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Abstract

The objectives of the research program were to (1) identi~ and develop polymer systems which
have potential to improve reservoir conformance of fluid displacement processes, (2) determine
the pefiormance of these systems in bulk and in porous medi~ and (3) develop methods to predict
their performance in field applications. The research focused on four types of gel systems —
KUSP1 systems that contain an aqueous polysaccharide designated KUSP1, phenolic-aldehyde
systems composed of resorcinol and formaldehyde, colloidal-dispersion systems composed of
polyacrylamide and aluminum citrate, and a chromium-based system where polyacgkmide is
crosshked by chromium(III). Gelation behavior of the resorcinol-formaldehyde systems and the
KUSP1 -borate system was examined. Size distributions of aggregates that form in the
polyacrylamide-aluminum colloidal-dispersion gel system were determined, Permeabilities to brine
of severaI rock materials were significantly reduced by gel treatments using the KUSP 1 polymer-
ester (monoethyl phthalate) system, the KUSP 1 polymer-boric acid syste~ and the
sulfomethylated resorcinol-formaldehyde system. The KUSP 1 polymer-ester system and the
sulfomethylated resorcinol-formaldehyde system were ako shown to significantly reduce the
permeabfity to supercritical carbon dioxide. A mathematical model was developed to simulate the
behavior of a chromium redox-polyacrylamide gel system that is injected through a wellbore into a
multi-layer reservoir in which crossflow between layers is allowed. The model describes gelation
kinetics and filtration of pre-gel aggregates in the reservoir. Studies using the model demonstrated
the effect filtration of gel aggregates has on the placement of gel systems in layered reservoirs.
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Executive Summary

OBJECTIVES
The general objectives of this research program were to (1) identi~ and develop gelled polymer
systems which have potential to improve reservoir coni?ormanceof fluid dkplacement processes,
(2) to determine the petiorrnance of these systems in bulk and in porous medi~ and (3) to develop
methods to predict the capability of these systems to recover oil from petroleum reservoirs.

The research focused on four types of gel systems — KUSP1 systems that contain an aqueous
polysaccharide designated KUSP1, phenolic-aldehyde systems composed of resorcinol and
formaldehyde, coIloidaI-dispersion systems composed of polyacrylamide and aluminum citrate,
and a chromium-based system where polyacgknide is crosslinked by chromium (III).

The laboratory research was directed at the fimdamental understanding of the physics and
chemistry of the gelation process in bulk form and in porous media. This knowledge was used to
develop conceptual and mathematical models of the gelation process. Mathematical models were
then extended to predict the petiormance of gelled polymer treatments in oil reservoirs.

The project was divided into five major tasks. These were:

● Development and Selection of Gelled Polymer Systems
● Physical and Chemical Characterization of Gel Systems
cFlow and Gelation in Rock Materials
● Mathematical Modeling of Gel Systems
● Sponsor International Forums on Gelled Polymer Treatments

. .

A summary of results for the program is described in the following sections.

SUMMARY OF PROGRESS
I. Developrnent and Selection of Gelled Polymer Systems
Research activities were focused on development of the KUSP1 polysaccharide and derivatives
and selection of an organic crosslinked system for fbrther studies.

Development of KUSP1. KUSP1 is an unbranched (l@3)-D-gluca~ which is produced by
bacterial activity in a simple medium containing an excess of glucose as the carbon and energy
source and is deposited as a capsule surrounding the bacterium. The polymer is separated tlom
the capsule by dissolution in lN NaOH. KUSP1 forms a gel when the pHis reduced to the
vicinity of 10.8. The polymer is insoluble in water and organic solvents. The polymer is not toxic.

Research was conducted in three areas. A study was completed to enhance the properties of
KUSP1 by modifjing the extraction processor the polymer. Derivatives of KUSP1 were prepared

...
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in an attempt to improve water volubility, Chemical modification of the KUSP 1 polymer did not
enhance the properties of the polymer for use in permeability modification treatments.

Standardized procedures were sought which yielded maximum amounts of the polymer. This was
accomplished, first with small (500 ml) batch cultures and later with l-liter tabletop fermenters.
Results indicated that a 72-hr incubation period was optimum. Large-scale production of KUSP1
was investigated in cooperation with Abbott Laboratories, North Chicago, Illinois under the
sponsorship of another DOE contract. Fermentation was carried out in a 40,000-liter ferrnentor
vessel, which was operated at condhions very similar to those developed from the laboratory
optimization study. A yield of 9. l-g (dry weight) of KUSPI was produced per liter of culture.
This was slightly better than the laboratory results. Large-scale production costs were estimated
to be between 3.94 and 7.38 $/lb.

KUSP1-boric acid system. KUSP1 can be gelled using ortho boric acid. Boric acid gels are clear
and appear much more resilient than the gels formed without boric acid which are white in color
and tend to shatter. It is speculated that the borate crosslinks the polymer molecules to form gels.
The gelation behavior of the KUSP1-boric acid system was characterized. Concentrations studied
were 1.OO/OKUSP 1, 0.1 to 0.5-M boric acid, Oor 1.OO/Osodium chloride, and pH values between 9
and 13. The effect of temperature on gel times was investigated by conducting bottle tests at
25°C, 45°C and 65°C. Selection of the boric acid concentration or the pH of the gel solution can
regulate gel times for the KUSP1 -boric acid system from a few seconds to several days. At a
given p~ a decrease in the boric acid concentration decreased the gel time. Gel times decreased
and syneresis increased with increased temperature.

Other gel systems. An objective of the research program was to study an organic gel system. A -
database was developed containing 29 gel systems. Criteria for selection of an organic gel system
were defined. Four criteria evolved from this process. They are: 1) environmental acceptanc% 2)
gel times on the order of several days to months; 3) wide temperature range with a minimum
temperature of 25°C; 4) wide pH range that encompassed pH values between 6 and 8; and 5)
cost. Because of environmental concerns associated with organic crosslinking systems, our
search for gelling systems was expanded to consider low toxicity systems such as those which use
aluminum ion as the crosslinker.

Resorcinol-formaldehyde/SMRF systems. Two phenolic-aldehyde systems were studied. One
was composed of resorcinol and formaldehyde (designated the RF system) and the other
composed of sulfomethylated-resorcinol and formaldehyde (desia~ated the SMRF system). The
resorcinol-forrnaldehyde (RF) system has limited applicability for use in gelled polymer treatments
in the range of compositions that were studied in bottle tests (41 ‘C). At salt concentrations
greater than 1°/0,the gel times are on the order of 10 hours or less. These relatively short gel times
would only be applicable }or near well-bore treatments in shallow wells. Addhionally, the RF
system did not gel at pH values less than approximately 7.5. The sulfomethylated resorcinol-
formaldehyde (SMRF) system has improved gelling characteristics and wider field applicability as
compared to the RF system. Bottle tests demonstrate that the SMRF system gels over longer time
periods and over wider pH ranges (5-8) than the RF system.

xiv



Polyacrylamide-aluminum system. The polyac@unide-aluminum colloidal-dispersion system is
different from most gel systems in that a bulk gel is not formed. Instead, colloidal dispersions are
claimed to develop in the solution. Colloidal dispersion gels are formulated with relatively low
concentrations of polyacrylamide and aluminum. Size distributions for the polymer and/or
aggregates were determined for the polymer solution without crosslinker and for gel samples that
had reacted for up to 12 hours. The results showed little-to-no growth of aggregates in the gel
samples. Significant development of aggregates and/or aggregate growth in the gel samples was
not observed even though other measurements (TGU tests) indicated the development of
structure.

II. Physical and Chemical Characterization of Gel Systems
Theological studies. Theological or kinetic studies were carried out on three gel systems. A
study of the effect of shear rate on gelation was conducted using a polyacrylamide-Cr (III) gel.

The viscosity behavior of alkalhe solutions of KUSP1 and polyacrylarnide-aluminum citrate
colloidal dkpersion gels was characterized. Kinetic studies of the rate of hydrolysis of an ester
system were done as a possible way to control pH and thus gel time for the KUSP I gel system.
For the third systerq polyacrylamide-aluminum citrate, gelation behavior was examined using a
screen-viscometer device. Results of these studies follow.

Methods to monitor gelation as a fimction of time using theological measurements were
developed, Experimental techniques were developed to determine the storage modulus as a
fimction of time during gelation using oscillato~ rheomet~. Reproducibility was determined for a
Cr (111)-polyacrylamidesystem under oscillato~ shear. All measurements were made using a
Weissenberg R-19 Rheogoniometer or a Bohlin Controlled Stress Rheometer. ..

The storage moduli of gels prepared at a specified frequency were a strong finction of frequency
of oscillation (from 0.01 Hz to 1.0 Hz) at all stages of the gelling process. Thus, the Ikequency of
measurement must be considered in relating the storage modulus to gel structure. All gelation
experiments showed an initial dependence of the rate of change of the storage modulus with
frequency of oscillation. The maximum slope of the storage modulus-versus-time curve did not
depend on the frequency of gelation. The gel time based on the equivalence of storage modulus
and loss modulus increased as the frequency of oscillation increased. For the system studied, the
gel did not attain an equilibrium value of the storage modulus even after 5 days of observation.
Definition of gel point continues to be ambiguous in describing gel systems.

Steady shear experiments and parallel superposition experiments (simultaneous application of
oscillatory shear and steady shear) were conducted. Shear rates examined ranged horn 0.47 to 47
‘1. The effect of shear on gelation was interpreted primarily from the time-dependent data ofs

shear viscosity, storage modulus and loss modulus. Gelation time was measured by two methods,
which correlated quite well. The first was the time at which the solution viscosity started to
increase rapidly, while the second was the time at which the storage modulus and loss modulus
curves crossed.
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Several general observations resulted from the experiments. There is an induction period during
which very small increases in shear viscosity and storage modulus occur. Apparently during this
period aggregates formed by the gelation process are small and do not significantly tiect the
magnitude of the shear viscosity or storage modulus. Following this induction period there is an
abrupt increase in the values of the parameters, indicating the onset of gelation. At low shear
rates, less than 2.35 s-l, the gel time is decreased as shear rate is increased. Gels formed at higher
shear rates were weaker than those formed at low shear rates. No gelation occurred when shear
rates were on the order of 40 S-*or higher.

Effect of anions. During screening experiments, the gelation of polyacrylamide-Cr (III) systems
was observed to vary with the anion present in the system as well as the concentration of the
anion. A series of gelation experiments was completed in which the effects of nitrate, perchlorate,
chloride, suKate and acetate anions on the rate of gelation were determined using theological
measurements. A single polymer concentration (9,000-ppm) was used in these experiments with
two Cr (III) concentrations. The time of gelation for the five systems studied is ordered as
follows: NO~-< Cloi < Cl- < SO~ < OAC-.

The dependence of gelation on anion concentration was examined by preparing solutions at salt
concentrations ranging from 0.00 M to 1.0 M. Gelation time for the nitrate systems decreases
with increase in salt concentration. The perchlorate system has a maximum gelation time between
0.1 M and 1.0 M salt concentration followed by a decrease in gelation time with a corresponding
decrease in salt concentration. In the chloride system, gelation time increases with increasing salt
concentration. Addition of acetate anion appears to inhibit gel formation in the pH range studied.

Kinetic studies (chromium oIigomers). Chrornium(III) is a commonly used crosslinking agent -
for polyacrykunide and polysaccharide. The chrornium@I) used in some of these systems is
present as monomeric Cr(III) when added to the polymer solution. The gelation process is
sensitive to pH and it is known that oligomers of Cr(III) form as the pH increases. The gelation
process is visualized as a two-step process. In the first step, the Cr(III) reacts with the polymer in
what is termed the uptake reaction. This is followed by a gelation reaction where crosslinks are
formed between polymer chains containing Cr(III).

A research program was completed to determine and compare the uptake and gelation rates of the
Cr@I) monomer, dimer and trimer with partially hydrolyzed polyacrylamide. The three species of
Cr(III) were separated by ion chromatography. Oligomer uptake was measured by separating
unreacted chromium from the gel solution using a dkdysis technique. Relative rates of gelation
were determined from theological measurements of the change of storage modulus with time.

Data were obtained for uptake and gelation in the pH range of 4 to 5, Cr(III) concentrations of 8-
30 ppm and polymer concentrations of 4,000-20,000 ppm. Uptake and gelation rates increased
with increasing oligomer size, oligomer concentration and pH. Uptake rate also increased with
polymer concentration. In general, gelation reactions closely followed the uptake of oligomers by
the polyac@mide. Comparison of uptake results with other data indicated that the salt type and
concentration affected the uptake rates.
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A kinetic model was developed to describe the uptake rates for monomer at pH 4 and 5. The
monomer data were well described by the model. The dimer data were less well described and the
trimer data were not fit well at all by the model. A number of possibilities were examined to
explain the lack of fit for the dimer and trimer.

Kinetic studies (gehition of KUSP1 by ester hydrolysis). The gelation of KUSP1 occurs when
the pH of the alkaline solution is reduced from 13 to the vicinity of 10.8. Reduction of pH can be
accomplished by adding an ester to the alktilne solution. Esters were examined to identi@ a
candidate, which would be soluble in the alkaline solution containing KUSP1, and would
hydrolyze at a slow enough rate to gel the polymer in a time period of several days. A
commercially available ester that met these criteria was not found. The ester ethylbenzoate-2-
su~onic acid (EBSA) was easily prepared. Experimental data showed that the gelation of KUSP1
could be controlled by ester hydrolysis. Gel times on the order of days(at room temperature) were
obtained. Gel times can be controlled by selection of the concentrations of the polymer and the
ester.

The cost of ethylbenzoate-2-su~onic acid appears to be prohibitive for use in field treatments. A
less expensive ester was sought. After evaluating many esters, mono-ethyl phthalate (MEP) was
found to be suitable for this application. Criteria used to evaluate the esters were cost, ease of
preparation, volubility in water, rate of hydrolysis and toxicity. Experiments were conducted to
examine the effects of MEP ester, sodhm hydroxide and sodkm chloride concentrations on the
rate of pH reduction and viscosity increase in KUSPI solutions. Additional runs in which KUSP1
concentration was varied were also conducted. Data were developed which allow gelation times
to be set a priori by proper variation of the system concentrations. These data can be used for ~-
design of field implementation of the KUSP1 gel process. A kinetic model describes pH reduction
in the absence of polymer, but does not satisfactorily describe the process when KUSP 1 is present
at concentrations required for gelation to occur.

Screen viscometer studies (polyacrylamide-aluminum system). TIORCO Inc., Englewood,
CO developed the polyacrylamide-aluminum citrate system in the form of a colloidal dispersion
gel. The formulation consists of low concentrations of a partially hydrolyzed polyacqdamide and
a chelated aluminum citrate solution. Typical concentrations used in this system are 300-ppm
polymer and 15 ppm A13+.These systems are reported to be slow forming which allows large
volumes to be injected during field applications with the intent of altering flow patterns distant
from the wellbore. It is speculated that polymer colloids, or gel aggregates, are formed which are
then apparently filtered fi-omsolution by the rock thereby reducing the permeability.

Diffe~ent formulations of this system were analyzed using a screen viscometer type device (TGU
apparatus) developed by TIORCO, Inc. Measurements on the device can be used as indicators of
gelation time and gel strength. Data were obtained which were consistent with results reported in
the literature. It was determined that very small concentrations of chlorine in the solution, on the
order of 0.25 pp~ caused the polymer to degrade significantly and inhibited gel formation.
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IU.. F1OWand Gelation in Rock Materials
Gelation experiments in porous media were conducted with the sulfomethylated resorcinol-
formaldehyde (SMRF) syste~ the KUSP 1-boric acid system the KUSP1-ester system and the
polyacrylamide-aluminum citrate system. The capability of these systems to reduce the
permeability of selected rock materials to subsequent brine flow (waterflooding) was assessed.
Permeability reductions to supercritical carbon dioxide were determined for the SMRF system and
the KUSP1-ester system. Experiments were also conducted to assess the importance of rock-fluid
interactions on pH change.

SMFU?system. The SMRF system was effective in reducing the permeability of limestone,
dolomite and sandstone core plugs. Permeabilities to brine were reduced by factors greater than
9000.

pH change resulting from rock-tluid interactions. Since KUSP1 forms a gel when solution pH
is lowered sufficiently, the effect of rock-fluid interactions on solution pH was examined. KUSP 1
solutions were injected into several porous medium types, including unconsolidated sands, Berea
core, and carbonate field cores. In all cases, the initial solution pH was high at values where
KUSP 1 is soluble. The systems were allowed to set for long periods of time during which
solution pH was periodically measured. In no case was there a significant change in pH which
would affect the gelation of KUSP 1.

KUSP1-boric acid system. Permeability reductions in sa.ndpacks and Berea sandstone cores
were determined for a selected gel system at 25 and 45 “C. Gel treatments significantly reduced
the permeability. Perrneabilities were reduced by factors that ranged from 50 to 3300 in sandpacks
and Berea sandstone cores at 25 and 45 “C. Factors by which the perrneabilities of brine were -
reduced were greater in the more permeable sandpacks and at the lower temperature.

In situ gelation of KUSP1 using ester hydrolysis. In situ gelation experiments with KUSP 1 in
unconsolidated sandpacks and Berea cores were carried out in which gelation resulted ftom
lowering of pH through hydrolysis of MEP ester. The KUSP1-ester system significantly reduced
the permeability of sandpacks, Berea sandstone cores and carbonate core-plugs. Permeabilities
were reduced by factors greater than 200 in the absence of oil in the media. The presence of a
residual oil saturation did not significantly alter the effectiveness of the treatment. Permeabilities
were reduced und?ormlyalong the length of the media. The gelled KU$P l-ester system was stable
with time and throughput of brine. Little change in permeability was observed during the flow of
many pore volumes of brine through the media over periods of many weeks.

In situ gelation of the polyacrylamide-aluminum citrate system. Experiments were
conducted in unconsolidated sandpacks. The polymer solution and aluminum citrate solution were
mixed in an in-line mixer located just ahead of the sandpack. Flow rates and the length of the pack
were set such that there was sufficient residence time in the packs for gelation to occur based
upon development of TGU values from batch experiments. The early experiments were pla=wed
with the formation of gels on the sand retention screens, either at the entry or eflluent ends of the
packs. Gels did not form in the sandpack.
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Gel solution propagated through a porous medium like a polymer solution when it was injected
immediately after mixing in-line. Delaying the entry of the gel solution to allow time for the gel
aggregates to develop resulted in retention of polymer at the inlet face. No in-depth development
of resistance was obsewed in thk study. Resistance developed at the porous media inlet only.
When propagated through porous medic, the colloidal dispersion gel loses its gel-like properties.
Effluent solutions obtained during both the polymer and gel displacement experiments had
reduced viscosities and did not form any structure. Analysis of the effluent solution also indicated
significant retention of aluminum. The colloidal dkpersion gel does not appear to be capable of
forming a gel-like network in a porous medium even after being shut-ii for three weeks. No
resistance was observed when b,rinewas injected following the shut-in period.

In situ gelation of KUSPI by C02. Gelation of alkaline solutions of KUSP1 in beakers can be
accomplished by bubbling carbon dioxide gas into the solution. In this process,C02 dissolves in
the aqueous solution and reacts with water to form an acidic species which lowers the pH.
Gelation experiments were conducted in short sandpacks (30.2 cm). Two experiments were
completed. In the first experiment C02 was injected continuously into a sandpack saturated by
KUSP1 solution at a pH of 13.5. Initial permeability of the sandpack was 3,600 md. Uniform
permeability reduction to an average permeability of 45 md was observed in this experiment. In
the second experiment, alternate slugs of KUSP1 polymer solution and COZwere injected.
Substantial permeability reduction was observed, but most of the reduction was limited to the
front section of the sandpack.

Permeability reduction to supercritical carbon dioxide. Three systems were tested for their
ability to reduce the permeability to supercritical carbon dioxide. In the first systeu KUSP1 -
solutions were gelled in Berea sandstone cores by injecting carbon dioxide. The carbon dioxide
reduced the in situ pH resulting in the gelation of the KUSP 1. Permeabilities to brine and
supercritical carbon dioxide were reduced by approximately 85Y0.Permeabilities to supercritical
carbon dioxide were reduced by approximately 97’XOusing the KUSP1-ester system. Both KUSP1
systems were stable to the injection of many pore volumes of supercritical carbon dioxide.

The sulilonated resorcinol-formaldehyde (SMIW) system was gelled in situ and was contacted
with both brine and supercritical carbon dioxide. PermeabMies were reduced by about 99’%0with
the SMRF system. The permeability reductions were maintained after the injection of many pore
volumes of supercritical carbon dioxide and brine. The permeability reduction due to this system
is significantly higher than for other systems studied.

IV. Mathematical Modeling of Gel Systems
Simulation of pH due to fluid-rock interaction. The gelation of many polymer systems is a
strong fimction of solution pH. Fluid-rock interactions play an important role in determining the
pH behavior of solutions injected into reservoirs. For example, in some porous rocks there maybe
sufficient fluid-rock interaction to cause gelation of an alkahe solution of KUSP1. Modeling
efforts were focused on the important forms of fluid-rock interactions in resewoir sands with the
objective of mathematically modeling their effects on the solution pH.
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The initial steps in this project involved sirmdation of flooding experiments with high pH brine
solutions using UTCHE~ a widely applied chemical-floodmg simulator. Comparison with
experimental data revealed that the kinetics of dissolution is important in many situations of
practical interest. UTCHEM was developed by assuming equilibrium exists between all species
and does not account for the kinetics of dissolution.

A kinetic model describing silica dissolution reaction was developed which is generally valid for
all time frames. Based on sodium/hydrogen equilibria and silica dissolution kinetics, a new
mathematical model was developed for describing core flood experiments. This model describes
the effects of flow rate and core length in terms of the Damkohler Group. By varying the value of
the Damkohler Group it is possible to scale the effects of silica dissolution from laboratory-scale
conditions to field-scale conditions. A mathematical criterion was developed for checking the
validity of the local equilibrium assumption.

The model was used to study sodit.udhydrogen ion exchange in simulated core floods.
Concentration profiles show formation of two distinct tionts which move through the porous
medium, a salinity wave and an ion-exchange wave. Model calculations were compared to three
independent core-flood experimental sets reported in the literature. In each case, the estimated
values of the reaction parameters correspond to typical values suggested in the literature. In one
series of ca.Iculations, a single set of parameters was used to simulate all concentration profiles in
an experiment. These results establish the vahdity of the assumptions in the model and the
underlying assumptions for silica dissolution and sodiundhydrogen ion exchange.

Simulation of crossflow during gekmt injection. A mathematical model was developed to -
simulate the behavior of a chromium redox-polyacrylamide gel system that is injected through a
wellbore into a multi-layer reservoir in which crossflow between layers is allowed. The model
describes gelation kinetics and filtration of pre-gel aggregates in the reservoir.

The model was used to simulate the placement of a gel solution into a two-layer reservoir in
which the ratio of permeabilities of the layers was varied between 10:1 and 100:1. For a given set
of reservoir condhions, there is an optimal time for injection of the gelant to minimize gel
penetration into the low permeability layer when both layers are open at the wellbore. Injection of
gelant beyond this period results in diversion of gelant into the low-permeability layer without
increasing the penetration of the gelant in the high-permeability layer. Viscous crossflow has a
relatively small effect during typical near-wellbore treatments. Vkcous crossflow may be more
important in deeper treatments because the bulk of the crossflow occurs before the onset of
filtration.

GeLplacement is most effective in reservoirs characterized with high-permeability contrast and
low crossflow be@veenlayers. Permeability modification treatments are expected to be more
effective in severe cases of water channeling . Isolation of the low-permeability layer resuIts in a
considerably more effective gel placement compared to conventional treatment where both layers



are open in the wellbore. Filtration of gel aggregates may aid in minimizing crossflow of gekmt
from the high-permeability regions into the low-permeability regions of the reservoir. Viscous
crossflow is reduced when the viscosity of the gelant is reduced.

I
V. Sponsor International Forums on Gelled Polymer Treatments
The objective of this task was to conduct an international meeting, which would focus on
conformance improvement through application of gelled polymer technology. Subsequent to
fimding of this proposaI, the Society of Petroleum Engineers scheduled a forum on Improvements
in Cotiormance Technology during the 1993 Forum Series under the leadership of Bob Sydans~
Marathon Oil Company. This forum which was held at Snowmass, CO, August 8-13, 1993. G.
Paul WNhite was a member of the Planning Committee for this forum. Stan MCCOO1also attended
the forum and made a presentation. Response of the participants was quite favorable.

A one-day forum on permeability modification was held following the 1996 SPE/DOE Improved
Oil Recovery Symposium and was attended by about 40 people.

xxi



Chapter 1

Introduction

The application of gelled polymer treatments to petroleum reservoirs can improve oil recoveries
and reduce fluid-handling costs. This research program consists of laboratory investigation of
chemical systems that are applicable for gelled polymer treatments and the development of
mathematical models that describe gelled polymer treatments of oil resewoirs. Laboratory
research focused on four types of systems - (I) KUSP1 biopolymer systems, (2) chrornium-
polyacqdamide systems (3) a polyacrylamide-aluminum citrate syste~ and (4) phenolic-aldehyde
systems. Mathematical models were developed to estimate alkali interactions in sandstone
reservoirs and to predict gel placement for a chromium-polyacrylamide system.

The development and application of KUSP1 polysaccharide for use in permeability modification
treatments was investigated and results are presented in Chapter 2. Chapter 3 summarizes
investigations on the effects of shear, anion types and the kinetics of chromium(III) uptake on the
gelation of chromium-polyacrylamide gels.

Two studies of the polyacrylamide-aluminum citrate system were conducted and are reported in
Chapter 4. Results of an investigation to determine the size of aggregates that form and grow in
this system was completed. The performance of the polyacrylamide-aluminum citrate system in
reducing permeability in sandpacks was studied. Chapter 5 presents gelation data for two
phenolic-aldehyde systems. One was composed of resorcinol and formaldehyde (designated the
RF system) and the other composed of sulfomethylated-resorcinol and formaldehyde (designated
the SMRJ?system). The SMKF system was tested extensively in carbonate cores. The
development of gel systems for application in carbon dioxide miscible displacement processes is .
summarized in Chapter 6.

A mathematical model was developed to simulate alkalke-sandstone interactions during flow
processes in sandstones and is described in Chapter 7. A mathematical model was developed to
simulate a gel treatment at resemoir scale using a polyacrylamide-chromium system. The model
was used to study the placement of gelant in a layered radial system. Chapter 8 presents the
results of this study.
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Chapter 2

Development of KUSPI Systems
for Permeability-Reduction Treatments

PrincipalInvestigators: G.P. Willhite,D.W. Gree~ C. Buller, S. Vossoughiand C.S. MCCOO1
Graduate ResearchAssistants: P. Che~ M. Yougo,A. Fichadi~ A. Shaw, S. Bhattacharp and

A. Singh

The applicationof the KUSP1polysaccharidefor use in permeabili~-modi.ikationtreatmentswas
investigated,Initial research on the KUSP1polysaccharidefwused on the productionprocess of the
polymerand on the characterizationand modi&ation of the polymermolecule. The majority of the research
was directed at the understanding of performance of KUSP 1 in a treatment process. Rheologicd properties
of KUSP 1 solutions were determined. Investigations of methods to gel KUSP 1 solutions were conducted.
These methods utilized ester compounds, boric acid and rock-fluid interactions. Infectivity of KUSP1
solutions in porous mdla was assessed and improved. Finally, the permeability-reduction capabilities of
several KUSP 1 systems were evaluated.

This chapter assembles the results of research on the KUSP1 polymer that were presented in annual
reports *-3and the resuhs that have been obtained since. The results and details of the experimental
procedures can be found in the annual reports as weII as in other literature.+

Development and Production of KUSPI and Derivatives

GrowthCelhdomonasj’iavigenain excess glucose results in the production of a polysaccharide that is
deposited around the bacteria as a capsule. Suspension of the encapsulated cells in 1 N NaOH solution -
results in the dissolution of the polysaccharide. Neutralization of the alkaline extra% with acid or by
dialysis, results in the formation of a polysaccharide hydrogel. The polysaccharide, which has been named
KUSP 1; is an unbranched (1+ 3)-~-D-glucan. KUSP1 is insoluble in water and organic solvents. It
dissolves in alkali, concentrated formic acid and phosphoric aci~ and in dimethylsuEoxide (DMSO).

The objectives for this segment of the research were to optimize the production process, to modify the
polysaccharide in an attempt to improve its applicability for permeability-reduction treatments and to
estimate costs of large-scale production.

Optimization of Production Process. Batch cultures and a l-liter table-top fermenter were used to
determine that 72 hours was an optimum incubation time. Longer incubation times sometimes resulted in
slightly higher yields but also significantly increased the risk of development of hydrolytic enzymes. These
enzymes can lower the degree of polymerization an~ thus, the gelability of the polymer.

The effect of using 1 N NaOH solution to extract KUSP 1 was investigated in order to determine if the
NaOH reacted and modified the polymer. An alternate extraction process was developed using the solvent
dimethylsulfoxide (DSMO). The degree of polymerization and gelling characteristics of the polymer
extracted with DMSO were similar to that of polymer extracted with NaOH. It was concluded that the
alkali-extraction process did not ai%ectthe properties of KUSP1.
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Chemical Modification of KUSP1. Chemicalderivatives of KUSP 1 were prepared and tested for gelation
characteristics. O-carboxymethyl-KUSP 1, and methyl-, ethyl- and propyl-ethers of KUSP 1 were
synthesized. All of these derivatives were water soluble and did not gel as a fimction of pH. None of the
derivatives were selected for additional testing.

Costs of Large-Scale Production of KUSP1. A large-scale run for the production of KUSP1 was
conducted as part of another research project. Fermentation was conducted in a 40,000-liter vessel that was
operated under conditions that were optimized as part of this project. A pol<ymeryield of 9.1 gdliter of
culture was measured which is slightly better than yields obtained in lab-scale cultures. This was
enmuraging since a decrease in product yield usually accompanies simple scale-up to large-scale
production.

The unit cost of KUSP1 in large-scale production was estimated using data from the 40,000-liter run and
by consultations with engineers from The NutraSweet Kelco Company. Production costs were estimated
using the following basis.
● Production costs of xanthan gum were used and adjusted to reflect the differences between the

production processes of xanthan and KUSP 1. Current variable and fixed costs for the NutraSweet
Kelco biogum production facility in Okrm.dgee,OK were used.

● Polymer yields of the fermentation would be 9 g/L and 18 g/L.
. CM9 media would be used for fermentation.
A breakdown of the costs for KUSPI production is given in Table 2.1. The estimated total cost to produce
KUSP1 at present yield is $7.38/lb. The cost is reduced to $3.94/lb if the yield can be increased by 100%.
This magnitude of increased yield is reasonable for these processes through optimization of growth media
and by improvements in the strain of the bacterium that produces KUSP 1.

Viscosity and Bulk Gelation of KUSP1 Solutions

KUSP I dissolves in alkali solution and forms a gel as the pH of the solution is lowered below a value of
approximately 11. This change in physical state is the basis for use in permeabili~ modification treatments.
This section presents the results of a study of the viscosity of alkali KUSP1 solutions and of studies to
develop and understand methods to gel KUSP 1 solutions.

Viscosi& of KUSPI Solutions. Solutions of KUSP 1 were prepared at selected concentrations of polymer
and NaOH. Viscosity, pH and visual appearance were recorded over a tenday period. Viscosity was
measured as a function of shear stress using a controlled-stress rheometer.

The viscosilybehaviorof the KUSPlsolutions as a finction of pH (shear stress of 0.12 Pa and two-day
old samples)is presentedin Figure 2.1. The viscosi~ was less than 5 cp for all samplesthat had pH values
greater than 13.Viscosi&of the samples increasedwith a decreasein pH, particularly for the samples
containing1.0 and 2.0 0/0polymer. This indicated aggregation or structure build-up of the polymer with a
decrease in pH. As, shown later, the aggregation appears to increase until a bulk gel is formed at a pH of
10-8. Aggregation could be irnpoctant to the injection and transport of these solutions through porous
media.
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Table 2.1: Cost breakdown for production of KUSP1 biopolymer per pound.

Yieldof KUSPI 9 glL 18 g/L
Polymer production/batch 2,800 Ibs 5,6000 Ibs

Variable Costs
Fermentation

raw materials
utilities
labor

Recovery
raw materials
utilities
labor

Drying
Particle sizing

$2.00
1.57
0.39

0.13
0.02
0.21
1.00
0.06

$1.20
0.79
0.20

0.06 ,
0.01
0.11
0.50
0.06

Fixed Costs
maintenance $0.76 $0.38
staff 0.27 0.14
culture lab 0.08 0.04
qualitycontrol 0.18 0.09
depreciation 071 036- -

TOTALCOSTS per lb KSUPI $7.38 $3.94

Shear-thinningbehaviorwas observedfor the three samplesthat had viscositiesgreater than 20 cp as
shownin Figure 2.1. Viscosi@as a fimctionof shear rate and time for a samplecontaining2.0 0/0polymer
and 0.12 ‘ANaOH is presentedin Figure 2.2. This sampleeshibitedpower-lawbehaviorand a moderate
decrease in viscositywith time. All but one sample showedsomedecreasein viscositywithtime. Samples
with pH valuesgreater than 12.8 changedcolor from whiteto yellowto brown over the ten-dayperiod. The
cause of the color changeis unknown.

Bulk Gelation of KUSP1 by Ester Hydrolysis. KUSPI forms a gel as the pH of the solutionis lowered
below 10.8.A methodto reducethe pH of alkali KUSP1 solutionsis to add a chemical that would react to
form an acid. Of the several chemicak tested, WO ester compounds exhibited the desired criteria of
solubility in alkali KUSP I solutions and S1OWreaction rates, i.e. gel times must be on the order of days for
application of in-depth treatments. The esters were ethylbenzoate-2-sulfonic acid (EBSA) and
monoethylphthalate (MEP). These compounds react with water to produce an acid and an alcohol. EBSA
and MEP are not available commercially but are easily prepared by dissolving the respective anhydride in
ethanol. Both EBSA and MEP donate two acid groups, one immediately upon mixing with an alkali
solution and one by the ester hydrolysis reaction. Thti, the moles of ester required to produce timedelayed
gelation is between 50 and 100% of the moles of NaOH in solution.
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Figure 2.1 :Viscosity as a fimction of pH and KUSP1 concentration for solutions at an
age of two days.
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Figure 2.2: Viscosity as a function of shear rate and time for solutions containing 2.0%
KUSP1 and 0.12% NaOH.
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Gefationof KUSP1 by the hydrolysis of EBSA was investigated by preparing samples at selected
component concentrations and monitofig the pH and viscosi~. Experiments were conducted at 25 “C.
Tirnedelayed gelation between 2 and 11 days was observed for samples containing 1.0,2.0 and 2.8 Yo

KUSP 1; 0.38 % NaOH, and EBSA-to NaOH mole ratios of 0.62 and 0.79.

pH-time data for different KUSP 1 concentrations are shown in Fi~re 2-3. Gelation of the samples
containing polymer occurred during the time period where the pH stabilized at a value of 10.8. A
continuous drop in pH was observed for the sample that did not contain polymer. The data indicate that
hydrogen ions are consumed during the gelation process.

Timedelayed gelation of KUSP 1 was accomplished by the hydrolysis of EBSA. Gel times were on the
order of days and can be controlled by the selection of component concentrations. The cost of the EBSA is
probably prohibitive for use in field treatments. Detailed results of the gelation of the EBSA-KUSP 1
system are presented in reference 1.

Monoethylphthalate ester (MEP) was identied as a low-cost alternative to EBSA. Experiments were
conducted to determine the effect of NaOH and MEP concentrations on the rate of reaction of MEP
without polymer. NaOH concentrations studied were 1.0, 0.32 and O.10OAwith mole ratio of ester to NaOH
of 0.50 and 0-75. The reaction between MEP and NaO’H (after the initial pH drop) was modeled assuming
that the rate of reaction was first order in both NaOH concentration and MEP concentration. The rate
equation describing the kinetics was

dCA
—=.ji*CA*~

dt B

where CA= concentration of NaOH (mol/L),
C~ = concentration of MEP ester (mol/L),
k = rate constant (L/mol/hr).

Stoichiometzyof the reactiongives the followingrelationship.

Using the stoichiometric relationship, an analytical solution to the rate equation (WhenCAO* CBO) is

(CA(J* CEO - C,40)* exp(-k *(CBo - CAO)*qCA =
CBO - CAO * exp(-k *(CBO- C.40)W

This model represented the experimental pH-time data of the reaction between NaOH and MEP reasonably
well with a reaction constant, k, of 5.0 liter/mole/hr.

Experiments were conducted to determine the gel times for the MEP-KUSP 1 system. Gel times ranged
from 8 to 118 hours for polymer concentrations of 1.0,2.0 and 3.0%. NaOH concentrations studied were
1.0,0.32 and O.10% and the mole ratios of ester to NaOH were 0.50 and 0.75. Added NaCl to the samples
had no significant effect on the rate of pH drop or the development of viscosity. The kinetic model did not
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give satisi%ctory simulations of the pH-time data for solutions containing polymer in that a single rate
constant did not match all sets of experimental data.

Bulk Gelation of KUSP1 using boric acid. The use of boric acid to trigger timedelayed gelation of alkali
KUSP 1 solutions was investigated. The physical nature of the KUSP l-boric acid gels was different from
gels prepared by pH reduction without boric acid present. KUSP 1 solutions without boric acid gel when the
pH of tie solution is dropped to a value of approximately 10.8 and the gel is white in color and has a
tendency to shatter. Gels prepared at a boric acid concentration of 0.5 molelkg solution were transparent
and more resilient. As the boric acid concentration was decreased, the gels exhibited the same resiliency but
they developed a white tinge.

Several series of samples were prepared and monitored to investigate the effect of boric acid concentration,
initial pH and temperature on the gel time. Values of these parameters and the gel times are presented in
Figures 2.4, 2.5 and 2.6. The results show that the gel time for 1.0% KUSP 1 solutions can be regulated
from instantaneous to several days by selection of boric acid concentration and initial pH.

Figures 2.4, 2.5 and 2.6 show that at constant initial p% the gel time decreased with a decrease in boric
acid concentration. This was contrary to the usual observation of shorter gel times with increased
concentration. Gel times were also reduced as the temperature was increased. Syneresis of the gels
increased with increased temperature and decreased pH. At 25 “C, syneresis (less than 10°/0 solvent
expulsion) was observed only at a pH of 10.0. At 45 “C, syneresis occurred at pH values of 11.0 and
lower. Syneresis was observed at aI1pH values for samples maintained at 65 ‘C. Gels shrank to less than
25% of their original volume at 65 ‘C and at pH values less than 11.0

Alkaline KUSP 1 solutions turned yellow and then brown over a period of many days when stored at room
temperature. The rate at which the solutions changed color increased with temperature. Gel time was not
tiected by the color change for polymer solutions stored at 25 “Cup to 7 days. Longer storage periods -
resulted in the solutions developing a dark brown color and a diminished gelling abili~. Storage of 1,OO/o
KUSP 1 solutions with 0.2 M boric acid and at a pH of approximately 13 resulted in no color change and
no gelation for several weeks at 25 “C. Samples prepared with a polymer solution stored under these
conditions did not a.fXectthe gelation behavior. The shelf life of KUSP 1 solutions maybe extended by this
technique.

Infectivity and Permeability Reduction in Porous Media

Flow experiments were conducted to investigate the capability of KUSP 1 systems to reduce the
permeability of various rock media. Three methods to trigger the gelation of KUSP 1 were investigated.
Interactions of alkali KUSP1 solutions with the rock media were studied to determine if those interactions
were sufficient to reduce the pH to values where KUSP 1 gekd. Permeability reduction by the in situ
gelation of the KUSP1-ester system and the KUSP l-boric acid system was assessed.

Initial experiments revealed a problem with the infectivity of KUSP1 solutions in porous media. The
research program was expanded to identi~ the cause of the problem and to develop a procedure to improve
the infectivity of KUSP 1 solutions.
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Infectivity of KUSP1 solutions. A continuous increase in flow resistance in the entrance section of Berea
sandstone cores was observed during the injection of alkali KUSP 1 solutions. Filtration of the polymer
solution through a 5-pm filter did not eliminate front-end loading. Filtration tests revealed that the problem
was due to accumulation of a small amount of debris that was present in KUSP1 solutions. NaCl added to
the solution enhanced the formation of the insoluble component and decreased infectivity.

Elimination of front-end loading during the injection of KUSP 1 solutions was achieved by using carbon
black and filter aid during flkration through a 5-micron filter. Tests reveakxl that the particulate material in
the solutions was sensitive to the pH and NaCl content of the polymer solutions. It was determined that a
minimum of 0.1 M NaOH must be used in KUSP 1 solutions that contain 1°/0NaCl to eliminate front-end
loading.

Gelation triggered by fluid-rock interactions. Experiments were conducted to determine if interactions
between alkalineKUSP I solutions and selected rock media were sufficient to reduce the pH of the solution
to levels required for gelation. Silica sandpacks and small cores of Berea sandstone, Baker dolomite and J-
Alpha grainstone (Lansing-Kansas City formation) were saturated with solutions containing 1.0% KUSP1,
1.0% NaC1 and either 1.0 M or O.I M NaOH. The saturated media were maintained at 25°C for selected .
periods of shut-in times. Small volumes of KUSPl solution were then injected into each core and the
effluent was collected. The viscosity, pH and polymer content of the effluent were determined. Pressure
drops measured during injection were analyzed.

No significant change in flow resistance or effluent viscosi~ was observed for any of the cores after shut-in
periods that ranged from 6 to 60 days. The lowest pH measured was 11.54 after a 55day shut-in period.
This was measured in the effluent of a Berea sandstone core that was saturated with KUSP 1 solution
containing O.lM NaOH. A pH value of approximately 10.8 must be achieved to trigger gelation. The
results indicate that fluid-rock interactions are not sufficient to cause gelation of KUSP 1 solutions in oil .
reservoirs.

In-Situ Gelation of the KUSP1-Ester System. The primary objective of this work was to determine the
magnitude of permeability reduction produced by the gelation of the KUSP l-ester system in selected rock
samples. The ester used was monoethylphthalate (MEP). Experiments were conducted in sandpacks, in
Berea sandstone cores and in carbonate field cores (J-Alpha Grainstone of the Lansing-Kansas City
formation). The long-term stability of the treatments and the effect of residual oil saturation were also
determined.

Rock media were injected with approximately two pore volumes of gelant over a period of about an hour.
The gelant contained 2.0% KUSP 1, 0.1 N NaOH and 0.06 M MEP ester and had a bulk gel time between
30 and 35 hours. The media were shut-in for three to four days at 25 ‘C. Brine was then injected to
determine the post-treatment permeabilities. Tracer tests were conducted on the media before and after the
treatment. PermeabiIities measured over a period of many weeks was used to determine the long-term
stability of the treatments.

Permeabilities of the media were significantly reduced by the treatments as shown in Table 2.2. Pressure
measurements. across sections of the cores showed that the permeability reduction was uniform along the
length of the cores. Residual oil saturations did not significantly alter the effect of the treatment process.
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Tracer tests were conducted to determine the pore volume contacted by the injected brine after the
treatment. Tracers contacted 85 to 99 Y. of the pore volume during post-treatment tests which indicated
that the gel was permeable to brine.

Stability of the permeability-reduction treatments was assessed in six of the cores. No significant increase
in permeability was observed even after the injection of many pore volumes of brine over a period of up to
six months.

In-Situ Gelation of the KUSP1-Boric Acid System. The performance of the KUSP l-boric acid system
was determined in sandpacks and Berea sandstone cores at 25 and 45 ‘C. The gelant was composed of
1.0% KUSP1, 0.5 mole of orthoboric acid (H3BOS)per kg of gelant and 1.0% NaC1. A gel time of 24
hours was controlled by adjusting the pH of the gekmt to 9.9 at 25 ‘C and to 10.5 at 45 “C. Two-to-three
pore volumes of gekmt were injected into the media over a time period of about an hour, The media were
then shut-in for approximately 30 hours before post-treatment brine injection.

During the injection of gekmt, flow resistance in the media did not exceed that due to the viscosity of the
gelant which indicated no problems with the infectivity of the gekmt. Atypical behavior was observed
during post-treatment brine injection in that several pore volumes of brine were injected before pressure
drops stabilized. Pressure drops declined at a given flow rate demonstrating an increase in permeability
with volume of brine injected. Post-treatment permeabilities were determined after more than 400 hours of
injection which corresponded to more than four pore volumes of brine injected. Pre- and post-gelation
permeabilities are given in Table 2.3. The residual resistance factors, which is the ratio of these
permeabilities, show that the permeabilities were reduced by factors greater than 50. Permeabilities were
reduced less at 45 ‘C than at 25 ‘C, possibly due to more syneresis occurring at the higher temperature. At
a given temperature, permeabilities were reduced by larger factors in sandpacks than in Berea sandstone
cores.

Data from tracer tests conducted before and after the gel treatment were used to determinethe fraction of
pore volumethat was contactedby the displacingtracer. Values of the fraction of pore volumecontacted
by the tracer duringthe post-treatment tracer test are givenin Table 2.3. The results showthat the gel
reducedthe volumecontactedby the tracer. Similarexperimentsconductedwith the KUSP1-ester system
showedthat most of the pore volumewas contactedby tracer. These results indicatethe differences
betweenthe two KUSP1 system in howthe gel reducesthe permeabilityof porous media.
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Table 2.3: Resuhs for treatments in porous media using the KUSP1- boric acid system.

Exp. ~ Porous Temp. Initial Post- Residual Post-Treatment
Code Media Permeability Treatment Resistance Pore Volume

Type cc) (red) Permeability Factor (% of Ong.Pv-)
(red)

SPI sandpack 25 6700 2 3300

SP2 sandpack 25 6800 2.6 2600

SP3 sandpack 45 7000 112 62 20

BC1 Berea 25 560 1.2 470 44
sandstone

BC2 Berea 45 610 12.5 50 22
sandstone

BC4 Berea 45 - 460 4.7 98 9
sandstone

BC5 Berea 45 510 2.0 250 19
sandstone

BC6 Berea 45 470 18 26 13
sandstone
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Summary
1. The growth conditions for the production of KUSP 1 biopoly-ner were optimized.
2. ChemicaI modifications of the KSUP 1 biopolymer did not enhanced the properties of the polymer for

use in permeability modification treatments.
3. Large-scale production costs were estimated to be between 3.94 and 7.38 $flb.
4. The viscosity behavior of alkaliie solutions of KUSP1 was characterized.
5. Two esters, ethylbenzoate-2-sulfoic acid and monoethylphthalate, were identified that would trigger

gelation of KUSP 1 solutions. Gel times for the KUSP1-ester systems ranged up to 11 days at 25 C.
Monoethylphthalate is inexpensive and attractive for use in field treatments.

6. Boric acid added to KUSP 1 solutions triggered timedelayed gelation. Gel times for the KSUP l-boric
acid system ranged up to several days. Syneresis of this gel system increased with temperature.

7. Interactions between KUSP1 solutions and several types of rocks were not sufficient to reduce the pH
of the solution and trigger gelation.

8. The KUSP l-monoethylphythalate ester system significantly reduced the permeability of several ~es
of rock media. The gel treatments were stable for time periods up to six months.

9. Permeabilitiesof sandpacks and Berea sandstonecoreswere significantlyreducedby treatments with
the KUSP1-bone acid system.
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Chapter 3

Investigations on the Gelation
of Polyacrylamide-Chromium( lIl)Systems

PrincipalInvestigators: G.P. Willhite,D.W. Green,M.J. Michnickand C.S. MCCOO1
GraduateResearchAssistants: Mark McGuire,CarolDon%Prashant Khannaand Ajay Kumar

Introduction
Polyacrylamide-chrornium(III)systemsare currentlypopular for use infield treatments.This
chaptersumrnarizesinvestigationson three aspectsof the gelationof polyacrylamide-
chromium(I.11)gelants. Gelants are subjectedto shear deformationas they are pumpedthrough a
wellboreand into a reservoir.The effect of shear on the gelationof a polyacrylamide-
chromium(III)gelant was investigatedusing rheometers.Polyacrylamide-chromium(III)systems
containanionsthat are introducedas the counterionto Cr(III) and as addedsalts. The effect of
aniontypes and concentrationson the gelationof polyacrylamide-chrornium(III)gelants was
studied.Chromium(III)can react with itselfto form oligomers(dimers,trimers, etc.) at the
conditionsthat gekmtsare prepared.A kineticstudy of the reactionsof chrornium(III)monomer,
dimerand trimer with partially-hydrolyzedpolyac@unide to formgelswas conducted.

Effect of Shear on the Gelation of a Polyacrylamide-Chromium( ill) System

This investigation is summarized here. Detailed results and experimental procedures are given in
annual reportsl’2and other literature.3’q

The effectof shear deformation on the gelation of the poIyacryIamide-chromium(III) system was
investigated using rotational rheometers that subjected gelant samples to steady shear and/or
oscillatoryshear deformations.The measurementsyieldedthe viscosi~, storagemodulus and loss
modulusof the gekmtas a functiontime. Storageand loss moduliwere obtainedfromthe
oscillatoryexperimentsand are measurementsof the elastic andviscousnature of the sample,
respectively.

Experimental techniques were developed for the rhedogical measurements. The collection of
reproducible data during the gelation of samples on rheometers required a precise technique for
preparation of the sample (including the age of stock solutions) and the control of evaporation of
the sample while on the rheometer pIatens.

Accurate theological data was dependent on the selection of measurement parameters used on the
rheometer. Data was analyzed to assure the measurements satisfied the underlying theory. For
oscillatory measurements, the data cotiormed to liiear viscoeIastic theory and the gap loading
condition was satisfied.

The effectof the frequencyof oscillationon the developmentof storagemodulusand the storage-
Ioss moduIi crossover was investigated. J&ially, the loss modulus is greater than the storage
modulus as shown in Figure 3.1 for a typical experiment. As gelation precedes, the storage
modulus of the sample increases to values greater than the loss modulus. The time at which the loss
and storage moduli are equal is the crossover. The crossover has been used as a measurement
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of the gel time of the sample. Results showed that the development of the storage modulus with
time and the crossover times were functions of the oscillation frequency. For the particular sample
studied, the crossover time at a frequency of 1.0 Hz was 40 YOhigher than the crossover time
measured at 0.01 Hz. When comparing theological data and when relating these data to gel
structure, the oscillation frequency must be considered.

Steady shear experimentsand experimentswith the applicationof steady and oscillatory shear were
conductedto determinethe effect of shear on the gelationof a polyac@unide-chromium(III)
gekmt.The viscositybehaviorwas consistentbetweenthese two iype of experiments.That is,
oscillatoryshear superimposedon the steadyshear didnot alter the viscositybehavior.Viscosi~ as
a finction of time at selectedshear rates are shownin Figure 3.2 and in Fi~re 3.3 for the early
time period.The data show an inductionperiodwherethe viscosi~ increasedslowlyfor an hour or
two. For shear rates less than 14.8 S-l,an abrupt increasein viscositywas observedafter the
inductionperiod.Usingthe abrupt rise in viscosityas a measureof gel time, gelationwas
acceleratedby increasingshear rates up to a rate of 2.35 s-l and retarded for higher shear rates.

The development of storage modulus for selected shear rates are shown in Figure 3.4 and in Fi~re
3.5 for the early time period. An induction period was followed by an abrupt rise in storage
modulus was observed. The storage modulus showed the same general trends with shear rate as did
the viscosity.

Gel times were defined two ways - (1) the time of the abrupt rise in viscosi~ and (2) the time of the
storage-loss moduli crossover. Examples of these occurrences are shown in Figure 3.1 for a typical
experiment. The results showed that the these gel times were approximately the same and that the
gel times indicated significant growth of structure in the sample.

...

Effect of Anions of the Gelation of Polyacryiamide-Chromium(lll) Systems

This section presents a summary of an investigation that was conducted to determine the effects of
anion type and concentration on the gelation of polyacrylamide-chrorniurn(III) gels. Details of this
work are given elswhere.1’5

The anions studied were nitrate, perchlorate, chloride, sulfate and acetate. The concentration of
anions in solution ranged up to 1.0 molal. Gelants were prepared and maintained at 25 C. Samples
of the gelants were monitored by a rheometer using oscillatory shear. The results of these
measurements were dkplayed in terms of the storage modulus and the loss modulus. Gel time for a
sample was defined as the time when the loss modulus was equal to the storage modulus as shown.
An example of these data for the perchlorate system is shown in Figure 3.6.

All gekmts contained 9,000 ppm polyacrylamide and 100 ppm chromium@.1). Chromium salts and
sodium salts for the particular anion was used. The initial pH of gelants were adjusted to 5.0.

Gel times for the systems studied varied greatly as shown in Figure 3.7. Gelants containing nitrate
gelled the f~test and the gel times did not vary much with concentration. Gelants prepared with
chloride and perchlorate had similar gel times. Added sulfite delayed gelation. Samples containing
1.0 m sulfate did not gel with 90 days. Acetate significantly retarded gelation. Gelation was not
observed in samples containing 0.1 and 1.0 m acetate. ,
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Kinetics of the Reactions Between Chromium(lll) Oligomers and Poiyacrylamide

This section summarizes the investigation on the reaction rates between chromium(III) oligomers
and polyacrylamide. Details of the experimental work can be obtained elsewhere. l’G

Chromium(III) in aqueous solution reacts to form dirners, tiers and higher order oligomers
depending on conditions. The reactions between chromium(III) monomer, dirner and trirner with
polyacrylamide were followed to assess the effects of oligomer type, oligomer concentration, pH
and polyacrylamide concentration.

Two types of experiments were performed. The first type followed the reaction of flee-solution
chrornium(III) with polyacrykunide, termed here the uptake reaction. Samples that had reacted for
specified times where quenched and dialyzed. Concentrations of chromium(III) on both sides of the
dialysis were measured which allowed the calculation of the amount of chromium(III) that had
reacted with the polyacrykunide.

Relative rates of the gelation reaction (crosshking between polymer molecules) were monitored
with theological measurements. Samples were subjected to oscillatory shear and the results were
displayed as the storage modulus and the loss modulus. Two relative measures of the gelation rate
were used. The first was the initial slope of the storage modulus-time data. In the second method, a
gelation time was defined as the time when the storage modulus had increased to the value of the
10SSmodulus, the G’-G crossover time.

Two general sets of experimental conditions were used. The first set used approsirnately 25 ppm
chromium, polymer concentration between 4400 and 19,800 ppnL lM NaCIOA,and an initial
pH value of 4. The second set use approximately 10 ppm chromium(III), approximately 15,000
ppm polymer, lM NaC104, and an initial pH of 5.

Uptake Reaction. Example data showing the effect of oligomer type on the rate of oligomer
uptake by the polyacrylamide is shown in Figures 3.8 and 3.9. The results show that the uptake
rates are fbstest for the timer and slowest for the monomer. Rates for the dimer and trimer are
greater than those extrapolated from the monomer data and assuming equal molar rates of reaction.
This suggests that the dimer and trimer are more reactive on a molecular level with the polymer
than the monomer. The trimer exhibited particularly high reactivity.

The effect of polyacxylamide concentration on oligomer uptake is shown in Fi~re 3.10. h
increase in uptake rate with polymer concentration was observed. The effect of pH on trirner
uptake is shown in Fi~re 3.1 I. The rate of timer uptake increased with pH. Trimer uptake was
particukirly rapid at pH 5, where 90’XOof the trimer had reacted with the polymer within five
minutes when the first sample was taken.

Gelation Reaction. Gelation rates were examined by following the storage (G’) and loss (G”)
moduli as functions of time. The data are presented as the increase in G’ above the ititial G’ value
at zero time due to the sensitivity of the initial G’ value to polymer concentration. The effect of
oligomer we on the increase-in-storage modulus is shown in Figure 3.12. The initial slopes for
these curves were 0.008, 0.024 and 0.299 Pa/hour for the monomer, drier and timer, respectively.
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These data show the rates of gelation increase with oligomer size. The increase in gelation rate is
even more dramatic with oligomer size when comparing on a molar concentration basis.

The effect of chromium concentration on the gelation rate is shown in Fi~re 3.13 for the dimer.
Comparisons of the initial slopes of the G’-increase - time curves with the initial chromium
concentrations indicated that the gelation rates increased above that exTected born a linear
dependence of the gelation rate on oligomer concentration.

The effect of pH on the gelation rate for the monomer is shown in Figure 3.14. The gelation rate,
as indicated by the initial slopes, increased 24 times with a pH change from 4 to 5. The gelation
rate for the dimer and trimer increased 7.9 and 3.7 times, respectively, for the same pH change.

The rates of uptake and gelation”were compared by plotting the fi-actionrdchrornium@I) reacted
and the increase-in-G’ as functions of time. The increase-in-G’ curves approximately paralleled the
increase in oligomer uptake, especially during the early time periods. For the trimer runs, theG’
value continued to increase slowly after most of the tier uptake had occurred.
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Modeling of the Uptake Data. Theratefor the uptake reaction was described by eqn (l).

d[Cr ] _k [O ][cczrboxyl]
—=

dt [i?+]
(eqn -1)

Integration of equation ( 1), with [Cr] equal to [Cr(initial)] at time equal to zero and at constant pH
and constant polymer concentration, gives equation (2).

‘“(K%:L)=-’” (eqn -2)

with
~, k[carbxyl]

= [H’]
(eqn -3)

Many of the experiments showed a rapid, initial uptake of chromium and [Cr(initial)] was less than
the total chromium in the system: [Cr(total)].

Data fromthe uptake experiments were regressed to determine the rate constant, k, as shown in
Figure 3.15 for monomer uptake experiments at a pH of 4 and at three different polymer
concentrations. The values of k’ were then regressed against polymer concentration according to
eqn (3) to give a value of k equal to 1.07104 hour-l. Deviations were observed belxveenthe model
and data for the uptake reaction of dimer and trimer.

Summary

Effect of Shear. Several characte@c responses were observed when a chrornium@l)-
polyacrylamide gel system was subjected to continuous steady shear during gelation. An induction
period was observed where small increases in shear viscosity and storage modulus occur. /&er the
induction perio~ and abrupt increase in shear viscosity and storage modulus was obsemed for
shear rates less tlmn 15 see-’. Gelation was accelerated by increased shear rate, reaching a
maximum at 2.35 see-l, and was retarded for higher shear rates. No gelation occurred when shear
rates were on the order of 40 see-’ and hi~er.

Effect of anions. Anion type and concentration significantly al%ectedthe gel time of a
chromium(III)-polyacrykunide gel system. Gekmts containkg nitrate gelled the fmtest and the
times did not vary much with concentration. Gelants prepared with chloride and perchlorate had
similar gel times. Added sulfate delayed gelation even more. Acetate significantly retarded gelation.
Gel times of the chloride, perchlorate, sulfate and acetate increased with concentration.
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Figure 3.15: Regressions to determine rate constants for uptake data of Cr(IW monomm
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8=800ppm.

Kinetics of Uptake and Gelation Reactions. The rates of the uptake and gelation reactions

increased with the size of the chormium oligomer, oligomer concentration and pH. The gelation -
reactio~ as indicated by theological da% closely followed in time the uptake of oligomers by the
polymer. A kinetic model was developed that reasonably matched the uptake data for the chromium
monomer.
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Study of the

Chapter 4

Gelation and Permeability Reduction
of the Polyacrylamide-Aluminum Citrate System

Principal Investigators: D.W. Gree~ C.S. MCCOOIand G.P. Wflhite

Graduate Research Assistants: Raja Ranganathan

Introduction

The polyacrylamide-aluminum citrate colloidal dispersion gel system developed by TIORCO Inc.,
Englewood, Colorado is claimed to penetrate deep into reservoirs.]’2 This gel system consists of
low concentrations of HiVis@350, a partially hydrolyzed polyacrylamide, and TIORCO 677, a
chelated aluminum citrate solution. Typical concentrations used in this system are 300 ppm
polymer and 15 ppm Als+.This system is reported to be slow forming, thus allowing for in-depth
permeability treatment of oil reservoirs. It-is hypothesized that polymer colloids, or gel
aggregates, are formed which are then apparently filtered fkom solution by the porous medi%
thereby reducing the permeability. These claims are based on interpretation of field performance in
which large volumes of E@?&’ 350 have been injected into petroleum reservoirs. There is little
laboratory work which supports either the hypothesis of gel formation or the interpretation of the
field data.

This chapter summarizes our research to investigate the process by which this polymer-metal ion
system reduces permeability. Our research program had three objectives. These were to
determine: (1) the theological properties of the system, (2) the size and rate of aggregate
formation, and (3) how the system propagates and reduces permeability in porous media. The
entire study is presented by Ranganathan et al.s

Theological Measurements

Fluid Structure. The principal measure of fluid structure for the HiVk@350 polymer is a
parameter termed the transition pressure which was developed by TIORCO, Inc. using a modified
screen viscometer.4 The modified screen viscometer(termed the TGU apparatus) is a polyethylene
tube(diameter) with a screen pack (five 100-mesh stainless-steel screens) attached to one end with
a Swagelok or comparable fitting. The tube is is mounted vertically and is connected to an air
source which maintains the pressure constant at the inIet end of the tube. A testis petiormed by
loading a specified volume of solution (polymer or gel) into the tube and applying pressure to
force the solution through the screen pack. The ratio of the time required for the gel solution to
flow through the screen packs to that required by the polymer solution is defined as a TGU
quantity.
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When HiVis@350 solutions containing aluminum citrate are displaced through the TGU
apparatus, the flow characteristics of the solution change with time and applied pressure drop. At
low pressure drops(if reaction time is sufficient), a blob of gel-like material collects on the end of
the screen viscometer restricting the flow rate. The size and characteristics of this blob depends
upon the age of the solution. At low pressure(low flow rates), the solutions “ooze” from the TGU
apparatus while at hi~h pressures(high flow rates), the polymer solution flows freely through the
screen pack.

The transition from restricted flow to free flow in the TGU apparatus can be described by plotting
both the polymer flow rate (mL/see)and the TGU values as fhnctions of test pressures as done in
Figure 4.1. The point at which these curves cross is designed as the transition pressure. At the
transition pressure, it has been hypothesized that these gels undergo a transformation from a
squeeze flow to a free fluid-like flow through the screen pack. Addhionally, the transition
pressure is a measure of gel strength in that higher transition pressures denote stronger gels.

Our initial work on the TIORCO system consisted of testing the gel and polymer solutions using a
TGU apparatus that was constructed in our laborato~. The testing was conducted to confirm
consistent formulation of solutions with those reported in the literature.

Typical TGU and flow-rate curves are shown in Figure 4.1 for two times after mixing for a
polymer concentration of 900 ppm (in 0.5wt% KCL) and polymer-to-aluminum ratio of 20:1. The
intersection of the TGU and the flow rate curve denotes the transition pressure which was 18 psi
for a sample that was 8 hours old. Development of structure was indicated by the increase in -
transition pressure with time. Transition pressures determined for samples containing 600, 900
and 1200 ppm polymer were consistent with values reported in the literature.d

Transition pressure data for a 300 ppm polymer, 15 ppm aluminum gel system are presented as
the top curve in Figure 4.2. The data indicated thatji’uidstrwctz(re developed within the first 12 to
24 hours. Gelation was in the form of aggregation with little visible structure as the sample did
not indicate strong gel-like behavior. Afler 24 hours, the transition pressure increased marginally.
The transition pressure obtained for this gel formulation was consistent with published data
(Smith> 1989).

Initial tests on solutions at a polymer concentration of 300 ppm exhibited anomalous behavior. As
can be seen from Fi=pye 4.2, the transition pressure increased initially to 8 psi at 24 hr and
thereafter, declined with time. Visual observation of the gel indicated it to be water-like in
appearance which indicated degradation of the gel. Flow rate of the polymer solutions of 300 ppm
concentration also indicated similar degradation. The viscosity also declined with time. The cause
was determined to be trace levels of chlorine (1/4 ppm) in the laboratory water.

Formulations consisting of polymer concentrations of 300, 600,900, and 1200 ppm and polymer
to aluminum ratios of 20:1 and 40:1 were studied.
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Viscosity of HiVis@ 350 Solutions. The viscosity of the HiVis@350 polymer solution as a
fimction of concentration and shear rate was determined to characterize the polymer. Viscosity of
HiV#’ 350 gel-systems was determined as a fimction of polymer concentration, shear rate and
time. Polymer concentrations studied were 300,900, 1500 and 3000 ppm in 0.5 wt. ‘MoKC1.

The viscosity data for the solutions containing 900 ppm are presented in Figure 4.3. The polymer
is shear thinning. However, there was a decrease in viscosity with time in the first three weeks,
suggesting either a change in the structure of the polymer in solution or a deterioration of the
polymer with time.

The viscosity data for solutions with an age of 1 day were correlated as a fimction of polymer
concentration and shear rate with Eq. 3.1. The correlation represented the viscosity data well
except for the 300 ppm polymer solutions.

p= Kyn-’ (4.1)

where w= viscosity, (cP)

Y
= shear rate, (see-l)

K= 1.739 * 104 C1”W3
I/n = 0.2916 CO-2G7G

c= polymer concentration, (ppm)

Aggregate Growth in the Polyacrylamide-A1uminum Citrate System. It was hypothesized
that EN@?’ 350-aluminum citrate solutions react to form aggregates at relatively low
concentrations of polyacrylarnide and aluminum. The objective of this work was to measure the
size of the gel aggregates as they form and grow in the polyacrylamide-aluminum citrate system.
The information derived from this study will then be used to determine the mechanisms by which
the system affects fluid flow in porous media.

The size of aggregates was studied using by quenching a HiVk@350-aluminum citrate solution by
dilution and using membrane dialysis to determine the size distribution of the aggregates that
forrned,GIn this technique, the quenched gel solution is placed on one side of a diaIysis cell,
separated from the other side by a membrane of a specific hole size. Sufficient time is allowed for
the concentrations to reach equilibrium on both sides of the membrane. Both sides are analyzed
for polymer concentration to determine the amount of polymer in the diffisate for a given
membrane size. An overall material balance is also made to evaluate internal consistency of the
experiment.
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Size measurements of aggregates were conducted on a sample of the polymer solution to
determine the time required to attain equilibrium as well as the approximate size distribution of
HiVIS@350. Experiments were conducted for selected membrane-dialysis time periods and with
several different membrane pore diameters. The results showed that transfer of polymer across the
membrane was essentially complete by five weeks of dialysis time. Material balances were
calculated as the percentage of polymer measured with respect to the amount charged to each
cell. The balances in most cases were within a few percent of the amount charged.

One gel formulation containing 300 ppm polyacrylamide, 15 ppm aluminum and 0.5 wt. YOKC1
was studied. Experiments were conducted on two dflerent samples aged for 8 hours. The
polymer material balance data for the retentate and difisate haIf-cells is included in reference 6.

The size distributions for the polymer and gel are presented in Fi~re 4.4. The distributions are
presented as the cumulative mass of polymer that is smaller than the indicated diameter.
Significant development of aggregates and/or aggregate growth in was not observed in the gel
samples aged for 4 and 8 hours even though TGU measurements indicated the development of
structure.GExperiments were conducted with gel samples aged longer than 12 hours but the
polymer analyses of these samples were not consistent.

Permeability Modification by In Situ Gelation

The objective of this work was to investigate and identify the mechanisms governing the
propagation and in situ gelation behavior of the TIORCO colloidal dispersion gel in porous media.
Several experiments were conducted in which the gekmt was displaced through unconsolidated
sandpacks which were 4 fl in length and 1.5” in diameter- Pressure differentials were measured
across eight sections along the sandpacks in order to determine the permeability. In one.run,
polymer and aluminum concentrations in the effluent fractions were analyzed to aid in
interpretation of the gel behavior. Polymer and ahmninumconcentrations in the gels were300 ppm
and 15 pp~ respectively in 0.5 wt. 0/0KC1. The experimental procedure was described
elsewhere 3’s’7One experiment was conducted in a 5.08 cm x 5.08 cm Berea core which was
30.48 cm in length. A slot was cut half the length of the core to simulate a fracture.

In most runs, aluminum citrate and polymer solutions were niixed inline and injected into the
sandpack at a displacement rate of about 2 Wday. During the first displacement experiment ,a
large mass of gel material gradually formed on the inlet screen causing the injection pressure to
increase. The inlet screen plugged after approximately 53 hours of injection (W). No reduction
permeability was observed in the sandpack prior to the inlet screen plugging even though

in

.
structure development in a bulk gel was nearly complete within 25 hours. T-heplugged screen was
removed and polymer solution was injected to displace the resident gel solution in the sandpack.
Two hours after the gel solution was detected in the effluent, the downstream side of the outlet
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screen was plugged by another large mass of gel materials This behavior was observed in other
displacement runs.s

Results from three key displacement experiments (SP5, SP6 and SP7) are summarized in this
section. A polymer solution displacement experiment was conducted in sandpack SP5 to provide
the basis for analyzing and interpreting the results of the gel solution displacement experiments in
sandpacks SP6 and SP7. In Runs SP7 and SP8, the gel solution was mixed in-limeand injected
immediately into the sandpack while in Run SP6, a two hour delay time was introduced between
mixing and injection into the sandpack by flowing the gelant through coiled tubing. In all runs,
coarse sand and larger mesh screens were used at inlet and outlet sections in an attempt to
eliminate filtration of gel aggregates on screens which was observed in the initial experiments.
Three additional displacement experiments (SP8, SP9 andSP11) were conducted to verify
behavior observed in these runs.

Run SP5. In Run SP5, the average permeability prior to polymer injection was 3445 md. Six
pore volumes of polymer solution were injected into the sandpack followed by 0.5% KCI brine.
The permeability of the sand pack was reduced by factors ranging from 2.55 to 4.0 from the
retention of polymer with an average value of 2.83. We observed no buildup of flow resistance on
either inlet or outlet screens. Effluent polymer samples were less viscous than the injected solution
even after the pressures stabilized. This indicates that the effluent polymer concentration did not
reach the injected concentration and polymer retention was still occurring or the polymer solution
was degraded as it flowed through the sandpack. Effluent polymer concentrations were not
measured. Data for this run are presented elsewhere.s

Run SP7. In Run SP7, the gelant was injected immediately after in-line mixing. Flow behavior
during injection of the first 1.2 pore volumes of gekmt was identical to that observed in Run SP5
where polymer was injected. However, after about 1.2 PV of injection, the apparent viscosity in
the inlet section of the sandpack began to rise rapidly. Injection was discontinued in order to
check and clean the pressure ports in this section. Upon resumption of injectio~ the pressure drop
across in the first section increased rapid]y, exceeding the pressure limit of the transducer and
injection was stopped after an additional 0.1 lPV of gelant was injected.

A disk of filter cake was found at the interface between the coarse sand and the regular sand
which reduced the permeability to essential zero. Examination of the sand beneath this disk
revealed no cohesive gel structure or rigidity. There was no evidence of in-situ gelation at any
other location in the sandpack.

The regular sand was removed to a depth of about 2 cm below the original coarse sandlsand
interface and replaced with coarse sand. Injection of gelant was resumed at the same rate.
However, a similar sharp increase in pressure was observed across this section ”within0.2 pore
volumes of gelant injection and injection was stopped. The sandpack was shutin for three weeks
in an attempt to promote in-situ gelation. Then 0.5°/0KC1brine was injected to displace mobile
gelant. We observed no increase of flow resistance above what would have been obtained from
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the polymer solution alone. Reduction of permeability caused by in-situ gelation or filtration of gel
aggregates did not occur at any location other than at the interface between the coarse sand and
the regular sand.

Rapid buildup of flow resistance is believed to be the result of filtration of gel aggregates at the
intexface between the coarse and regular sands. This behavior is analogous to front end loading
which was obs”ervedin other polyacrylamide-ah.uninum citrate systems and documented in earlier
studies by Parmeswar and W~11hite,8and Rocha et al.g In this gelant system, extremely high flow
resistance develops at the inlet section with little resistance in downstream sections. Results are
consistent with experiments of SerightfOwho found that the colloidal dkpersion gel could not be
continuously propagated through a 707 md Berea core.

The interpretation of pressure and flow resistance data is supported by polymer and aluminum
concentrations in the effluent fractions. Data from Run SP7 are presented in F@ure 4.5.
Aluminum concentrations in the effluent averaged 5 ppm between arrival of aluminum in the
effluent and 1.5 pore volumes injected. By 2.1 PV, the aluminum concentration was still about 2/3
of the injected concentration. Aluminum was continuously retained throughout the displacement
experiment. In contrast, the amount of polymer retained appeared to be relatively small. Physical
appearance of the effluent fractions was unlike those seen with the gels in beaker tests. The
effluent fractions were thinner and less viscous. Effluent samples did not develop a gel structure.

Run SP6. Run SP6 was designed to simulate the residence time that a gelant solution would
have in flowing through injection tubing from the point of mixing to the formation sandface. ..
Details of this run are described in reference 3. A H inch tubing loop was inserted between the in-
line mixer and the sandpack inlet to delay entry of gel solution by two hours.

Gelant was injected continuously at a supefilcial velocity of 1.81 tid. After 10 hours of injection,
the pressure drop across the inlet section began to increase continuously. At 40 hours of
injection(l.5 PV), pressure port 1 at the inlet end appeared to be plugged and injection was
stopped temporarily to clean the port. Injection continued until about 3.2 pore volumes of gelant
injected when the apparent viscosity at the iniet sections had increased to 2000 cP, indicating
buildup of a region of high flow resistance at the inlet of the sandpack. During this time, apparent
viscosities in downstream sections decreased continuously, indicating stripping of the polymer
from the gelant solution in the inlet sections.

When the inlet end was opened at 3.2 PV, a filter cake disc was found similar to those described
earlier. This disc consisted of the inlet face screen, 50 mesh coarse sand and gelatinous material.
The disc was 0.5 cm thick and was easily separated from the remainer of the sandbody. A similar
gelatinous material filled the space between the sandpack and the sandpack holder depicted in
Figure 4.6 to a depth of 2 to 3 cm. The inlet end was cleaned to enable resumption of gel
injection. The sand underneath the filter cake disk was clean and loose with no evidence of gel
structure.
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gelatinous matter

sandpack
- holder

Figure 4.6: Diagram of gelatinous matter that developed at inlet of SP6.

Gel displacement in Run SP6 was resumed at the same injection rate but pressure ports in the .

eig,htsections became plugged and did not sense pressure. Injection was stopped several times to
clean the pressure ports with hypodermic needles and reestablish hydraulic connection to the
transducers. Screens placed in the pressure ports to hold sand in place also became plugged. By
the time 5.5 pore volumes of gelant had been injected, nearly all of the pressure ports had become
plugged. We also observed that a gelatinous structure developed on the upper side of the
sandpack holder, filling a small gap that had developed between the sand and the sandpack holder
due to gravity settling of the sand while the apparatus was positioned horizontally. Unfortunately,
the pressure ports were on the top of the coreholder which contributed to the plugging that we
observed.

The inlet end was opened and a filter cake was found as described previously. The inlet section
was cleaned and replaced with clean sand. Pressure ports were opened and cleaned thoroughly.
During cleaning, we observed that gelatinous matter had formed a strand-like structure under
each port. The shape and position of the strands indicated that they formed aIong needle holes in
the sand body which were made during gel displacement runs to establish communication through
the pressure ports.

The sandpack was shut in for two weeks and then the mobile gelant solution was displaced with
0.5wt% KC1brine. Permeability reduction was comparable to values observed when polymer was
injected into a sandpack at the same rate. Thus, there was no gelation withh the sandpack.
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At the end of this experiment, the sand was carefilly displaced out of the sandpackto examine the
thin layer of gel-like material that had formed in the small gap between the top of the sand and the
the sandpack holder. A schematic diagram of this material is shown in Figure 4.7. Physical
examination of this material showed that it consisted of sand grains and gelled polymer and was
elastic. The structure is beIieved to be made of gel aggregates that filtered out of the solution in
the gap between the sand and the sandholder.

Effluent samples collected during injection of gehmt were analyzed for both aluminum and
polymer. Polymer and aluminum concentrations are shown in Figure 4.8. Eighty percent of the
injected aluminum was retained in the sandpack. Polymer retention was not significant until about
1.25 PV when the polymer concentration in the effluent leveled off and declined to an average
value of about 60 ppm by 2.5 PV of injection and remained there for the duration of the injection
period. The loss of polymer and aluminum in the effluent after 2.5 PV of injection is 240 ppm and
12 ppm respectively. This is the same ratio at which the gelant was prepared and injected, i.e.
20:1 polymer to aluminum. We interpret these results to indicate that gel aggregates formed in the
delay loop and were filtered out at the inlet face, in the gel-like material found in the space
between the top of the sand and the sandpack holder and in holes created when cle&ing the
pressure ports. The effluent fractions did not develop a gel like structure.

Run SP8. An important obsemation with the previous gel displacement experimentswas that the
effluent solution was less viscous than the injected solution. The effluent in the polymer solution
displacement experiment was also less viscous than the injected HPAM solution. Analysisof efHuent

5 mm thick

i 2 mm thick

4 inches

+—————— 28 inches ——————+

Figure 4.7: Diagram of gelatinous structure that developed along gap between sand
and holder in SP6. 4-13
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solutions collected after one pore volume was injected had revealed that they contained about 300 ppm
polyacrylamide, close to the concentration of the injected solution. The analyticaltechnique for
polymer concentration is not sensitive to the molecular weight of the polymer. This di&erencein
solution viscosity could be explained by either or both of the following reasons:

., HMs 350 is a partially hydrolyzed polyacrykunide,with a viscosity averaged molecular weight of
around twenty-seven million.The polymer would mostly consist of long-backbone chains to attain
this high molecular weight, and be extremely &@le when exposed to shear environment. The
passage of these polyacqhrnide molecules through the porous media exposes the polymer to a
shear environment and may cause shear degradation and hence shorter-backbone molecules. This
could explainthe presence of polymer at injected concentrations in the effluentbut with a lower
viscosity.

. . The high viscosity averaged molecular weight could be due to the presence of a small
concentration of large polyacrylamide chains.When the polyacryltide solution flows through the
porous medi~ these huge molecules could be retained and the filtered solution wouId have a lower
average molecukr weight and hence viscosity.

We investigated changes in the properties of the polymer solution caused by flow through porous
media by injectinguncrosslinked polymer solution under conditions identical to the previous
experiments and monitoring the effluent viscosity and polymer concentration. The pore volume of the
sandpack was determined by a dispersion test and was found to be 483 ml which gives a porosily of
32.8’Yo.Permeability to brine for the individual sections and total sandpack was determined and the
data is presented in Table 4.1.

Three-hundred ppm HiVk 350 HPAM solution was prepared in deionized water for injection into the
sandpack SP8. Vkcosity of the polymer solution was determined using Bohlin Rheometer before and
after displacement for comparison with the viscosities of the effluentfractions. The displacement rate
was maintained at 10 mL/hr which gives a fi-ontalvelocity of 2 Malay.Injection was continued till about
five pore volumes of the polymer solution had been injected through the sandpack.

Apparent viscosities for the sections A through H and the total sandpack SP8 during polymer
displacement are presented in Figures 4.9. Effluent analysisare presented in Figure 4.10. The sandpack
was shut in for three weeks. The~ 5000 ppm potassium chloride brine was injected to displace the
polymer solution. After the polymer solution was displaced,pressure dtierentials were then measured
at three diflerent flow rates. Residual resistance factors were determined and are presented in Table 4.1
with the permeability to brine measured at the beginning of the displacement experiment.The
resistance factors are similarto those obtained with the previous experiments.

Table 4.1: Permeabtity to brine and the residual resistance factors for sections A through H and total
sandpack length - SP8.

Section Total A B cDEFGH
Permeability, md 3400 3030 3500 3400 4100 3400 3350 3330 2270

RRF-- 1.8 1.3 1.8 1.9 2.1 1.8 1.7 1-7 1.1
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The results of Run SP8 are summarized as follows.
1. The results are comparable to the previous experiments in which polymer was injected.
2. There is a loss in solution viscosity due to flow of HiVk 350 through sandpacks even when the

effluent concentration is equal to the injection concentration. This is consistent with the hypotheses
that either the long-backbone chains of the polyacrykunideare breaking down or some large
polyacqkunide molecules are retained, resulting in loss of viscosity. A combination of the two
could also be a possibility.

Run SP9. The displacement experiment in sandpack SP9 was designed to explore the effect of
intefiaces in the flow path of the gel solution. In previous experiments we observed that the gel
solution forms a filter cake across that inteflace and plugs fi,u-therflow if an intefiace of coarse
sandkegdar sand is present at the inlet end. In this experiment it was decided to examine the effect of
flowing gel solution through the sandpack with interfaces some distance from the inlet end.

The sandpack (FQure 4. 11) was designed to have two interfaces in the middle of the sand pack where
there were abrupt changes in permeability.This section was obtained by using two dtierent sand grain
sizes. Acid-washed Wedron silica sand was separated using sieves into:

. a regular sand between 70 and 240 mesh sieve sizes, and
● a coarse sand between 50 and 70 mesh sieve sizes.

It was decided to mount the sandpack vertically and inject into the top end so that it would not be
necessary to use a screen or coarse sand at the inlet of the sandpack to retain the sand. Packing was -
achieved in three stages. After placing a coarse screen (40 mesh) and a layer of coarse sand (< 50 mesh
sieve size) was placed at the bottom of the sandpack. Reamlar sand was packed into the sandpack to
the second intetiace point shown in Figure 4.11 at Section F. After achieving reasonable compacting of
the regular sand, the coarse sand was packed into the sandpack to the first intetiace point. This layer
was compacted and then the rest of the sandpack was packed with the reagdar sand. Compacting
during the dii3erentpacking stages was achieved by injectingbrine into the sandpack and applying a
back pressure at the outlet of the sandpack. The sandpack was tapped fi-omoutside to aid in the
settling process. Average permeabilityfor the sandpack SP9 and its sections are presented in Table 4.2.

Table 4.2: Permeability to brine for the sections A through H and total sandpack length - SP9.

Section Total A B c D E F G H
Perrneabfity, md 4510 2900 3720 3610 5740 15900 7810 3590 3800

A sharp permeabtity contrast (nearly 4:1) was obtained across the interfaces I and II. The pore volume
was determined through a dkpersion test and found to be 501.98 fi. The dispersion coefficient of
5.96*10-3ft2/hrwas comparable to the coefficientsobtained for the sandpacks in previous experiments.
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The displacement setup used for this experiment was identical to the previous experiments where gel
solution was mixed in-lineand injected immediately into the sandpack. Viscosities for the the polymer
solutio~ in-line mixed gel and the reference bulk gel solutions are presented in Figure 4.12. The
injection rate was maintained at 10 rnL/hr, equivalent to a frontal veloci~ of 2 &day. Effluent solutions
were collected continuously in sample bottles, and were monitored for flow rate, viscosity, polymer
and aluminum concentrations. The injection pressure increased rapidly to about 100 psi after 121 hours
of injection time (2.45 pore volumes injected). This pressure increase was unexpected and since it
occurTedat midnight when the experiment was unattended, the sandpack was subjected to a high
pressure(about 100 psi) for about 8 hours before pumping was discontinued and pressures released.
High pressures developed across the overall sandpack and across the Section fi the effluent end
section.

The apparent viscmities for the total sandpack and sections A through H are presented in Figure 4.13.
The profiles are identical to those obtained with the earlier gel solution displacementexperiments. The
gel solution propagated though the s~dpack like a polymer solution. The apparent viscosities ranged

from 8-12 CP and are consistent with the earlier experimental results. An average injection rate of 9.73
mL/hr was achieved at a superficial velocity of 1.95 ft/day which was reasonably close to the planned
rate of 2 tiday.

The apparent viscosity for the inIet section increased with time as observed in earlier experiments. No
resistance developed across interfaces I and II duxingthe displacement process. This, coupled with the
development of resistance at the inIet face, indicates that retention of polyacrykunideand aluminum at
the inlet face could be a significant factor in the development of filter cake across the intetiace in the
previous gel solution displacement experiments.

When the sandpack was opened, a gel blob was found across the effluent screen (both upstream and
downstream) at the eflluent port. This behavior was identical to that observed in previous experiments,
where the gel solution would flow through the remainder of the sandpack like a polymer solution but
would form a titer cake(gel blob) and develop resistance across effluent end screen. Most of the
pressure pofis were plugged by gel. A gel blob was found across the screen installed in the fitting to
prevent sand from entering the pressure tap. It is hypothesized that the gel solution tried to extrude
through these pressure ports and developed gel blobs when the sandpack was left subjected to high
pressures for a period of 8 hours. The inlet and outlet ends were cleaned to remove gel material as well
as the pressure ports in preparation for resumption of injection of gel solution.

Injection was resumed but pressure differentialsacross the overall sandpack and Section F, where
interface II was located started increasing sharply. The apparent viscosities are presented as a finction
of volume injected in Figure 4.14. The low volume of fluid injected (2.6 ml) indicates the the pressures
increased ahnost i.mnmdatedly after resumption of injection. The displacement was discontinued.
Pressure ports and pressure transducers were examined and were found to be fimctioningproperly.
However, when injection was resumed a similartrend was observed (Figure 4. 15). The sandpack was
disconnected from the experimental setup and the sand was displaced from the sandpack to examine
the intefiace II in section F. A filter cake of gelatinous matter similar to those observed in the earlier
experiments had developed across interface II.
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The effluent solutions collected during the gel solution displacement were analyzed for aluminum and
polymer ccmcentrations. Vkcosities of effluent samples were determined at a shear rate of IO see-*.The
results presented in Fi=~re 4.16 are consistent with those obtained in earlier gel solution displacement
experiments. The reference viscosity of the 300 ppm HI?AM solutioq the in-line gel solution and the
bulk gel solution before the experiment began were close to each other and around 7.5-8 CP at a shear
rate of 10 see-l. In contrast, the viscosities of the effluent solutions were in the range of 3-4 CP at a
shear rate of 10 SW-l.

Polymer concentration in the effluent solution was close to the injected concentration of 300 ppm
immediately a.fler 1 pore volume of injection and remained at the injected concentration for the
remainer of the experiment. Aluminum concentration remained well below the ixjection concentration
and was retained in larger amounts than the polymer. After 2.5 pore volumes were injecte~ the
ahminum concentration was around 12 ppw which was still lower thti the injected aluminum
concentration of 15 ppm. Measured viscosity of the reference polymer solution at the end of the
experiment was 8 CPand the reference inlhie gel solution had a viscosi& of 16 CPat a shear rate of 10
see-l.

.

Results flom this displacement experiment can be summarized as follows.

1.

2.

3.

The following observations from earlier experiments were confirmed.
s The gel solution propagated through the sandpack in a manner similar to an uncrosslinked

polymer solution displacement.

● Flow resistance developed marginally across the inlet face, and is believed to be due to
retention of bigger polymer molecdes by filtration and adsorption of aluminum by silica and
retained polymer.

● Although polymer concentration in the effluent fractions approached the levels of the
injected solution immediately tier one pore-volume was injected, the physical appearance
and measured viscosity of the effluent fractions was that of a thinner solution than the
injected gel solution.

The placement of interfaces did afEectthe gel displacement process. Intetiace II developed flow
resistance when the sandpack was pressured up.

The screen at the effluent end caused the termination of the displacement experiment due to
formation of a gel blob which restricted flow. This is consistent with the observation in all the
previous gel displacement experiments.

Run SP1l. RunSP11 was designed to determine if the development of filter cake at the intetiace
between high and low permeabilitysections when the sandpack was subjected to high pressures was
due I) the pressure forcing the gel solution to extrude through the interface resulting in the formation
of filter cake similar to those in the screens, or 2) formation of a gel during shutin.
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SandpackSP11 was prepared using the same procedure as for SP9. The permeability of the
different sections and the total sandpack is presented in Table 4.3. A dispersion test was
peflormed to determine the pore volume and the dispersion coefficient.

Table 4.3: PermeaWy to brine for the sections A through Hand total length -SP11.

Setion
.

Total A B c D E F G H
Permeability, md 4840 3800 4000 4250 9200 13600 5160 3800 4450

It was planned to inject about two pore volumes of the gelant into the sandpack to ensure complete
saturation of the pore space with the gel solution at injected concentration. The sandpack would be
shut-in for about 8-12 hours, Injection of gel solution was to be resumed and the pressure drop across
the intetiace sections observed to determine if a filter cake developed during the shut-ii period. If there
was no increase in pressure drop, the sandpack would be pressurized to 100 psi over a period of about
8 hours by closing the eilluent port while continuing to inject gel solution through the sandpack

The experiment could not be carried out as planned. After about 1.3 pore volumes of gelant was
injected, the experiment was stopped due to pressure buildup across the inlet section. Apparent
viscosity profiles for the sections A through H and the total sandpack are presented in Figure 4.17.
Upon examination of the sandpac~ it was observed that gel aggregates had collected out in the narrow
gap at the inlet end between the sandpack endplate and sandface where they formed a filter cake. The
filter cake was removed and the sandpack was left shut-ii for 12 hours. Injection of gel solution
resumed at the same rate for about 2 hours. No unusual pressure behavior was obsemed at either of the
interface sections. Apparent viscosity profiles for the sections A-H and the total sandpack during
injection are presented in Fi=~re4.18. Consequently, we concluded that in situ gelation did not occur
during the shut-in period.

The sandpack was then subjected to a high pressure by closing the effluentport and injecting gel
solution. After the pressure had increased to about 100 psi, the sandpack was Iefi shut-in. After 10
hours of shut-iq the pressure in the sandpack was released gradually. Sandpack ends and pressure
ports were cleaned thoroughly. The% 5000 ppm potassium cldoride brine was injected at a rate of 10
rnlh. The apparent viscosity profiles during this time are presented in Figure 4.19. Pressure drop across
the interface in section F started rising almost immediately and continued to increase rapidly. The
sandpack was disconnected and the sandpack was displaced from the holder to examine the interface.
A filter cake formed across the interface II in section F. We conclude from this experiment that
pressurizing the sandpack caused the formation of the filter cake at intetiace II.

Run 33CI- Berea core. A possible hypothesis for the “interface phenomena” observed in sandpacks
is that gel aggregates buildup resistance whenever they encounter a change in shear rate in their flow
path. If so, this gel could prove usetil in treating fractures in porous media. The intetiace between a
fi-actureand the matrix is an abrupt change in shear.
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A simulated fracture was created in a Berea sandstone core by cutting a slot hahlvay along its len=ti.
The Berea sandstone core was 5.08 cm. x 5.08 cm. cross-section and 30.48 cm. Length. The core was
encapsulated with an epoxy coating and prepared for the gel displacement experiment by instdi.ng
pressure ports at locations indicated in Figure 4.20. Sections ~ B, C, and D are the four sections in
this core and are delimitedby the pressure ports along the len=d of the core. Three sections were also
delimitedalong the fracture slot, sections E, F, and G, respectively. F@-mesh acid washed sand was
placed in the slot. The core was saturated with 5000 ppm potassium chloride brine.

Pressure dtierentiak were measured at three flow rates across all the sections in order to determine
permeabilityof the d~erent sections of the slotted Berea core BC1. Table 4.4 lists permeabii~ for
sections A through D.

Table 4.4: I?ermeabtity to brine and the residual resistance factors for sections A through D and the
total core length - Berea sandstone core BC1.

Section Total A B c D

Permeability,md 826 8580 1920 518

No attempt was made to use the pressure data for the fi-acturesections to calculate permeabfily for
these sections as there was no way to realktically allocate the portion of the overall flow that was
moving through the fracture slot. The fracture permeabilitywas estimated using Equation 4.2.
Permeabilityof the matrix portions of sections A and B was taken to be equal to the average
permeabilityof sections C and D.

where,

k,h, - kn,hm
kf= ~

f

(eq. 4.2)

kf = fracture permeabtity, hf = fracture heigh~
k. = matrix permeability, h. = matrix height, and
lq = section perfneabfity, h = section height

The value of kk calculated based on the above method for BC1 was found to be 183, which is well
within the expected range in reservoirs.

A test was conducted to determine the response of tracer concentration as a fhnction of injected pore
volume. The tracer test was conducted by injecting 50,000 ppm potassium chloride brine through the
core to displace resident 5,oOOppm potassium chloride brine. Effluent concentration was monitored
using a manuallyoperated refractive index meter. Refractive index values were converted to tracer
concentration (C/C.) and plotted as a fi.mctionof pore volumes injected. Results of the tracer test are
shown in Figure 4.21 and discussed later along with the results of a similardispersion test conducted
after gel injection.
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The core was mounted vertically,fi-acturetopside, to avoid settlingof sand. A delay loop was
introduced at the inlet of the core to delay the entry of the gekmtinto the core by a period of two hours
after being mixed in-line. Injection of 300 ppm HiVis 350@and 15 ppm aluminum(as citrate, TIORCO
67P ) gel began at a frontal velocity of 2 R/day and a displacement rate of 16 cc/hr. Pressure
di.&erentials across all the sections were monitored and recorded during gel injection. Effluent samples
were collected for monitoring rate, pfi HPAM and aluminum concentrations.

Fi=me 4.22 shows the apparent viscosity profiles for the sections and overall length of the core during
gel dkplacement. Initially, section C shows the highest apparent viscosiiy.A sharp increase of
resistance in section A began after about 3 PV of gelant were injected. Gel dkplacement was
discontinued when the pressure drop in section A increased to 30 psi. Apparent viscosity data for
fracture sections and corresponding matrix sections are finished inFigure 4.23. Most of the pressure
increase in sections A and B was the result of resistance built up inside the slot. However, as fracture
section E had its pressure tap outside the core, there was possibilityof face plugging across the inlet
port, subsequently confirmed to be true. Inspection of the inlet port revealed a gel blob plugging it.

Effluent samples were analyzed for polymer and aluminum content and the resuks are presented in
Figure 4.24. Polymer concentration gradurdiy increased to the influent concentration of 300 ppm afler
about 5 pore volumes were injected, but decreased in the subsequent sample at 6 pore volumes. This
sharp pressure increase is caused by polymer retention in the inlet section of the core. Aluminum
concentration never reached then injected concentration of 15 ppm. This is consistent with other
studies that aluminum is retained strongly in Berea sandstone.g

After the core was left sitting for two weeks, mobile polymer was displacedwith 5000 ppm potassium.
chloride brine. Residual resistance factors were determined by measuring pressure dflerentials at three
dtierent flow rates. The residual resistance factors are presented in Table 4.5.

Table 4.5: Residual resistance factors for the sections and total core length after gel treatment -
slotted Berea sandstone core BC1.

Section Total A B c D E F G

7.53 4.16 13. 8.7 4.7 5.0 2.40 13.7

Although it was not possible to calculate fracture permeability based on the pressure data directly, a
method similar to the one used for pre-gelation permeability determination was employed and kff &
for the first two sections was determined. The matrix permeability for these two sections was assumed
to be equal to the reduced matrix permeability of Section D. The value of kf / kmfor section was
calculated as 169, which is close to the initial value of 183. However, for the section B it was
calculated as 3.5, which is a significant reduction in fracture conductivity. The residual resistance factor
for the SectioneB was also found to be higher than the other sections. A similar increase in residual
resistance factor occurred in fracture section G. This suggests that the gel “intetiace phenomena” might
have contributed to this result.
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A test was conducted using 50,000 ppm potassium chloride brine as the tracer to displace the 5000
ppm potassium chloride left in the core after gel displacement. The ratio of effluentto injected tracer
concentration during this test is shown as a fimction of pore volumes injected in Figure 4.25 with the
pre-gel injectiontracer curve. Comparison of the two curves reveals certain distinctivefeatures of the
tracer proiiles. The tracer front breaks through at about 0.5 pore volumes because part of the tracer
moves through the slot and flows through half of the core. A portion of the incoming flow moves
through the matrix part at the inlet face and forms a secondruy front which appears tier some time in
the effluent stream. Although both the pre- and post- gel injection tracer profiles follow this trend, there
are dflerences. In the post-gel tracer curve, the initialbreakthrough is later and the secondzuyfront
arrives earlier. This indicates that the velocity of the tracer flowing through the matrix portions of
sections A and B is higher in the post-gel injection dispersion thus delayingthe initialbreakthrough of
the tracer front and causing early arrival of the secondruy front. The tracer tests suggest development
of flow resistance in the fracture slot.

The core was split to physicallyexamine the slot. Although the sand inside the slot did not have any gel
structure, it showed some stickiness and elasticitydue to the presence of gel aggregates. The slot-
matrix interface was coated with a film of gel that was thicker at the tip of the slot.

Significantresults horn this experiment were:
. The gel solution flowed through the core with relative ease and the development of flow resistance

was not high indicating in situ gelation had not occurred.
. There was development of resistance across the tip of the fracture slot as evidenced by a

combination of apparent viscosity, residual resistance factors, and dispersion test data.
. The buildup of gel aggregates at the inlet port remains a problem in laboratory experiments. -
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Conclusions
The conclusions in this report are based on solutions of HiVis@polymer and aluminum citrate
gelant systems in 0.5 wt% KC1brine displaced through unconsolidated sandpacks and one Berea
core at 25°C.

1.

2.

3.

4.

5.

6.

7.

Small concentrations of chlorine (<1/4 ppm) degrade the pol~mer solutions and gels prepared
at polymer concentrations of300 ppm. Chlorine must be eliminated from the solutions before
reproducible and stable viscornetry and TGU measurements can be made.
The viscosity was correlated as a ftmction of shear rate and polymer concentration for a
polymer solution. The viscosity of polymer solutions decreased with time over a period of
three weeks.
Solutions containing 300 ppm of polymer lose over half of their solution viscosity when
displaced through 4 foot sandpacks which have an average permeability of 3-4 darcies.
Growth of gel aggregates was not observed for gelant samples which reacted for 4, 8, and 12
hours.
The gel solution flows through the porous media in a similar manner to polymer solution.
Although the polymer concentration of effluent samples was equal to the injected solution, the
viscosity was significantly lower as observed for polymer solutions flowing through
sandpacks.
Gel retention occurs at the inlet of sandpacks and is enhanced when there is a screen retaining
the sand. Retention is faster when the gelant is given some time to react before it is injected.
Aggregates ~e ret~ned at the intefiace between regions of high permeability ~d in void

spaces under certain conditions.
In-depth permeabili~ reduction was not observed. Resistance developed at the porous media.
inlet &ly~ When propagated through porous medi~ the colloidal dispersion gel loses all gel-
like properties. The effluent solutions obtained during both the polymer and gel displacement
experiments were found to have low viscosities and never formed a gel structure.

8. Aluminum was retained in significant amounts in the sandpacks and Berea sandstone.
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Chapter 5

Gelation and Permeability Reduction
of Resorcinol-Formaldehyde Gel Systems

Principal Investigators: C.S. McCOOI,D.W. Green and G.P. W1llhite
ResearchAssistants: YmgfengZuang, S.N. Pandey

Two phenoIic-aIdehyde systems were studied. One was composed of resorcinol and formaldehyde
(designated the RF system) and the other composed of sulilomethylated-resorcinol and formaldehyde
(designated the SMRF system). Bottle testing to characterize the RF system revealed the gelation was
sensitive to pa salinity and hardness. The performance of the SMRF system was determined to be superior
to that of the RF system by bottle tests. Gelation of the SMRF was studied in several types of core
material. This chapter summarizes the study. Experimental procedures and detailed results are presented in
references 1 and 2.

Result and Discussion
Bottle tests of the resorcinol-formaldehyde (RF) system. Bottle tests were conductedto determinethe
effectof resorcinolconcentration,mole ratio of formaldehydeto resorcinol,initialpm salinityand hardness
onthe gel time for the RF system.The gel time was not significantlyai%ectedby the mole ratio of
formaldehydeto resorcinol(F/R) abovethe ratio of 1.5. Gel times increasedsignificantlyas the F/R mole
ratio was decreasedbelowthe 1.5value. At these lowervalues of the mole ratio, the data suggestthat
formaldehydewas the deficientreactant an~ thus, controlledthe rate of gelation.The data are consistent
withthe statisticalpolymerizationtheory for condensationreactionswhich states that the raction rate would
not decreaseat F/R mole ratios above 1.33. Steric effects make reaction sites less accessible as molecular
size increases which results in a stoichiometric mole ratio to be a value somewhat larger than 1.33. -

,.,I
Gelationbehaviorof the RF systemwas sensitiveto the initialpH of the systemand to the procedurefor
adjustingthe initialpH. The rate of adding0.1 N NaOH to the sample tiected the amountof base
required.This, in turn: affectedthe pH duringgelatio~ the gelationtime and sometimesthe gel quali~,
especiallyat highermonomerconcentrationsand higher initial pH.

Gel times and precipitation times for a series of gel solutions that were adjusted initially to selected pH
values are shown in Figure 5.1. Gels formed for initial pH values of 8.0 and above. Samples prepared at
initiaI pH values of 7.35 and below did not form homogeneousgels but formed precipitate or gelatinous
precipitate. Stronger gels were formed at longer gel times as the initial pH was increased in the range from
8to 10.

The effectof the concentration of salt and salt type on gel times for a series of gel samples are shown in
Figures 5.2. These data show that the gelation behavior was sensitive to small changes in salinity at salt
concentrations below 1.0% salt. Salt significantly increased the gelation rate and decreased the gel time.
The divalent cation Ca2+had an stronger influence than the monovalent ions.
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Gel times for the RF system were less than ten hours at component concentrations that were considered
applicable for use in permeability reduction treatments. Lon~er gel times would be required for indepth
application. Long gel times for the RF system were onIy observed at low salt concentrations where the gel
time was ve~ sensitive to salt concentration. At theses conditions, field application would be difficult.

BottIe tests of the suIfomethylated resorcinoI-formaldehyde (SMRF) system. Screening experiments
were conducted to determine the effects of various parameters on the gelation and gel times of the SMRF
system. SMRF systems were prepared in two steps. The first step was the sulfomethylation of the
resorcinol. The stiomethylated resorcinol was tien used to prepare the gel mixture. Composition of SMRF
samples are described by the weight percent of resorcinol and the mole ratios, Fz:Fl:S:~ where Fl, S and R
are formaldehyde, sodium sulfite and resorcinol used in the preparatory suIfomethylation step, and FZis the
formaldehyde used to prepare the gelant mixare. All values are based on the final gelant mixture.

The viscosi~ as a fi,mctionof time for the samples prepared at initial pH of 8.0 are shown in Figure 5.3.
Initial viscosity was 0.72 cp, comparable to water viscosity of 0.71 cp. The viscosity remained low for
extended period of time and then increased rapidly. Visible gels formed at the time the viscosi~ was about
300 to 400 cp, while firm gels that did not HI upon inversion of the sample bottIe formed at much higher
viscosities (above 1000 cp).

The effects of initial pH and NaCl concentration on the gelation of the SMRF system using 3.0% resorcinol
are shown in Figure 5.4. The data show increased salt concentration accelerated the gelation process. The
initial pH also affected the gel times. SMIU?gels were formed at initial pH values that ranged from 5,0 to
10, in contrast to the RF system where gels were not formed at initiai pH values between 5.0 and 7.0.

A comparison of gel times for similar RF and SMRF systems is shown in Figure 5.5 as a fimction of NaC1
concentration. These data show that sulfomethy~ation of the resorcinol increased the gel time. For
example, under the condition of 41°C, 0.50/0NaCl and an initial pH of 9.5, the gel time of RF gel solution
(3%~ F:R=l.5) was about 3 days; while the gel time of SMRF gel solution (3%~ SMRF
F2:F1:S:R=I.3:0 .75:0.5:1) was more than ixvomonths.

Gel times are given in Table 5.1 for a selected SMRY system at initial pH values of 6,7 and 8 and at
several brine compositions. Inspection of these data show that gel times for the SMRF system were on the
order of days and that the gel times were not as sensitive to pH and salt concentrations as for the RF
system. SMRF gel systems that were prepared at pH values less than 6 or more than 9 gelled at longer
times and the gel times were more sensitive to small changes in pH.

Gel times for samples at selected initial pH and temperatures are given in Table 5.2. At initial pH values of
7.0 and below, the gel time decreased with increased temperature and the gels were firm. Samples prepared
at a pH of 8.0 and at 2.5°/0resorcinol formed weaker gels. Increasing the resorcinol concentration to 2.75 ‘/o
(initial pH of 8.0), decreased the gel time and produced firm gels. No gel was formed at initial pH values of
9-0.
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Table 5.1: GelationBehaviorof SulfomethylatedResorcinol-FormaldehydeSystemat 41 “C;Gelants
contained 2.5!%resorcinol, mole ratios of Fz : F] : S : R = 1.4:0.75:0.5:1.

NaCl
Cone.

(%)

E
5.0

5.0

5.0

5.0

4.0

II 4.0

II 4.0

II 3-0

InitialpH
CaCIZ.2HZ0

Cone.

6.0 7.0 8.0

(%) Gel Time (hours)

0.0 50-60 50-60 110-120

0.036 50-60 36-46 44-54

0.36 36-46 22-30 22-30

1.8 13-23 9-13 6-8

0.036 -288 -175 -202

0.36 -77 59-69 -120

1.8 18-22 10-13 6-10

0.36 312-323 275-285

1.8 34-44 10-20 10-20

Table 5.2: GelTimes and Final pH of SulfomethylatedResorcinol-Forma.ldehydeGelsat 25,41, and 52”C;
Gelants containedmole ratios of Fz:FlS:R = 1.4:0.75:0.5:1,5.0% NaCl, 0.035% CaClz-2HZ0.

25°C 41°C 52°C

Mid Gel Time Final Gel Time FirIal Gel Time Final
pH (hours) pH (hours) pH (hours) pH

5.0 66 43

6.0 28 5.42 25 5.21 12 5.16

7.0 30-42 5.70-5.89 26-43 5.45-5.64 17 5.46

8.0 64-72 6.48-7.19 120-200 6.30-6.69 216 6.12

8.0* 41 7.25 67 6.45

9.0 No gel No gel No gel No gel No gel No gel

* resorcinol concentration was 2.75°/0in samples.
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In situ gelation in core plugs. Eight in situ gelationexperimentswereconductedin selectedcore plugs
usingthree gel compositions.The diameterof the core plugs rangedform2.5 to 3.8 cm and the lengths
rangedform 5.6 to 10.2 cm. Compositionof the gelants are givenin Table 5.3. Three pore volumesof
ffeshly-preparedgelant were injectedinto the core plugs overtime periodsbetweenone-halfand one hour.
Pressure drops across the core plugs duringgekmt injectionshowedthe flowresistancewas slightlyhigher
than the value that wouldbe observedfor brine flow demonstratingthe high injeetivilyof the gelant.

pH values of the effluenthorn the plugs were measuredat severaltimes duringthe sequenceof flow
experimentsand are presentedin Table 5.3. The pH of the brine (initiallybetween7 and 8) was elevatedto
values of 8.9 and aboveby the flowthrough the plugs prior to gelant injection.The pH of the gelant
displacedthrou~ the plugs at the end of gelant injectionwas approximatelythe sameas the injectedvalue
indicatingthe capacity of the gelant to resist the pH-alteringcapabili~ of the rock. pH values during post-
gelationbrine injectionwere lowerthan whenbrine was injectedprior to gelant injectionas shownin Table
5.2. The preseneeof gel in somemannerpreventedthe pH of the injectedbrineto be elevatedto the high
pH values that were observedbeforegelant injection.

Samplesof the injectedgelant and the effluentgelledduringthe shut-intime for the plugs (exceptfor DOL-
3). Brinewas then injectedto determinepost-treatmentpermeabilities.The reductionin permeability
producedby the gel treatmentsare presentedin Table 5.3. Residualresistancefhctors are a ratioof the
initialpermeabilityto the post-treatmentpermeability.The treatmentsredueedthe permeabilitiesof the core .
plugs by factorsgreater than 9,000 (exeeptfor DOL-3). The three limestoneplugswere completelysealed
by the gel and no brine couldbe displaced.For the otherplugs, the post-treatmentpermeabilitieswere
determinedonlyafter the pressure drops stabilized.Duringbrine injectio~ the pressure drops decreased
with time (at a given flow rate) demonstratingthat the permeabilitieswereevenlowerinitially.

The gel systemused for plug DOL-3 did not geI as predicted by the screening expedients. This resulted in
no reduction in permeability of the plug by the treatment. It was determined in the screening experiments
that the SMRF gel system prepared at an initial pH of 8.0 and resorcinol concentration of 2.5%, a weak gel
was formedat times of 120 to 200 hours. The particular sample prepared for the DOL-3 plug formed a
weak gel only after many weeks. Brine was injected after 25 days of shut-in and before gelation occurred. It
is not known if this weak gel would reduce the permeabili~ of core plugs if left shut-in for a longer period
of time. At an initial pH of 8.0 and a resorcinol concentration of 2.75’%0,much stronger gels are formed and
the permeabilities of core plugs are effectively reduced as shown in TabIe 5.3 for plugs DOL-1, DOL-4
and LST-3. (The gekmt for DOL- 1 was prepared at a resorcinol concentration of 2.5°/0,but evaporation
losses during preparation resulted in a resorcinol concentration of approximately 2.75%.)
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Table 5.3: I)etails and Resultsof GelTreatmentsUsingthe SulfomethylatedResorcinol-FornlaldehydeSystem,

Gelant pHof Effluent Shul-in InitialPermeability(red) Posl-TreatnvmtPermeability Residual
COre Compmition* Time Resistance
No> Factor

InitialpH Pre-Treatnlen[ Gelanl PoskTremlent (days) Total Section Section Total Seclion Section
ResorcinolCone. BrineInjection Injection BrineInjection 1 2 1 2

DOL-1 pH 8.0
2.5%resorcinol 9.12 7,80 7.36 10 163 158 170 0.02 0.03 0.01 9050

(2.7596)**

DOL-2 pH7.0
2.5%resorcinol 9.43 7,0 7,87 5 161 194 139 0.02 O.oq 0.01 9450

DOL-3 pH 8.0
2.5%resorcinol 9.53 8.03 24 113 104 120

DOL-4 pH 8.0
2.75%resorcinol 9.62 8.10 7.19 11 128 110 159 0.01 0,01 0,01 14500

LST-1 pH7.0
2.5%resorcinol 8.98 7.17 5 11.5 10.4 12.4 0.0 co

LST-2 pH7.0
2.5%resorcinol 8.94 7.16 5 19,7 10.8 106 0,0 cc

LST-3 pH 8,0
2.75%resorcinol 9,09 8.04 11 35.3 49.3 33.1 0.0 W

BR-1 pH 7.0
2,5%resorcinol 8.94 6.76 7.38 5 500 514 462 0.01 0.01 0.02 34700

* Allgelants containedsodiumsulfite and fonl~aldellydeat Fz:Fl:S: Rnloleratios ofl.4 :0.75:0,5: l. See Experinlenta lsectio nfordetails.
Gelantsalso contained5.0?40NaCl and 0.036% CaCIZ-2Hz0.

** Evaporationoccurredinthisresorcinol solution.Concentrationwasesthnatedat2.75°/Oresorcinol.

.



..

“\

Conclusions
1. The sulfomethylatedresorcinol-formaldehyde(SMRF) systemhas improvedgellingcharacteristics

and widerfield applicabilityas comparedto the RF system.Bottletests demonstratethat the SMRF
systemgels over longertime periodsand overwider pH ranges (5-8)than the RF system.

2, The SMRF system was effective in reducing the permeability of limestone, dolomite and sandstone
core plugs. Permeabilities were reduced by fhctors greater than 9000.

3. The resorcinol-formaldehyde (RF) system has limited applicability for use in gelled polymer
treatments in the range of compositions that were studied in bottle tests (41 “C). At salt concentrations
less than approximately 1%, the gel time was very sensitive to salt concentration which presents
difficulties in controlling the process in the field. At salt concentrations greater than 1%, the gel times
are on the order of 10 hours or less. These relatively short geI times would only be applicable for near
well-bore treatments in shallow wells. Additionally, the RF system did not gel at pH values below
approximately 7.5.
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Chapter 6

Gel Systems for Application with
Carbon Dioxide Miscible Displacement

Principal Investigators: S. Vossoghi, G.P. Wdlhite and D.W. Green
Graduate Research Assistant: Koorosh Asghari

Introduction
Thischapter presents the progress to develop gel systems for application with carbon dioxide miscible
displacement.Four new gel systems were developed at the University of Kansas. Three systems are
based on a biopolymer termed KUSP1.1-5The fourth system is a modification of a previously reported
organic crosslinkingsystem. Details of the experimental procedures and findings are presented in DOE
annual reportssy’and ekewhere.s~

All systems studied revealed promising potential for the permeabilitymodification in a supercriticrd
C02 environment. KUSP1 solution produced in situ gelation in 33ereacores upon injection of
supercritical COZ.The perrneabii~ reduction was about 85’%of the originalpermeabili~. This level of
reduction was observed for both the effkctivepermeabili~ of COZand the effbctivepenmability of
brine. The advantage of this system over other conventional gel treatments is that it requires no cross
linker for the application in COZfloods.

It was discovered that KUSP1 dissolved in sodium hydroxide produces a delayed gel system with
orthoboric acid. The.gelation time varies depending on the concentration of the orthoboric acid,
temperature, and initmlpH of the solution. The gelation seems to be of cross-linkingtype reactio%
hence kineticallycontrolled. The physicalqualities of the boric acid gels are difEerentthan those
produced from alkalineKUSP1 solution in the presence of COZor ester as a pH-reducing agent. Boric
acid gels are stronger and more und?ormthan gels formed without boric acid.

The third system uses the hydrolysis of an ester to control the rate of neutralization of KUSP1 solution.
The ester slowlyhydrolyses and causes pH reduction to the level for the KUSP1 alkaline solution to
gel. Commerciallyavailable esters that are soluble in solution have high rates of hydrolysis and
produce gelation times in the order of minutes. An ester (mono ethyl phthalate) was synthesized in our
lab to produce slow rate of hydrolysis.The rate of hydrolysis is controlled by the concentration of the
ester and the initialpH of the solution.

The fourth gel system developed and studied in this work for application to C02 flooding is the SMRF
(suEomethylatedresorcinol formaldehyde) system. This is a modtication to the system used
cornmerciall~Ofora limited period of time and abandoned due to its extreme sensitivi~ to salinityand
solution pH. Tolerance for both pH and abroad range of salinitywas obtained by sulfiomethylating
the resorcinol.’ Gel time is controlled by the composition of the reactants (see Chapter 5). The injected
solution has a low vismsity (0.72cp at 41°C) and is easily injected into porous rocks. The gel system
has a nominal gel time of 23 hours. The focus of this work was to determine the effectiveness of this
system in reducing the mobility of CG under supercritical conditions. The SMRF system effectively
shuts off the flow of brine in Berea sandstone and is equally eflkctive in reducing the mobdity of the
COZunder supercritical conditions. The effective permeabilitywas less than 1 md for a Berea core with
an initialbrine permeability of 700 md. Effectiveness of the permeabilityreduction did not deteriorate
with the flow of supercritical C02 through the treated core.
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Experimental
The experimental program consisted of gelling each polymer system in a one-foot long Berea core
(two-inch diameter) which was mounted in a high-pressure core holder. A schematic of the
experimental equipment used in this study is shown in Fi~re 6.1. The equipment consisted of an ISCO
syringe Pump used for injecting COZ brine,and gel solutions into the core, TEMCO high-pressure
core holder equipped with pressure ports, pressure transducers and a computer-based data gathering
system and a TEMCO back-pressure regulator comected to a cylinder of high pressure nitrogen. The
effluent was collected by a fraction sample collector. The core assembly was placed in an air bath
cubicle in which the temperature of the core and the injected fluids was kept constant.

u TransferCylinder .

Figure 6.1: Schematic presentation of experimental equipment

KUSPI - C02 System
Thissystem is based on neutralization of the alkaline polymer solution by controlled injection of COZ,
Bubbliig of COZthrough the polymer solution in a test tube produces an opaque gel with bubbles of
CQ trapped in the gel body. Initial experiments were conducted in sandpacks under atmospheric
conditions to investigate the possibility of in siiu gelation by C02 injection in porous media saturated
with the KUSP 1.9 Later experiments were conducted under supercritical C02 condhions and in Berea
Cores.gThe focus of the work was to determine the permeability reduction that could be achieved
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under supercritical conditions.

Experimental Approach. The concentration of the KUSP1 polymer solution was 1 % by weight.
The polymer was dissolved in 1 N NaOH solution with a 1 YOby weight FJaCl concentration. The
polymer solution was filtered through a 5 micron nylon titer to remove impurities. The pressure and
temperature of the core were maintained at 1300 psi and 90”F, respectively. The experiments were
carried out under constant flow rate conditions. The complete solution preparation and experimental
procedure along with a description of the experimental apparatus were reported earlier.ss

Results and Discussion. Four Berea cores were used to investigate C02-induced gelation of KUSP1.
Table 6.1 presents the overall initial permeabilities of the cores as well as the permeabfities for each

individual section of each core. Permeabilities of the cores varied from 72 md to 384 md. Three C02
injection rates of 0.5, 0.1, and 0.005 mlhnin were studied with one replication(Cores 1 and 2). Brine
permeabilitiesafter COZinjection are given in Table 6.2. Permeability reductions on the order of 78%
to 93°A were observed after C02 injection into the core saturated with KUSP1 in alka.hne solution.
The highest permeability reduction occurred for the lowest COZinjection rate.

The effective permeabili~ for carbon dioxide in the presence of a trapped liquid saturation was
determined in Berea Core #3 by displacingthe initial alkalinesolution with carbon dioxide. Effective
permeabiities to COZfor the COz-NaOH system are presented in Table 6.3. Also presented in Table
6.3 are the effective perrneabilities for the ICUSPI-COZ system ailer the pressure stab~ied. Inspection
of Table 6.3 shows that in situ .gelationof KUSP1 caused a reduction of 85°/0in the overall effective
permeatdity to COZ A reduction of 85% in overrdlCOZeffectivepermeabilityis comparable to the
88% reduction in overall brine permeability reported in Table 6.2 for Berea core No. 3.

Brine was injected to determine the brine permeability after the treatment and to investigate the gel
stability under brine injection. A total of 12 pore volumes was injected into the core and the
permeability was evaluated after every 2 pore volumes injected. Results for Berea core No. 1 are
presented in Table 6.4. The gel was stable under the operating conditions studied in this experiment.

Conclusions. The injection of supercritical COZ into Ber= cores sa~rated with an ~kaline solution Of
KUSP1 causes in situ gelation and reduces the permeabfity to both brine and supercritical COZ. The
amount of permeability reduction was about 85 0/0of the originalpen-neability.The reduction in
e~ective permeability of COZ(86°/0)was close to that of brine (84°/0)and tie pe~eabifity reduction .
was uniform and stable under prolonged brine injection throughout the len=@of the cores.
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Table 6.1: Properties of Berea sandstone cores.

Initial Brine Perrneabilities (red)

Berea Core #

1 2 3 4

Overall 384 163 72 93

Section 1 331 154 68 72

Section 2 ‘ 423 174 70 , 97

Section 3 384 163 73 106

Section 4 332 161 53 101

Porositv (%) 21.4 26.3 17.5 .-

Table 6.2: Brine perrneabilities after COz-induced gelation.

Brine Perrneabilities [red)

Berea Core #

1 2 3 4

Overall 86 34 9 6

Section 1 88 30 7 4

Section 2 92 38 11 5

Section 3 78 41 11 10

Section 4 90 43 7 13

COZInjection Rate (ml/min) 0.5 0.5 0.1 0.005

Permeability Reduction (%) 78 79 88 93

.
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Table 6.3: Comparison of C02 effective permeability for Berea Core 3.

C02 Effective Permeability (red)

COz-NaOH system COZ-KUSP1 System Reduction (%)

Overall 3.65 0.56 85

Section 1 4.83 1.20 75

Section 2 6.05 0.95 84

Section 3 4.84 0.32 93

Section 4 1.21 0.48 60

Table 6.4: Gel stability study for Berea Core 1.

Brine Permeability (red) after Injecting Indicated Pore Volumes

4 Pv 6 PV 8 PV 10 Pv 12 Pv
Overall . 90 90 93 85 86

Section 1 89 91 94 91 88

Section 2 89 92 93 93 92

Section 3 85 84 85 72 78

Section 4 103 103 103 98 90

,,
I

,. ‘
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KUSPI - Boric Acid System

KUSPI is gelled by adding a small amount of orthoboric acid to an alkaline solution of KUSP1. The
mechanism by which the orthobotic acid gels KUSP1 is unknown and it is dfierent than by pH
reduction. It is possible to achieve gelation times from several minutes to several days by adjusting the
orthobotic acid concentration and the initial solution pH.

Experimental Approach. The preparation of the KUSP1 gelant samples is reported elsewhere 1.
During the development of the gekmt procedure, it was noted that alkalhe KUSP1 solutions turned
yellow and then brown over a period of many days when stored at room temperature. The rate at
which the solutions changed color increased at 40° C and decreased at 4° C when compared to the
chang,e in color at 25° C. Testing of the solutions revealed that the gel time was not affected by the
color change for polymer solutions stored at 25° C up to 7 days. Longer storage periods resulted in the
solutions developing a dark brown color and a diminished gelling ability.

It was discovered that storing 1.0% KUSP1 solutions with 0.2 M boric acid at a pH of approximately
13 resulted in no color change and no gelation for several weeks at 25°C. Samples prepared with a
polymer solution stored under these conditions did not r&ect the gelation behavior. The shelf Me of
KUSP1 solutions can be extended by this technique. There was no core testing of this system during
the period of this project.

Results and Discussion. The gelation behavior of the KUSP l-boric acid system was studied using
bottle tests. Gel times for the KUSP1-boric acid system were determined to be a fi.mction of the boric
acid concentration and the initial pH. The results of the experiment reveal that the gel time decreased
with a decrease in boric acid concentration. Also, the gel time was reduced as the temperature was
increased. The results from the bottle tests were used to select suitable compositions of the gel system
for testing the performance of the system in porous media.11 Syneresis of the gels increased with
increase in temperature and decreased pH.

The physical characteristics of the gels as the pH dropped were difFerent than those prepared by other
means, i.e. ester hydrolysis or C02 contact. The gels prepared at a boric acid concentration of 0.5
mole/kg solution were transparent and rigid. Increasing the boric acid concentration reduced the pH at
which KUSP1 formed a gel.

The storage modulus and dynamicviscosity were determined as fi-mctionsof time for a gel system at
three bone acid concentrations. The storage modulus and dynamicviscosi~ increased f~ter at lower
boric acid concentrations supporting the results obtained from the bottle tests.

Conclusions. Gel times for the KUSP1-boric acid system can be controlled by selecting the boric acid
concentration or the pH of the gel solution. At a given p~ a decrease in the boric acid concentration
decreased the gel time. Additionally,the gel time decreased and syneresis increased with increased
temperature.

The physical qualities of the boric acid gels are different than those produced using alkaline KUSP1
solution. Boric acid gels are stronger and more uniform than gels formed without boric acid.
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KUSPI - Ester System
Hydrolysis of an ester can be used to reduce the pH of the alkaline polymer solution below its gelation
point. This will, therefore, produce a delayed gel system. Several esters tested for this purpose are
reported elsewhere.S7’12By selecting proper ester, gelation time in the order of a few days can be
achieved.

Experimental Approach. Experimental procedure for preparation of ester was presented in Chapter
2. Core experiments were pefiormed under supercritical conditions of COZ.Mono Ethyl Phthalate
(MEl?)was used as an ester i.nthis part of study. The recipe was 2% by weight KUSP1 in 0.1 NNaOH
with 0.06 mole MEP. This mixture provided a gelation time of 30 to 35 hours in test tube experiments.
The core was first filledwith KUSP1-ester solution and it was left in a controlled-temperature air bath
to gel. The gelled core was then tested under several WAG (Water Alternating Gas) cycles.

Results and Discussion. Table 6.5 shows the permeability of the core at the end of each cycle. The
initialpermeability of the core used in this experiment was 145 md. It is ckar from the table that the
KUSP1-ester system is effectivein reducing the permeabiily of the core to brine and as well as to COZ
Its effectiveness in reducing the core permeddity to water did not diminishby being exposed to
supercritical COZ

Conclusions. The KUSPI-ester gelling system was found to be a viable gelation technique for
COZflood under supercritical conditions. The gel system was persistent to many pore volumes of
brine and COZinjection.

Table 6.5: Permeability of the core at the end of each cycle.

step Injected Fluid Pressure, psi Temp., “C Permeability, md

I brine atmospheric 25 1.1

2 brine 1200 25 2.8

3 C02 1200 25 3.6

4 brine 1200 25 2.0
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SMRF System

SMRF gel system was described in Chapter 5 of this report. A permeability reduction larger than
9000 was achieved in core plugs using SMRF gelation system. Therefore, the SMRF system was
tested to determine the effectiveness of SMRF gel to reduce C02 mobility under the supercritical
condition. In this part of experimentatio~ the composition of the sulfomethylated resorcinol
(SMR) was maintained at a mole ratio of F/S/R = 0.75/0.5/1; where, F is formaldehyde, S, is
sodium sdfite, and R is resorcinol. SMRF gelling solution was prepared by adding brine (10°/0
NaC1 + 0.072% CaClz) and formaldehyde solution to the SMR solution. Solution pH was
adjusted to approximately 7 by adding 20°/0acetic acid solution.

Experimental Approach. The core preparation procedure was identical to the KUSPI-ester
experiment except the core was saturated with brine having the same composition as the gelling
solution and the temperature was maintained at 41”C. Core pressure was either at atmospheric
pressure or at 1200 psi.

Results and Discussion. Table 6.6 presents the initial permeability of the different sections of the
core produced at two diiXerent flow rates and also pemneabilities of the same sections a.fler the
SMRF gel treatment. Because of the extreme reduction in permeability the maximum flow rate of
brine was limited to 0.007 rnlhnin to keep the pressure drop within the transducer range. The
overall permeability was reduced by more than a factor of 14,000. Reduction of perrneabilities in
dl sections is a factor of greater than or around 9000. The SMRF gelation system practically
shuts off flow of water in the core.

The pressure of the core was then raised to 1200 by using high pressure nitrogen gas cylinder
comected to the back pressure re=wlator. A leakage fi-omthe water sleeve into the core was
detected. The pressure was removed and the core holder was disassembled. Leakage was ~
corrected and the core was again pressurized to 1200 psi and the brine injection started. Brine
was injected at two dfierent rates of 0.1 m.lhninand 0.2 mlhnin. Permeability of the gelled core at
1200 psi and 41°C was determined to be 0.9 md. This is significantly higher than the earlier brine
permeability of 0.05 md but still a permeability reduction of a factor of 800 is being maintained at
this high pressure.

Injection of supercritical C02 at 0.2 rnlhni~ 1200 psi and 41°C into the core followed the brine.
Pressure drop data were cdected for all sections over nine pore volume of COz injection. Effective
permeability to COZof each section was calculated from the pressure data. These are reported in Table
6.7. The pressure drop for section 1 at 0.2 mlhnin was too low to produce meaningfi.dpermeability
cakdation. Therefore, it is not reported in Table 6.7.

The effectivepermeabti~ of the treated core to the supercriticd COzis at the s~e order of magni~de
as the permeabti~ to brine at 1200 psi, i. e. 0-9 md as reported earlier. Therefore, a C02 permeabili~
reduction in the order of greater than 9000 can be expected from SMRF treatment of the core.
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Tabie 6.6: Permeability modtication for SMRF gel system.

Brine Permeability (red)

Porosity -0.23 Initial Initial After Gelation
(2 flmin) (5 mlhnin) (0.007 m.bin)

Overall 705 695 0.049

Section 1 531 567 0.060

Section 2 776 744 0.085

Section 3 638 622 0.034

Section 4 716 707 0.042

Table 6.7: C02 effective permeability of the treated core.

Core C02 Effective Permeability
Section (rnd)

Overall 0.557

Section 1 ---

Section 2 0.642

Section 3 0.406

Section 4 0.309

Breakthrough of COZwas observed after 220 minutes of COZinjection at fie rate of 0.2 fl~.
Produced brine during this period was 23.7 ml. This leaves 21.63 MIof COZto be dissolved into the
brine. Assuming a C02 volubilityof 5.2% (at 1176 psi and 40°C)13and the core pore volume of 138 ml
fhl.lysaturated by 4% SMRF, the dissolved CQ is calculated to be 6.89 g. This gives a dissolved
volume of 22.37 ml for a COZdensitv of 0.308 $#m114at 1200 psi and 41”C. ~s is in good a~eement
with the experimental data for dissohed COZ. -

The COZinjection rate was increased to 0.4 mlhnin and an additionrd 12 pore volumes of C~ were
injected. Total liquid production during this injectionperiod was 0.42 ml which indicates that COZis
mainlyflowing through the COZchannel.Doubkg the COZ~jection rate did not produce anY
additional channels. The C02 injection rate was reduced to 0.2 rdhnin and an additional 3 pore volume
of COZwas injected. The effectivepermeabiky of the treated core to C02 was determined at the end
of each injection period which is reported in Table 6.8.
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Table 6.8 : Gel stability under continuous supercntical C02 injection.

COZInjection Rate Permeability Pore Volume
(timin) (red) Injected

0.2 0.557 9

0.4 0.640 12

0.2 0.607 3

The SMRF gel system is quite stable and the effective COZpermeability does not increase with a
prolonged COZinjection of 24 pore volumes. COZinjectionwas switched back to brine at an injection
rate of 0.1 rnlhin. The overall effective permeabilityto brine was 1.7 md which is 0.24°/0of its initial
value of 705 md.

Conclusion. The SMRF geI system effectively shuts o&the flow of brine and is equally effkctive in
reducing the mobiity of the C02 under atmospheric and under supercritical condhions. The
permeability reduction due to the gel treatment of this system is si=ticantly higher than the other
systems studied. The gel is stable under prolonged injection of brine followed by supercritical COZ
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Chapter 7

Simulation of Alkali-Sandstone Interactions
During Flow Processes in Sandstone Media

Principal Investigators: G.P. Willhite, D.W. Green, C.S. MCCOO1
Graduate ResearchAssistant: Vikas Midha

INTRODUCTION
Fluid-rock interactionsplay a key role in gelledpolymertreatments.This modelingeffortwas directedat
the KUSP1 gel systemwherealkaline solutionsof KUSPI are injectedinto the reservoir(see Chapter 2).
The study considersthe effectsof fluid-rockinteractionson the pH of alkalinesolutionsin sandstonecores.
A onedimensional flow model incorporatingthe kineticsof silica dissolutionand sodiurrdhydrogenion-
exchangeequilibriawas developed.Detaileddescriptionsof the mathematicalmodeland the results are
available in References 1,2 and 3.

A study of fluid-rock interactions was conducted with UTCHEM,= a powerful compositional simulator
developed at the University of Texas at Austin for modeling displacement processes. It incorporates fluid-
roc~ fluid-fluid reaction chemistry with ex~ensivephysical and flow properly models. A limitation in the
UTCHEM model arises from the assumption of local equilibrium. This assumption forces the
concentrations of aIl the chemical species in the fluid-phase to instantaneously attain equilibrium with the
rock. Most fluid-fluid reactions and ion-exchange reactions are fhst enough to ju@ this assumption. In
the case of slow, kinetically-controlled reactions like silica dissolution, however, the assumption of local
equilibrium is not warranted. Based on experimental evidence, it was concIuded that the assumption of
local equilibrium was not valid for cases involving short residence times Iike those used in laboratory -
displacement tests. A new model was developed that would be valid for all time fiarnes in general. This
model has important applications in scaling the effects of silica dissolution from laboratory experiments to
field-scale conditions.

MATHEMATICAL MODEL
A mathematical model was derived that described the flow of alkaline solutions through porous media
incorporating ion exchange and silica dissolution. Major assumptions in the model were
1.
2,
3.

4.
5.
6.
7.

A simple one dimensional, incompressible flow is assumed with no axial gradients.
The core $ assumed to be homogeneouswith a constant porosity.
Change in the physical properties of the core (i.e. the porosi~, bulk density etc.) due to chemical
interactions have not been taken into account.
The core is isothermal.
Mass transfer limitations at the solid-fluid intetiace are negligible. ~
Silica dissolution was controkd by one rate-limiting reaction.
Ion exchange occurred for only sodium and hydrogen and was an equilibrium process.
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The generalizedequation of continuity for the iti chemical species accounting for adsorptio~ convection,
dispersion, and chemical reaction in the fluid phase was given by:

t and x are dimensionless time and distance defined by:

and

(7.1)

(7.2)

(7.3)

fi(C) denotes the dimensionless rate expression for the i* chemical species.’ The initial condition and
boundary conditions were:

1)”7=o Ci = ci*iti~ for all ~, (7.4)

2)~=0 Ci=C,.j for all r> O, (7.5)

dCi
3)g=I — = O forallr~O.

at

Equation 7.1 is characterized by the following groups of parameters:
(1) The Peclet Number, Pe: which characterizes the physical dispersion in the core and is defined by:

Lv
Pe=—

K,#”

(2) The Damkohloer Group, Da, given by:

Dai= kia.~=(l-ti)~

4 ““

(7.6)

(7.7)

(7.8)

This group physically represents the ratio of the characteristic residence time to the characteristic reaction
time for the silica-dissolution reaction. A high value of D% therefore, signifies relatively more time is
available for reaction nit,h greater silica dissolution in the core.
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The dimensionlessretardationfactors, aNeand mI.i.definedas:

(7.9)

(7.10)

These parameters characterize the chromatographic retardation of the Na+ and OH- species in the core due
to sodiundhydrogen ion-exchange in the core.

The complete flow model consists of the set of continuity equations with the corresponding reaction
expressions for the Na+, OH-, fiSiO+ H5Si04- and HzSiOSz-species. The hydrogen-ion concentration is
calculated by the following equilibrium relation:

Kw
Cfi” = ~. (7.11)

The Cl- concentration is found by an overall charge balance in the fluid phase:

Ccr = C~. + Cr - COW- cHJsj~- z cH2SiC$. (7.12)

The governing set of partial differential equations given by Equations 7.1 through 7.12 were solved -
numerically using finitedifference approsimations. “z

RESULTS AND DISCUSSION
The first step in simulatingflowprocesseswas to determinevalues of the parametersthat are required.
Rate constantsfor silica dissolution were obtainedfrom kinetic studiesconductedby several
investigators.7”1zA mathematicalmodelwas developedto simulate these static beakertests in order to
obtain rate constants for silica dissolution.The rate constantswere then used in the flow model.Typical
values of the ion-exchangeparameters,nTand KI,wereused.

Simulation of Silica dissolution inflow experiments. Neglecting all contributions of ion-exchange, the
reaction term in the continuity equations is characterized by the Damkohler Group (Da). This group
physically represents the ratio of the characteristic residence time to the characteristic reaction time of the
system. A high value of Da signifies relatively more time is available for the reaction to occur which in
turn, impIies greater dissolution of silica within the core. Rather than studying the effects of the rate of
reactio~ flow rate and core length individually, the Darnkohler Group provides a single parameter for
effectively analyzing the kinetic nature of the silica dissolution reaction in core-flood experiments.
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A change in the physical conditions is also manifested in the value of the Damkohler group of the system.
For esarnple, typical field-scale applications correspond to core lengths of the order of 1000 ft and flow
rates of 10 ftklay. In this case, the Damkohler Group is of the order of 100*Dao.Thus, by simply varying
the value of Da in the model, it is possible to scale the effects of silica dissolution from laboratory-scale
conditions to field-scale conditions.

A reference set of conditions (D%), corresponding to typical laboratory scales, has been adopted for
simulation purposes. These conditions are summarized in TabIe 7.1. A silica core saturated with 1.7°/0
NaCl brine solution was considered. A 0.5’%NaOH brine soIution is injected into the sand core and
displaces the initial brine solution. The chemical compositions of the two solutions are shown in Table 7.2.

Core len=ti : Ift
Porosi~ : 0.20
Superficial velocity : 1 ftklay
specific surface area : 2 mVg
solid density : 2.5 @cms
Equilibrium quotient Q, : 1 E4 molesfliter
Equilibrium quotient Qz : 2 E4 (moles/liter)-l
Equilibrium quotient Q3 : 10 (moles/Mer)-l
Rate constant k, : ex~(-14.55+0.361pH) (moIes/m2.sec.)

Table 7.1: Summary of the reference physical parameters corresponding to typicrd laboratory scale
conditions (D%).

INITIAL CONDITIONS(Concentrationsin molesfliterPV)
OH- 3.23E-06 Na+ 0.2857 MSiO. O.lE-3 Cl- 0.2857

~ 3.12E-8 H~SiO; 5.24E-8 HzSi04z- 4.07E-13

INJECTION CONDITIONS(Concentrationsin moles/literPV)
OH- 0.079 Na+ 0.126 kLSi04 O C~ 0.05
F 0.13E-8 H3SiO{ O HzSi04z- O

Table 7.2: Summary of the initial concentrations and injected concentrations used in the simulations shown
in Figures 7.1 and 7.2.
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Figures 7.1 and 7.2 showthe silica concentrationprofiles and the correspondingpH profiles after 0.25 PV
injection as a function of the DamkohlerGroup. These profiles are also compared to the results from a
simulationwith the UTCHEM modelusing the same equilibriumparameters and physical conditions.The
figures demonstratethe followingfeatures:

1) Under conditionsof extremelyshort residencetimes (Da=O),the concen~tion of silica in the solution
is negligiblysmall.The pH profileshows a ve~ broad front similar to the pH profilesproducedby the
UTCHEMmodeland showsa transition from the injectedvahe of the pH to the initiaIvrdue.

2) At the given reference conditions (Da=Dr@, an appreciable amount of silica dissolution takes place
and causes the formation of a peak in the silica concentration profiIe. The dissolution reaction causes
an incr6ase the silica concentration with time whereas the dispersive and the convective mechanisms
tend to equalize the concentrations in the fluid phase. The peak, therefore, corresponds to the point at
which these opposing mechanisms balance each other. In the absence of dispersio~ this peak would
lie exactly at the point x=O.25. The silica dissolution reaction is accompanied by a simultaneous
decrease in the solution pH.

3) Although the masimum contact time at the given reference conditions is only 0.25 days, the silica
concentrations observed here are much higher than the corresponding concentrations produced in the
beaker tests. It maybe concluded that the high SLratio of the porous core ex~oses a large surfhce area
to the injected solution and causes a significant enhancement of the rate of reaction.

4) On increasing the Damkohler Group, more dissolution of the core takes place resulting in progressively
higher silica concentrations in the injected solution and greater consumption of hydroxide. At a value of
Da=100*D~, the results from the proposed model match the results predicted by the UTCHEM model.
Under these conditions, the residence time of the system is long enough to ensure that the injected
solution effectively attains equilibrium with the rock. The local equilibrium assumption in the
UTCHEM model, therefore, is valid only for physical conditions corresponding to Da greater
than100*D%.

Simulation of sodiunflzydrogen ion-exchange in corefloods. The effects of sodiudhydrogen ion
exchangein simplecore floodexperimentsin the absenceof silica dissolutionare examined.A coupled
mechanismdescribingthe sodiundhydrogenion-exchangereactionon the surface of the rock was given in
Eqn. 7.1. The flow model is based on the assumptionof local equilibriumbetweenthe fluid-phase
concentrationsand the adsorbed-phaseconcentrationson the rock surfhce.Unlikethe silicadissolution
reaction, ion-exchangereactionsare typically f~t enoughto justi~ this assumption.

A sand core saturated with 1.7% NaCl is considered. A solution containing O.lN NaOH is injected into the
core and displacesthe initial brine solution. Table 7.3 summarizessome of the system parameters used in
the simulations.
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COREDATA
Core length : 0.1 R
Porosity : 0.20
Superficial veloci~ : 10 ftklay
specific susfhce area : 2 n?lg
solid density : 2.5 g/cm3

INITIAL CONDITIONS (Concentrations in mole.dliter PV)
OH 3.23E-06 Na+ 0.2857 C~ 0.2857 ~ 3.12E-8

INJECTION CONDITIONS (Concentrations in molesfliter PV)
OH- 0.1 Na+ 0.126 Cl- 0.026 ~ 0.lE-12

Table 7.3: Summary of the initial concentrations and injected concentrations used in the simulations shown
in Figures 7.3 and 7.4.

Figure 7.3 shows the concentration profiles of the Na+ species as the injected solution advances along the
length of the core for lypical values of the equilibrium parameters K1and nr. Fi~e 7.4 shows the
corresponding pH profiles. As expected, the ion-exchange reaction has a considerably different effect on the
concentration profiles as compared to the silica dissolution reaction. The concentration profiles show the
formation of two distinct fronts which move through the porous medium. For example, the profiles at 0.75
PV injection show the following features:

1)

2)

3)

4)

The first front is centered at x=O.75 and travels at the interstitial velocity with no retardation. This .
front simply entails the displacement of the initial solution and corresponds to concentration variations
in the fluid phase only. These fronts are termed as salinity waves. The region after the salinity wave,
therefore, comprises of the initial fluid-phase concentrations and solid-phase conditions.

The second front is centered at x=O.42 and involves a change in both the solid-phase composition and
the fluid-phase concentrations. ‘Ilk wave ftont is termed the ion-exchangewave. Since the velocity of
this wave front is sIower than the interstitial velocity, the injected pH levels appear in the effluent after a
delay. The region before the ion exchange wave corresponds to fluid-phase concentrations at the injected
level and solid phase concentrations in equilibrium with the injected concentrations.

The intermediate region between the salinity wave and the ion-exchange wave has a modified fluid-
phase composition in equilibrium with the initial solid-phase composition. Since the velocities of the
two waves are different, the intermdlate region expands as the waves progress along the core. The
breakthrough of this intermediate region will resuIt in a plateau in the eftluent concentration profiles.

The velocities of the salinity waves and the ion-exchange waves appear to be the same for both the Na+
species and the OH- species. This property has also been commonly observed for other ion exchange
reactions such as Na+/Ca2+ion exchange. The condition in which the concentration velocities of all the
species at any given point in time and space are equal is called coherence.

:. I
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5)

6)

.

The salinity waves show a broad fi-ontgoverned solely by the dispersive mixing of the injected solution
and the initial solution. The ion-exchange waves, however, show much sharper fronts in comparison to
the salinity waves. These sharp changes in concentration are termed as shockfronts.

It is important to note that the overall shape of the shock fronts appears to be constant as the wave
propagates throughthe core.Based exclusively on the Langmuir-like equilibrium describing the ion-
exchange reactions, the ion-exchange wave is expected to continuously sharpen as it propagates through
the core. These wave fronts are commonly observed in nature and are termed as sel$sharpening waves.
Lake and Helffiich have shown that physical dispersion has an important role in defining the shape of
self-sharpening waves19.Dispersion, by nature: tends to smother all the sharp concentration gxadients
and therefore opposes the sharpening character of the wave fronts. These competing phenomena tend to
balance each other and the resultant waves are indifferent with respect to sharpening behavior and
maintain a constant shape as they progress through the core.

Simulation of actual corej700d experiments. It was necessary to eslimatemany of the parameters
requiredin the modelfor simulatingexperimentsreportedin the literature.A lumpedcorrection factor for
the DamkohlerGroup was usedto account for the total correctionin the overall rate of silica dissolution
due to temperature effects and specificareas. The lumpedcorrectionfitctor,the ion-exchangeparameters
and the dispersionwere estimatedby matchingthe results from.the modelwith experimentaldata.

The first experiment considered for simulation purposes consisted of a caustic flood of a Berea sandstone
core at 50”C conducted by Radke and Jenson13to study the sodiumlhydrogen ion-exchange reaction. A high
flow rate was used to reduce the effects of silica dissolution on the pH profile.

Figure 7.5 showsthe historiesof the reducedconcentrationsof the Na+and the OH-species (concentrations
are normalizedby injectedvalues)predictedby the modelcomparedto the esperinental results. The model
predicts the formationof a coherention-exchangewave whichappears in the effluentafter a delay of 2.4
PV. At the high pH values of the ion-exchangewave, hydroxideions are consumedby the silica dissolution
reaction.This consumptionis smalldue to the short residencetime of the experiment.The model also
predicts the formationof the intermediateplateau in the concentrationhisto~ of the Na’ species. This
plateau correspondsto breakthroughof the intermediateregionbetweenthe ion-exchangewave and the
saIinitywave in the effluent.Thereappears to be somediscrepancybetweenthe predictedvalue of Na+
concentrationand the experimentalvalue.The reason for this discrepancyis not completelyunderstood.

Jn addition, there is a significant amount of dispersion in the exTenmentally determined concentration
histories which are not shown by the simulated profiles. A part of this disparity is probably due to some
inaccuracies in the estimation of parameters in the simulation. Radke and Jensen also propose that
extraneous dispersion may be caused by intemaldifision resistances which reduce the accessibility of the
mineral exchange sites for sodhm and hydrogen species. These mas-transfer limitations were not
considered in the proposed model.

It is instructiveto examinethe parameters used in the simulations. A correction factor of 5 was applied to
the reference Darnkohler Group to account for the increased rate of silica dissolution at the elevated
temperature. It was found that an ion-exchange capacity, nr, of 0.125 meq/100g solid and an equilibrium
constant, K1,of 104N-2 were required to match the experimental data. These values are well within the
expected range of values for these parameters.
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The second case consisted of the simulation of an alkaline flood of a Berea core conducted by Novosad and
Novosad14to study the effect of flow rate on the hydroxide- and sodium-ion concentration histones. It was
necessary to estimate the ion-exchange parameters K1,nTand the correction fhctor for the Damkohler
Group.

Figure7.6 showsthe experimentaldata comparedto the profilespredictedby the model.The calculated
sodium-ionhistory showsa good match withthe eqerirnental data. Due to the large amount of dispersion,
mixing belxveentie salini~ wave and the ion-exchange wave takes place and a distinct intermediate region
is not formed. Based on the theoretical considerations, the ion-exchange wave for the hydroxide species is
expected to be coherent with the sodium ion-exchange wave. Thus, the model predicts a steady
concentration of hydroxide in the effluent after a delay of 2 PV. The experimental vrdues for the hydroxide-
ion history, however, show considerable scatter even after the sodium-ion proiile attains a constant value.
Silica dissolution within the core is significant and the model predicts a steady concentration of hydroxide ‘
which is significantly less than the injected value. On halving the flow rate after 4.5 PV, the contact time
for the injected solution is doubled and there is a greater consumption of hydroxide ions by the dissolution
reaction. The experimental results also show a drop in the hydroxide concentratio~ but the decrease is
greater than what is predicted by the model. As the hydroxide-ion concentration in the fluid phase
decreases, the concentration of the adsorbed sodium ions (in equilibrium with the fluid-phase
concentrations) also decreases. Hence, there is a slight increase in the fluid-phase concentration of the Na+
ions when the flow rate is reduced. This increase, however, is too small to be measured in the experiment.

The fiml example considers the effect of flow rate on the silica dissolution reaction in greater detail. Bunge
and Radke]5 re orted resuhs from alkaline floods in a EIuntington Beach sand core at four difKerentflow

IFrates by Lieu. A single set of parameters must be used to characterize all the profiles. A value of K-lequal
to 102N2 was selected in order to be consistent with the high temperature of the experiment. The cation-
exchange capacity used in the simulations was 1.25 meq/(100g solid) which is relatively hi@ but
acceptable. It was also necessary to decrease the rate of the silica dissolution reaction by using a correction
factor of 0.14 to fit the data.This is surprising considering the elevated temperature of the experiment, but
is acceptable given the uncertainty regarding the physical characteristics of the rock.

Figure7.7 showsthat there is good agreementbetweenthe hydroxideionhistorypredictedby the model
andthe experimentaldata. As the flow rate is reduced,the residencetime of the injectedsolutionis
increased.This results in progressivelymore consumptionof hydroxideions by the silica-dissolution
reaction.The ion-exchangereaction resultsin a delay of about 2.5 PV before the breakthrough of the
injected hydroxide concentrations. This delay is independent of the flow rate and suggests the validity of the
assumption of Iocrd equilibrium for the sodiundhydrogen ion-exchange reaction. There are, however, some
minor discrepancies behveen the predicted profiIes and experimental data at low hydroxide concentrations.
Abetter fit would require some adjustment of the parameters for dispersion and the ion-exchange reaction
but it was not attempted due to the lack of sufficient data in this region.

,.
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A kinetic model describing the silica dissolution reaction was developed which is generally valid for all time
frames. Based on sodium/hydrogen equilibria and silica dissolution kinetics, a new mathematical model was
developed for describing core flood experiments. This model describes the effects of flow rate and core
length in terms of the Darnkohler Group. By varying the value of the Damkohler Group it is possible to
scale the effects of silica dissolution from laboratory-scale conditions to field-scale conditions. In addltio~
a mathematical criterion was developed for checking the validi~ of the local equilibrium assumption.

The proposed model was also used to study the sodiundhydrogen ion-exchange in sirmiated simple core
fkmds. The model predicts a delay in the breakthrough of the injected pH levels and the formation of an
intermediate plateau in the concentration profiles.

The simulation of three independent core-flood experiments shows that the proposed model describes all the
essential f=tures seen in experimental results. In each case, the estimated values of the reaction parameters
correspond to typical values suggested in the literature. Furthermore, a single set of parameters was used to. .
simultaneously describe all the concentration profiles in an experiment. These results, therefore, establish
the validity of the assumptions in the model and the underlying mechanisms for silica dissolution and
sodiundhydrogen ion exchange.

NOMENCLATURE
&
c

Ci
C~j
Da
f(c)
k,
K1
K1
K,.
L
nNa+

nOH-
nT
Pe
R(c)
t
v
x

specific .wu-i%cearea of the solid particles (mZ/g).
vector representing the concentrations of all the transported species (moles/liter PV).
concentration of i* species in the fluid phase (moles/liter PV).
injected value of concentration (moles/liter PV).
Damkohler Group (moles/liter).
reaction rate expression in terms of the species concentrations (dimensionless).
surfkce reaction rate constant (moles/m2.hr).
dispersion Coefficient (m2/hr).
equilibrium constant for sodiurnhydrogen ion-exchange reaction (moles/liter)z.
equilibrium quotient for water (moles/liter)z.
length of the core (m).
concentration of the adsorbed form of the Na+ species on the rock (meq/mz solid).
concentration of the adsorbed form of the OH- species on the rock (meq/m2 solid).
total cation exchange capacity of the rock (meq/mz solid).
Peclet Number (dimensionless).
rate of generation of the iti species per unit volume (molesfliter.hr).
time (hr).
superficial velocity of injected brine (m/hr).
distance (m)

Greek symbols
aNa+ retardationfactor for the Na’ species (dimensionless).
aoH- retardationfictor for the OW species (dimensionless).
< dimensionlessdistancein x direction.
p, bulk densityof the rock (g solid/litersolid).
T dimensionlesstime.
$ porosityof the core (dimensionless).

7-14



REFERENCES
1.

2.

3,

4.

5.

6.

7.

8.

9.

10.

11.

12.

13.

14.

15.

16.

Mi~ V., “MathematicalModelingof F1uid-Ro$kInteractionsDuring the Flow of AlkalineSolutions
ThroughPorous Media,”M.S. Thesis, Universityof Kansas, 1994.
Green,D.W. andWillhite, G.P., “ImprovingReservoirCor&ormanceUsingGelledPolymerSystems,”
Amual Repo~ DOE ContractNo. DE-AC22-92BC14881,Report No.DOE/BC/14881-5(August
1994).
Gree~ D.W. and Willhite,G.P., “ImprovingReservoir ConformanceUsing GelledPolymerSystems,”
AnnualReport,DOE ContractNo. DE-AC22-92BC14881,Report No.DOE/BC/14881-12(July
1995).
Bhuyq D., “Developmentof an Alkaline-Sur%ctant-PolymerCompositionalReservoirSimulator,”
Ph.D. Disser&atio~The Universityof Texas at Austin (Dec. 1988).
Bhuyaq D., Lake, L.W. and Pope, G.A., “MathematicalModelingof High pH ChemicalFlooding,”
SPERE (May 1990) 212-220.
Bqat, S.L., Schechter, R.S. and Lake, L.W., “Interactions of Precipitation/Dissolution Waves and
Ion-exchange in Flow through Permeable Medi~” AIChEJ (May 1986) vol. 32, no. 5,751-764.
Thornton, S.D. and Radke, C.J., “Dissolution and Condensation Kinetics of Silica in Alkaline
Solutions,” SPERE (May 1988) 743-752.
Busey, R.H. and Mesmer, R.E., “Ionization Equilibria of Silicic Acid and Polysilicate Formation in
Aqueous Sodium Chloride Solutions to 300”C,” lnorg. Chem., vol. 16, no. 10(1977) 2444-50.
Ingri,N., “Equilibrium Studies of Polyanions, IV. Silicate Ions in NaC1 Medhq” Acts Chem. Stand.,
vol. 13,no. 4 (1959) 758-75.
Lagerstro~ G., “Equilibrium Studies on Polyanions, III. Silicate Ions in NaC104 Medium” Acts.
Chew. Sccmd.,vol. 21, no. 9 (1959) 722-36.
Fleming, B.A. and Crerar D.A., “Silicic Acid Ionisation and Calculation of Silica Volubility at
Elevated Temperature and pfi” Geothermics,vol. 11, no. 1 (1982) 15-29.
House, W.A. and Orr, D.R., “Investigation of the pH Dependence of the Kinetics of Quartz
Dissolution at 25°C,” J Chem.Sot. Faraday Trans. (1992) vol. 88, no. 2,233-241.
Radke,C.J. and Jensen J.A.,’’Chromatographic Transport of Alkaline Buffers Through Reservoir
Rock,” SPERE, (Aug. 1988) 849-856.
Novosad, Z. and Novosad, J.,’’The Effect of Hydrogen Ion Exchange on Alkalinity Loss in Alkaline

..

Flooding,” SPEY, (Feb. 1984) 49-52.
Bunge, A.L. and Radke, C.J., “Migration of Alkaline Pulses in Reservoir Sands,” SPEY, (Dec. 1982)
998-1012
Lieu, V.T.,’’Long-Term Alkaline Consumption in Resemoir Sands,” Second Progress Report for the
City of Long Beach, THUMS Long Beach Co., DOE Contract No. DE-AC-03 -76Et-12407 (June
1980).

7-15



Chapter 8

Modeling the Effect of Filtration of Pre-Gel Aggregates
on Gel Placement in Layered Reservoirs with Crossflow

Principal Investigators: Don W. Green, G. Paul Willhire, C. S. MCCOO1
Graduate Research Assistant: Vikas Midha

INTRODUCTION
Flow experiments with the polyacrylamide/chromium system show a build-up of resistance in a
localized region some distance behind the front of the gelant.(la Several pore volumes of gelant flow
through this region till complete plugging of the sandpack occurs. The age of solution flowing through
the zone of flow resistance is significantly lower than the “gel time” of the solution in a beaker. These
trends suggest that the build-up of flow resistance during in-situ gelation does not result from a simple
bulk gelation at the displacement front. On increasing the flowrate, the gekmt penetrates fhrther into
sandpacks, but ako plugs the sandpacks at a faster rate.

Previous models simulate in-situ gelation of polyacrylarnide/chromium system in porous media by
relating a lumped “resistance factor” to the kinetics of the redox reaction.3”gs-GThese models do not
predict the characteristic features of the experimental results with the polyacrylamide system. More
importantly, these models do not show the effect of flow rate on the rate of build-up of flow resistance.
This dependence is essential for an accurate scale-up of laboratory experiments to field-scale
conditions.

Todd et al. proposed a model based on the hypothesis that build-up of resistance for the
polyacrylamidefchromium system is due to the filtration of pre-gel polymer aggregates by the porous
medium.’ The crosslinkhg ions released by the redox reaction are attached to the polymer molecules
and lead to the formation of aggregates of crosslinked polymer molecules. The attached chromium ions
enhance the filtration properties of the aggregates by their ability to form crosslinks with polymer
deposited on the walls of the pores. The zone of flow resistance is characterized by a rapid reduction in
porosity and permeability of the porous medium well before a gel structure is formed.

Since the redox reaction is a slow, kinetically-controlled process, at high flow rates it is possible to
inject the gelling solution deep into the sandpack before significant amounts of crosslinking ions are
released. Once chromium-ions are attached to the polymer molecules, the rate of filtration is a function
of the interstitial velocity of the aggregates through the pores. Higher interstitial velocities lead to
faster rates of filtration and plugging. The model of Todd et al.’ successfully matched experimental
results over a range of flow rates suggesting the validity of the underlying filtration mechanism.

This work extends the filtration hypothesis for the polyacrylafide/chromium system to simulate
permeability-modification treatments in layered reservoirs with crossflow. A description of the radial
flow-geometry around the wellbore is necessary not only for an accurate prediction of the radius of
penetration of the gelam, but also in determining the magnitude of the build-up of flow resistance. In
addition, most reservoirs are characterized by some degree of crossflow between the high-permeability
and low-permeability regions. The effects of filtration of polymer aggregates on crossflow behavior are
yet to be investigated.
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In this work, a twodmnsional numericaI model for sinn.dating in-situ gelation
polyacrylamide/chromium system is developed. The model is used to study the effects of the

of the -
injection

pressure, which constitutes an important operating parameter, and reservoir characteristics such as the
permeability contrast between the layers, the vertical perme.abilhyand height of the reservoir. Once the
favorable reservoir characteristics are identified, the effkcts of gelant viscosi& and zonal isolation for
improving the performance of a perrneabil@-modHkation treatment are examined.

The emphasis in the main body of the paper is on this analysis. The detailed model description is in the
Append~. The model basically consists of dtierentiaI equations describing I)arcy flow, mass transfer
of the dtierent chemical species, chromium and gekition reaction kinetics and fikation of gel aggregates.
The equations are solved numerically ushig a procedure descriied in the Appendm.

PHYSICAL DESCRIPTION
Gel placement in an idealized, two-layered reservoir, as shown in Figure 8.1, is examined. Each layer
is assumed to be homogeneous in mture. Table 8.1 sumnMzes a base set of parameters for all the
simulations. These conditions represent ty@l fieId-scale conditions for a near-wellbore, permeability-
modtication treatment. The concentrations and reaction parameters for the chrornhmdpolyacrylamide
gelhg system correspond to those used to simulate experimental results of Marty et al., in linear
sandpack. 1 The pore structure characteristics for the two layers are scaled according to the Cozeny-
Karman models Variations iiom the set of condhions in Table 8.1 are indicated in the description of the
individual runs.

Tnthe simulations, each layer is assumed to be at a uniform rektive pressure of zero prior to gel-solution
injection. Gel-solution injection occurs at a constant wellbore pressure (500 psi in base case) and for
some specified time period. Crossflow behveen layers in the reservoir is allowed. Parameters calculated
in the modeI are pressure, flowrate, concentrations, and localized flow resistance.

RESULTS AND DISCUSSION
A key mechanism govening gel-placement behavior in reservoirs is the build-up of the resistance to flow
during in-situ gelation, The build~upof resistance maybe due to two mechanisms; an increase in gelant
viscosity by the formation of crosslinks between the poIymer molecules, and the filtration of polymer
aggregates which reduces the permeability of the porous medium. In this study, the evolution of the
“apparent viscosity” in the reservoir is used to characterize both effects during gelation processes.
Apparent viscosity is defined as

. k“qpareti tico*= p(~).”””.” ““.”””””””””””(l)

where p is the viscosity of the gelant, ~ is the initial permeability and k is locaIvalue of the permeability
during the treatment. k the modei, both the radiaI and vertical permeabilities are effected equally by the
filtration mechanism and either value may be used in Equation A-1.

Base Case. The base case represents a direct scale-up of the laboratory experiments by Marty 1to field-
scale conditions shown in Table 8.1. The gel-placement behavior in this set of results is representative
of a typical permeabiMy-modification treatment in heterogeneousreservoirs with crossflow.
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Table 8.1: Base set of parameters for the simulations.

Reservoir Description

vellborepressure 500 psi
wllbore radius 0.66 fi
xtenor radius 500 ft
eservoir height 32 ft
nitial viscosity lcp
njected viscosity 10 Cp
impressibility 5*1W psi-l

~ Porous Media Characteristics

layer 1
leight O-16ft
Wal permeability 100 3RD
verticalpermeabiMy 100 mD
?orosi& 0.24
werage grain diameter 91 microns
merage poie length 86 microns
medianpore throat diameter 11 microns

layer 2
height 16-32ft
radial permeabilhy 10 nif)
vertical permeability 10 niD
porosity 0.16
average grain diameter 51 microns
average pore length 48 microns
median pore throat diameter 6 miCrOIIS

III Reactant Concentrations

injected polyacrylamide concentration 5000 ppm

injected bichromate concentration 400 ppm

injected thiourea concentration 1500 ppm

I

Figure 8.2 shows the profile of the total rate of injection of gelant as a function of time. Figure 8.3 shows
the corresponding profile of the fraction of the total gelant injected into the high-permeability layer. These
profiles are compared to the casewhere the flow behavior of the gelant is governed solely by viscous flow
of the polymer solution without filtration. Comparison of the two profiles is used to differentiate the
effects of viscous crossflow fkomthe effects of filtration during the treatment. Additionally, the profles
with onlv viscous flow remesent the behavior of the gel system under NO possible conditions - when
filtratio;is not an impo~t characteristicof the gelliig-system, or, fluid-rock interactions in the reservoir
inhibit the effects of filtration to insignificant levels.
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In order to understand the dynamics of the placement behavior, the total injection period may be
approximately divided into three regimes.

Regime 1. The first regime occurs in the initial period of the treatment in which the redox reaction has
not progressed significantly and little release of crosshking ions (CI?+)occurs in the soIution. Figures
8.2 and 8.3 indicate that this period lasts till approxiqtely 30 hours of injection at the given reservoir
conditions. The totrd flovqate in FQure 8.2 shows a rapid decline akin to that of viscous flow of the
polymer under transient conditions. The fraction of the gelant injected into the I@h-permeabiliq layer
is also similar for the two cases.

Figure 8.4 shows the apparent viscosity contour of the gelant after 24 hours of injection and is
representative of flow behavior during this regime. A small fraction of pre-gel aggregates are retained in
the porous medium by interception and result in the deposition of a thin layer of polymer on the walls of
the pores. This process causes a slight decrease in the permeabili~ of the reservoir and the apparent
viscosity of the advancinggelant is above the injected viscosily of 10 cp. Consequently, the total flowrate
of the gelant into the reservoir with filtration is Iess than that for pure viscous flow of the polymer
solution into the reservoir (Figure 8.2).

Crossflow behavior during this period is dominated by viscous forces. Figure 8.4 shows that the Ilont of
the gekmt in the low-permeability layer is altered by crossflow from the high-permeability layer.
Similarly, the ftont of the gelant in the Idgh-permeabili@layer is modified by crossflow horn the low-
perm layer. Both effects redqce the effectiveness of the gel-placement in the reservoir.

Understanding the flow behavior during the first regime is critical since the bulk of the gelant is injected
into the reservoir during this period. The profiles in Figures 8.3 and 8.4 show that a significant fraction
of this gelant is injected into the low-permeability layer. This fraction is a function of the permeability
contrast between the layers, the viscosity of the gelant and the degree of crossflow in the reservoir.
Examining the effects of these parameters, therefore, constitutes an important objective of this study.

Reghne II. The second regime represents the gel-placement behavior during the period from 30 to 60
hours of injection. Figure 8.2 shows that this regime is characterized by a rapid drop in the total flow-
rates compared to pure viscous flow of gelant. Figure 8.3 indkates that the gekmtis preferentially injected
into the high-permeabili~ layer during this regime.

The time period represented by the second regime is long enough for significant reaction behveen the
dickomate and thiourea, but is shorter than the nominal “gel time” of 72 hours observed for the system
in static beaker tests. Considerable amounts of C&+ ions are released into the solution and are
subsequently attached to the polymer molecules by the uptake reaction. The attached chromium-ions
enhance the efficiency of capture of the pre-gel aggregates by forming crosslinks with the polymer
deposited on the walls of the pores. Thus, the dominant mechanism for the buiId-up of resistance during
in situ gelation of the polyacrylamidelcbromium system consists of the rapid reduction of permeability
due to the filtration of pre-gel aggregates. Fdtration of these aggregates decreases the concentration of
polymer ixithe solution which offsets any increase in viscosity by the crosshking reaction.

Figure 8.5 showsthe apparent-viscositycontours in the two layers after 48 hours of igjection. The profiles
show a significant build-up of resistance in both the high-permeability and the low-permeabi.li~ Iayers.
The peaks in apparent-viscosity profiles in the two layers occurs some distance behind the front. This
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behavior is characteristic of filtration processes observed in laboratory experiments with the
polyacrylamide/chromium system.lS

Crossflow, during&is period, is due to a combination of viscous forces and the filtration mechanism. The
crossflow behavior may be divided into three dktinct regions.
(1) In the region between the wellbore and the peak in resistance in the low-permeability Iayer, crossflow
is directed from the low-permeability layer towards the high-permeability layer. Since the peak in
resistance in the low-permeability layer is located close to the wellbore, gelant is preferentially injected
into the high-permeab~l~ layer during this period (F&rue 8.3). Although the presence of gelant in the
low-permeability layer will eventually reduce the infectivity of the weII after the shut-in period, it is
beneficizdduring the process of placement of the gelant.
(2) In the region intermediate to the peaks of resistance in the two layers, crossflow is duected from the
high-permeability layer intothe low-permeability layer. Build-up ofresistanceby the filtration mechanism,
however, limits this front to a relatively smalI region near the interfiweof the two layers. This crossflow
also results in the formation of peaks in the Cfi+ ion concentration and the apparent viscosity profiles in
the low-permeabil@ layer near the interface.
(3) k the vicinity of the peak in resistance in the high-permeability layer, crossflow is duected from the
low-permeabWy layer into the high-permeability Iayer.

The high-permeabiliy layer is characterized by higher interstitial velocities than the low-permeability
layer. FQure 8.5 shows that the difference in velocities has two important consequences regarding the
filtration behavior. FirsL significant concentrations of C&’ are extended over a larger region in the high-
permeabili~ layer. Filtration of polymer aggregates and ensuing build-up of resistance occurs over a
larger region in the high-permeability layer than the low-permeability layer. Second, since the rate of
filtration is proportional to the interstitial veloci~ of the pre-gel aggregates, the high-permeabili~ layer
is characterized by faster rates of filtration than the Iow-permeability layers.

The contrast in the rates of filtration is complicated by the following effects.
(1) The low-permeability layer is characterized by pores with smaller pore-throat diameters and pore
lengths which favor the higher rates of fikration. The difference in the rates of filtration in the two layers,
therefore, is reduced by the differences in the pore structure in the NO layers.
(2) The radial flow-geometry around the wellbore also plays a significant role in determining the rates
of filtration in the two layers. C&+ ions are released further into the reservoh in the high-permeabiIity
regions where the radial velocities decrease with increasing radius. Thus, the difference in the rates of
filtration in the two layers in a radial flow-geome~ is less than that expected with a linear flow-
geometry.
(3) For the given system, the difference in velocities due to the permeabilig contrast of 10:1 between the
two layers dominates over the two previously listed eff’. Consequently, the high-permeability regions
of the reservoir are affected by the filtration mechanism more than the low-permeability regions.

Regime 1.1. The third regime is the period after 60 hours of injection in which the total flowrate levels
off after the rapid drop in Regime II (Figure 8.2). This trend is deceptive as the levelling in flowrate does
not imply a cessation in the filtration of the polymer aggregates. Figure 8.3 shows that this period is
characterized by a precipitous drop in the fraction of gelant injected into the high-permeability layer.

Figures 8.6 shows the apparent viscosity profiks after 96 hours of injection. In order to understand the
gel-placement behavior during this period, the fronts of the polymer solution are plotted as a function of
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time in Figure 8.7. Although the shape of the fronts is altered by filtration, these profiles demonstrate the
following important features.

During the first 60 hours of injection, increasing amounts of polymer are lost from solution due to the
fdtration mechanism, but the polymer front still advances deeper into the reservoir. Onset of the third
regime is characterized by the following behavior:
(1) In the region intermediate to the pe& of resistance in the two layers, this period is characterized by
significantly more crossflow from the high-permeabiIi~ layer into the low- permeabili& layer. This is
evident from the polymer fronts at 72 and 96 hours of injection shown in Figure 8.7.
(2) As a re-sdt of the low flowrates characterizing Regime III, large amounts oi Cd+ ions are released
neaz the wellbore. The rate of 15.ltrationin these regions eventually exceeds the rate of injection of the
polymer and the front of the polyqer in the solution recedes closer to the wellbore rather than further into
the reservoir. The injected solution is rapidly stripped of polymer aggregates by filtration and the peaks
in apparent viscosity in the high-permeability layer move toward the wellbore. Consequently, increasing
amounts of gelant are diverted into the low-permeability region at the wellbore (F@re 8.3).

Clearly, the gel placement behavior during Regime IU is detrimental for an effective permeability-
modfication treatment of a well. The transitional period from regime II to regime III represents the
optimal time for stopping the injection of gekmt. This transition is characterized by a Ievelling off in the
flowrate profde. For the given set of conditions, this time is approximately 60 hours in Figure 8.2.
Injection of gehnt beyond this period results in more diversion of gelant into the low-permeabil@ layer
without increasing the penetration of the gelant in the high-permeability layer.

Effect of injection Pressure or Flow rate. The experiments of Marty et all with the
polyacrylamide/chromium system showed that higher flow rates resulted in deeper penetration of gelant
into sandpacks but also caused a faster build-up of resistance. Both trends may be explained by the
filtration mechanism which couples the rate of build-up of resistance to the kinetics of the redox reaction
and the velocity of the polymer aggregates through the porous medhun. Extension of the filtration
mechanism to field-scale condMons indicates that the flow rate, or the injection pressure, is an important
operating variable in a permeabiNymodMcation treatment.

Figure 8.8 compares the total flow-rate profiles for injection pressures of 1000psi and 250 psi to the base
case of 500 psi. Figure 8.9 shows the corresponding profiles of the flaction of gelant injected into the
high-permeability layer. The gel-placement behavior at the three different injection pressures is similar
and may be divided into the three regimes discussed earlier.

During the fist regime, the fdtration mechanism is insignificant and the flow behavior of the gelant is
governedby viscous forces. During this period, higher injection pressures result in the injection of greater
volumes of gelant into the reservoir. Figure 8.9 shows that the d~iribution of this gelant between the two
layers is similar for the range of injection pressures investigated. For higher flow rates, a minor increase
in the fraction of gelant injected into the high-permeab~l~ layer under transient conditions is observed.

Figures 8.10 and 8.11 show the apparent viscosity profiies after 48 hours of injection at 1000 psi and 250
psi respectively. The corresponding profiIes for the base case were shown earlier in Figure 8.4 and show
trends intermtilate to the re.suits in Figure 8.10 and 8.11. These profiles are representative of the
behavior during Regime IL
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The values of the apparent viscosities at 48 hours indicate faster rates of filtration at higher flow rates.
The increase in the rate of filtration is a consequence of the higher interstitial velocities of the pre-gel
aggregates in the resemoir at higher injectionpressures. The difference in the rates of filtration, however,
is less than that expected with a Iinear flow-geometry. The build-up of resistance occurs further into the
reservoir at higher injection pressures with the radial velocities decreasing with increasing radius. As a
result, the onset of the behavior in Regime III occurs at approximately the same time of 60 hours despite
the difference in the injection pressures. Therefore, in the presence of radial flow-geometry, the kinetics
of the redox reaction is the critical mechanism in determiningg the amount of gelant which can be injected
into the reservoir.

In conclusion, it is possible to inject greater volumes of gelaut into the reservoir by increasing the
injection pressure. The rates of filtration increase with incr&sing flowrate, but this effect is mitigated by
the radial flow behavior around the welIbore. Unfortunately, increasing the injection pressure does not
alter tie infectivity pattern significantly, i.e. more polymer is injected into both layers with increasing
injection pressure. The advantages of injecting large volumes of gelant into the reservoir, therefore, may
be offset by the loss in infectivity of the well after the shut-in period.

Effect of Permeability Contrast. Previous results show that a significant amount of gelant is injected into
the low-permeability region. After shut-in of the well, this gelant lowers the infectivity of the well and
the overall effectiveness of the treatment. The ratio of radial permeabilities is an important parameter in
determiningg the distribution of gelant in the two layers. A case in which the permeability of the high-perm
layer is changed horn 0.1 D to 1.0 D is examined. The resulting permeability ratio of 100:1 represents
a reasonable upper limit of the contrast in absolute permeabilities expected in unfractured reservoirs. The
ratio of the effectivepermeabilities of the layers, however, may be enhanced by the presence of unswept
oil in the low-permeability regions of the reservoir. Therefore, a permeability ratio of 10Q:1 is
representative of cases characterized by severe channeling problems during waterflooding.

Figures 8.12 and 8.13 show profiles of the total flowrate and the fraction of gelant injected into the high-
permeabiiity layer as a function of time. The initial period essentially consists of viscous flow of gelant
into the reservoir. Due to the higher permeability contrast, the flowrate of the gekmt into the high-
perrneability layer in F@re 8.12 is considerably greater than the base case (l?igure 8.2) at the same
injection pressure. More importantly, the fraction of the total gelant injected into the high-permeability
layer is considerablyhigher in Figure 8.13 than that in Figure 8.3. Thus, it is possible to inject gelant into
the resexvoir with a more favorable distribution as the permeabiMy contrast between the layers increases.

Regime II represents the period in which the filtration processes become significant. Figure 8.14 shows
the apparent-viscosityprofiks after 48 hours of injection. Due to the higher injection rates, the penetration
of gelant into the high-permeability layer region is significantly deeper than for the corresponding profile
in F&ure 8.5. The dtierence in the rates of ilhration in the two layers increases as the permeability
contrast increases. For the permeability mntrast of 100:1, the build-up of resistance near the wellbore in
the low-permeability layer is not sufficient to diverting significant amounts of gekmt into the figh-

permeabflity layer. Consequently, for a higher permeability contrast, preferential flow into the high-
permeabili~ layer during Regime 11is reduced.

Build-up of resistance limits the crossflow of gelant from the high-permeability layer into the low-
permeability layer to a relatively smalI distance near the interface. ‘3%isresult is significant sinm
considerably more gelant is injected into the reservoir than for the base case.
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During Regime III, higher flow-rates hasten the pluggi.ngof the high-permeability layer by filtration. The
drop in the fictional flow profile shown in Figure 8.13 occurs about 10 hours earlier than for the base
case. Clearly, the radial-flow geometry around the wellbore plays a major role in reducing this time
differential. For the given conditions, therefore, injection of gelant should be stopped after approximately
50 hours.

Ih conclusion, a more efbtive treatment is possible in reservoirs with high-permeability contrast.
Permeabil@-modtication treatments, therefore, are expected to be more effectivein severe cases of water
channeling as opposed to rndd cases of water channeling during the waterfloodmg stage.

Vertical Permeability and kpect Ratio. Previous results showthat the bulk of the total gelant is injected
into the reservoir during Regime I. During this period, crossflow is due to viscous forces only. After the
onset of filtration in Regime II, further crossflow of gelant from the high-permeability layer into the low-
permeability layer is retarded by the fihration mechanism. IIence, crossflow due to viscous forces is a
critical mechanism determ.ining the efkctiveness of gel placement in a reservoir.

The degree of crossflow during gel placement is determined by the aspect ratio of the treatment and the
ratio of the vertical permeability to the radkd permeabil@. The aspect ratio is defined as the ratio of a
characteristic radius of penetration defining the region of treatment (R) around the wellbore to the height
of the layers (H). The degree of crossflow, G, is defined as ‘*l”

(2)

Thus, crossflow is significant in relatively thin reservoirs characterized by high vertical permeabilities.
The degree of crossflow in layered reservoirs is bounded by two WMng cases. A zero value of G
indkates a reservoir without crossflow representing a layered system with each layer separated by “an
impermeable shale layer. As G approaches infinity, the crossflow between the layers increases and
approaches vertical equilibrium.

Previous results indicate that the radius of penetration for the polyacryltide/chroxrdum system, is
confined to within 10 to 30 ft of the wellbore for typical reservoir and operating conditions. In all the
simulations shown earlier, tie value of the ratio of the vertical permeabili~ to the horizontal permeability
of a reservoir is unity which represents the maximum amount of crossflow expected for that particular
geometry. Therefore, the typical value of the degree of crossflow for near-wellbore treatment with this
system is expected to be of the order of unity. The simulated appaxent viscosity profiles show that
crossflow of gelant is confined to a relatively small region near the interface of the layers.

In order to study the effect that filtration has in the presence of significant amounts of crossflow, injection
of gelant into a reservoir with thickness (II) of 3 ft is examined. Although this case has little practical
importance for the polyacrylamide/chromium system, the degree of crossflow in this case is representative
of a system in which a deeper treatment of reservoir is possible. It may also be noted that the aspect ratio
of the treatment in this example is closer to some laboratory experiments used tO simulate of flow in
layered reservoirs.g

F&ure 8.15 shows the apparent viscosity profiles after 24 hours of injection. The movement of the front
of the solution in the low-permeability layer is accelerated by crossflow from the high-permeabili~ layer.
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The movement of tie front of the gelant in the high-permeability layer is retarded by crossflow from the
low-permeability layer. The net ei%ct of viscous crossfiow, therefore, is to bring the fronts in the two
layers closer together.

Figure 8.16 shows the apparent viscosi~ profiles after 48 hours of injection. Filtration of pre-gel
aggregates results in a build-up of resistance in both layers. In addition, there is a buildup of resistance
intermediate to the peaks in the layers by crossflow. This front penetrates a significant distance into the
low-permeabiEty region.

Although viscous crossilow has a relatively small efftxt during typical near-wellbore treatments, the
effects of viscous crossflow may become significant in deeper treatments by gekmtswith long gel times.
In these cases, the bulk of the crossflow occurs before the onset of filtration and the filtration mechanism
does not help to keep gelant from penetrating into the low-permeability regions.

Clearly, gel-placement is most effective in reservoirs characterized by low crossflow. It may be noted that
reservoirs with significant amounts of crossflow may not exhibit severe problems of channeling during
waterflooding. Based on crossflow behavior, therefore, it may be concluded that gel placement will be
more effective in cases characterized by severe water channeling problems.

Effect of Gel fkdution Viscosity. The initial viscosity of the polyacrylamide/chroruium system in all the
previous results was a relatively high value of 10cp. Simulations were conductedby decreasing the gelant
viscosity to 1 cp and maintaining the samereaction parameters. Although this reduction in vismsity is not
physically possible for the polyacrylamidelchrornium system, the results provide insight into the role of
gelant viscosity on the flow behavior and filtration mechanism. These resuhs also lead to general
conclusions regarding the design of gelant systems.

Figures 8.17 and 8.18 show the total flowrate and fractional flowrate into the high-permeability layer as
a fimction of time. During the first regime, the injection rate of the gelant shown in Figure 8.17 is
cmsider~ly higher than for the base case (F@re 8.2) at the same injection pressure. Comparison of
F&ures 8.18 and 8.3 indicates that the fkactionof the total gelant injected into the high-permeability layer
is higher for low-viscosity gelants. The ratio of volume flowing in the ixvolayers is equal to the ratio of
the permeMlkies for a unit-viscosity gelant and approaches the square root of the permeability ratio as
the viscosity of the gehmt increases.g

The apparent viscosig contours after 48 hours of injection are shown in Figure 8.19. The values of the
apparent viscosity in this figure reflect significantly more filtration for the unit viscosity gelant than for
the base case. This behavior is due to the following effects.
(1) The low-viscosity gelant is injected at a considerably higher flowrate than for the base case. These
higher flowrates result in titer rates of filtration in the IWOlayers.
(2) A characteristic of the filtration mechanism in the model is that Browniau motion of the pre-gel
aggregates is more pronounced at lower viscosities: This Brownian motion results in more collisions of
the pre-gel aggregates with the walls of the pores. Thus, when the Cd+ ions are attached to the polymer
aggregates, filtration is more rapid for low-viscosity gelants. It may be noted that Brownian motion is the
dominant mechanism for the typical aggregate size of the injected polyacrylamide solution (O.1 microns).
As the aggregate size increases, streamline interception begins to dominate. Streamline interception is a
function of the ratio of the aggregate size to the pore diameter and is independent of the viscosity of the
gelant. Thus, for gelants characterized by large molecules, the effect of viscosity on the rate of filtration
may not be significant.
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As a consequence of the higher rates of filtration, F&ures 8.17 and 8.18 show that the onset of Regime
JII is hastened. The optimaI time of injection of the gehmt is about 45 hours which is less than the
corresponding time for the base case. However, since the bulk of the gelant is injected during the first
regime, it is possible to inject larger volumes of gelant into the reservoir with low-viscosity gelants.

In the case of a unit-viscosity gekmt, viscous forces are absent and crossflow is due to the filhation
mechanism alone. Crossflow is dxected from the low-permeabili~ to the high-permeability layer in the
region before the front in the iow-permeability layer. In the region intermediate to the fronts in the two
layers, crossflow is duected from the high-permeabili~ layer towards the low-permeabil@ layer. This
crossflow causes plugging at the interface of the two layers. In the vicinity of the front in the high-
permeability layer, crossflow is duected from the low-permeability layer into4.hehigh-permeabili~ layer.

In conclusion, as the viscosity of the gelant is lowered, it is possible to inject kuger amounts of gehmt
into the reservoir with a more favorable distribution between the wo layers. Althoughviscous crossflow
is reduced as the viscosity of the gelant is reduced, crossflow of gekmt may occur due to build-up of
resistance by the filtration mechanism.

Zonal Isolation. Previous results show that significant amounts of gelant are injected into the low-
permeability regions during conventionalpermeabili~-modification treatments. This gelant reduces both
the overall effectivenessof the gel placement in the high-permeabili~ layer and the injectiviiy of the low-
permeability regions after the shut-in period. Simu.Iations were conducted to study permeabili~-
modification treatments in reservoirs where it is possible to mechanically isolate the layers and inject
gelant into the high-permeabilky layer alone. Base case conditions were used.

Figure 8.20 shows the apparent viscosity profiles after 24 hours of injection into the high-permeability
layer only. In addition to viscous crossflow, there is a considerable amount of crossflow into the low-
permeability layer close to the wellbore. This crossflow is due to the significant amount of time required
for the pressure transient to equilibrate across the height of the low-permeability layer. Note that this
crossflow is not due to viscous forces and is present even in case of injection of a unit-viscosity gelant.

Figure 8.21 shows the apparent viscosity profiles after 48 hours of injection into the high permeability
layer only. The values of the apparent viscosity and the volume of gelant injected into the high- ,.
permeability layer are simiIar to the casewith injection in both layers (Figure 8.5). Injection of gelant into ~
the low-permeabWy layer, however, is avoided by zonal isolation and results in a more effective gel
placement than conventional treatments. There is some penetration of the gekmtinto the low-permeability . ~
layer by crossflow. Filtration of polymer aggregates at the fion~ however, confinesthis gelant to a small
region near the interface of the layers.
The efkcts of viscous crossflow and filtration on gel placement with zonaI isolation are similar to the case
with injection into both layers. In the case of zonal isolation, however, crossflow near the wellbore is an
additional mechanism limiting the volume of gelant which can be injected into the reservoir. As the
injection pressure is increased, it is possible to inject larger volumes of gelant into the high-permeabili~
layer before the onset of Regime III (Figures 8.22 and 8.23). Since most of the crossflow occurs before
the onset of the ~tration mechauism, increase in injection pressure ako increases crossflow near the
wellbore. .. ..,

As in the case of conventional treatments, favorable gel-placement behavior is achieved when the
. .

permeability contrast befsveenthe layers is large. This is seen by comparison of Figures 8.24 and 8.21
(F@re 8.21 is for the base-caseparameters). The significance of crossflow increases as the aspect ratio
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and vertical permeabili~ increase.Figure 8.25 shows apparentviscosity profiles in a systemwith a height
of 3.2 ft where crossflow near the wellbore renders the treatment ineffective. Low-viscosi~ gelants
minhize the effixts of viscous crossffow, but, as a result of the higher flow rates, tend to penetrate more
into the low-permeability layers before filtration barnes do-t. W is show by a mrnparison of
the behavior for injection of a unit-viscosity gelant (Figure 8.26) and the base-e gelant (jFigure8.21).

CONCLUSIONS
The gel-placementbehavior of the polyacrylamide/chromium system in layered resemoirs was examined.
The following points summarke the major conclusions horn this study:

(1) For a given set of reservoir conditions, there exists an optimal time for stopping the injection of
gelant. This period is characterized by a levellimgoff in the flowrate profile. Injection of gelant beyond
this period results in more diversion of gelant into the low-permedility layer without increasing the
penetration of the gelant in the high-permeabfii~ layer.

(2) It is possible to inject more volume of gelant into the reservoir by increasing the injection pressure.
The rates of filtration increase with increasing flowrate, but this eff’ is mitigated by the radial flow
behavior around the wellbore. Unfortunately, increasing the injection pressure results in injection of more
gekmt into both the high-permeability and the low-permeability layers.

(3) Although viscous crossflow has a relatively small effti during typical near-wellbore treatments, its
effects may become significant in deeper treatments with gelants characterized by long gel times. In these
cases, the bulk of the crossflow occurs before the onset of filtration.

(4) Gel-placement is most effective in reservoirs characterized with high-permeability contrast and low
crossflow between layers. Permeability-modfiction treatments, therefore, are expected to be more
effective in severe cases of water channeling as opposed to mild cases of water channeling during the
waterflooding stage.

(5) As the viscosity of the gelant is lowered, it is possible to inject large amounts of gelant into the
reservoir with a more favorable dktribution between the two layers. Although viscous crossflow is
reduced as the Viscosily of the gelant is reduced, crossllow of gelant may occur due to build-up of
resistance by the filtration mechanism.

(6) Isolation of thelow-permeability layer results in aconsiderablymore effectivegel placement compared
to conventionaltreatment. Filtration may aid in minimkkg crossflow of gelant fromthehigh-permeabfii~
regions into the low-permeabili~ regions of the reservoir.

NOMENCLATURE
c~ : concentration of component “i”, moWcrn3.
c~~ : concentration of component “i”-after it is deposited by filtration in the porous m-

moles/cm3.
Ct : compressibi.li~, psi-i.
Dr : radkd d~persion coefficient, cni2/sec. “
DZ : vertical dispersion coefficient, cm2kc.
F: fraction of hydrolyzed repeat units on a polyacryla.midechain
g: matching parameter in the G’ equation, dmensiordess.
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G’:
G’m :
G’= :
K:
K,, ~.

Ku,, :
k:
k:
1P :

P:
Mwp :
Mwm:

.

iSR ;
r:

Ri:
%:
T:
t:
v, :
v= :
v:Int
z:

shear modulus of a gelling fluid, dynes/cm2.
initial shear modulus due to polymer entanglements, dynes/cm2.
maximum shear modulus of a gelling fluid, dynes/cm2.
Boltzmann’s constant.
reaction rate constants for the reduction reaction.
reaction rate constant for chromium uptake.
radial permeabil@ of the reservoir, darcy.
vertical permeability of the reservoir, dacy.
average length of pore, “A.
pressure, psi.
molecular weight of polymer
molecular weight of a polymer repeat unit
crosslink densi~, crosslirWcm3.
matching parameter for the interception efficiency equation.
radh, cm.
kinetic reaction term, moles/cm3.s
rate constant for the shear modulus equation
temperature, K.
time, sec.
radial velocity, cm/sec.
vertical velocity, cmkc.
magnitude of total velocity, cmkc.
height, cm.

Greek Characters
CY: probability that a particle will collide with the pore walls, dimensionless.
E . the fraction of collisions that result in the deposition o f t h e p a r t i c 1 e ,

dimensionless.
ri : interception rate coefficient
r’ : straining rate coefficient
~o : initial porosity
4: current value of porosi~
a: total fraction of initial porosity occupied by deposited polymer.
P: viscosig, cp.
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APPENDIX - Governing Equations
k order to simpli@ the formulation of the mathematical model, the following set of assumptions are
adopted in the continui~ equations.
(1) Flow is assumedto be symmetic around the wellbore. Two-dtiensiona DarcYflow of the gekmt is
considered in the radial and vertical duections.
(2) Only single-phase flow is considered during the process of gel placement. Oil is assumed to be
immobile and its effixt.son the gelation processes are neglected.
(3) A single-well model is developed in which the well is isolated from all effects of surrounding wells.

Pressure li@diorL Based on the above assumptions, the overall eqpation of continui~ for a fluid with
a smalI and constant compressibility is given by

The radhl and vertical components of the fluid veloci~ are given by

k~
vr=-J—,.”......... “.””””””.””. (A-2)

par

k~
vz=-~—. ”.”.””.””” ““”””-”.”.”” (A-3)

pi%

The mobili~ terms in Equation A-1 area function of the gelation process of the polyacrylarnidehdox
system. Both the radial and vertical pexmeabilities of the reservoir vary as the pre-gel aggregates of
polymer are filtered by the porous medium. Similarly, the viscosity of the gelant is usually greater than
the viscosity of the initial fluid and the fluid viscosity in Equation 1 undergoes a rapid drop at the front
of the injected solution. The gelant viscosity increases as crosslinks between the polymer molecules are
formed.

InithzZund Boundary Cmdi.tions. The selection of boundary and initial conditions for Equation A-1
deserves some ducussion. Well operation maybe modelled for two conditions- injection of gekmt at a
constant flow-rate, or, injection of gelant at a constant injection pressure. At constant flow-rate conditions,
the flow rate of gelant into the idvidual layers with constant permeabiIities may be obtained by simply
dividing the total flow-rate in proportion to the radial permeabilities of the layers. However, in the
presence ‘ofthe filtration mechanism, the ra&l permeability of the reservoir varies as a fimction of both
position and time. In order to avoid iterative calculations of the varying flow rates across the height of
the wellbore, this study is restricted to the relatively straightforward case of well operation at constant-
pressure conditions aIone. The boundary condition for Equation 1 at the wellbore, therefore, is given by

dr=rWa.”......””””.”” (A+

Since the model is restricted to near-wellbore treatments only, the boundary condition at the exterior
radius is developedby assuming that the well is isolated from the surrounding wells. The exterior radius
is typically far enough from the wellbore that the exterior boundary-condition does not significantly effect
flow behavior near the wellbore. The exact form of the boundary ccmdltionfor the pressure equation is
developed in conjunction with the initi~ condition for Equation A-1.
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The initial condition must be selected so as to represent the pressme dktriiution aroundthe wellbore after
an extended period of waterflooding. Two sets of initial and bowdary renditions may be envisioned. The
first set of conditions physically represents steady-state opertion of the well in which pressure has
equilibrated across the height of reservoic

pw ln(+
.P=

“ Olt=o . . . . . . . . . . . . . . . . (A-5)

. “ +)
e

P=o -~r= r& . . . . . . . . . . . . . . . . (A-Q

This boundary condition is representative of the pressure distribution in laboratory experiments simulating
flow through layered reservoirs. For field-scale conditions, however, this set of conditions is
oversimplified since it neglects the presence of unswept oil in the low-permeability regions of the
reservoir. Simulated pressure contours after an extended period of water-floodingby Scott et al.f~ show
that pressures in the high-permeability layer are greater than the corresponding pressures in the low-
permeability layer. ArI addtional complication arises in practical cases as permeabtiity-modification
treatments usually require some period of shut-in of the well before injection of the gelant is initiated.

In this study, pressure behavior is described by a second set of conditions which represent the tiansient
operation of the well after a shut-in period..

P =0 att=o..””...””...”.”.. (A-7)

2!2=0
ar

atr=re . . . . . . . . . . . . . . . .(A-Q

Pressure transients are propagated faster in the high-pernieability regions than the low-permeabiMy
regions of the reservoir. After a relatively short period, the pressure distribution in the reservoir becomes
similar in nature to that shown by Scott et al.c This set of iriitial conditions also enables a direct
comparison between conventional treatments with injection of gelant into both layers and treatments with
zonal isolation where gekmt is injected into the high-permeability layer alone.

Numerical results for the two sets of conditions show that the choice of initial conditions effects the flow
behavior near the wellbore only for a short period (typically less than 10 hours) d@.ng the early stages
of the treatment. During this period, the transient initial conditions produce considerablyhigher flow-rates
than the steady-state conditions and result in a greater cunmlative volume of gelant being injected into the
reservok. The overall gel placement behavior and the effects of parameters, however, are qpite similar
for the two sets of conditions.

Mms lkznspoti. Based on the veloci~ field given by Equation A-1, in-situ gelation of the
polyacrylamide/chrotium system is described by the trapsport of the following chemical species:

1. sodium bichromate
2. thiourea (reducing agent)
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3. ionic cbIomium (III)
4. chromium attached to polymer
5. cross-links between polymer chains

6.-10. five size categories of polyacrylamide aggregates

Mass transport of the “i&”chemical species is given by

which accounts for transport of mass by convection, dispersion, filtration and chemical reaction. Ci@jis
the concentration of the “i*” species deposited on the walls of the pores by fihation and is related to the
local concentration of “i” in the solution. The dfipersion coefficients in Eqyation 1 are linear fimctions
of the velocity vectors. The reaction and filtration terms for the dMerent chemical species are described
below.

Reacfibn Xinetics. The kinetics of the cbIomium reactions are assumed to be independent of the flow
geometry. Hence, both the form of the kinetic expressions and the reaction parameters used in this model
are identical to those used by Todd et al. to match linear core-flood experiments. A detailed description
of the reaction kinetics is available in Reference 7 and only a brief summary is presented here.

The gelation kinetics cf *&epolyacrylamide/chromium system is described as a three step process:

. L The reduction of bichromate by thiourea to liberate free C&+ ions into the solution. This reaction is
modeled by the following rate equation proposed by ri)

The concentration of the bichromate ion “in Eqyation 10 is cakxdated from the bichromate-ion
conception using eqpill%riumrelationships.

2. The free CP+ ions in the solution are attachedto the reactive sites on the polymer molecules. The rate
of Cd+ uptake by the pclymer is given by Hunt et al., as 12
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3. As a result of the attached chromium ions, the polymer mold= crosslink to form laxge chains or
aggregates of polymer molecules. This step is characterized by the evolution shear modulus (G’) of the
gelling solution by the following empirical relation n

Gt~=~k[cr3~@G/[1-TJe................(A-12)
m

Based on the value of the shear modulus, the crosslink density of the gelling solution is estimated using
Graessley’s ecymtion’4

#=@ T+G ~. . . . . . . . . . . . . . . . . . . (A-13)

where n is crosslink density in crosslinks per unit volume. The qrosslii densi~ increases as the
crosshking reaction proceeds in time and causes an increase in gelant viscosity and the formation of
aggregates of polymer molecules.

The size d~tribution of the polymer aggregates in the solution is estimated by Flory’s equation ~. This
relation provides the weight distribution of aggregate sizes in .gelliig solutions based on the crosslink
density. For computational purposes, the overall size distribution is divided into five d~crete categories
according to size 7.

Deep FiUmfiaz. The pore structure of reservoir rock is typically characterized by pore lengths of the
order of 100 microns and pore-throat diameters ranging from 0-20 microns.8 The gelling solution flowing
through these pores consists of aggregates of polyacrylamide mokcuks ranging from 0.1-2.5 microns in
diameter. Under these conditions, ISVOmechanisms for the filtration of polymer aggregates
predominate.*sJ7Straining of particles occurs in the smaller pores when the particle diameter exceeds the
diameter of the pore throats. In the larger pores, the aggregates maybe intercepted by the walls of the
pores due to the mture of the streamlines of flow, or, by the Brownian motion of the particles. The
trapped particles by both filtration mechanisms reduce the porosi& and the permeability of the porous
medium and result in a build-up of flow resistance in the regions of high deposition.

The filtration model in this work is an extension of existing one-dimensionalfikrationmodels. 7S17In order
to incorporate the effects of crossflow on filtration, the rate of filtration of the polymer aggregates is
assumed to be proportional to the magnitude of the flux of particles through the pores. The rate of
filtration of the polymer in the straining and interception pores is given by

.,
>“

where u is the fraction of initial porosity occupied by deposited polymer. v= is defined as the magnitude
of the total velocity of the particles through the porous medium

v ‘r= V:+v: ..”-”..””.”...“. ----- (A-15)
20!
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The filtration coefficients 17sand 17iin Equation 14 are of the form

r = ? . . . . . . . . . . . . . . . . . . . . . . . (A-16)
P

where a is the probability that a particle will collide with the walls of pore, e is the fraction of the
collisions by which the particle sticks to the pore walls and ~ is the average pore length of the pore throat.
The quantities a and e incorporate the effects of the straining and interception mechanisms of filtration.

The collision probabili~ and the collision efficiencyfor the small straining pores are assumed to be unity.
In the large interception pores, collisions with the pore walls may be due to the constriction of the
streamlines of flow, or, by the Brownian motion of the particles. The collision probability due to
streamline interception is dependant only on the ratio of the particle diameter to the grain diameter of the
porous medium. The cdision probabiIi~ due to Brownian motion, however, is a function of various
parameters including the particle diameter, temperature and the solution viscosity. The total collision
probability is the sum of the contributions due to the lxvomechanisms and is calculated using the sphere-
indl models.’

The polymer intercepted by the pores is retained by two mechanisms. Initially, the injected polymer is
deposited into a thin dense layer which has little effect on the permeability. The efficiency of these
collisions is given by the expression

ei=q (l-~) . . . . . . . . . . . . . . . . . . .“ @-1~
u=

As the chromium/redox reaction progresses, polymer aggregates are retained in the pores by virtue of
their ability to form crosslinks with previously deposited polymer

(- )~w[cr37m2................
= PSR (A-18)

~f
w= [PAAn2]

where PSZ?is a matching parameter estimated from laboratory core-flood experiments at different flow-
rates.

The total rate of filtration is computed as the sum of the rates of filtration of dl the size fkactions of the
polymer aggregates. The decrease in porosity due to the filtration of polymer aggregates is related to the
decrease in the permeability of the porous medium by the simplified relation

k, kz
—=— = ($)3 . . . . . . . . . . . . . . . . . . . . (A-19)
k: k:

Thus, the model allows for porous medkm to be anisotropic in nature, but, both the radkd permeability

and the vertical permeability are assumed to be effected equally by the decrease in porosity.

In summary, the filtration model differs from other models for in-situ gelation since it couples the effects
of flow rate and reaction kinetics to the build-up of flow resistance. In addhion, the rate of filtration of
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the polymer aggregates is a function of the aggregate sti md tie pore structure of the porous medium
Since the low-permeab~lty regions are chamcterizM by sper pores b the high-permeability regions,
the rate of filtration of polymer aggregatesunder similar Contiltiomis greater in low-permeabili~ regions
of the reservoir.

Numerical Model. Single-well models are particularly subject to instability due to the sharp
diverging/converging nature of flow near the weIlbore. Numerical models for coning type problems show
that implicit treatment of mobility terms in the pressure equation for implicit-pressure explicit-saturation
(IMPES) type algorithms is more efficient than explicit treatment of the mobility terms. ‘SJ’Similarly,
fully implicit numerical models with simultaneous solution of all variables perform betier than IMPES
type algorithms. Although implicit techniques require more work for each time-step, they become
computationally efficient by allowing substantially larger time steps than explicit techniques thereby
reducing the total number of required time-steps.

In this study, the governing set of eqyations are solved numerically using the Method of Lmes.m The
spatial derivatives of the partial differential equations (PDEs) are substituted by corresponding fi.nite-
difference approximations. This step converts each PDE into a set of ord~ dfierential equations
(ODES). The resulting set of ODES for the model are solved simultaneously using an implicit ODE
integrator, LSODES.

Evaluation of the spatial derivatives is performed using first-order finitedifference approximations based
on non-uniform spacing of grid points.21One-point upslream weighting is employed for the non-linear
component of the mobfl~ terms in the pressure equation. Similarly, the convection terms in the mass-
transfer equations are evaluated using one-point upstream finitedlfference approximations. Since the
direction of flow is not lmown a priori, the upstream duection in the radial and vertical duections is
dictated by the d~ection of the corresponding pressure gradients.

Non-uniform spacing of the spatial grid is essential for maintaining the accuracy of the finitedfierence
approximations and ~g the overall size of the model. In the radial directio% 31 grid points are
used to capture the flow behavior and gelation process near the wellbore. An additional 10grid points are
then logarithmically spaced to the exterior radks to evaluate the progress of the pressure Wmsients into
the reservoir. In the vertical direction, a total of 14 grid points are used with 9 grid points in the low-
permeability layer and 6 grid points in the high-permeabili~ layer. For each layer, the mesh is refined
near the interface of the two layers. Convergence studies confirm that this grid is sufficiently accurate for
studying the gel-placement and crossflow behavior in the two-layered reservoir.

The temporal derivatives of the ODES are evaluated in LSODES by variable time-step, variable order,
backward-difference formuhs.n@ The time-stepping procedure is adaptive in nature with the maximum
time-step size selected to meet stabtilty requirements and specified error tolerances. At each time-step,
the resulting set of non-linear algebraic equations are solved iteratively by Newton’s method. Since the
non-linear nature of the original eqmtions remains undisturbed, Newton’s method avoids liiearizations
or lagging of the non-linear terms in tle governing eq@ions. fhmlations showed that incmporation of
Newton’s method typically increased the size of the permissible time steps by a factor of 1000.

The LSODES integrator incorporates the Yale sparse-matrix solver for evaluating the Jacobian matrix
required for Newton’s method. Since the Jacobian matrix for the problem is more than 99% sparse, the
sparse-matrix solver “ “ . al the storage requirements for the model considerably and enabled efficient
solution of the Jacobian matrix. Further details about LSODES are available in References 20 and 22.
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The MOL technique, therefore, results in a fully implicit numerical scheme for soIving the governing
equations. Numerical simulations were performed on a Digital Alpha 7WQ-61Ocomputer and typically
re@red 3-8 CPU hours depending on the flow rate and degree of crossflow.
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