ABSTRACT

To identify the optimal rheological characteristics for maintaining the
dynamic stability of polymer solutions flowing through porous media,
displacement tests with a Newtonian fluid and a non-Newtonian fluid were
performed in a 4-ft Berea sandstone core. A solution of 63 wt pct glycerin in
53 meq/1 NaCl and a solution of 1,500 ppm Pusher 500%® in 53 meq/1 NaCl were
used as the Newtonian fluid and non-Newtonian fluid, respectively. Two flow
ratés, one in the purely viscous regime and one in the viscoelastic flow
regime of Pusher 500 in Berea sandstone, were used in the displacement
tests. The effluents collected were analyzed to determine polymer and tracer
concentrations. The viscosities of the effluents were also measured with a
Contraves viscometer.

By comparing the concentration profiles obtained in tests with Pusher 500
and in those with glycerin, the effects of flow rate, mobility ratio, and
rheological characteristics on the dynamic stability of polymer flow in porous
media were determined. At both leading and trailing edges of the polymer
slug, stability increases with decreasing mobility ratio. At both high and
Tow flow rates, a Newtonian fluid gives a more stable displacement at the
fluid front than does a non-Newtonian fluid. Measurements on the mixing
lengths at the back edge show that the size of the mobility buffer bank
required for a flow rate at reservoir conditions (viscous flow regime) would
be Tess for a Newtonian fluid than for a non-Newtonian fluid. At a flow rate
in the viscoelastic flow regime, the required size of the mobility buffer bank
is less for a non-Newtonian fluid than for a Newtonian fluid.

INTRODUCTION

In surfactant-polymer or alkaline-polymer flooding, the polymer is
injected as a mobility buffer to preserve the integrity of the chemical slug
and to improve the sweep efficiency. When designing a polymer bank for these
floods, both mobility ratio and slug size of polymer bank have to be

considered. The required mobility ratio has to account for polymer loss from



shear, thermal, chemical, or bacterial degradation. The required slug size
must also take into account polymer adsorption/retention, mixing, and
inaccessible pore volume (IPV) so that a favorable mobility ratio between the
chemical and polymer slugs can be maintained as they travel from the injection
wells to the producing wells.

Many displacement tests have been performed to investigate these
phenomena.l'B Vossoughi, et al.’ developed a model to simulate miscible
displacement by polymer solutions, inciuding the effects of retention, IPV,
dispersion, and viscous fingering. Lecourtier and Chauveteau® proposed a
theoretical model taking into account the pore wall exclusion mechanism to
predict the rod-Tike polymer velocity in porous media and the spreading out of
polydispersed polymer slugs. Sorbie, et al.” conducted an experimental and
theoretical study of polymer flow in porous media. The phenomena they studied
included polymer-tracer dispersion, excluded-inaccessible volume effects,
adsorption, and viscous fingering. None of these studies considered the roles
of different rheological characteristics in maintaining the dynamic stability
of polymer slugs flowing through porous media.

This research was concerned with the polymer rheological characteristics
that are optimal for the displacement of a fluid by a polymer solution in
porous media. Displacement tests with a Newtonian fluid and a non-Newtonian
fluid in a 4-ft core were performed in the absence of adsorption. Two flow
rates, one in the purely viscous flow regime and one in the viscoelastic flow
regime of the non-Newtonian fluid, as determined in a 10-in. Berea sandstone
core, were used. At these two flow rates, both Newtonian and non-Newtonian
fluids gave the same magnitudes of resistance factor. Effluent concentration
profiles were used to illustrate the effects of different rheological
characteristics, mobility ratio, and flow rate on the dynamic stability of
polymer slugs flowing through porous media. ' ‘

THEORETICAL CONSIDERATIONS

In chemical (micellar-polymer or alkaline-polymer) flooding, two
transition zones exist at both leading and trailing edges of the polymer
slug. In these zones, the shape of the polymer slug as indicated by the
concentration profile is altered. The factors that cause alteration of the
polymer concentration profile are adsorption/retention, inaccessible pore



volume (IPV), and dispersion at the front edge and IPV, dispersion, and
viscous fingering at the back edge.

Adsorption/Retention

Adsorption/retention tend to denude the polymer front and spread out the
polymer concentration profile at the leading edge. Adsorption is the
retention of polymer molecules on a surface by electrostatic forces. The
amount of polymer adsorbed on the rock surface strongly depends on the type
and size of polymer molecules, polymer concentration, rock surface properties,
solution environment, and temperature.lo'22

Mechanical entrapment of polymer molecules in porous media during polymer
flow is caused by the large size of polymer molecules relative to the size of

the pore cpem'ngs,los23 or by an ultrafiltration phenomenon.21+

In addition to adsorption and mechanical entrapment, polymer can also be
retained in the porous media under the influence of hydrodynamic forces.
Several investigators have found that the amount of polymer retained during

. . . . 2527
polymer flow increases with increasing flow rate

mobility. 2"

or with decreasing

As the flow rate was decreased to that of the original, the same
extra polymer that was retained when the flow rate was increased was expelled;
hence, this process is somewhat reversible and has been referred to as
hydrodynamic retention.28

Inaccessible Pore Volume (IPV)

In the absence of adsorption, polymer molecules propagate through
reservoir rock at a faster rate than small molecules such as water or an
ethanol tracer. *°® This is attributed to a phenomenon called inaccessible
pore volume (IPV). Inaccessible pore volume is that part of the pore volume
that is not contacted by flowing polymer molecules.

Several mechanisms that have been proposed to explain the cause of IPV
are (1) the large molecules being excluded from small pores,28
(2) hydrodynamic exclusion, '**° and (3) the volume occupied by the retained
polymer molecules on the rock surfaces.’® Because of IPV, polymer can invade
and dilute the chemical slug ahead. This will affect the mobility and
stability of the chemical slug and the required volume of mobility buffer
bank.



Dispersion

Dispersion is the additional mixing beyond that due to molecular
diffusion during the displacement of one fluid by another miscible fluid.*®
Dispersion increases with flow rate, inhomogeneity of porous media, and the
viscosity ratio between the displaced and displacing fluids.>°~*' At high
flow rates, mixing theories predict that K is proportional to u or u2,31
where K 1is the dispersion coefficient and u is the interstitial
velocity. Experimental exponent values ranging from 1.0 to 1.2 have been
r'epor‘ted.7’31 Dispersion increases the spreading out of concentration
profiles at both edges. In the absence of adsorption and IPV effect, the
spreading out of the concentration profiles at the polymer front, where the
mobility ratio is favorable and the displacement is stable, is mainly caused
by dispersion.32

Viscous Fingering

At the trailing edge, the more viscous polymer is displaced by a less
viscous brine; hence, the mobility ratio is unfavorable and the displacement
~ 1s unstable. Because of unstable displacement, viscous fingering occurs.
Fingers are initiated by permeability variations.>® The growth and
'propagation of fingers are affected by both mobility ratio and permeability
distribution. In the absence of IPV, viscous fingering has been proven to be
the dominant mechanism that causes the spreading out of the concentration
profﬂes.s”32

EXPERIMENTAL

Materials

The 10-in. Tong by 1.5-in. diameter and 4-ft long by 2-in. diameter
cylindrical Berea sandstone cores used in this study were cut along the
bedding plane of two blocks of sandstone from Cleveland Quarries in Ohio and
fired at 485° C for 24 hr. The 10-in. core has a porosity of 21 pct and a
brine permeability of (576 *7 md). The 4-ft core has a porosity of 20.7 pct
and a brine permeability of (574 +6 md).

A 63-wt pct glycerin solution in 53 meq/1 NaCl and a solution of
1,500 ppm Pusher 500 in 53 meq/1 NaCl were used as the Newtonian and non-



Newtonian fluids in displacement tests, respectively. The injection of each
fluid was preceded and followed by a thickened brine (53 meq/1 NaCl). Table 1
lists the sequence of fluids injected through the core. In test 1, the brine
was thickened with 46.5 wt pct sucrose. In tests 2 through 5, the brine was
thickened with 56 wt pct glycerin. A bactericide, 0.1 percent by volume of
37.37 percent formaldehyde solution, was used in all solutions. In
displacement tests, two tracers, 800 ppb fluorescein (FC) and 2,400 ppb
bromocresol green (BCG), were used to label the thickened brine and the middle
slug, respectively. The viscosities of 63 wt pct glycerin solution in 53
meq/1 NaCl, the brine thickened With 56 wt pct glycerin and the brine
thickened with 46.5 wt pct sucrose at 22.4° C are 12.66, 8.13, and 10.8 cp,
respectively. A1l solutions were filtered through a 115-mesh stainless steel
screen before viscosity measurements and injection through cores.

Polymer Solution Preparation

The polymer used was Dow Pusher 500®, a partially-hydrolyzed
polyacrylamide in powder form, having a weight average molecular weight of 4.5
million and supplied by Dow Chemical Company. Its rheological behavior has
been extensively studied in our 1aboratory.3 - Throughout this study, a
polymer concentration of 1,500 ppm in 53 meq/1 NaCl diluted from a 7,500 ppm

stock solution was used, and 0.1 percent by volume of 37.37 percent

TABLE 1. - Characteristics of fluids used in displacement tests at 22.4 +0.2° C

Mobility ratio Mixing
. ) at Size of middle Size of chase Chase brine length at
Run Injection Flow rate, front back slug injected, brine injected, breakthrough, back edge,
number  sequence ft/day edge edge PV PV PV ft
1 Brine/Pusher 500/ 18.1 0.85 1.17 3.42 2.65 0.86 1.06
brine
) Brine/Pusher 500/ 18.1 0.64 1.56 3.32 2.26 0.86 1.14
brine
3 Brine/glycerin/brine 18.1 0.64 1.56 3.22 2.4 0.79 2.48
“4 Brine/glycerin/brine 1.27 0.64 1.56 2.21 1.94 0.81 1.76
5 Brine/Pusher 500/ 1.27 0.64 1.56 3.27 2.16 0.68 2.08
.brine

;Brine was thickened with 46.5 wt pct sucrose (10.8 cp) in test 1.

Brine was thickened with 56 wt pct glycerin (8.13 cp) in tests 2 through 5.

The viscosity of glycerin (63 wt pct) in tests 3 and 4 was 12.7 cp.

Bulk solution viscosities of Pusher 500 at shear rates corresponding to 18.1 and 1.27 ft/day were
9 cp and 18.5 cp, respectively. :



formaldehyde solution was added to the solution as a biocide. The viscosities
of the polymer solution used were 18.5 cp at 8.4 sec'1 and 9 cp at

129 sec‘l. In displacement tests, the polymer solution also contained

2,400 ppb bromocresol green (BCG) as a tracer. The solution was filtered
through a 115-mesh stainless steel screen before rheological characterization
~and injection through cores.

The stock solution was made by sprinkling the powdered polymer into the
vortex of deionized water over a period of 30 seconds while stirring with a
caged stirrer and mixed for 3 hours. The solution was allowed to stand
overnight before diluting to 7,500 ppm. The stock solution was then
transferred into a plastic bottle and stored in a refrigerator when it was not
in use. The proper dilution and salt, biocide, and tracer compositions were
prepared on the day when tests were made.

Procedures

A1l experiments were conducted at 22.4 +0.2° C. Viscosity of each fluid
was measured with a LS-30 Contraves viscometer. Baseline displacement tests
require a complete set of flow resistance data for both Newtonian and non-
Newtonian fluids. Because of the time constraint, a 10-in. core was used for
flow resistance measurements. Figure 1 shows the apparatus for measuring the
flow resistance of polymer and that of 63 wt pct glycerin in Berea core. A
constant flow-rate pump was used to inject the fluids through the core. The
two fluid isolators allow the injection of test fluids and brine without
contacting the pump. The core was mounted horizontally in a Hassler sleeve
with pressure taps situated 1, 5, and 9 in. from the core inlet. To avoid end
effects, pressure drops were measured with Validyne pressure transducers
across the first and second taps and across the second and third taps. At low
flow rates (<2 ft/day), pressure drops were measured across the first and
third taps.

Before injection, all fluids were degassed. After the core was evacuated
and checked for leaks, it was saturated with brine. Steady-state pressure
drops over the two intervals and flow rates were then meésured for the brine
before and after the polymer flow, and for the polymer flow. The flow rate
was measured by weighing the increments of effluent with time. ‘The resistance
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factor, Fp, and residual resistance factor, Fp,., were calculated according to
. . 34
the following equations:

@)
rin
Fp = 9 (1)

AP .

polymer or glycerin
()
b

FRr _ (_g) rine (2)

AP

brine, after polymer flow

where Q and AP are the steady-state flow rate and pressure drop,
respectively. The flow resistance for 63 wt pct glycerin solution in the same
Berea core was measured after the polymer flow.

The same apparatus was also used to perform displacement tests except
that the 10-in. coreholder was replaced by a 4-ft coreholder and that a
fraction collector was used to collect the effluents. The pressure drop
across the core was measured with a Validyne pressure transducer calibrated
from O to 500 psi. Throughout the tests, both fluid isolators were exposed to
the same pressure. This was to avoid a change in flow rate during the switch
~of injection fluid. The switch of injection of one fluid to another was made
through a 3-way valve.

To eliminate the adsorption problem during displacement tests, the 4-ft
core was pretreated with 4 PV of 1,500 ppm Pusher 500 solution, followed by
injection of 10 PV of brine (53 meq/1 NaCl). After the treatment, the
measured residual resistance factor on the 4-ft core (Fp,. = 1.99) at 18.2
ft/day was within 3 percent of that measured on the 10-in. core (Fgp,. = 1.93).

The method developed by Scoggins and Miller’’ was used to determine the
polymer concentrations in the effluents. This method involves the oxidation
of Pusher 500 with bromine at pH 5.5 to give a product that oxidizes iodide
jon to fodine. A 1M sodium acetate-acetic acid buffer solution having a pH of
5.5 was used. After destroying the excess oxidizing agent (bromine) with
sodium formate, starch-CdI, reagent was added as both color reagent and source



of iodide ion. The absorbance of starch-triiodide at 610 nm was measured with
a Bausch Lomb Spectronic 20 versus a reagent blank. The resulting calibration
plot shown in figure 2 shows that Beer's law is obeyed at polymer
concentrations from O to 300 ppm.

A Beckman Model 26 spectrophotometer was used to conduct wavelength scans
and calibration curves. Absorbance by both FC and BCG was determined to be
light-sensitive and pH-sensitive. The tracers were protected from light, and
prior to measuring absorbance, the pH of the effluents was adjusted to 9 with
a 0.6 N NaOH solution. The calibration curve for FC is shown in figure 3, and
the calibration curve for BCG is shown in figure 4. FC absorbance was
measured at 490 nm wavelength and BCG absorbance was measured at 615 nm. The
BCG absorbance interferes at 490 nm with the FC absorbance. The FC absorbance
was therefore corrected, when necessary, for the interference from BCG.

Chromatographic separation of tracers from the labeled slugs and
irreversible adsorption onto the Berea sandstone cores were considered as
potenfia] problems in the tracer analyses. A test was conducted with a 10-in.
Berea sandstone core that had previously been polymer flooded to determine if
FC would be permanently adsorbed. The 10-in. core was first flooded with 8.9
PV of Pusher 500 polymer solution. A volume of brine labeled with 800 ppb FC
equal to 1.05 PV was then injected through the core. The 1.05 PV of FC
solution was followed by 1.44 PV of unlabeled brine. Since 98.41 percent of
the FC was recovered, it was concluded that permanent adsorption of FC (and
presumably BCG, a similar organic compound) posed no serious problem.

The results of the 4-ft core tests with glycerin were used to determine
if chromatographic separation of tracers from the labeled slugs was
occurring. The glycerin slug was labeled with bromocresol green (BCG). the
viscosity of a 50:50 mixture of thickened brine-glycerin solution was compared
to the viscosity of the fractions collected during the corefloods at 50
percent BCG tracer concentration. This composition indicated an error of 0.01
PV at the glycerin front in floods 3 and 4 (see table 1). This corresponds to
an error of less than 0.1 percent PV and poses no problem in data
interpretation.
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RESULTS AND DISCUSSION

Flow Resistance in 10-in. Core

To perform displacement tests for both Newtonian and non-Newtonian fluids
at the same mobility ratio, flow resistances of both fluids in a 10-in. Berea
sandstone core (576 md) were measured. Results are plotted in figure 5. The
resistance factor of Pusher 500 decreases from 25.8 at 0.0295 ft/d to 16.67 at
5.56 ft/d and then increases to 30.2 at 35.26 ft/d. The increase of FR with
flow rate is due to viscoelasticity, and the decrease of Fp with flow rate
is due to pseudoplasticity. The residual resistance factor shows a slight
flow-rate dependence. It increases from 1.61 at 0.623 ft/d to 2.15 at 35.8
ft/d. The flow-rate dependence for FR and FRr agrees with that previously

r‘eported.“‘35 Compared with the data obtained in a 365-md Berea sandstone

ccn'e,”‘35 both FR and FRr decrease with k/¢, where k is brine

permeability, and ¢ s porosity.

30

3
25

20

A 1500 ppm P-500
in 53 meg/l NaCl

15 B 63 Wt.% Glycerin
in 53 meg/l NaCl

RESISTANCE FACTOR, Fx

Berea Core (576 md)
T=224°C

Residual Resistance Factor, Fa,
-00-0——0— 00— 90— —0—9

0 | ] |
0 10 20 30 40

FRONTAL ADVANCE RATE, ft/day

FIGURE 5. - Flow behavior of Pusher 500® and glycerin solutions in Berea
sandstone core. '
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The resistance factor for the 63 wt pct glycerin in the same Berea
sandstone core as shown in figure 5 increases from 17.7 at 0.695 ft/d to 22.06
at 21.45 ft/d. The glycerin solution is a Newtonian fluid and has a bulk
solution viscosity of 12.66 cp at 22.4° C. One of the factors that cause the
flow-rate dependence of Fp for the glycerin solution in Berea sandstone core
is the residual resistance factor. At flow rates below about 3 ft/d, Fp
decreases with decreasing flow rate dramatically. The reason for this is not
clear. One possible explanation is that the configuration of the adsorbed
polymer changed drastically in this low flow rate regime.

At frontal advance rates of about 1.27 and 18.1 ft/d, Pusher 500 and
glycerin solution in Berea sandstone core give the same magnitudes of
resistance factor. The corresponding shear rates for these two flow rates are

=35 Ag seen from figure 6, 8.36 sec™!
1

8.36 and 129 sec"l, respectively. is

in the purely viscous flow region, and 129 sec™ is in the viscoelastic flow
region. These two flow rates were used in later displacement tests in a 4-ft
Berea sandstone core. The viscous flow process for Pusher 500 in the 576-md
Berea sandstone core persists up to a shear rate of about 22.8 sec™l. At this
~ shear rate, the apparent viscosity begins to deviate from the power law
(power-Tlaw index = 0.898), indicating the onset of viscoelasticity effects.
The corresponding Deborah number for this shear rate is 0.014, in agreement
with previous f1‘nd1‘ngs.3L“35

3%-3% the apparent viscosity of

As for a 365-md Berea sandstone core,
Pusher 500 in the purely viscous flow region in the 576-md Berea sandstone
core is lower than the solution viscosity. This can be attributed to a
depleted-Tayer effect.38 As seen from figure 6, this effect increases with
decreasing pore size and shear rate. The same effect has also been observed
by Chauveteau.’ '~ Figure 6 also reveals that the minimum apparent viscosity
for Pusher 500 in the 576-md Berea sandstone core occurs at a shear rate of
about 37 sec™! (5.56 ft/d). The equivalent Deborah number for this.shear rate
is 0.0232. This conforms to a previous finding that the minimum values of

apparent viscosities occur at a Deborah number between 0.01 to 0.03.35

Displacement Tests

Five displacement tests as shown in table 1 were performed during this
study. Test 1 was performed at a favorable mobility ratio of 0.85 at the

13
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FIGURE 6. - Rheograms of Pusher 500%® in 53 meq/1 NaCl.

front edge and an unfavorable mobility ratio of 1.17 at the back edge. Tests
2 to 5 were performed at a favorable mobility ratio of 0.64 at the leading
edge and an unfavorable mobility ratio of 1.56 at the trailing edge. Typical
results of the effluent analyses are plotted in figures 7 through 9 for tests
1, 2, and 3, respectively. Figures 7 and 8 are for displacement tests with
Pusher 500, and figure 9 is for the test with 63 wt pct glycerin. As shown in
figures 7 and 8, polymer leads tracer (BCG) at both leading and trailing
edges. This is due to inaccessible pore volume (IPV).1 The area between the
two concentration profiles at the back edge is a measure of IPV, and the
difference between the two areas at both edges is a measure of polymer
adsorption/retention. Calculated IPV and polymer adsorption/retention are 4.7
and 2.3 percent PV, respectively, in test 1 and 4.5 and 2.8 percent PV,

14
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FIGURE 7. - Normalized effluent concentration profiles and viscosity profile
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respectively, in test 2. Low polymer retention in the core is due to the
pretreatment of the core with 4 PV of Pusher 500 before the displacement
tests. This simplifies the explanation of the results.

Frontal Analysis

As seen from figures 7 through 9, polymer, polymer tracer (BCG), and
glycerin tracer (BCG) concentration profiles are all spread out at both
edges. Since there are no adsorption-retention problems and IPV effect for
tracers, the spreading out of the tracer concentration profiles at the leading
edge, where the mobility ratio is favorable, is due to dispersion.32
Comparison of the polymer tracer concentration profile in figure 8 and the
glycerin concentration profile in figure 9 shows that the glycerin front is
more stable than the polymer front. From the probability plot shown in figure
10, the longitudinal dispersion coefficients, calculated after Brigham,31 for
BCG tracer in Pusher 500 and in glycerin at a mobility ratio of 0.64 are
2.06x1072 and 1.2x1073 cm2/sec, respectively. This indicates that at the same
favorablie mobility ratio and flow rate, the front of a Newtonian fluid is more
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FIGURE 10. - Arithmetic probability plot for tracer BCG in Runs 1, 2 and 3.

stable than that of a non-Newtonian fluid. The calculated dispersion
coefficient for polymer in test 2 (shown in figure 11) is 2.64x10-2 cmz/sec.
This value is slightly higher than that of the polymer tracer. This can be
attributed to IPV (4.7 percent PV) and retention (2.3 percent PV) effects
although both of them are small. Sorbie, et al.” also observed higher (2 to 4
- times) dispersion coefficients for xanthan biopolymer than polymer tracer in a
Clashach sandstone core. They attributed this to the excluded volume (about 8
percent PV) effect. In figures 10 and 11, V 1is the volume injected and V

p
is the total pore volume.

Effect of Mobility Ratio

The calculated longitudinal dispersion coefficient for the polymer tracer
in test 1 (mobility ratio = 0.85) is 2.82x1072 cm2/sec. Compared with test 2
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FIGURE 11. - Arithmetic probability plot for Pusher 500® in Run 2.

(mobility ratio = 0.64), the dispersion coefficient of polymer tracer in test
-1 increases by a factor of 1.37. This factor is close to the ratio (1.33)
between the two mobility ratios in tests 1 and 2. This finding agrees with
the observation made by Brigham that both dispersion coefficient and viscosity

ratio are changed by the same factor when the viscosity ratio is favorable.’'

Effect of Flow Rate

Tests at a rate of 1.27 ft/day (figures 12 and 13) also show a more
stable Front for glycerin solution than for the Pusher 500. At this Tow flow
rate, calculated dispersion coefficients for BCG tracer-in-polymer, polymer,
and BCG tracer in glycerin are 4.66x10'4, 5.33x10"4, and 6.42x107° cmz/sec,
respectively. Like the test at a high flow rate, the dispersion coefficient
for polymer is higher than that of the polymer tracer. The two flow rates
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used in this study lie in the range of the flow rates used by Sorbie,

et al.” The permeability of the core they used is higher than that used in
this study. They found that the dispersion coefficients for both polymer and
tracer were all proportional to ul'0 to 1'2, where u 1is the interstitial
velocity. Based on the data obtained at two flow rates, the dispersion
coefficients for BCG tracer in glycerin, BCG tracer in polymer, and polymer
are proportional to u1'13, u1'43, and u1'47, respectively. These exponents
1ie between the 1.00 and 2.00 limits predicted by mixing theories.31

Figure 8 also shows the viscosity of the effluents measured at a shear
rate of 120 sec‘l. At 0.81 PV where the polymer broke out, the effluent
viscosity started to increase. The increase in effluent viscosity is caused
by the increase in the polymer concentration. The effluent viscosity peaked
at 0.89 PV and then started to decrease. The decrease in viscosity is due to
the decreasing glycerin concentration. The hump in the viscosity profile
corresponds to a little mixing zone between 0.87 and 0.93 PV. In this zone,
the power-law-fluid flow index decreased from 0.96 at 0.87 PV to 0.85 at 0.93
PV. In this region, the dispersion coefficients for BCG tracer and polymer as
determined from the lower slope values in the probability plots in figures 10
and 11 are 1.0x10‘3 and 1.32x10"3 cmz/sec, respectively. A simiiar hump in
the viscosity pfofi]e and a small 1ittle-mixing zone at the front of the
polymer slug was also observed in tests 1 and 5 but not in tests 3 and 4 where
the test fluids are glycerin.

As the polymer concentration was further increased and the glycerin
concentration was further decreased, the power-law flow index decreased and
dispersion increased. The power-law flow index decreased from 0.84 at 0.95 PV
to 0.76 at 1.4 PV. This further confirms that the front of a Newtonian fluid
is more stable than that of a non-Newtonian fluid.

Viscous Fingering

At the trailing edge of the middle slug where the mobility ratio is
unfavorable, viscous fingering is the dominant mechanism that causes the
spreading out of concentration prof1195.32 At a flow rate of 18.1 ft/day, the
tracer, fluorescein (FC), in the chase brine broke through at 0.86 PV in test
2 and 0.79 PV in test 3 after the injection of chase brine. The mixing



length, defined as the equivalent length for 5 to 95 percent concentration
range for the effluents,’® was 1.14 ft in test 2 and 2.48 ft in test 3, as
shown in table 1. The earlier breakthrough of chase brine and the Tlonger
mixing-zone length in test 3 than in test 2 indicate that Pusher 500 in the
viscoelastic flow regime gives less viscous fingering than does the
glycerin. The reason for this is explained later.

Effect of Mobility Ratio

In test 1 where the mobility ratio at the back edge is 1.17, the FC
tracer emerged at 0.859 PV after the injection of chase brine. The mixing-
zone length was 1.06 ft. Comparison between test 1 and test 2 (FC emerged at
0.864 PV and the mixing-zone Tlength was 1.14 ft) shows that both chase brine
breakthrough and mixing-zone length are practically unchanged by the small
change of mobility ratio from 1.17 to 1.56, although they show a s]1ght
increase with increasing mobility ratio.

Effect of Flow Rate

At a flow rate of 1.27 ft/day, tracer FC emerged at 0.81 PV in test 4 and
0.68 PV in test 5 after the injection of chase brine. The mixing-zone lengths
were 1.76 ft in test 4 and 2.08 ft in test 5. This means that in the purely
viscous flow regime, Pusher 500 gives more viscous fingering than does
glycerin. Comparison between the tests with glycerin at both high and Tow
flow rates (tests 3 and 4) shows that though the breakthrough of chase water
is almost unchanged with flow rate, the mixing-zone length increases with flow
rate. This indicates that viscous fingering increases with flow rate for
Newtonian fluids. For Pusher 500, the effect of flow rate on viscous
fingering is different. As shown in table 1, increasing the flow rate from
1.27 to 18.1 ft/day decreases the mixing-zone length from 2.08 to 1.14 ft.
Chase water broke through sooner at 1.27 ft/day than at 18.1 ft/day. This
means that for Pusher 500, viscous fingering decreases with flow rate. The
decrease in viscous fingéring at a high flow rate can be attributed to the
viscoelasticity effect, since 18.1 ft/day is in the viscoelastic flow regime.

At the trailing edge, a denuded zone as indicated by the viscosity
profile, exists between 4.07 and 4.4 PV in test 2 (Fig. 8). In this zone,
both polymer and glycerin concentrations are low. The viscosities of the
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effluents drop from 8.1 to 3.1 cp. This is caused by IPV and viscous
fingering effects. In this region, the displacement of the trailing polymer
is unstable. Similar results have also been observed in the other two tests
with Pusher 500.

From 4.4 to 4.5 PV, the viscosity increases from 3.1 to 8.3 cp,
1ndicdt1ng the existence of a favorable mobility ratio in this zone. This is
due to the increase in glycerin concentration. Because of a favorable
mobility ratio, the displacement in this zone is piston-1ike, and the
spreading out of tracer concentration profiles is due to dispersion. Such a
piston-Tike displacement zone does not exist at the trailing edge of the
63 wt pct glycerin solution. This could explain why Pusher 500 shows less
viscous fingering than does glycerin solution. However, in the tests at a low
flow rate (1.27 ft/day), where the flow is purely viscous, glycerin shows a
more stable displacement than does Pusher 500 even though a piston-1like
displacement zone exists at the back edge of Pusher 500. Hence, that
viscoelasticity tends to suppress viscous fingering is obvious. This also
means that the slug size of the mobility buffer required in chemical flooding
at reservoir conditions would be smaller for a Newtonian fluid than for a non-
Newtonian fluid.

CONCLUSIONS

The main conclusions of this study are as follows:

1. At both high and low flow rates, a Newtonian fluid gives a more
stable displacement at the front end than does the non-Newtonian
fluid; the dispersion coefficient of tracer in Pusher 500 is higher
than that in glycerin solution.

2. Dynamic stability increases with decreasing mobility ratio at both
the leading and trailing edges. When the mobility ratio is
favorable, the change in dispersion coefficient is proportional to
the change in mobility ratio.
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3. At the trailing edge where the mobility ratio is unfavorable, Pusher
500 gives less viscous fingering than does glycerin when the flow
rate is in the viscoelastic flow regime. In the viscous flow
regime, glycerin has less viscous fingering than does Pusher 500.
Viscoelasticity tends to suppress viscous fingering. For Newtonian
fluids, increasing the flow rate increases viscous fingering.

4. The slug size of the mobility buffer required in chemical flooding
at reservoir conditions would be less for a Newtonian fluid than for
a non-Newtonian fluid.
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