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Abstract

Several previous researchers reported that polymers or gels
can reduce permeability to water more than to oil. However,
a plausible explanation for the phenomenon is not yet available.
This property is critical to the success of gel treatments in
production wells if zones cannot be isolated during gel
placement. We examined how different types of gels reduce
oil and water permeabilities in Berea sandstone. The gel
formulations that we investigated included (1) resorcinol-
formaldehyde, (2) Cr®*(chloride)-xanthan, (3) Cr**(acetate)-
polyacrylamide, and (4) colloidal silica. Several new methods
were applied to obtain a better understanding of why gels can
reduce water permeability more than oil permeability. First,
before gel placement in cores, multiple imbibition and drainage
cycles were performed in both flow directions. Results from
these studies established that hysteresis of cil and water relative
permeabilities was not responsible for the behavior observed
during our subsequent gel studies. Second, several gels clearly
reduced water permeability significantly more than oil
permeability.  Whereas p.svious literature reported this
phenomenon for polymers and "weak" polymer-based gels, we
also obseied the disproportionate permeability reduction with
a monomer-based gel (resorcinol-formaldehyde), as well as
with both "weak" Cr’*(chloride)~xanthan and "strong"
Cr”(acetate)-HPAM gels. In contrast, a colloidal-silica gel
reduced water and oil permeabilities by about the same factor.
Residual resistance factors for several gels were found to erode
during multiple cycles of oil and water injection, In spite of
this erosion, the disproportionate permeability reduction
persisted through the cycles for most of the gels. Studies using
both oil and water tracers provided insight into the fraction of
the pore volume occupied by gel. The strongest gels appeared
to encipsulate the original residual oil saturation—thus
rendering the residual oil inaccessible during subsequent oil
flooding.

References and figures at end of paper.

Introduction

Applications of near-wellbore gel treatrients in production
wells are intended to reduce excess water production without
sacrificing oil production. In a previous study,! we developed
a theoretical model using fractional flow and material balance
concepts to quantify the degree of gelant penetration into oil-
productive zones, as well as into water-source zones. (The
term "gelant” here refers to the liquid formulation prior to
gelation.) The study showed that gelants can penetrate to a
significant degree into all open zones—not just those zones
with high water saturations, The study also indicated that oil
productivity can be impaired even if the gel reduces water
permeability without affecting oi! permeability, The principal
advantage of the disproportionate reduction of the water and oil
relative permeabilities is in reducing the need for zone isolation
during gel placement. Realizing this advantage generally
requires high fractional oil flow from the zone(s) of interest.
During the study, the effecis of capillary pressure were
neglected in order to obtain a closed-form solution to the water
conservation equation,

In a separate siudy,? we examined the effects of capillary
pressure on gel placement, This study showed that, in
coreflood experiments in oil-wet cores, capillary effects could
inhibit an aqueous gelant from entering a core. However, in
field applications, the pressure drop between injection and
production wells is usually so large that capillary effects will
not prevent gelant penetration into cil-productive zones. Under
field-scale conditions, the effects of capillary pressure on
gelant fractional flow are negligible, Hence, capillary pressure
effects do not change the conclusions reached in Ref. I, where
capillary effects were neglected,

Several researchers®-10 reported that some polymers and
gels can reduce permeability to water more than to oil, Fig.
1 provides a summary of the results from different ‘esearchers,
In this figure, the permeability reduction for water at residual
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oil saturation is plotted against the permeability reduction for
oil at residuai water saturation. A given permeability-recuction
value was determined by dividing the end-point permeability
before exposure to polymer or gel by the end-point
permeability after exposure t) polymer or gel. Using this
definition, two factors contributed to the pe: neability
reductions—(1) changes in permeability at a given fluid
saturation and (2) changes in end-point fluid saturations, The
available evidence indicates that polymer or gel usually shifted
the entire water relative permeability curve to lower values
without significantly changing the residual oil saturation. In
contrast, the position of the oil relative permeability curve was
often unaffected by the polymer or gel, except that the
irreducible water saturation was increased. Thus, the increase
in the irreducible water saturation was largely rosponsible for
permeability reductions for oil.

The disproportionate permeability reduction is critical to
the success of gel treatments in production wells if zones
cannot be isolated during gel placement.! The ultimate
ohjectives of our research in this area are to determine the
reason why the disproportionate permeability reduction occurs
and to identify conditions that maximize this phenomenon.

In this study, we examined how different types of gels
reduce oil and water permeabilities in Berea sandstone, The
impact of wettability on reduction of oil and water
permeabilities was investigated. We also examined whether
hysteresis of end-point oil and water permeabilities occurs
during the "pump-in, pump-out” sequence used during gel
treatments.

Experimental Procedures

Gelants Stadied. Four types of gels were investigated in this
study, including: (1) resorcinol-formaldehyde, (2)
Cr>*(chloride)-xanthan, (3) Cr**(acetate)-polyacrylamide
(Marathon’s MARCIT"), and (4) colloidal silica (DuPont’s
Ludox SM®). For the Cr’*+ (acetate)-polyacrylamide gel, three
formulations of different final strength were used. Table |
lists the compositions of these gelants. Pfizer provided the
xanthan (Flocon 4800°%), DuPont supplied the colloidal silica,
and Marathon provided the polyacrylamide. The
pciyacrylamide (HPAM) had a molecular weight of about 2
million daltons and a degree of hydrolysis of 2 percent, The
other chemicals used in this study were reagent grade,

Coreflood Procedures. The sequence followed during our
core experiments is summarized in Table 2. All experiments
were conducted at 41°C. Berea sandstone cores were used that
had a nominal absolute permeability to brine of 8300 md. All
cores were about 15 cm long and 3.6 cm in diameter. All
cores had one internal pressure tap located 2.5 cm from the
inlet rock face. The cores were not fired,

Water-tracer studies were performed after the core was
first saturated with brine and after each waterflood. These
studies involved injecting a brine bank that contained 40-ppm
potassium iodide as a tracer. The tracer concentration in the
effluent was monitored spectrophotometrically at a wavelength
of 230 nm. For our latest experiments, oil-tracer studies were

performed after each oilflood. These studies iiivolved injecting
an oil bank that contained 20-ppm trans-stilbene as a tracer,
The tracer concentration in the efflucnt wes monitored
spectrophotometrically at a wavelength of 300 nm. Usually,
four replicates were performed for each tracer study. Also,
the replicates included studies performed at different injection
rates. Retention of trans-stilbene in Berea sandstone was found
to be negligible (less than 0.01 ug/g of rock).

" steresis Studies Before C:i Placement. The relative
permeability of a given phase is oftcn both path- and hisiory-
dependent. /12 Gel treatments in production wells involve a
"pump-in, pump-out” sejuence where an aqueous gelant is
injected into 2 production well from one direction, and later,
oil is produced from the opposite direction. Hysteresis of
relative permeability curves can result in significant damage to
oil productivity.! Thus, the impact of thic hysteresis should be
considered prior to a gel treatment. Jur coreflood experiments
were designed to examine the effects of flow-direction reversal
and multiple imbibition and drainage cycles on end-point il
and water relative permeabilities at irreducible water and oil
saturations, respectively.

Both a crude oil from West Texas (Moutray) and a refined
oil (Soltrol-130%) were used in our studies. To achieve an
intermediate wettability,!3-1% corc; were aged with Moutray
crude oil at 80°C for eight days after the first oililood (Step 4
in Table 2). Then, the old crude oil was dispiaced by three
pore volumes (PV) of fresh crude oil and the oil mobility was
determined. Tests revealed that the Amott indexes for oil and
water were both near zero—indicating intermediate wettability.
When the refined oil was used in place of the crude oil, cores
were strongly water-wet.

In each of the corefloods, Steps 1 through 10 (outlined in
Table 2) were performed to characterize the core and to
establish baselines before gelant injection. Table 3 provides a
summary of the hysteresis studies before gelant injection. The
results were repreducible during replicate cycles. For the
strongly water-wet cores (i.e., the cores with the refined oil),
no significant hysteresis of end-point permeabilities (either for
water or oil) was observed as a result of the flow-direction
reversal. However, for the cores with intermediate wettability
(i.e., the cores with the crude oil), flow-direction reversal
caused a 45 to 73% increase in end-point permcability to
water. A much smaller hysteresis was observed for end-point
oil permeability. More detailed results from our hysteresis
studies can be found in Ref. 16.

The main value of these studies is that tuey quaniify the
importance of hysteresis in our fluid/rock systems prior to the
introduction of gel. Especially for those parameters that were
unaffected by flow-reversal and multiple imbibition and
drainage cycles, gel effects can now be distinguished from
hysteresis effects during our subsequent gel studies.

Gelant Placement Procedures.  For the resorcinol-
formaldehyde gelant, retention studies ir. Berea sandstone cores
revealed no significant loss of gelant components, either by
adsorption or by partitioning into the oil phase. Therefore,
only 3 PV of the gelant were injected. This gelant was water-
like during the injection process (Step 11). In contrast, 10 PV
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of Cr3*(chloride)-xanthan gelant were injected to ersurc *hat
the cores were saturated with the gelant. For the
Cr>*(acetate)-HPAM gelant with 1.39% HPAM and 636-ppm
Cr*, approximately 4 PV of gelant were injected because a
high pressure gradient jiveloped. For the Cr*(acetate)-
HPAM gelant with 1.3¢’% HPAM and 212-ppm Cr**, 8 PV
of gelant was injected before the pressure gradient reached the
pressure constraint. For the Cr~ (acetate)-HPAM gelant with
0.7% HPAM and 318-ppm Cr*, 10 PV were injected. Ten
PV of gelant were also injected during the experiments with
colloidal silica.

We cxamined how the presence of oil affects gelation.
During tests in bottles, both the refined oil and Moutray crude
iad no effect on the gelation times or the appearance of the
gels. Also, during all of the core experiments, injected and
non-injected gelant formulations exhibited similar gelation
times and final gel strengths. The shut-in times (five days)
were 8 to 33 times longer than the gelation times. (Detailed
gel placement data can be found in Ref. 16.)

Effluent samples were collected throughout the process of
injecting the Cr® ¥ (chloride)-xanthan and Cr* * (acutate)-HPAM
gelants,  These samples were analyzea for chromium
concentration using atomic absorption spectrometry. The
results for Cr*+(chloride)-xanthan gelant are preseated in Fig,
2. A case with no residual oil'’ is included for comparison
with the two cases where residual oil was prasent. For the
case without residual oil, the first chromium in the effluent was
detected after injecting 3 PV of gelant. After injecting 10 PV,
the chromium concentration in the effluent reached about 80%
of its injected value. Fig. 2 indicalcs that chromium
propagates more readily in porous media with residual oil
present. For the cases with residual oil present, the first
chromium in the effluent was detected after injecting 1 PV of
gelant. The chromium concentration in the effluent then
increased steadily and leveled off at over 90% of the injected
concentration. The more rapid breakthrough of chromium
when oil is present occurs partly because residual oil decreases
the pore voiume occupied by water. However, this explanation
does not entirely account for the different Cr** picpagation
rates with versus without residual oil. Additional chromium
prlgpagation data for Cr>*(chloride)-xanthan gelants and for the
Cr’*(acetate)-HPAM gelants are documented in Ref. 16,

Permeability Reduction for Oll and Water After Gel
Treatment

Following the five-day shut-in period, Steps 13 through 17
(from Table 2) were performed (o determine the residual
resistance factors for brine (F,,,) and oil (F,,). (See the
Nomenclature for definitions of these terms,) In order to
simulate the "pump-in, pump-oui" sequence used during gel
treatments in production wells, the gelant was injected into the
core from one direction (flow direction #1), and residual
resistance factors were measured in the opposite direction (flow
direction #2). The hysteresis effects, if present, were
climinated by using the end-point mobilities measured in the
same direction (flow direction #2) before and after gei
treatments to calculate residual resistanve factors, Results are

summarized in Table 4. More detailed results can be found in
Ref. 16,

Resorcinol-Formaldehyde. For the resorcinol-formz’ ‘ehyde
gel in both the water-wet and intermediate-wet systems.
residual resistance factors were more or less Newtonian
(velocity independent) during continuous injection of either
water or oil. (We also noted Newtonian behavior during water
injection in a previous study where no cii was present.!%)
However, the F,,,, value during the second waterflood (Step
15c) was less than the previous F,,, value (Step 13). This
suggests that the gel experienced physical breakdown during
the oil-water injection cycie. Further gel breakdown was not
observed during a subsequent oil-water injection cycle (Steps
16a througk 16d),

Cr’* (Chloride)-Xanthan, The Fp, and F,,, values for the
Cr‘""(chloride)-xanthan gels were generally lower than those
for the other gels. The F,,,, values were also much lower than
those measured in our previous studies without a residual oil
saturation.!”! Gel breakdown was not observed during the
oil-water irjection cycles. The flow-rate dependence of F,,
values was very weak for the data with residual oil present. In
contrast, a strong apparent shear-thinning behavior was
observed_during other studies, where residual oil was not
present.!”1% Further work will be needed to understand the
reasons for these differences.

For both the resorcinol-formaldehyde gel and the
Cr*(chloride)-xanthan gel, the F,p, and F,, values were
lower for the strongly water-wet Cores than for the
intenmediate-wet cores (see Table 4). Thus, these gels reduced
oil and water perrieabilities to a greater extent in the
intermediate-wet cores than in the strongly water-wet systems.
For the Cr>*(chloride)-xanthan gel, the impact of wettability
on the ratio, F,,/F .., was not significant. However, for the
resorcinol-frrmaldehyde gel, the disproportionate permeability
reduction was more pronounced for the =« stem of intermediate
wettability than for the strongly water-wet system. A high
Frw/Frro ratio is beneficial in reducing the need for zone
isolation during gel placement in production wells,! Of
course, F, values greater than one will reduce oil productivity
to some extent.

Cr’* (Acetate)-HPAM. Three Cr*(acetate)-HPAM
formulations were examined in this study. In »il cases, the
flow of brine in the porous medium exhibited a strong apparent
"shear-thinning" behavior, while the flow of oil remained
Newtonii... As indicated in Table 4, the relationship between
F,w and superficial velocity, u, could be described using a
power-law equation, In some cases, because the residual
resistance factors for water were so high, experiments could
only be performed at a single, low injection rate, Thus, we
were not able to determine, in these cases, how F . varied
with injection rate. For all the Cr*(acetate)-HPAM
formulations, both F,,, and F,, values were reduced during
the subsequent oil-water injection cycles (Table 4),

The largest ratios of F,,, to F,,, were obse:ved for the
Cr* (acetate)-HPAM gels. For example, the Cr’*(aceiate)-
HPAM gel with 1,39% HPAM and 212-ppm Cr** provided an
extremely high F,,, value (53,000) during brine injection
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immediately after shut-in. During the fcil~wing oil-water
injection cycle, the residual resistance factor for «il (Soltrol-
130) was 50, and the residual resistance factor for water could
be described by a powei-law equation, F,,, =972 u* . After
tvo additional oil-water injection cycles, the F,_, value
stabilized at 14. At the end, the F,, values could be
described by a p: ver-law equation, F,,, =105 u®55, For the
same Cr* * (ace:ate)-HPAM formulation, similar behavior was
reporte:’ e previous water-CO, experiments,2

Colloidal Silica. For the ¢olloidal-silica gel, continuous gei
breakdown was observed during the first brine injection after
shut-in, The first F,, value measured immediately after shut-
in at a superficial velocity of 0.023 fi/d was about 3,200. The
Fyw values then decreased with increased flow-velocity and
eventualiy stabilizzd at about 26, Table 4 shows that further
gel breakdown occurred during the subsequent oil-water
injection cycles. During these experiments, the pressure
gradient never exceeded 200 psi/ft. In coatrast, in earlier
work, Jurinak et al.?° found that pressure gra-ients above 2500
psi/ft were required to caused gel breakdown. \dditional work
is needed to explain this finding. The flow behavior for the
refined oil or brine in the porous medium was Newtonian,

Table 4 shows that, except for the colloidal-silica gel, all
other gels tested in this study reduced water permeability more
than oil permeability (F,,,, >F,,,). For the colioidal-silica gel,
Fw and F, values were about the same during a given oil-
water cycle.

Resuits from Tracer Studies

Tracer studies were performed to determine pore volumes
and dispersivities of the cores. Traditional error-function
solutions?! did not fit the tracer curves well during water
injection when residual oil was present. In particular, the
tracer curves were asymmetric. Therefore, volume balances
were required to determine the fraction of the pore volume that
remained open to flow,

We did not develop the oil-tracer procedure until after
completing the studies of the resorcinol-formaldehyde and
Cr*(chloride)-xanthan gels. Therefore, results from oil-tracer
studies are only available for the CP*(a.cetate)-HPAM and the
colloidal-silica gels, Results from our tracer studies are
summarized in Tables § through 10 and in Figs. 3 and 4. The
ratio, V,/V,,, represents the fraction of the original pore
volume that was sampled by the tracer during a given tracer
study. The difference, 1-V,/Vp, represents the fraction of the
original pore volume that was occupied by the immobile phase
and/or gel. The quantity, o, shown in Figs. 3 and 4 refers to
the dispersivity during a given tracer :‘udv. The o values
were obtained using a mixing zone that ¢. *r.ds from 10% to
90% of the injected tracer concentration,?!

The first parts of Tables 5 through 10 show that prior to
gel placement, S, and S, values obtained from water- and
oil-tracer studies usually agreed well with those from
volumetric measurements. The results of pore volume
determinations from both oil- and water-traccr studies were
reproducible during replicate cycles, '¢

Resorcinol-Formaldehyde. For the resorcinol-formaldehyde
gel in a strongly water-wet core (Table 5), the water-tracer
studies indicate that gel plus oil occupied 37% of the original
pore volume immediately after the gel treatment. A
comparison of this number with the residual oil saturation
(85,=0.34) indicates that the gel occupied only about 3% of
the original pore volume. Because this gel provided significant
permeability reductions (F,,,, = 40 to 49), the small quantity of
gel tnay occupy str itegic locations in pore throats.

Cr** (Chloride)-Xanthan, For the Cr** (chloride)-xanthan gel
in a strongly water-wet core (Table 6), a comparison of the
water-tracer results and the S, value indicates that the gel
occupisd 28% of the original pore volume (61% minus 33%).
However, results from the subsequent water-tracer study show
an increase from 61% to 80% for the pore volume occupied by
the gel plus oil. Since no more gelant was injected during the
process, this increase can only be attributed to an increase in
residual oil saturation. Thus, the gel appears to trap additional
oil during the latter oil-water injection cycles.  This
phenomenon was also observed with the resorcinol-
formaldehyde gel (Table 5). The phenomenon was not
observed for the case with Cr> *(chloride)-xanthan gel in a core
with intermediate wettability,!® Additional work is needed to
explain this phenomenon.

Cr** (Acetate)-HPAM. For the Cr* (acetate)-HPAM gel with
1.39% HPAM and 212-ppm Cr*, extremely high residual
resistance factors for water precluded water-tracer studies
during the first oil-water injection cycle. However, water- and
oil-tracer studies were performed throughout the rest of the
study. The pore volume determinations from water- and oil-
tracer studies are summarized in Tables 7 and 8, respectively.
Material balance calculations (Table 7) show an increase in
residual oil saturation during the first oil-water injection cycle
after gelation (from 29% to 34%). The water-tracer studies
and the material balance caiculations (last row of Table 7)
indicate that gel occupied S1% of the original pore volume
after three oil-water injection cycles (84% minus 33%).

The last row in Table 8 shows that the oil tracer sampled
only 20% of the original pore volume, However, material
balance calculations indicate that gel plus trapped water
occupied abou. §5% of the original pore volume. This means
that about 25% of the original pore volume was occupied by
immobile oil. This value is near the residual oil saturation
before gel treatment (Table 7). Thus, the gel appears to have
encapsulated the original residual oil saturation and rendered
it immobile during subsequent oil floods. Sir..ilar results were
observed for the Cr>* (acetate)-HPAM gel with 1.39% HPAM
and 636-ppm Cr3+,16

Comparing the last V,/V,, entries in Tables 7 and 8
suggests that between 16%’ and 20% of the pore space was
open to flow for both oil and water. This result is iiiteresting
since F,,, was much larger than F,, at this point in the
experiment (i.e., F,p,, = 105 %% and F,, = 14, from Table
4).

Colloldal Silica. For the colloidal-silica gel, the water-tracer
studies and material balance calculations (Table 9) indicate that
gel occupied about 56% of the original pore volume afier three
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oil-water injection cycles (86% minus 30%). Although the gel
occupied a significant portion of the original pore space (56%),
the permeability reductions were relatively low (F_, =8,
F,o=6). No increase in residual oil saturation was observed
during the second oil-water injection cycle. Table .0 shows
that the oil tracer sampled only 17% of the orijinal pore
volume and the gel plus trapped water occupied $8% of the
original mre volume. This means that 25% of tk2 original
pore vslume was occupied by immobile oil. Thus, the gel
seems to have encapsulated oil and rendered it immobile during
the oil floods.

Comparing the second VFN'” entries in Tables 9 and 10
suggests that between 2% to * % of the pore space was open to
flow for both oil and water during the first water and oil
injection after gel treatment, In view of these values, the
residual resistance factors were surprisingly low for both oil
and water (F,,=26; F,=23).

Water- and oil-tracer curves for tracer studies before and
after a gel treatment are shown in Figs. 3 and 4, In this case,
the Cr> * (acetate)-HPAM gel contained 1,39% HPAM and 212-
ppm Cr*. Fig. 3 shows that the presence of residual oil
and/or gel increased dispersivity, In contrast, the oil-tracer
studies prior to pelant injection (Fig. 4) indicate that the
presence of residual water had a much smaller effect on
dispersivity. No significant changes in pore volume and
dispersivi:y were observed as a result of the flow-direction
reversal.® Ref. 16 contains detailed results from the tracer
studies. For all of the cases studied, the presence of a residual
oil saturation increased dispersivity. Also, the presence of gel
increased dispersivity,

Summary

We do not yet have a clear understanding of why some
polymers and gels can reduce water permeability more than oil
permeability. However, we have introduced some n.w tools
and clues in this quest. First, before gel placement in cores,
multipie imbibition and drainage cycles were performed in both
flow directions. Results from these studies established that
hysteresis of oil and water relative permeabilities were not

2sponsible for the behavior observed during our subsequent
gel riudies. Second, several gels clearly reduced water
per:aeability significantly more than oil permeability. Whereas
previous literature reported this phenomenon for polymers and
*weak" polymer-based gels, we also observed the
disproportionate permeability reduction wiih a monomer-based
gel (resorcincl-formaldehyde), as well as with both "weak"”
Cr**(chloride)-xanthan and “strong” Cr®*(acetate)-HPAM
gels. In <ontrast, a colloidal-silica gel reduced water and oil
permeabilities by about the same factor,

Residual resistance factors for several geis were found to
erode during multiple cycles of oil and water injection. In
spite of this erosion, the disproportionate permeability
reduction persisted through the cycles for most of the gels.

The impact of wettability on gel performance was found to
vary with the gel. For a resorcinol-formaldehyde gel, the
disproportionate permeability reduction was more pronounced

in Berea sandstone with an intermediate wettability taan in
strongly vsater-wet Berea sandstone. In contrast, the
performance of a Cr®*(chloride)-xanthan gel was less sensitive
10 weitability.

For Zr3* (acntate)-polyacrylamide gels, an apparent shear-
thinning behavior was observed during brine injection in Berea
cores, For other gels, the rheology was more or les.
Newtonian during brine injection. For all gels investigated,
the apparent rheclogy during oil injestion was more or less
Newtonian,

Studies using both oil and water tracers provided insights
into the fraction of the pore volume occupied by gel. The
strongest gels appeared to encapsulate the original residual oil
saturation—thus rendering the residual oil inaccessible during
subsequent oil flooding. For a Cr**(acetate)-polyacrylamide
gel, the fraction of original pore volume that remained open to
oil flow after gel placement was about the same as that for
water flow (16% to 20%). However, the residual resistance
factor for oil was substantially less than that for water. Also,
an apparent shear-thinning behavior wes coserved during water
injection, but Newtonian behavior was observed during oil
injection,

In contrast, for a colloidal-silica gel, oil and water residual
resistance factors were about the same (i.e., no
disproportionate permeability reduction), and Newtonian
behavior was observed during both oil and water injection.
Tracer studies revealed that, during the first water and oil
injection after gel treatment, the fraction of the original pore
volume that remained open to flow of water or oil (2% to 4%)
was significantly less than those values for the Cr’* (acetate)-
polyacrylamide gel. Surprisingly, the oil and water residual
resistance factors were also less for the colloidai-silica gel than
for the Cr’* (acetate)-polyacrylamide gel. Additional research
will be needed to understand these unusual findings.

Nomernclature

Fro = oil residual resistance factor (oil mobility at S, before
gel placement divided by oil mobility at S,,, after gel
placement)

Finw = brine residual resistance factor (brine mobility «. 3,,

before gel placement divided by brine mobility at S,

after gel placement)

absc:late permeability to water, md [um?]

end-point oil permeebility, md [um?)

end-point water permeability, md [um?]

gel saturation (fraction ~i pore volume occupied by

geh

irreducible oil saturation

irreducible water saturation

superficial or Darcy velocity, f/d [m/d)

apparent remaining pore volume, cm?

initial pore volume of the core, cm?

dispersivity at the given stage in the experiment, cm

initial dispersivity of the core, cm
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Table 1. Gelant Compos.tions

Gelant Composition pH

1% resorcinol, ? % {>rmaldehyde, 0.5% KCl, 0.0SM NaHCO, 6.5
7).4% xanthan, 154-ppm Cr’* (as CrCl,), 0.5% KCl 3.8
1.39% nolyacrylamide (HPAM), 636-ppm Cr’* (as acetate), 1% NaCl 6.0
1.39% HPAM, 212-ppm Cr** (as acetate), 1% NaCl 6.0
0.7% HPAM, 318-ppm Cr** (a8 acclate), 1% NaCl 6.0
10% colloidal silica, 0.7% NaCl 8.2

Table 2. Sequence Followad During Core Experiments

Saturate core with brine and determine porosity.

Determine absolute drine permeability and mobility.

Perform water-tracer study to confirm the pore volume (V,, and to determine core
dispersivity (or,).

Inject oil (flow direction #1) to displace brine at a constant pressure drop of 10 psi’
across the core and determine oil mobility at residual water saturation,

Periorm oil-tracer study (flow direction #1) to determine the fraction of the original
pore volume remaining (V,/V,,) and the relative dispersivity (a/ar,).

Inject brine (flow direction #1) to displace oil at a constant pressure drop of 100 psi®
across the core and determine brine mobility at residual oll saturation.

Perform water-tracer study (flow direction #1) to determire V,/V,, and a/a,.

Repeat Steps 4 through 7 (flow direction #1) to verify that the results are reproducible.
Reverse the flow direction (flow direction #2) and repeat Steps 4 through 7 to
determine the effect of hysteresis.

Repeat Step 9 (flow direction #2) to verify that the results are reproducible.

Inject gelant using the highest possible injection rate without exceeding the pressure
constraint {flow direction #1).

Shut in core to allow gelation,

Inject brine (flow direction #2) to determine the water residual resistance factors (F,.,).
Perform water-tracer study to determine V,/V,, and o/a, (flow direction #2),

. Inject oil (flow direction #2) to determine the oil residual resistance factor (F,).
. Perform oil-tracer study to determine V,/V,, and a/er, (flow direction #2).

. Inject brine (flow direction #2) to determine F,,,.

. Perform water-tracer study to determine V,/V,, and a/a, (flow direction #2).

Repeat Steps 15a through 15d (second oil-water injection cycle after shut-in).
Repeat Steps 15a through 15d (third oil-water injection cycle after shut-in).

° 30 psi if gelant was resorcinol-formaldet.yde.

Table 3. Effect of Flow-Ditection Reversal on End-Point Permeabilities (41 °C)

Core ID Wettability K, md K, md k2, md ke, md
SSH-17 | Strongly water-wet 718 719 182 169
SSH-22 | Strongly water-wet 706 792 186 206
SSH-26 | Strongly water-wet 593 594 177 170
SSH-15 Intermediate 1680 1413 151 261
SSH-23 Intermediate 891 909 21 402

* Flow-direction reversed.
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Table 4. Summary of Kesidual Resistance Factors for Brine (F,,) and Oil (F,,,)
R

Core ID | Wettability Gel Type Fr Fre Fr Fo Fpoo Foe Fr .T
(Step 13) | (Step 15a) | (Step 15c) | (Step 16a) | (Step 16:3 | (Step 17a) | (Step 17¢)

SSH-17 Strongly resorcinol- 49 11 40 12 41 - -
water-wet formaldehyde |

SSH-15 | Intermediate resorcinol- 510 26 180 29 24i - -

“ormaldehyde )

SSH-22 Strongly Cr**(chloride)- 8 5 12 4 8 - -
water-wet xanthan

SSH-23 | Intermediate | Cr**(chloride)- 22 14 31 16 42 - -

xanthan _

SSH-26 Strongly 1.39% HPAM, 40,000 1,020 12,314 148 2,175 100 409 u*®
water-wet 636-ppm Cr**

SSH-27 Strongly 0.7% HPAM, | 829 yo¢ 20 1171,9® 15 33 yo® - -
water-wet 318-ppm Cr**

SSH-31 Strongly 1.39% HPAM, 52,954 50 972 yo® 25 357 yo¥ 14 105 uos
water-wet | 212-ppm C*

SSH-32 Strongly colloidal silica 26 23 14 9 12 6 8
water-wet

u is superficial velocity (in ft/d)

Table 5. Pore Volume Determinations from Water-Tracer Studies,
Core SSH-17 (Qil Phase: Soltrol-130, Gelant: Resorcinol-Formaldehyde)

Tracer Study v‘/yl. 1-V /V,, See
After 1st waterflood (Step 7)° 0.712 0.28 0.28
After 2nd waterflood (Step 8) 0.72 0.28 0.29
After 3rd waterflood (Step 9) 0.69 0.31 0.32
After 4th waterflood (Step 10) 0.69 0.3} 0.34
1st waterflood after gel treatment (Step 14) 0.63 0.37 0.34
2nd waterflood after gel treatment (Step 15d) 0.38 0.62 -

* All steps in this table and subsequent tables are described in Table 2.

Table 8. Pore Volume Determinations from Water-Tracer Studies,
Core SSH-22 (Oil Phase: Soltrol-130, Gelant: Cr**(chloride)-Xanthan)

Tracer Study V'V 1-V,/V,, Se
After 15t waterflood (Step 7) - 0.68 0.32 0.31
After 2nd waterflood (Step 8) 0.67 0.33 0.3«
After 3rd waterflood (Step 9) 0.65 0.35 033
After 4th waterflood (Step 10) 0.67 0.33 0.33
1st waterflood after gel treatment (Step i4) 0.39 0.61 033
2nd waterflood after gel treatment (Step 15d) 0.20 0.80 v
3rd waterflood after gei treatment (Step 16d) 0.19 0.81 -
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Table 7. Pore Voiume Determinations from Wat: - Vracer Studies,
Cory SSH-31 (Oll Phase: Soltrol-130, Gelant: Ce**(acetate)-HPAM; 1.39% HPAM, 212-ppm Cr**)
NIRRT M. R SR Y

‘ Tracer Study V,/V,e 1-V/V,, S
After 15t waterflood (S1ep 7) 0.72 0.28 0.29
13t waterflood after gel treatment (Step 14) -- ‘. 0.29
2nd waterflood after gel treatment (Step 15d) | - - 0.34
3rd waterflood after gel treatment (Step 16d) 0.18 0.85 0.33
4th waterflood after gel treatment (Step i7d) 0.16 0.84 0.33

Teble 8, Pore Volume Determinations from Oil-Tracer Studies,
Core SSH-31 (Oil Phase: Soltrol-130, Gelant: Cr'* (acetate)-HPAM; 1.39% HPAM, 212-ppm Cr**)

Tracer Study Vy/Ve 1-Vv,, Sur
After st oilflood (Step 5) 0.72 0.28 0.29
1st oilflood after gel treatment (Step 15b) 0.12 0.38 0.59
2nd oilflood after gel treatment (Step t6b) 0.14 0.86 0.57
3rd oilflnod after gel treatment (Step 17b) 0.20 0.80 0.58°
* SetS,
Table 9. Pore Volume Determinations from Water-Tracer Studies,
Core SSH-J%OH Phase: Soltrol-130, Gelant; Colloidal Silica)
Tracer Study V,/V,, 1-V/V,, Se
After 1st waterflood (Step 7) 072 0.28 0.28
——h
15t waterflood after gel treatment (Step 14) 0.02 0.98 0.28
2nd waterflood after gel treatment (Step 15d) 0.07 0.93 0.29
3rd waterflood after gel treatment (Step 16d) 0.14 0.86 0.28
44, waterflood after gel treatment (Step 17d) 0.14 0.86 0.30
Table 10. Pore Volume Determinations from Oil-Tracer Studles,
JlSore SSH-32 (Oil Phase: Soltrol-130, Gelant: Colloidal Silica)
L
Tracer Study V,/V= 1-V,/V,, Sur
After 15t ollflood (Step §) 0.75 0.25 0.26
VAR -
1st oilflood after gel treatment (Step 15b) 0.04 0.96 0.61°
2nd oilflood after gel treatment (Step 16b) 0.13 0.87 0.61°
3rd oliflood aftor gel (restment (Step 17b) 0.17 0.83 0.58°
¥ 1 - " -

* St S
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