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Abstract

Gelation technologies have been developed to provide more efficient vertical sweep efficiencies
for flooding naturally fractured oil reservoirs or reservoirs with different sand lenses with high
permeability contrast. The field proven alkaline-surfactant-polymer technology economically
recovers 15% to 25% OOIP more crude oil than waterflooding from swept pore space of an oil
reservoir. However, alkaline-surfactant-polymer technology is not amenable to naturally
fractured reservoirs or reservoirs with high permeability contrast zones because much of injected
solution bypasses target pore space containing oil. This work investigates whether combining
these two technologies could broaden applicability of alkaline-surfactant-polymer flooding into
these reservoirs.

Fluid-fluid interaction with different gel chemical compositions and alkaline-surfactant-polymer
solution with pH values ranging from 9.2 to 12.9 have been tested. Aluminum-polyacrylamide
gels are not stable to alkaline-surfactant-polymer solutions at any pH. Chromium —
polyacrylamide gels with polymer to chromium ion ratios of 25 or greater were stable to
alkaline-surfactant-polymer solutions if solution pH was 10.6 or less. When the polymer to
chromium ion was 15 or less, chromium-polyacrylamide gels were stable to alkaline-surfactant-
polymer solutions with pH values up to 12.9. Chromium-xanthan gum gels were stable to
alkaline-surfactant-polymer solutions with pH values of 12.9 at the polymer to chromium ion
ratios tested. Silicate-polyacrylamide, resorcinol-formaldehyde, and sulfomethylated resorcinol-
formaldehyde gels were also stable to alkaline-surfactant-polymer solutions with pH values
ranging from 9.2 to 12.9. Iron-polyacrylamide gels were immediately destroyed when contacted
with any of the alkaline-surfactant-polymer solutions with pH values ranging from 9.2 to 12.9.

Gel solutions under dynamic conditions of linear corefloods showed similar stability to alkaline-
surfactant-polymer solutions as in the fluid-fluid analyses with the exception of the xanthan
gum-chromium acetate gels. Aluminum-polyacrylamide flowing gels are not stable to alkaline-
surfactant-polymer solutions of either pH 10.5 or 12.9, either in linear corefloods or in dual
separate radial core, common manifold corefloods. Chromium acetate—polyacrylamide flowing
and rigid tonguing gels are stable to subsequent alkaline-surfactant-polymer solution injection.
Rigid tonguing chromium acetate-polyacrylamide gels maintained permeability reduction better
than flowing chromium acetate-polyacrylamide gels. Chromium acetate gels were stable to
injection of alkaline-surfactant-polymer solutions at 72°F, 125°F and 175°F in linear corefloods.
Chromium acetate-polyacrylamide gels maintained diversion capability after injection of an
alkaline-surfactant-polymer solution in stacked; radial coreflood with a common well bore.
Chromium acetate-polyacrylamide gel used to seal fractured core maintain fracture closure if
followed by an alkaline-surfactant-polymer solution.

Chromium acetate-xanthan gum rigid gels are not stable to subsequent alkaline-surfactant-
polymer solution injection at 72, 125, and 175°F. Silicate-polyacrylamide gels are not stable
with subsequent injection of either a pH 10.5 or a 12.9 alkaline-surfactant-polymer solution.
Resorcinol-formaldehyde gels were stable to subsequent alkaline-surfactant-polymer solution
injection,



When evaluated in a dual core configuration, injected fluid flows into the core with the greatest
effective permeability to the injected fluid. The same gel stability trends to subsequent alkaline-
surfactant-polymer injected solution were observed.

Aluminum citrate-polyacrylamide, resorcinol-formaldehyde, and the silicate-polyacrylamide gel
systems did not produce significant incremental oil in linear corefloods. Both flowing and rigid
tonguing chromium acetate-polyacrylamide gels and the xanthan gum-chromium acetate gel
system produced incremental oil with the rigid tonguing gel producing the greatest amount.
Higher oil recovery could have been due to higher differential pressures across cores.

Aluminum citrate-polyacrylamide gels, chromium acetate-polyacrylamide gels, silicate-polymer,
and chromium-xanthan gum gels did not alter an alkaline-surfactant-polymer solution’s ability to
produce incremental oil. Incremental oil was reduced with the resorcinol-formaldehyde gel
system. Total waterflood plus chemical flood oil recovery sequence recoveries were generally
similar,

Performance and produced polymer evaluation of four alkaline-surfactant-polymer projects
concluded that only one of the projects could have benetited from combining the alkaline-
surfactant-polymer and gelation technologies. Cambridge, the 1993 Daging, Mellott Ranch, and
the Wardlaw alkaline-surfacant-polymer floods were studied. An initial gel treatment followed
by an alkaline-surfactant-polymer flood in the Wardlaw field would have been a benefit due to
reduction of fracture flow.

Numerical simulation demonstrated that reducing the permeability of a high permeability zone of
a reservoir with gel improved both waterflood and alkaline-surfactant-polymer flood oil

recovery. A Minnelusa reservoir with both A and B sand production was simulated. A and B
sands are separated by a shale layer. A sand and B sand waterflood oil recovery was improved
by 196,000 bbls or 3.3% OOIP when a gel was placed in the B sand. Alkaline-surfactant-
polymer flood oil recovery improvement over a waterflood was 392,000 bbls or 6.5% OOIP.
Placing a gel into the B sand prior to an alkaline-surfactant-polymer flood resulted in 989,000
bbl or 16.4 % OOIP more oil than only water injection. A sand and B sand alkaline-surfactant-
polymer flood oil recovery was improved by 596,000 bbls or 9.9% OOIP when a gel was placed
in the B sand.
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Introduction

Gelation technologies provide more efficient vertical sweep efficiencies for flooding naturally
fractured oil reservoirs and divert injected fluid into lower permeability zones in reservoirs with
high permeability contrast layers. Field proven alkaline-surfactant-polymer technology
economically recovers 15% to 25% OOIP more oil than waterflooding from swept pore space of
an oil reservoir. However, alkaline-surfactant-polymer technology is not amenable to naturally
fractured reservoirs or those with high permeability contrast zones because much of the injected
solution bypasses target pore space containing oil. This work investigates whether combining
these two technologies could broaden applicability of alkaline-surfactant-polymer flooding.

Executive Summary

Aluminum-polyacrylamide and iron-polyacrylamide gels were not stable to alkaline-surfactant-
polymer solutions with pH values ranging from 9.2 to 12.9. Chromium-polyacrylamide,
chromium-xanthan gum, silicate-polyacrylamide, resorcinol-formaldehyde, and sulfomethylated
resorcinol-formaldehyde gels were stable to alkaline-surfactant-polymer solutions with pH
values ranging from 9.2 to 12.9. Chromium-polyacrylamide gels with high polymer to
chromium ion ratio of 25 or greater were not stable with alkaline-surfactant-polymer solutions
greater than pH 10.6. Stability evaluations consisted of layering alkaline-surfactant-polymer
solutions over formed gels and monitoring gel stability over a number of days.

Linear coreflood evaluations indicate that aluminum citrate-polyacrylamide and silicate-
polyacrylamide gels were not stable to either subsequent injection of NaOH or Na,CO; alkaline-
surfactant-polymer solutions. Dual cores radial corefloods with isolated cores connected to a
common manifold showed that the aluminum citrate-polyacrylamide gel was not stable to
subsequent alkaline-surfactant-polymer injection even though a second rock containing less gel
was available for chemical injection. Prior injection of different gel mixtures did not affect total
oil recovery. Alkaline-surfactant-polymer solutions ability to produce incremental oil was not
effected by prior gel injection.

Both flowing and rigid tonguing chromium acetate-polyacrylamide were stable to both types of
alkaline-surfactant-polymer solutions. Rigid tonguing gel maintained permeability reduction
better than a flowing gel system. Chromium acetate-polyacrylamide gel was stable to
subsequent injection of an alkaline-surfactant-polymer solution in dual isolated cores with a
common manifold, and dual stacked cores with the same well bore configuration. Linear and
radial corefloods indicate that the chromium acetate-polyacrylamide gel integrity is maintained
after injecting alkaline-surfactant-polymer solution at 72, 125, and 175°F. Chromium acetate-
polyacrylamide gel used to close fractures and divert fluid into the matrix maintains diversion
capability after injection of an alkaline-surfactant-polymer solution. Prior injection of gel
systems did not reduce alkaline-surfactant-polymer solutions ability to produce incremental oil.

Linear corefloods evaluations indicate that rigid tonguing chromium acetate-xanthan gum gel

was not stable to subsequent injection of NaOH and Na,CO; alkaline-surfactant-polymer
solutions. Xanthan gum-chromium acetate gels were not stable at 72, 125, and 175°F.
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Resorcinol-formaldehyde gel system was stable to subsequent injection of NaOH and Na,CO;
alkaline-surfactant-polymer solutions in linear corefloods.

Evaluation of different alkaline-surfactant-polymer floods at the Cambridge, 1993 Dagqing,
Mellott Ranch, and Wardlaw floods indicates that in the Wardlaw field coupling the alkaline-
surfactant-polymer technology and the gelation technology could have made the difference
between stopping future application of the alkaline-surfactant-polymer technology due to
fractures. Qil recovery performance of the first three projects suggests that combining the two
technologies would have had limited improvement of oil recovery over the alkaline-surfactant-
polymer technology alone.

Numerical simulation of applying a gel treatment to a Minnelusa reservoir with two sands
separated by shale indicates that prior treatment of the higher permeability sand with gel will
recover additional oil. Watertlood oil recovery is improved by 196,000 bbls with gel treatment.
Alkaline-surfactant-polymer flood oil recovery is improved by 596,000 bbls with prior gel
injection. Total oil recovery improvement of combining an alkaline-surfactant-polymer flood
with a gel treatment was 989,090 over the base waterflood.

Experimental

Crude oil Big from the Sinking field was used in the 72°F evaluations was supplied by Bretagne
in Lexington, Kentucky. Big Sinking crude oil is a 42° API gravity, 3 cp crude oil. Evaluations
at 125°F and 175°F used a 19.4° API gravity crude oil with a viscosity of 30 and 13 cp at the
elevated temperatures, respectively.

A series of polyacrylamide-aluminum, polyacrylamide-chromium acetate, xanthan gum-
chromium acetate, and resorcinol plus formaldehyde gel matrices were mixed and incubated
either at 72, 125, or 175°F. Approximately 10 ml of gel solution was mixed in 1-inch diameter,
25 ml scintillation vials. Gels were allowed to sit for one to seven days to allow gels to form.
Once gels were formed, alkaline-surfactant-polymer solutions were layered over the top of
appropriate gels and incubated at the original temperature for 19 to 40 days. Alkaline-surfactant-
polymer solutions pH varied from pH 9.2 to 12.9. Gel stability was monitored visually. Gel
systems tested are listed below.

Polymer Concentration
Type (mg/L) Crosslinker  Polymer:Crosslink ratio
Polyacrylamide: Aluminum
HiVis 350 300 and 500 Watercut 677 10:1
20:1
30:1
40:1
Polyacrylamide:Chromium
Watercut 204 5,000 and 7,500 Watercut 684 30:1
35:1
40:1
45:1

12



Polymer Concentration

Type (mg/L)
Xanthan Gum:Chromium Gels
Flocon 4800CC 4,000 and 6,000

Polyacrylamide:Silicate Gels
AN 923 250 to 2000

Polyacrylamde:Iron Gels
AN 923 500 to 2000
AN 905 1000 to 3000

Watercut 204 3000 to 7000

Resorcinol/formaldehyde gels

Crosslinker

Watercut 684

Ludox SM

ferric chloride

ferric chloride

ferric chloride

Resorcinol wt%

1.0
1.0
2.0
2.0
3.0
3.0

50:1

Polymer:Crosslink ratio

8:1
10:1
12:1
15:1
18:1
20:1

1:200
1:160
1:120
1:80
1:60
1:50
1:40
1:30
1:25
1:20
145
1:10
1:5

133:1

3311
200:1

67:1

33:1
700:1
500:1
333:1
250:1
200:1

Formaldehyde wt%
0.85
1.71
1.71
3.42
2.56
5.12

pH of resorcinol/formaldehyde gel solutions were adjusted to pH 9 with NaOH.



Table 1
Polyacrylamide Polymers Used in Gelation Linear Corefloods

Polymer Type Degree of Hydrolysis Supplier

AN 905 5% SNF Floerger

AN 923 23% SNF Floerger

Watercut 204 7% Tiorco, Inc.

HiVis 350 30% Tiorco, Inc.

Alcoflood 1275A 30% Ciba Specialty Chemicals

Gel solutions were dissolved either in 0.1 wt% sodium sulfate or in 1.0 wt% sodium chloride.

Aluminum citrate-Polyacrylamide solutions were mixed in brine at varying concentration
ratios. Polyacrylamide stock solution was made prior to blending with aluminum citrate.
Aluminum citrate was WaterCut 677 (4.3% aluminum ion) supplied by Tiorco, Inc.
Polyacrylamide polymers evaluated varied in degree of hydrolysis as shown in Table 1.

Chromium acetate-Polyacrylamide solutions were mixed identically to the aluminum citrate-
polyacrylamide solutions. Chromium acetate was Watercut 684 (10.3% Chromium ion) supplied
by Tiorco, Inc. Watercut 204 was the polymer.

Chromium (IIT)-Xanthan Gum solutions were mixed identically to the aluminum citrate-
polyacrylamide solutions. Xanthan gum was Flocon 4800CC supplied by SNF Floerger.
Chromium (IIT) was chromium trichloride hexahydrate or Watercut 634.

Silicate-Polyacrylamide based gels were developed according to Lakatos ct.al.’
Polyacrylamide was AN 923. Colloidal silicate was Ludox SM from Grace Davison. Calcium
(IT) was calcium dichloride dihydrate. Calcium chloride, polyacrylamide, and Ludox SM were
mixed as separate stock solutions and then blended as appropriate.

Iron-Polyacrylamide based gels were developed by mixing ferric chloride, polyacrylamide,
hydrochloric acid and sodium hydroxide as described by Lakatos.” Ferric chloride and
hydrochloric acid were mixed in a separate stock solution from sodium hydroxide and
polyacrylamide. Four polymers tested are listed in Table 1.

Resorcinol-Formaldehyde and Sulfomethylated Resorcinol-Formaldehyde gels were
developed as described by Zhuang et.al.> Stock solutions were mixed as appropriate. pH was
adjusted to 9 with NaOH immediately upon mixing.

Alkaline-Surfactant-Polymer Solutions were developed by mixing sodium bicarbonate,
sodium carbonate, and sodium hydroxide at appropriate concentrations with 0.06 wt% active
ORS-46HF and 1300 mg/L Alcoflood 1275A. pH of alkaline-surfactant-polymer solutions
varied from 9.0 to 12.9 as shown in Table 2. lonic strength of all solutions was 0.25.
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Solution
Number

— OO0 R W

p—

Table 2

Alkaline-Surfactant-Polymer Solution Composition and pH

NaHCO;
wt%
2.10
1.68
1.26
0.84
0.42
0.00
0.00
0.00
0.00
0.00
0.00

N32C03

wtYe
0.00
0.18
0.35
0.53
0.71
0.89
0.71
0.53
0.35
0.18
0.00

ASP Dissolved in
NaOH 1.0 wt% NaCl

wt% pH
0.00 9.21
0.00 9.38
0.00 9.49
0.00 9.68
0.00 9.97
0.00 10.56
0.20 12.27
0.40 12.62
0.60 12.78
0.80 12.86
1.00 12.94

ASP Dissolved in
0.1 wt% Na,SOq4
pH
9.00
9.09
9.39
9.70
10.10
11.21
12.48
12.68
12,77
12.81
12.84

Inorganic salts were analytical grade. All solutions were aged at ambient temperature. Solution
11 is the alkaline-surfactant-polymer formulation injected into the Mellott Ranch Field in

Wyoming.

Gels were described as defined in Table 3.

Gel Type
no gel
flowing gel

tonguing gel

rigid tonguing gel

rigid gel
hard gel

Table 3
Gel Identification

Gel Description

gel solution exhibits same viscosity as polymer solution
gel solution easily flows and solution viscosity is
visually greater than original polymer solution
solution flows and forms a thin, long tongue when

bottle is tilted

solution flows with resistance and forms a wide, short

tongue when bottle is titled.

gel does not flow when bottle is tipped but does deform

gel does not flow and is not deformed when bottle is

tipped

Corefloods performed are listed below.
Single Core Linear Corefloods
Injection of a Na,COjs alkaline-surfactant-polymer solutions and a NaOH
alkaline-surfactant-polymer solution in separate corefloods with no prior gel
injection. Sodium carbonate solution was 0.885 wt% Na;COs plus 0.06 wt%

ORS-46HF plus 1300 mg/L Alcoflood 1275A. Sodium hydroxide solution was
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1.0 wt% NaOH plus 0.06 wt% ORS-46HF plus 1300 mg/L Alcoflood 1275A.
These floods provide a base for comparison with subsequent corefloods.
Colloidal dispersion (aluminum citrate-polyacrylamide) gel solutions (400 mg/L
HiVis 350 and 415 mg/L Watercut 677or 20 mg/L Al"®) were mixed in an
injection tank as a single solution just prior to injection. Aluminum citrate was
Watercut 677N (4.8% aluminum ion). Injection of gel solution from each tank
was 2.5 hours maximum as defined by Smith et.al.* As result, maximum gel
solution age was 2.5 hours. Multiple tanks of gel solution were used during gel
injection. Injected gel composition is listed in Table 4. Gel injection was
followed by a NayCO; alkaline-surfactant-polymer solution and a NaOH alkaline-
surfactant-polymer solution in separate corefloods.

Flowing chromium acetate-polyacrylamide gel system was tested. Flowing gel
system - polyacrylamide:chromium ion 30:9.7 (3000 mg/L WaterCut 204: 970
mg/L WaterCut 684 or 100 mg/L Cr*) was dissolved in 1% NaCl. Chromium
acetate was Watercut 684 (10.3% chromium ion). Gel solution was mixed in an
injection tank as a single solution just prior to injection. Injected gel composition
is listed 1n Table 4. Gel injection was followed by a Na;CO; alkaline-surfactant-
polymer solution and a NaOH alkaline-surfactant-polymer solution in separate
corefloods.

Rigid-tonguing chromium acetate-polyacrylamide system was flooded. The rigid
tonguing gel solution - polyacrylamide:chromium ion 30:9.7 WaterCut
204:Watercut 684 (7500 mg/L WaterCut 204: 2,425 mg/L WaterCut 684 or 250
mg/L Cr") was dissolved in 1% NaCl. Gel composition is listed in Table 4. Gel
injection was followed by a NayCOs alkaline-surfactant-polymer solution and a
NaOH alkaline-surfactant-polymer solution in separate corefloods.
Chromium-xanthan gum system was the third chromium acetate gel system
tested. Chromium-xanthan gum gel was a rigid gel - polyacrylamide:chromium
ion 30:9.7 WaterCut 204: chromium trichloride hexahydrate (5,000 mg/L Flocon
4800C: 3,250 mg/L WaterCut 684 or 335 mg/L Cr') dissolved in 1% NaCl.
Injected gel composition is listed in Table 4. Gel injection was followed by a
Na,COj3 alkaline-surfactant-polymer solution and a NaOH alkaline-surfactant-
polymer solution in separate corefloods.

Silicate based gels were mixed according to Lakatos et.al.” Polyacrylamide was
Flopaam AN 923. Colloidal silicate was Ludox SM from Grace Davison.
Calcium (II) was calcium dichloride dihydrate. 500 mg/L polyacrylamide and
60,000 mg/L Ludox SM were mixed as separate solutions. Both components
were dissolved in 1.0 wt% NaCl plus 100 mg/L calcium chloride (148 mg/L as
calcium chloride dihydrate). Equal volumes of chemical solutions were injected
and mixed in-line just prior to entering the core. Net concentration of chemicals
injected was 250 mg/L Flopaam AN 923, 30,000 mg/L Ludox SM, and 100 mg/L
calcium chloride. Table 4 again lists gel composition. Gel injection was followed
by a Na,CO; alkaline-surfactant-polymer solution and a NaOH alkaline-
surfactant-polymer solution in separate corefloods.

Resorcinol-formaldehyde solutions were also mixed a 1.0 wt% NaCl solution in
an injection tank as a single solution just prior to injection. Table 4 lists gel
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composition. Gel injection was followed by a NayCO5 alkaline-surfactant-
polymer solution and a NaOH alkaline-surfactant-polymer solution in separate

corefloods.

Fractured Linear Core Linear Corefloods
e Chromium acetate-polyacrylamide system tested was a rigid tonguing gel mixed
as defined for the single linear corefloods. Gel injection was followed by a NaOH
alkaline-surfactant-polymer solution in separate corefloods.
Dual Individual Core, Common Manifold Radial Corefloods
o Colloidal dispersion gel, aluminum citrate-polyacrylamide solutions were mixed
as defined for the single linear corefloods. Multiple tanks of gelant solution were
used during gel injection. Gel injection was followed by a Na,COj alkaline-
surfactant-polymer solutions and a NaOH alkaline-surfactant-polymer solution in
separate corefloods.
e Rigid-tonguing chromium acetate-polyacrylamide solutions as defined for the
single linear corefloods. Gel injection was followed by a NayCOj; alkaline-
surfactant-polymer solutions and a NaOH alkaline-surfactant-polymer solution in
separate corefloods.
Dual Stacked Core, Common Well Bore Stacked Radial Corefloods
e Rigid-tonguing chromium acetate-polyacrylamide solutions were mixed as
defined as defined for the single linear corefloods. Gel injection was followed by
a Na,COj; alkaline-surfactant-polymer solutions and a NaOH alkaline-surfactant-
polymer solution in separate corefloods.

Gel chemical compositions are lis

Gel
72°F Corefloods
Al citrate - PHPA
Cr™-PHPA flowing
Cr"-PHPA rigid tonguing
Cr"-Xanthan Gum
Si-PHPA
Resorcinol
125°F Corefloods
Cr-PHPA rigid tonguing
Cr'*-Xanthan Gum
175°F Corefloods
Cr"-PHPA rigid tonguing
Cr"-Xanthan Gum

ted in Table 4.
Table 4
Gel Chemical Compositions
Polymer
Type me/L
HiVis 350 400
Watercut 204 3000
Watercut 204 7,500
Flocon 4800C 5,000

Flopaam AN923 250
analytical grade 20,000

Watercut 204 5,000
Flocon 4800C 5,000
Watercut 204 3,000
Flocon 4800C 2,000

Cross Linking Agent (Bulk)

Type mg/L
Watercut 677N 415
Watercut 684 970
Watercut 684 2,425
Watercut 684 3,250
Ludox SM 30,000
Formaldehyde 17,100
Watercut 684 1,590
Watercut 684 3,250
Watercut 684 1,430
Watercut 684 950
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Sodium carbonate and sodium hydroxide alkaline-surfactant-polymer solutions were
injected into corefloods following gel treatment. Sodium carbonate solution was 0.885 wt%
Na,CO; plus 0.06 wt% ORS-46HF plus 1300 mg/L Alcoflood 1275A. Sodium hydroxide
solution was 1.0 wt% NaOH plus 0.06 wt% ORS-46HF plus 1300 mg/L Alcoflood 1275A.
ORS-46HF was supplied by OCT, Inc. Interfacial tension between the two alkaline-surfactant-
polymer solutions and Big Sinking crude oil was 0.207 and 0.191 dyne/cm, respectively.
Injected alkaline-surfactant-polymer solutions were chosen for two reasons. First, interfacial
tension between crude oil and the NaOH and Na,COj5 solutions are similar. Second, a high
interfacial tension solution was injected to minimize potential effect on gel of an ultra low
interfacial tension solution and to minimize oil saturation change with the Big Sinking crude oil.
Reduced oil saturation change presumably facilitates direct pressure comparison between
different steps in the corefloods.

Corefloods at 125°F and 175°F used the same 1.0 wi% NaOH plus 0.06 wt% ORS-60HF
plus 1300 mg/L Alcoflood 1275A solution as did the 72°F coreflood but switched to a 19.4° API
gravity crude oil. Interfacial tension between the alkaline-surfactant-polymer solution and 19.4°
API crude oil was 0.001 dyne/cm, a low enough interfacial tension to expect significant crude oil
production with injection of an alkaline-surfactant-polymer solution.

Linear corefloods were performed using 1 inch diameter by 5 inches long, unfired Berea
sandstone. Radial corefloods used 6 inches diameter by 2 inches high, unfired Berea sandstone.
Table 5 lists core properties.

Table 5
Berea Core Properties
100% NaCl Brine Saturated

Permeability ---Oil Saturation---

Coreflood K, abs(md) Porosity(%) Sei(Ve) So(Vp)
Linear Corefloods
NaOH no gel 130 22.6 0.682 0.303
Na,CO; no gel 220 22.9 0.702 0.314
Al-PHPA-NaOH 515 22.4 0.727 0.346
Al-PHPH-Na,COs 410 228 0.628 0.309
Cr-PHPA flowing — NaOH 200 20.7 0.503 0.347
Cr-PHPA flowing - Na,COs 100 20.0 0.590 0.392
Cr-PHPA rigid tonguing - NaOH 315 23.3 0.564 0.319
Cr-PHPA rigid tonguing - Na,COz 330 22.5 0.525 0.328
Si-PHPA-NaOH 350 22.1 0.529 0.281
Si-PHPA-Na,COs 410 22.9 0.573 0.272
CcrP-XaG flowing — NaOH 518 23.0 0.628 0.367
cr-XaG flowing - Na;CO; 349 22.4 0.613 0.364
Resorcinol-

Formaldehyde rigid —- NaOH 625 23.3 0.549 0.307
Resorcinol-
Formaldehyde rigid -Na,CO; 467 22.3 0.579 0.307
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100% NaCl Brine Saturated

Permeability ---0il Saturation---

Coretflood Kt ans(md) Porosity(%) Sei( Vi) SeVp)
Fractured Core Linear Coreflood
Cr"- PHPA rigid - NaOH 595 22.8 0.562 0.349
(prior to cutting fracture)
125°F Linear Corefloods
Cr- PHPA rigid - NaOH 555 23.3 0.712 0.336
Cr"-XG rigid - NaOH 502 22.8 0.791 0.382
175°F Linear Corefloods
Cr'- PHPA rigid - NaOH 425 23.1 0.582 0.211
Cro-XG rigid - NaOH 290 22.6 0.609 0.236
Radial Corefloods

dual core, common manifold, separate coreholders
Al™-PHPA- Na,COs 622 22.1 0.502 0.314
Al™-PHPH-Na,CO; 53 17.5 0.545 0.399
Cr-PHPA rigid tonguing — NaOH 435 22.0 0.545 0.353
Cr™-PHPA rigid tonguing — NaOH 33 19.1 0.540 0.404

dual core, common well bore, same coreholder
Cr-PHPA rigid tonguing — NaOH 631 22.5 0.581 0.251
Cr"-PHPA rigid tonguing - Na,COs 58 18.5 0494  eeee-
175°F Radial Corefloods

dual core, common well bore, same core holder
Cr"-PHPA rigid tonguing — NaOH 511 23.0 0.541 0.286
Cr"-PHPA rigid tonguing - Na,CO3 52 17.9 0.510 0.355

Sei and S,; are initial and waterflood residual oil saturation, respectively. PHPA is
partially hydrolyzed polyacrylamide, and XG is xanthan gum.

Single Core Coreflood - injected fluid sequence is listed below. Corefloods were
performed at 72, 125, and 175°F.
1.

2.
o

=

= 0 90 N

0.

Saturate core with 1.0 wt% NaCl by evacuation and determine porosity and pore
volume

Inject 1.0 wt% NacCl and determine the absolute permeability to water (k).

Inject crude oil to immobile water and determine the effective permeability to oil at
immobile water (ko).

Inject 1.0 wt% NaCl at 12 ft/day fluid frontal advance rate to residual oil and
determine the effective permeability to water at residual oil (Korw).

Inject gel fluids at 12 fi/day.

Stop injection. Pull coreholder apart, clean gel out of injection and production lines.
Fill injection lines with 1.0 wt% NaCl before assembling coreholder.

Re-assemble coreholder and allow gel to form overnight with no flow.

Inject 1.0 wt% NaCl at 12 ft/day to stable pressures.

Inject ASP solution at 12 fi/day. Inject 5 to 10 pore volumes.

Shut-in overnight.
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11. Resume ASP solution injection at 12 ft/day. Inject 1 to 2 pore volumes.
12. Inject 1.0 wt% NaCl at 12 ft/day for 5 to 10 pore volumes to get stable pressures and
determine permeability change from step 8.
Differential pressures were measured from the core injection face to one inch from the injection
face, and from injection face to production face. Differential pressure from one inch behind the
injection face to production face of the core was calculated by difference between the two
measured values. Produced oil and water were collected in graduated cylinders with each step.

Single fractured core linear coreflood - injected fluid sequence at 72 °F is:

1. Repeat steps 1 through 3 of the single linear coretlood procedure.

2. Remove core from core holder and fracture core along its length.

3. Place fractured core into core holder. Put overburden pressure on core and inject Big

Sinking crude oil and determine kg

4. Inject crude oil to immobile water at 30 ft/day and determine the effective

permeability to oil at immobile water (Korw)-

5. Inject 1.7 pore volumes of 1.0 wt% NaCl at 4 ft/day fluid frontal advance rate to

residual oil and determine kyro.

6. Inject at 4 ft/day 0.5 pore volumes of chromium acetate:polyacrylamide gel (7500

mg/L WaterCut 204: 2425 mg/L WaterCut 684 or 250 mg/L Cr).

7. Inject 0.05 pore volume of 1.0 wt% NaCl. Stop injection. Clean out injection and
production lines. Fill injection lines with 1.0 wt% NaCl. Do not take the core holder
apart.

Shut-in for two days.

9. Inject 1.0 wt% NaCl at 4 ft/day for 7.4 pore volumes to get stable pressures, flush gel
from core, and get resistance factor.

10. Inject 7.1 pore volumes 1.0 wt% NaOH plus 0.06 wt% active ORS-46HF plus 1300
mg/L Alcoflood 1275A at 4 ft/day.

11. Inject 1.0 wt% NaCl at 4 ft/day for 6.5 pore volumes to get stable pressures and flush
ASP-gel from core.

oo

Differential pressures were measured from the core injection face to production face.

Dual Core Coreflood- individual radial coreholders connected to a common injection
manifold - injected fluid sequence is listed below. Corefloods were performed at 72 and 175°F.
Individual Core holder Injection Manifold steps 1 - 3
1. Saturate core with 1.0 wt% NaCl and determine porosity and pore volume
2. Inject 1.0 wt% NaCl and determine the absolute permeability to water (Kaps).
3. Inject crude oil to immobile water and determine the effective permeability to oil at
immobile water (Korw).
Common Core holder Injection Manifold steps 4 - 10 - fluid frontal advance rates are average for
two cores - calculate individual core rates and add the volumes to be injected.
4. Connect the two individual cores to a common injection manifold.
5. Inject 1.0 wt% NaCl at 5 ft/day fluid frontal advance rate to residual oil and
determine ko for each core.
6. Inject 1 pore volumes (sum of two cores) of gel solution at 5 ft/day.
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7. Stop injection. Pull coreholders apart and clean gel out of injection and production
lines. Fill injection lines with 1.0 wt% NaCl before assembling coreholder.

8. Re-assemble coreholder and allow gel to form for two days.

9. Inject 1.0 wt% NaCl at 5 ft/day and determine resistance factor.

10. Inject ASP solutions at 5ft/day and determine resistance factor.

11. Inject 1.0 wt% NaCl at 5 ft/day and determine residual resistance factor. Produced oil
and water were collected in graduated cylinders with each step. Differential pressures
were measured from injection well bore to production annulus port of each core.

Dual Core Corefloods - stacked radial core in the same coreholder with a common well
bore - injected fluid sequence is listed below. Corefloods were run at 72 and 175°F.
Individual Injection Manifold in separate radial core holders in steps 1 - 3
1. Saturate core with 1.0 wt% NaCl and determine porosity and pore volume.
2. Inject 1.0 wt% NaCl and determine the absolute permeability to water (Kaps).
3. Inject crude oil to immobile water and determine k-
Place core in stacked core radial core holder. A piece of cellulose paper was placed between
cores to facilitate capillary continuity. An O-ring was placed on the outer edge of the cores at
their junction that sealed to the annulus edge to facilitate separate collection of fluids from each
core. Place an overburden of 1000 psi was placed on cores. Stacked core injection steps 4 - 10 -
fluid frontal advance rates are summed height, average porosity, and average diameter for two
cores.
4. Stack cores so that a common well bore is present.
5. Inject 1.0 wt% NaCl at 5 ft/day fluid frontal advance rate to residual oil saturation and
determine ko, for each core.
6. Inject approximately 0.6 pore volumes (sum of two core) gel fluids at 5 ft/day and
monitor injection pressure.
7. Inject 0.1 pore volume of 1.0 wt% NaCl at 5 ft/day.
8. Stop injection. Pull coreholders apart and clean out gel from injection and production
lines. Fill injection lines with 1.0 wt% NaCl before assembling coreholder.
9. Re-assemble coreholder and allow gel to form for two days.
10. Inject 1.0 wt% NaCl at 5 ft/day for 5 pore volumes and determine resistance factor.
11. Inject 1 to 2 pore volumes of ASP solution at 5ft/day and monitor injection pressure.
12. Inject 1.0 wt% NaCl at 5 ft/day for 5 pore volumes and determine residual resistance
factor.

Produced fluids were collected in test tubes on a fraction collector. Differential pressures were
measured from injection well bore to production annulus port of each core.

(AP/q),

(AP/q)bmeﬁne

is differential pressure, psi, and q is injection rate, ml/hr. Baseline values are after 1.0 wt% NaCl
injection at S, and before initial gel chemical solution injection.

Resistance factor for all corefloods was calculated according to RF, = , where AP

Oil saturation is determined by mass balance of injected and produced fluids. Final oil saturation
was cross-checked by extraction of fluids from core by hot toluene.
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Results and Discussion

Laboratory Evaluations

Base Case Alkaline-Surfactant-Polymer Linear Corefloods

Alkaline-surfactant-polymer solutions were injected into Berea core without a prior gel sequence
to provide a basis for gel effect on core parameters. Figures 1 and 2 depict the resistance factor
changes for the NaOH and Na;COj; corefloods. Residual resistance factors of 1 to 2 were
observed after injection of an alkaline-surfactant-polymer solution. Core permeability changes
are listed in Table 6.
Table 6
Berea Sandstone Physical Parameters — Alkaline-Surfactant-Polymer Corefloods

K, K,
NaOH+ORS-46HF+Alcoflood 1275A — 22.6% Porosity
Absolute Permeability to 1.0 wt% NaCl, Kps 78 150 130
Effective Perm to Oil at Immobile Water, Koy 435 595 560
Effective Perm to Water at Residual Oil, K, 31 44 41
Gel Sequence e e ———
ASP Solution 64 25 28
Na,CO;+0ORS-46HF+Alcoflood 1275A — 22.9% Porosity
Absolute Permeability to 1.0 wt% NaCl, Kps 98 292 220
Effective Perm to Oil at Immobile Water, Korw 390 730 635
Effective Perm to Water at Residual Oil, K,r, 28 47 42
Gel Sequence - ———- -——-
ASP Solution 85 40 44
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Oil saturation changes of the two corefloods are depicted in Figures 3 and 4.
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Oil recoveries are surmmarized in Table 7.
Table 7
Oil Recovery of Alkaline-Surfactant-Polymer Linear Corefloods
-------Cumulative Oil Recovery, % OOIP---------

Injected Solution NaOH-Coreflood Na ,CO;-Coreflood
1 wt% NaCl - Waterflood 55.6 55.3
ASP Solution and NaCl flush 90.6 92.5
ASP Incremental recovery 35.0 37.2

Aluminum-Polyacrylamide Gel Formation

Colloid dispersion aluminum citrate-polyacrylamide gels were the first series of gels evaluated.
HiVis 350 was mixed with aluminum citrate in ratios of 10:1, 20:1, 30:1, and 40:1 (as
aluminum). Polymer concentrations were 300, 600, and 900 mg/l. Flowing gels were observed
with all mixtures when dissolved in 1.0 wt% NaCl after one week at all polymer concentrations.
When dissolved in 0.1 wt% Na;SOy, tonguing gels formed after four weeks at the higher
polymer concentration. Similar results were observed at 125°F and 175°F. Flowing gels were
observed in the 1.0 wt% NaCl solutions at one day at both temperatures. When polymer and
aluminum were dissolved in 1.0 wt% Na,SOys, flowing gels were observed after one day at 125°F
and after two days at 175°F. Tonguing gels were not observed at the elevated temperatures.
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A tonguing gel was developed with aluminum citrate with AN 905 when both polymer and
aluminum citrate concentrations were increased. Tonguing gels were formed when AN 905
polymer concentrations were 3,000 mg/1 or greater and the aluminum concentration was 0.25 to
1.67% that of the polymer. Syneresis was observed with all gelled solutions.

Aluminum-polyacrylamide gels were not stable to alkaline-surfactant-polymer solutions when in
contact for 24 days at 72°F. This was true whether the gels were flowing colloidal dispersion,
low polymer concentration gel or higher concentration polymer and aluminum tonguing gels.
Figure 5 shows a flowing aluminum-polyacrylamide gel dissolved in 0.1% Na,SOy stability
when contacting alkaline-surfactant-polymer solutions with pH values from 9.2 to 12.9. All gels
were unstable to the alkaline-surfactant-polymer solutions. Stability of the same gel mixture but
dissolved in 1.0% NaCl is shown in Figure 6. Note the aluminum-polyacrylamide gels are less
stable with the lower pH solutions. Similar trends were observed at 3,000 mg/l AN 905 and
higher aluminum concentrations.

Aluminum-Polyacrylamide Gel Stability Aluminum-Polyacrylamide Gel Stability

In Contact with ASP Solutions In Contact with ASP Solutions
4000 mg/L AN 905 + 1800 mg/l WaterCut 677 4000 mg/L AN 905 + 1800 ma/l Watercut 677
0.1 wi% Na,SO, 1.0 wit% NaCl
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gure 5  Aluminum-Polyacrylamide Gel in 0.1%  Figure 6 Aluminum-Polyacrylamide Gel in 1.0%

Na,S0, Stability with ASP Solutions NaCl Stability with ASP Solutions

When tested at 125°F and 175°F, aluminum-polyacrylamide gels were not stable to alkaline-
surfactant-polymer solutions with pH values ranging from 9.2 to 12.9.

A pair of linear corefloods was performed to evaluate if the colloid dispersion, aluminum citrate-
polyacrylamide gel technology is stable to subsequent injection of an alkaline-surfactant-polymer
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solution. Injected gel mixture was 400 mg/L HiVis 350 plus 20 mg/L Watercut 677N as Al™.
Figures 7 and 8 depict resistance factor changes for NaOH and Na,COj; alkaline-surfactant-
polymer corefloods. In both corefloods, pressures during gel injection exceeded pressure
transducer limitation so reported resistance factors are limit values. Residual resistance factors
after gel injection and before alkaline-surfactant-polymer solution indicated gel was placed
uniformly through the core. Average permeability reduction of 13 was observed with the
aluminum citrate-polyacrylamide gel.
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NaOH e NazCO3 -
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130 =

60

Incremental Resistance Factors (ratio)
Incremental Resistance Factors (ratio)
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s 1275 R
Figure 7 Ending Resistance Factors for the Figure § Ending Resistance Factors for the

Aluminum Citrate-Polyacrylamide Aluminum Citrate-Polyacrylamide
Colloidal Dispersion Gel followed by Colloidal Dispersion Gel followed by
NaOH+ORS-46HF-+Alcoflood 1275A Na,CO;+0ORS-46HF+Alcoflood
Linear Coreflood, from left to right 1275A Linear Coreflood, from left to
each set of histograms is RF,(red), right each set of histograms is
RF2(blue), RFr(green) RF(red), RF2(blue), RF;(green)

Resistance factors during alkaline-surfactant-polymer injection were of the same order of
magnitude as alklaine-surfactant-polymer solutions without prior gel injection, in the 10 to 20
range. Residual resistance factors after alkaline-surfactant-polymer injection were slightly
greater that those after alkaline-surfactant-polymer solutions, 2 to 3 compared to 1 to 2.
Aluminum citrate-polyacrylamide gels are not stable to either NaOH or Na,COj; alkaline-
surfactant-polymer solution injection. Permeability changes are summarized in Table 8.
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Table §
Berea Sandstone Physical Parameters — Aluminum Citrate - Polyacrylamide

—————————— Permeability (md)----------
K Ky Kr
NaOH+ORS-46HF+Alcoflood 1275A — 22.4% Porosity
Absolute Permeability to 1.0 wt% NaCl, K, 380 550 515
Effective Perm to Oil at Immobile Water, Koy 710 880 845
Effective Perm to Water at Residual Oil, Ky 47 82 73
Gel Sequence 4 6 5
ASP Solution 22 20 20
Na;CO;+ORS-46HF+Alcoflood 1275A — 22.9% Porosity
Absolute Permeability to 1.0 wt% NaCl, Ky 355 425 410
Effective Perm to Oil at Immobile Water, Koy 440 555 530
Effective Perm to Water at Residual Oil, Ky 22 43 37
Gel Sequence 3 3 3
ASP Solution 24 26 25

Oil recovery was not affected by aluminium citrate-polymer injection. Table 9 summarizes the

oil production with each step.
Table 9

Oil Recovery of Aluminum Citrate — Polyacrylamide Gel Linear Corefloods

Injected Solution NaOH-Coretlood Na »COs-Coreflood
1wt% NaCl - Waterflood 52.4 46.0
Gel Sequence and NaCl flush 55.6 5.3
ASP Solution and NaCl flush 85.4 84.7
Gel Incremental Oil Recovery 3.2 53
Gel+ASP Incremental Recovery 3540 38.7

Some incremental oil was produced by aluminum citrate — polyacrylamide gel injection with the
majority being produced by subsequent alkaline-surfactant-polymer solutions. Waterflood and
chemical flood (gel plus ASP solution) oil recoveries are similar to those observed without prior
gel injection. Aluminum citrate — polyacrylamide gel injection does not produce significant
matrix incremental oil and prior gel injection does not affect incremental oil production capacity
of the subsequent alkaline-surfactant-polymer solution.

A dual individual core, common manifold radial coreflood was performed to determine if the
colloidal dispersion, aluminum citrate-polyacrylamide gel technology is stable to subsequent
injection of an alkaline-surfactant-polymer solution in a situation where a difference in
permeability exists between two cores. Radial common manifold, dual core corefloods permit a
gel system to be tested in a situation where once the gel is in place, the injected fluid flows into
the core with the highest effective permeability. This is similar to an injection well that is
perforated at multiple sand intervals, each with different permeability, separated by a vertical
permeability barrier. Injected gel mixture was 400 mg/L HiVis 350 plus 20 mg/L Watercut
677N as Al™. Injected alkaline-surfactant-polymer solution was 0.885 wt% Na,CO; plus 0.06
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wt% active ORS-46HF plus 1300 mg/L Alcoflood 1275A. Figures 9 and 10 depict resistance
factor changes for the low and high permeability cores’ corefloods. Residual resistance factors
in the low permeability core, after gel injection and before alkaline-surfactant-polymer solution,
indicated that gel was placed primarily near well bore. However, this is primarily due to the low
volume of fluid injected into the core. High permeability core resistance factor distribution
during gel placement suggest that gel was distributed through out the core.

140 20

135 —|Na,CC, Na,CO, ;

130 —|+ ORS4GHF - - Versase  High Pem Core -
125 —|* Alcoflood 1275 . < | + Alcoflocd 1275 [ RF
120 —{ Low Perm Core I R

115 —|
110 —
105 —
100 —
95 —
90 —
85 —
80 —
75 —
70 —
20 4

AN

10 —

15 —

Incremental Resistance Factors (ratio)
Incremental Resistance Factors (ratio)

10 —

Injection and Overall
Pressure Data Unreliable

Cruda Cil 1 wit%h NaCl Colboical Dspersion 1 wi% MaCl  Na,CO, 1 wt% NaCl Crude Gil 1wt NaCl Colledal Dispersion { wi% MaCl  Na,CO, 1 wt% NaCl
- S - e
Figure 9 Low Permeability Core, Ending Figure 10 High Permeability Core, Ending
Resistance Factors for the Flowing Resistance Factors for the Flowing
Aluminum Citrate-Polyacrylamide Aluminum Citrate-Polyacrylamide
Gel followed by Na,CO;+ORS- followed by Na,CO;+ORS-
46HF+Alcoflood 1275A, from left to 46HF+Alcoflood 1275A, from left to
right each set of histograms is right each set of histograms is
REF,(red), RF2(blue), RFr(green) RF(red), RF2(blue), RF1(green)

Flow distribution change due to aluminum citrate-polyacrylamide gel injection is shown in
Figure 11. Initial flow is distributed with 90% or greater flowing through the high permeability
core during crude oil, initial waterflood, and gel injection. Flow distribution was essentially
equalized during the water flush subsequent to gel placement, indicating gel was diverting
injected water from the high permeability core into the low permeability core. Injection of the
alkaline-surfactant-polymer solution resulted in destruction of the gel and reversion of the flow
distribution back to the original pattern.
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Core permeability changes during the aluminum
citrate-polyacrylamide gel dual radial coreflood are
summarized in Table 10.

~ - Q
=] =] =]
| |

-
=]
|

50 —

40 —

30 —

20 —

Total Fluids Produced from Individual Cores (%)

10

CrueDl 1 wt%MNaGl i Omanian  1whiNaQl  Na,GO, 1 with Hacl
Salin + ORSA0HF
Y

Figure 11 Flow Distribution between High
and Low Permeability Cores,
Dual Radial Coreflood,
Aluminum Citrate-
Polyacrylamide Gel, green is low
permeability core and blue is high
permeability core

Table 10
Berea Sandstone Physical Parameters
Common Manifold, Dual Radial Core
Aluminum Citrate-Polyacrylamide Gel Coreflood

---------- Permeability (md)----------
K, K Kr
Na,CO;+0ORS-46HF+Alcoflood 1275A
High Permeability Core — 22.1% Porosity
Absolute Permeability to 1.0 wt% NaCl, Kaps 651 566 622
Effective Perm to Oil at Immobile Water, K 729 392 576
Effective Perm to Water at Residual Oil, Ky, 107 41 72
Post Gel Sequence, Ko —— -—- -
Post ASP Solution, Ko 22 33 25
Low Permeability Core — 17.5% Porosity
Absolute Permeability to 1.0 wt% NaCl, Kgps 55 49 53
Effective Perm to Oil at Immobile Water, Ko 24 53 29
Effective Perm to Water at Residual Oil, Ky 3 2 2
Post Gel Sequence, Ko -—-- - -—
Post ASP Solution, Ky, 0.3 0.2 0.2

Table 11 summarizes oil production of the aluminium citrate-polyacrylamide dual core radial
coreflood.



Table 11
0Qil Recovery of Common Manifold, Dual Radial Core
Aluminum Citrate-Polyacrylamide Gel Corefloods

Injected Solution High K - Core Low K - Core
1.0 wt% NaCl - Waterflood 37.4 26.7
Gel Sequence and NaCl flush 40.0 28.4
ASP Solution and NaCl flush 65.3 28.6

------- Incremental Oil Recovery, % OOIP---------
Gel Incremental Oil Recovery 2.6 IF)
Gel+ASP Incremental Recovery 279 1,7

Failure of the alkaline-surfactant-polymer solution to divert and flow through the low
permeability core is evident with the poor oil recovery. In the high permeability core where
chemical solution was injected, the alkaline-surfactant-polymer solution mobilized incremental
oil.

Chromium-Polyacrylamide Gel Formation

Chromium acetate-polyacrylamide gels formed tonguing to rigid gels. Table 12 lists how gel
type varied with chemical concentration and dissolution water at 72°F.

Table 12

Chromium (III) — Polyacrylamide Gel Formation at 72°F
Watercut 204
Concentration Ratio Gel Description
mg/l. WC204:Cr (I1I) 1.0 wt% NaCl 0.1 wt% Na,SO4
3,000 30:1 to 50:1 flowing gel flowing gel
5,000 30:1 and 35:1 rigid tonguing gel tonguing gel
5,000 40:1 to 50:1 tonguing gel flowing gel
7,500 5:1to 15:1 rigid gel rigid tonguing gel
7,500 20:1 to 35:1 rigid tonguing gel tonguing gel
7,500 40:1 to 50:1 tonguing gel tonguing gel

Chromium (III) — polyacrylamide gels showed little syneresis over a two to four week period.
Tonguing to rigid gel formation with 5000 and 7500 mg/L Watercut 204 plus WaterCut 684 at
ratios between 30:1 and 50:1 was observed at 125°F and 175°F. Gel formation was accelerated
at the evaluated temperatures.

Chromium acetate-polyacrylamide gels showed instability to alkaline-surfactant-polymer
solutions of pH 10.6 and above when the polymer:chromium ion concentration ratio was 25 or
greater, A polymer:chromium concentration ratio of 15 or less was stable to alkaline-surfactant-
polymer pH up to 12.9. Figures 12 and 13 depict unstable and stable chromium:polyacrylamide
gel systems. Figure 12 is a tonguing gel and Figure 13 is a rigid tonguing gel. Chromium
acetate-polyacrylamide gels were stable to alkaline-surfactant-polymer solutions with pH values
ranging from 9.2 to 12.9 at elevated temperature.
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Chromium-Polyacrylamide Gel Stability Chromium-Polyacrylamide Gel Stability

In Contact with ASP Solutions In Contact with ASP Solutions
7500 mg/l. Watercut 204 + 300 mg/l WaterCut 684 7500 mg/L Watercut 204 + 1500 mg/l WaterCut 684
0.1 wit% Na,S0, 0.1 wi% Na,S0,
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gel ] gel
intact || @ Tl intact
,L ~ |
|~ ‘ ~{__
-] | |
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| T
gel gel
partially partially
maintained ] maintained |
gel gel
destroyed destroyed "7
“ -

Figure 12 Chromium (IID)-Polyacrylamide Gel in 0.1% Figure 13 Chromium (III)-Polyacrylamide Gel in 0.1%
Na,SO, Stability with ASP Solutions Na,;SO, Stability with ASP Solutions

Two pairs of linear corefloods were performed to evaluate if chromium acetate-polyacrylamide
gel technology is stable to subsequent injection of an alkaline-surfactant-polymer solution. A
flowing chromium acetate — polyacrylamide gel was evaluated in the first pair of linear
corefloods. Injected gel mixture was 3000 mg/L Watercut 204 plus 100 mg/L Watercut 684 as
Cr". Figures 14 and 15 depict the resistance factor changes for the NaOH and Na,COs
corefloods.
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In both flowing chromium acetate-polyacrylamide corefloods, resistance factor after gel was
reduced by alkaline-surfactant-polymer injection but not to levels of the base alkaline-surfactant-
polymer injection. This suggests that flowing chromium acetate — polyacrylamide gels are
somewhat stable to alkaline-surfactant-polymer solution injection. The fact that resistance
factors generated by gel solutions are reduced when alkaline-surfactant-polymer solution is
injected suggests that some destruction of gel does occur. Permeability changes are summarized
in Table 13.
Table 13
Berea Sandstone Physical Parameters
- Flowing Chromium Acetate — Polyacrylamide —

---------- Permeability (md)----------
K; K Kr
NaOH+ORS-46HF+ HiVis 350 — 20.7% Porosity
Absolute Permeability to 1.0 wt% NaCl, Kgps - -—- 200
Effective Perm to Oil at Immobile Water, Ko -— ——— 210
Effective Perm to Water at Residual Oil, Ko -— - 12
Gel Sequence --- --- 0.5

ASP Solution
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Ky K, Kr
Na;CO;+0ORS-46HF+ HiVis 350 — 20.0% Porosity
Absolute Permeability to 1.0 wt% NaCl, Kaps - - 100
Effective Perm to Oil at Immobile Water, Korw - ——— 165
Effective Perm to Water at Residual Oil, Ky, _— _— 8
Gel Sequence - --- 0.5
ASP Solution - -—- 2

Rigid tonguing gel chromium acetate — polyacrylamide gel system was tested in a second pair of
linear corefloods. Injected gel mixture was 7500 mg/L Watercut 204 plus 250 mg/L Watercut
684 as Cr. Figures 16 and 17 depict the resistance factor changes for the NaOH and Na,COs
corefloods.
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Figure 16 Ending Resistance Factors for the Figure 17 Ending Resistance Factors for the
Rigid tonguing Chromium Acetate- Rigid tonguing Chromium Acetate-
Polyacrylamide Gel followed by Polyacrylamide Gel followed by
NaOH-+ORS-46HF + HiVis 350 Na,CO;+ORS-46HF+ HiVis 350
Linear Coreflood, RF(green) Coreflood, RF(green)

Rigid tonguing chromium acetate-polyacrylamide gel solutions maintained resistance factor after
alkaline-surfactant-polymer solution was injected. Corefloods suggest that a rigid tonguing gel
mixture is more stable to subsequent alkaline-surfactant-polymer injection. Permeability
changes are summarized in Table 14.
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Table 14

Berea Sandstone Physical Parameters

- Rigid tonguing Chromium Acetate — Polyacrylamide -

NaOH+ORS-46HF+ HiVis 350 — 23.3% Porosity

Absolute Permeability to 1.0 wt% NaCl, Kgps
Effective Perm to Oil at Immobile Water, Korw
Effective Perm to Water at Residual Oil, Ky,
Gel Sequence

ASP Solution

Na,CO;+ORS-46HF+ HiVis 350 — 22.5% Porosity

Absolute Permeability to 1.0 wt% NaCl, Kgps
Effective Perm to Oil at Immobile Water, K
Effective Perm to Water at Residual Oil, Kyr,
Gel Sequence

ASP Solution

Table 15

Oil Recovery of Chromium Acetate — Polyacrylamide Gel Linear Corefloods
------- Cumulative Oil Recovery, % OOIP
NaOH-Coreflood

Injected Solution

Flowing Gels (3000 mg/L, Watercut 204: 100 mg/L cr)

Permeability (md)

Ky

Na CO;-Coreflood

1wt% NaCl - Waterflood 31.0
Gel Sequence and NaCl flush 46.3
ASP Solution and NaCl flush 77.9
Gel Incremental Oil Recovery 15.3
Gel+ASP Incremental Recovery 319
Rigid tonguing Gels (7500 mg/L. Watercut 204: 250 mg/L Cr)
1wt% NaCl - Waterflood 43.4
Gel Sequence and NaCl flush 72.9
ASP Solution and NaCl flush 82.0
Gel Incremental Oil Recovery 29.4
Gel+ASP Incremental Recovery 9.1

315
410
15
0.5
0.6

330
400
18
0.5
0.6

335
49.3
62.4
15.8
13.1

315
65.9
78.8
28.4
12.9

Chromium acetate — polyacrylamide gel injection produced more incremental oil than did the
aluminum citrate — polyacrylamide gel systems probably due to the higher differential pressures

developed during gel placement and subsequent water flush. This trend is shown within

chromium acetate-polyacrylacmide gels in that more rigid gels produced more oil during gel
placement and flush. Subsequent alkaline-surfactant-polymer solutions produced additional
incremental oil with total recovery being slightly lower than either aluminum citrate —
polyacrylamide gel or alkaline-surfactant-polymer corefloods. Oil recovery by an alkaline-

Table 15 summarizes oil production of the four chromium acetate — polyacrylamide corefloods.
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Incremental Resistance Factors (ratio)

surfactant-polymer solution is not effected by prior chromium acetate — polyacrylamide gel

injection.

A dual individual core, common manifold radial coreflood was performed to determine if the
chromium acetate — polyacrylamide gel technology is stable to subsequent injection of an
alkaline-surfactant-polymer solution. Injected gel mixture was 7500 mg/L Watercut 204 plus
250 mg/L Watercut 684 as Cr™. Injected alkaline-surfactant-polymer solutions was 1.0 wt%
NaOH plus 0.06 wt% active ORS-46HF plus 1300 mg/L Alcoflood 1275A. Figures 18 and 19
depict resistance factor changes for the low and high permeability cores’ corefloods. Chromium
acetate-polyacrylamide gels reduced permeabilities significantly in both cores. Core
permeability changes during the chrormium acetate-polyacrylamide gel dual radial coreflood are

sumimarized in Table 16.
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Table 16

Berea Sandstone Physical Parameters
Common Manifold, Dual Radial Core
Chromium Acetate-Polyacrylamide Gel Coreflood

---------- Permeability (md)----------
K Ky Kr
NaOH+ORS-46HF+Alcoflood 1275A
High Permeability Core — 22.0% Porosity
Absolute Permeability to 1.0 wt% NaCl, Ky 502 535 435
Effective Perm to Oil at Immobile Water, Kqrw 483 278 393
Effective Perm to Water at Residual Oil, Ky, 39 29 54
Post Gel Sequence, K, = — e
Post ASP Solution, Ky - ——- 0.1
Low Permeability Core — 19.1% Porosity
Absolute Permeability to 1.0 wt% NaCl, Ky 26 70 33
Effective Perm to Oil at Immobile Water, Ky 14 40 16
Effective Perm to Water at Residual Oil, Ky, 1 1 1
Post Gel Sequence, Ky - — i
Post ASP Solution, Ky 0.3 0.3 0.3

I Low Perm
I High Perm

80 —

Total Fluids Produced from Dual Cores (%)
o
o
|

1% HaCl Marct 1wi% NaCl  NaOH HaOH 1 wt% HaCl
B Lb + ORS~EHF  + ORS-46HF
e + Rlcofiood 1275

Figure 20 Flow Distribution between High
and Low Permeability Cores,
Dual Radial Coreflood,
Chromium Acetate -
Polyacrylamide Gel, green is low
permeability and blue is high
permeability

A change in flow distribution due to chromium
acetate-polyacrylamide gel injection is shown in
Figure 20. Initial flow is distributed with 90% or
greater flowing through the high permeability core
during crude oil, initial waterflood, and gel
injection. Flow distribution was essentially
equalized during the water flush subsequent gel
placement, indicating gel was diverting injected
water from the high permeability core into the low
permeability core. Injection of the alkaline-
surfactant-polymer solution resulted in even more
diversion into the lower permeability core.

Table 17 summarizes oil production of the

chromium acetate-polyacrylamide dual core radial
coreflood.
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Incremental Resistance Factors (ratic)

Table 17
0Oil Recovery of Common Manifold, Dual Radial Core

Chromium Acetate-Polyacrylamide Gel Coreflood
——————— Cumulative Oil Recovery, % OOIP---------

Injected Solution High K - Core Low K - Core
1.0 wt% NaCl - Waterflood 35.2 25.1
Gel Sequence and NaCl flush 51.0 28.0
ASP Solution and NaCl flush 51.7 52.6

------- Incremental Qil Recovery, % OOIP---------
Gel Incremental Oil Recovery 15.8 2.9
Gel+ASP Incremental Recovery 16.5 27.5

Alkaline-surfactant-polymer solution flow into the low permeability core recovered additional oil
while the lack of flow into the high permeability core resulted in poor incremental oil recovery.

A dual stacked core pair with a common well bore coreflood evaluated the stability of a
chromium acetate-polyacrylamide gel to subsequent alkaline-surfactant-polymer injection in a
situation with fluid diversion. In this case, cross flow was possible. Injected gel mixture was
7500 mg/L Watercut 204 plus 250 mg/L. Watercut 684 as Cr". Injected alkaline-surfactant-
polymer solution was 1.0 wt% NaOH plus 0.06 wt% active ORS-46HF plus 1300 mg/L
Alcoflood 1275A. Figures 21 and 22 depict resistance factor changes for the both core. Asin
the separate manifold, dual individual coreflood, chromium acetate-polyacrylamide gel reduced
the permeability of each core and that permeability change persisted with subsequent alkaline-
surfactant-polymer injection. Permeability changes for dual, stacked core chromium acetate-
polyacrylamide coreflood are summarized in Table 18.
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Table 18

Berea Sandstone Physical Parameters — Chromium Acetate-Polyacrylamide
Dual Stacked, Same Well Bore Coreflood

~~~~~~~~~~ Permeability (md)----------
Ky K Ky
NaOH+ORS-46HF+Alcoflood 1275A
High Permeability Core — 22.5% Porosity
Absolute Permeability to 1.0 wt% NaCl, K 850 400 628
Effective Perm to Oil at Immobile Water, Ko 692 379 551
Effective Perm to Oil at Immobile Water, K - --- 646
(after stacking core)
Effective Perm to Water at Residual Oil, Ky, -—- - 86
Post Gel Sequence, Ky, -—- - 0.03
Post ASP Solution, Ky - ——— 1.3
Low Permeability Core — 18.5% Porosity
Absolute Permeability to 1.0 wt% NaCl, Kqps 58 59 58
Effective Perm to Oil at Immobile Water, K 41 50 41
Effective Perm to Oil at Immobile Water, Ko -—- -—- 51
(after stacking core)
Effective Perm to Water at Residual Oil, Ky, - - 31
Post Gel Sequence, Kyyo -—- - 0.02
Post ASP Solution, Ky -— - 4.0

] tow Perm
I High Perm

Total Fluids Produced from Dual Cores (%)
[4:]
=
|

CndeOl  1wi% HaCl Marc Twi% HaCl  NaGH 1wt% MaCt
s + ORE-36HF
+ Acafiood 1275

Figure 23 Flow Distribution between High and
Low Permeability Cores, Dual
Stacked Radial Coreflood,
Chromium Acetate -Polyacrylamide
Gel, green is low permeability and
blue is high permeability

Change in flow distribution due to chromium acetate-
polyacrylamide gel injection into the stacked radial
core configuration is shown in Figure 23. Initial flow
is distributed with 90% or greater flowing through the
high permeability core during crude oil, initial
waterflood, and gel injection. Flow distribution was
equalized during the water flush subsequent to gel
placement, indicating gel was diverting injected water
from the high permeability core into the low
permeability core. Injection of the alkaline-surfactant-
polymer solution resulted in some reversion of
injected fluid back to the high permeability core with
approximately half of the diverted injection volume
being maintained.

Oil recoveries from the chromium acetate-
polyacrylamide gel stacked radial flood are
summarized in Table 19. A significant volume of
incremental oil was produced during gel injection
from the high permeability core but not the low
permeability core. Alkaline-surfactant-polymer
injection produced a significant volume of
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incremental oil from both core. It is possible that some oil mobilized from the low permeability
core was produced by the high permeability core due to vertical communication.

Table 19
il Recovery of Chromium Acetate -- Polyacrylamide Gel
Dual Stacked, Same Well Bore Radial Coreflood
------- Cumulative Oil Recovery, % OOIP---------

Injected Solution High K - Core Low K - Core
1.0 wt% NaCl - Waterflood 56.7 54
Gel Sequence and NaCl flush 76.0 7.4
ASP Solution and NaCl flush 83.1 20.8

------- Incremental Oil Recovery, % OOIP---------
Gel Incremental Oil Recovery 19.3 3.0
Gel+ASP Incremental Recovery 26.4 13.4

Linear corefloods evaluating the polyacrylamide-chromium acetate gel were evaluated at 125°F
and 175°F to determine if the gels were stable to an alkaline-surfactant-polymer solution at
elevated temperatures. Two pairs of linear corefloods were performed to evaluate if the
polyacrylamide-chromium acetate gel and the xanthan gum-chromium acetate gel were stable to
alkaline-surfactant-polymer solutions at elevated temperatures in core. Figures 24 and 25 depict
the resistance factor changes for the polyacrylamide-chromium acetate gel at 125°F and 175°F,
respectively. Table 20 summarizes core permeability changes.
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Polyacrylamide-chromium acetate gels were stable to subsequent injection of a 1.0 wt% NaOH
plus 0.10 wt% active ORS-60HF plus 1300 mg/L Alcoflood 1275A solution at 125 and 175°F.

Table 20
Berea Sandstone Physical Parameters
Polyacrylamide - Chromium Acetate Gel Linear Corefloods at 125 °F and 175°F

---------- Permeability (md)----------
Ki K, Kr
NaOH+ORS-60HF+Alcoflood 1275A — 23.1% Porosity — 125°F
Absolute Permeability to 1.0 wt% NaCl, Kgps 473 414 424
Effective Perm to Oil at Immobile Water, Koy 646 320 353
Effective Perm to Water at Residual Qil, K, 13 6 7
Post Gel Sequence, Ky - - 0.2
Post ASP Solution, Ky - 0.3
NaOH+ORS-60HF+Alcoflood 1275A — 23.3% Porosity — 175°F
Absolute Permeability to 1.0 wt% NaCl, K s 282 772 555
Effective Perm to Oil at Immobile Water, Ko 547 267 300
Effective Perm to Water at Residual Oil, Ky, 17 40 24
Post Gel Sequence, Ky, - - <0.1
Post ASP Solution, Ky -- -- 0.3

Gel sequence and alkaline-surfactant-polymer injection recovered additional oil. Table 21
summarizes oil production with each step. Qil recovery with the 19.4° API crude oil that had
ultra low interfacial tension values between the alkaline-surfactant-polymer solution and the
crude oil are significantly greater than those with the Big Sinking oil with relatively high
interfacial tension values.
Table 21
Oil Recovery of Polyacrylamide-Chromium Acetate Gel Corefloods at 125 °F and 175°F
~~~~~~~ Cumulative Oil Recovery, % OOIP---------

Injected Solution 125°F-Coreflood 175°F-Coreflood
1.0 wt% NaCl - Waterflood 52.8 63.7
Gel Sequence and NaCl flush 75.2 74.0
ASP Solution and NaCl flush 95.6 98.4

~~~~~~~ Incremental Oil Recovery, % OOIP---------
Gel Incremental Oil Recovery 22.4 10.3
Gel+ASP Incremental Recovery 20.4 24.4

A dual stacked core pair with a common well bore coreflood, where cross flow was possible,
evaluated the stability of a chromium acetate-polyacrylamide gel to subsequent alkaline-
surfactant-polymer injection at 175°F. Injected gel mixture was 3000 mg/L Watercut 204 plus
150 mg/L Watercut 634 as Cr™ . Polymer and chromium ion concentrations were lower than
previously reported 72°F coreﬂood to permit gel to be injected prior to becoming rigid. Injected
alkaline-surfactant-polymer solution was 1.0 wt% NaOH plus 0.06 wt% active ORS-60HF plus
1300 mg/L Alcoflood 1275A. Crude oil was the 19.4° API gravity crude oil. Figures 26 and 27
depict resistance factor changes for both core. Chromium acetate-polyacrylamide gel reduced
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the permeability of each core with the high permeability core permeability reduction being
slightly greater during and after gel injection. Permeability changes were maintained after
alkaline-surfactant-polymer injection but not to the same degree as previously reported, possibly
due to injection of a more fluid gel and gel syneresis. Permeability changes for dual, stacked
core chromium acetate-polyacrylamide coreflood are summarized in Table 22.

150 150

Low Perm Core High Perm Core
140 . R il Bt
130 130 —
120 — 120 —
z 110 ol
B 1= 100
= 90 — 90
2 B0 S 80
E 70 — E 70 —
@ 60— o 60—
[&] Q
C 50 £ 50 .
B 5 B 5
b ]
= g s
8 =2
o T
E 3 £ 3
o ©
o (*]
£ o o
0 — 0
Crude Oil 1 wi% Mareit 1wt¥% NaCH 1 wi% Crude Ol 1 wi% Marcit 1 wi% NaOH 1 wi%h
NaCl Gel20:1 NaCl +ORS-E0HF  NaCl Nacl Gel 2011 MaCl  + ORS-60HF NaCl
+ Meoflocd 1275 + Rleofload 1275
. . . Figure 27 High Permeability Core, Fnding
Figure 26 Low Permeability Core, Ending Resistance Factors for the Rigid
Resistance Factors for the Rigid ) Chromium Acetate-Polyacrylamide
Chromium Acetate-Polyacrylamide Gel followed by NaOH+ORS-
Gel followed by NaOH+ORS- 60HF+Alcoflood 1275A at 175°F,
60HF+Alcoflood 1275A at 1750F, from from left to l‘ight each set of
left to right each set of histograms is histograms is RFq(green)

RFr(green)

40



Table 22

Berea Sandstone Physical Parameters — Chromium Acetate-Polyacrylamide
Dual Stacked, Same Well Bore 175°F Radial Coreflood

---------- Permeability (md)----------
K, K, Ky
NaOH+ORS-60HF+Alcoflood 1275A
High Permeability Core — 23.0% Porosity
Absolute Permeability to 1.0 wt% NaCl, Kgps 535 458 508
Effective Perm to Qil at Immobile Water, Ky 105 90 90
Effective Perm to Oil at Immobile Water, Ko - -— 108
(after stacking core)
Effective Perm to Water at Residual Oil, Ky, - -— 3.7
Post Gel Sequence, Kyro -— - 0.03
Post ASP Solution, Ky, - - 22
Low Permeability Core — 18.5% Porosity
Absolute Permeability to 1.0 wt% NaCl, K 45 82 52
Effective Perm to Oil at Immobile Water, Ky 28 18 23
Effective Perm to Qil at Immobile Water, K - - 26
(after stacking core)
Effective Perm to Water at Residual Oil, Ky — - 0.6
Post Gel Sequence, Ky, m—- --- 0.01
Post ASP Solution, Ky, -—- - 0.3
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Figure 28 Flow Distribution between High and
Low Permeability Cores, Dual
Stacked Radial Coreflood at 175°F,
Chromium Acetate -Polyacrylamide
Gel, green is low permeability and
blue is high permeability

Change in flow distribution due to chromium
acetate-polyacrylamide gel injection into the
stacked radial core configuration is shown in Figure
28. Flow distribution was 87% flow through the
high permeability core during initial waterflood.
Flow distribution was reduced to 80% through the
high permeability core during the water flush
subsequent to gel placement, indicating gel was
diverting injected water from the high permeability
core into the low permeability core. Injected
alkaline-surfactant-polymer solution did not alter
the flow distribution.

Oil recoveries from the chromium acetate-
polyacrylamide gel stacked radial flood are
summarized in Table 23. Incremental oil was
produced during gel injection from each core.
Alkaline-surfactant-polymer injection produced a
significant volume of incremental oil from both
core.
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Table 23
Oil Recovery of Chromium Acetate -- Polyacrylamide Gel
Dual Stacked, Same Well Bore, 175°F Radial Coreflood
------- Cumulative Oil Recovery, % OOIP---------

Injected Solution High K - Core Low K - Core
1.0 wt% NaCl - Waterflood 47.5 30.4
Gel Sequence and NaCl flush 59.1 38.0
ASP Solution and NaCl flush 93.0 52.1

------- Incremental Oil Recovery, % OOIP-----ex--
Gel Incremental Oil Recovery 11.6 6.6
Gel+ASP Incremental Recovery 33.9 14.1

The final coreflood in the polyacrylamide-chromium acetate gel series was a fractured core
linear coreflood at 72°F. Coreflood was performed to determine if gel solutions placed in a
fracture are stable to subsequent injection of an alkaline-surfactant-polymer solution. Injected
gel mixture was 7500 mg/L Flocon 4800C plus 250 mg/L Watercut 684 as Cr™. Alkaline-
surfactant-polymer solution injected was 1.0 wt% NaOH plus 0.06 wt% active ORS-46HF plus
1300 mg/L Alcoflood 1275A.
1000 Figure 29 depicts resistance factor changes
RFT measured from the injection face to the
= production face of the core. Residual
resistance factors after gel injection and
before alkaline-surfactant-polymer
solution indicated gel was placed
uniformly in the fracture as well as in the
core. Residual resistance factors after
alkaline-surfactant-polymer injection
following gel injection were maintained
and were of the same order of magnitude
as prior to alkaline-surfactant-polymer
injection. Polyacrylamide-chromium
| | H B B acetate gels used to plug fractures are
GO LN PN wgdr 10e Rl ki stable to subsequent NaOH alkaline-
surfactant-polymer solution injection.

+ Alceflond 1275
. . Permeability changes are summarized in
Figure 29 Ending Resistance Factors for a Rigid Table 24
Polyacrylamide-Chromium Acetate Gel ’
followed by NaOH-+ORS-46HF+Alcoflood
1275A in a Fractured Core Linear
Coreflood, RF(green)

800 —

600 —

400 —

Incremental Resistance Factors (ratio)

200 —
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Table 24
Berea Sandstone Physical Parameters
Chromium Acetate — Polyacrylamide Fracture Core Linear Coreflood

Permeability (md)
Kr
NaOH+ORS-46HF+Alcoflood 1275A — 22.8% Porosity
Pre-Fracture Absolute Permeability to 1.0 wt% NaCl, K 630
Pre-Fracture Effective Perm to Oil at Immobile Water, Ky 355
Post-Fracture Effective Perm to Oil at Immobile Water, Kyry 33,500
Post-Fracture Effective Perm to Water at Residual Oil, Ko 23,000
Post-Fracture, Post-Gel Sequence, Ky, 33
Post-ASP Solution, K, 60

Chromium-Xanthan Gum Gel Formation

Chromium acetate-xanthan gum gels either did not form a gel or formed flowing to hard gels as
listed in Table 25,

Table 25

Chromium Acetate — Xanthan Gum Gel Formation
Flocon 4800C
Concentration Ratio Gel Description
mg/L WC204:Cr (1I) 1.0 wt% NaCl 0.1 wt% Na2S04
1,000 8:1to 10:1 no gel formed flowing gel
1,000 12:1 to 20:1 no gel formed no gel formed
2,000 8:1 and 10:1 tonguing gel rigid tonguing gel
2,000 12:1 and 15:1 flowing gel flowing gel
2,000 18:1 and 20:1 no gel formed no gel formed
3,000 8:1to 10:1 rigid tonguing gel rigid gel
3,000 12:1to 15:1 tonguing gel rigid tonguing gel
3,000 18:1to 20:1 flowing gel flowing gel
4,000 8:1 rigid gel rigid gel
4,000 10:1 to 12:1 rigid tonguing gel rigid gel
4,000 15:1to 18:1 tonguing gel rigid tonguing gel
4,000 20:1 flowing gel tonguing gel
5,000 8:1to 10:1 rigid gel rigid gel
5,000 12:1to 15:1 rigid tonguing gel  rigid gel
5,000 18:1to20:1 tonguing gel rigid tonguing gel
6,000 8:1to12:1 rigid gel hard gel
6,000 15:1 to 20:1 rigid tonguing gel ~ hard gel
7,000 8:1to 20:1 rigid gel hard gel
8,000 8:1to 20:1 rigid gel hard gel

Some degree of syneresis was observed after four weeks with most chromium (III) — xanthan
gum gels. When dissolved in 1.0 wt% NaCl, lower polymer and chromium concentration gels

showed little syneresis while higher concentration gels demonstrated significant syneresis.
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When dissolved in 0.1 wt% Na;SOs, high concentration polymer and chromium ion gels showed
little syneresis and low concentration gels did not shrink.

Chromium-Xanthan Gum Gel Stability

In Contact with ASP Solutions

3000 mg/L Flopaam 4800 + 200 mg/l WaterCut 684
0.1 wt% Na,S0,

gel
intact

gel
partially
maintained |

gel
destroyed ™

Figure 30 Chromium (III)-Xanthan Gum Gel in 0.1%
Na,S0, Stability with ASP Solutions

Chromium acetate:xanthan gum gels
were stable when in contact with up to
pH 12.9 alkaline-surfactant-polymer
solutions dissolved in either 0.1%
NapSO4 or 1.0% NaCl for 19 days at 72,
125, and 175°F. Gels were either
tonguing or rigid tonguing gels (3,000
and 5,000 mg/L xanthan gum,
respectively). Figure 30 shows the data
for a rigid tonguing chromium:xanthan
gum gel. Other stable gel types tested
for stability to alkaline-surfactant-
polymer solutions ranged from flowing
to hard gels.

72°F linear corefloods were performed to
determine if chromium acetate-xanthan
gum gel solutions are stable to
subsequent injection of an alkaline-
surfactant-polymer solution. Injected gel
mixture was 7500 mg/L Flocon 4800C
plus 335 mg/L Watercut 684 as Cr*.
Figures 31 and 32 depict resistance
factor changes for NaOH and Na,CO;
alkaline-surfactant-polymer corefloods.
Residual resistance factors after gel

injection and before alkaline-surfactant-polymer solution indicated gel was placed uniformly
through the core. Average permeability reduction of 5 was observed with the xanthan gum-

chromium acetate gel.
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Incremental Resistance Factors (ratio)
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Figure 31 Ending Resistance Factors for Figure 32 Ending Resistance Factors for
Chromium Acetate-Xanthan Gum Chromium Acetate-Xanthan Gum
Gel followed by NaOH+ORS- Gel followed by Na,CO;+ORS-
46HF+Alcoflood 1275A Linear 46HF+Alcoflood 1275A Linear
Coreflood, from left to right each set Coreflood, from left to right each set
of histograms is RF(red), RF2(blue), of histograms is RF(red), RF2(blue),
RF(green) RFr(green)

Resistance factors during alkaline-surfactant-polymer solution injection were of the same order
of magnitude as alklaine-surfactant-polymer solutions without prior gel injection, in the 5 to 20
range. Residual resistance factors after alkaline-surfactant-polymer injection following gel
injection were approximately the same as those after just alkaline-surfactant-polymer solution
injecton, 1.6 after the Nay,COj; solution and 1.2 after the NaOH solution compared to 1.5 and 1.0,
repectively. Xanthan gum-chromium acetate gels are not stable to either NaOH or Na,COj3
alkaline-surfactant-polymer solution injection. Table 26 summarizes permeability changes.
Table 26
Berea Sandstone Physical Parameters
Chromium Acetate — Xanthan Gum Linear Corefloods

—————————— Permeability (md)----------
Ky K Kr
NaOH+ORS-46HF+Alcoflood 1275A — 23.0% Porosity
Absolute Permeability to 1.0 wt% NaCl, Kps 450 538 517
Effective Perm to Oil at Immobile Water, Ky 522 528 527
Effective Perm to Water at Residual Oil, Ky, 56 43 45
Post Gel Sequence, Ky 15 7 8
Post ASP Solution, Ky 61 33 36
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Na,CO3+ORS-46HF+Alcoflood 1275A — 22.9% Porosity

Absolute Permeability to 1.0 wt% NaCl, K 298 366 349
Effective Perm to Oil at Immobile Water, K 383 381 381
Effective Perm to Water at Residual Oil, Ky, 27 32 31
Post Gel Sequence, Ko 15 7 8
Post ASP Solution, Ky, 18 19 19

Xanthan gum-chromium acetate gel injection produced some incremental oil, as did alkaline-
surfactant-polymer injection. Waterflood and chemical flood (gel plus ASP solution) oil
recoveries are lower than those observed without prior gel injection. Prior gel injection does not
affect subsequent alkaline-surfactant-polymer solution ability to produce incremental oil. Table
27 summarizes the oil production with each step.

Table 27
Oil Recovery of Chromium Acetate — Xanthan Gum Gel Linear Corefloods

Injected Solution NaOH-Coreflood NaCOs-Coreflood
1.0 wt% NaCl - Waterflood 41.5 40.6
Gel Sequence and NaCl flush 51.9 50.7
ASP Solution and NaCl flush 65.3 59.0

------- Incremental Oil Recovery, % OOIP---------
Gel Incremental Oil Recovery 104 10.1
Gel+ASP Incremental Recovery 23.8 18.4

Xanthan gum-chromium acetate gel system linear corefloods at 125°F and 175°F were performed
to evaluate if gels were stable to an alkaline-surfactant-polymer solution at elevated
temperatures. Figures 33 and 34 depict the resistance factor changes for the xanthan gum-
chromium acetate gels at 125°F and 175°F, respectively. Xanthan gum-chromium acetate gel
was not stable to subsequent injection of a 1.0 wt% NaOH plus 0.06 wt% active ORS-60HF plus
1300 mg/L Alcoflood 1275A solution either at 125°F or at 175°F. The latter is due primarily to
the instability of the gel at the higher temperature. Table 28 summarizes core permeability
changes.
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Figure 33 Ending Resistance Factors for
Xanthan Gum-Chromium Acetate
Gel followed by NaOH+ORS-
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Figure 34 Ending Resistance Factors for Xanthan
Gum-Chromium Acetate Gel followed
by NaOH+ORS-60HF+Alcoflood 1275A
Linear Coreflood at 175°F, from left to
right each set of histograms is RF(red),
RF;(blue), RFp(green)

Table 28
Berea Sandstone Physical Parameters
Xanthan Gum-Chromium Acetate Gel Linear Corefloods at 125°F and 175°F

---------- Permeability (md)----------
Ki Ky Kr
NaOH+ORS-60HF+Alcoflood 1275A — 22.8% Porosity — 175°F
Absolute Permeability to 1.0 wt% NaCl, Kaps 346 280 291
Effective Perm to Oil at Immobile Water, Koy 528 262 288
Effective Perm to Water at Residual QOil, K, 15 4 5
Post Gel Sequence, Ky, 8 2 3
Post ASP Solution, Ky 18 5 6
NaOH+ORS-60HF+Alcoflood 1275A — 22.6% Porosity — 125°F
Absolute Permeability to 1.0 wt% NaCl, K s 514 499 502
Effective Perm to Oil at Immobile Water, Ky 535 535 535
Effective Perm to Water at Residual Oil, Ky, 32 21 22
Post Gel Sequence, Ko 8 2 3
Post ASP Solution, Kyro 32 6 8
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Gel sequence and alkaline-surfactant-polymer injection recovered additional oil. Table 29
summarizes oil production with each step.

Table 29
Oil Recovery of Xanthan Gum-Chromium Acetate Gel Corefloods at 125°F and 175°F
——————— Cumulative Oil Recovery, % OOIP---mammn-

Injected Solution 125°F-Coreflood 175°F-Coreflood

1.0 wt% NaCl - Waterflood 81.7 61.2

Gel Sequence and NaCl flush 69.4 68.4

ASP Solution and NaCl flush 92.4 92.2
-------Incremental Oil Recovery, % OOIP--=------

Gel Incremental Oil Recovery 171 78

Gel+ASP Incremental Recovery 23.0 23.8

Significant incremental oil was produced by gel injection and subsequent alkaline-surfactant-
polymer solutions with the 19.4° API gravity crude oil.

Resorcinol-Formaldehyde Gel Formation

Resorcinol-formaldehyde gels formed hard gels when dissolved in 1.0 wt% NaCl and in 0.1 wt%
Na;SOy at 72, 125, and 175°F. Gels formed at pH 9. Resorcinol concentrations of 1.0% or
greater and formaldehyde concentrations of 0.85 wt% or greater were required. Syneresis was
observed with all gels. Sulfomethylated resorcinol-formaldehyde formed rigid gels in both 1.0
wt% NaCl and in 0.1 wt% Na;SO;. Sulfomethylated resorcinol-formaldehyde gels formed at pH
9,10 and 11 and at concentrations of sulfomethylated resorcinol of 1.00 % or greater with at
sulfomethylated resorcinol: formaldehyde ratio of 1:1.7. No syneresis was observed with any of
the sulfomethylated resorcinol-formaldehyde gels.

All resorcinol-formaldehyde and sulfomethylated resorcinol-formaldehyde gels were stable to
alkaline-surfactant-polymer solutions from pH 9.2 to 12.9 for forty days at 72, 125, and 175°F.
Gels were dissolved in 0.1 wt% Na;SO4 and 1.0 wt% NaCl. Gels were classified as hard.
Figures 35 and 36 depict typical stability performance. Resorcinol-formaldehyde and
sulfomethylated resorcinol-formaldehyde gels show slight softening of the gel at pH 12.8 and
above at low formaldehyde concentration (1.7%). Resorcinol-formaldehyde gels did not show
syneresis when mixed with alkaline-surfactant-polymer solutions having a pH greater than 12.5
but syneresis was observed with solutions having a pH less than 12.5. Sulfomethylated
resorcinol formaldehyde gels did not synerese when in contact with any of the alkaline-
surfactant-polymer solutions.
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Resorcinol-Formaldhyde Gel Stability Resorcinol-Formaldhyde Gel Stability
In Contact with ASP Solutions In Contact with ASP Solutions

3.0% Resorcinol + 1.71% Formaldhyde 3.0% Sulfomehtylated Resorcinol + 5.12% Formaldhyde
0.1 wt% Na,50, 1.0wt% NaCl
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Figure 35 Resorcinol-Formaldehyde Gel in 0.1% Figure 36 Sulfomethylated Resorcinol-Formaldehyde
Na,S0O, Stability with ASP Solutions Gel in 0.1% NaCl Stability with ASP

Two pairs of linear core floods were performed to evaluate if the resorcinol-formaldehyde gel
technology is stable to subsequent injection of an alkaline-surfactant-polymer solution. A rigid
resorcinol-formaldehyde gel was evaluated in linear corefloods. Injected gel mixture was 20,000
mg/L resorcinol plus 17,100 mg/L formaldehyde at pH 9. Figures 37 and 38 depict the
resistance factor changes for the NaOH and Na,COjs corefloods.

In both flowing rigid resorcinol-formaldehyde gel corefloods, resistance factor after gel was
reduced by alkaline-surfactant-polymer injection but not to levels of the base alkaline-surfactant-
polymer injection. Gel coreflood resistance factors are 3.5 after the Na,COj; solution and 6.2
after the NaOH solution compared to 1.5 and 1.0 for just alkaline-surfactant-polymer solutions,
respectively. This suggests that resorcinol-formaldehyde gel permeability reduction was reduced

but not eliminated by alkaline-surfactant-polymer solution injection. Permeability changes are
summarized in Table 30.
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Figure 37 Ending Resistance Factors for the
Rigid Resorcinol-Formaldehyde
Gel followed by NaOH+ORS-
46HF+Alcoflood 1275A Linear
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Rigid Resorcinol-Formaldehyde
Gel followed by Na,CO;+ORS-
46HF+Alcoflood 1275A Linear
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set of histograms is RF(red),
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Table 30

Berea Sandstone Physical Parameters
Rigid Resorcinol-Formaldehyde Gel Linear Corefloods

e Permeability (md)----
Ky K
NaOH+ORS-46HF+Alcoflood 1275A — 20.7% Porosity
Absolute Permeability to 1.0 wt% NaCl, K, 621 626
Effective Perm to Oil at Immobile Water, Koy 369 681
Effective Perm to Water at Residual Oil, Ko 42 43
Post Gel Sequence, Ky, 6 4
Post ASP Solution, Ky, 26 11
Na,CO;+ORS-46HF+Alcoflood 1275A — 20.0% Porosity
Absolute Permeability to 1.0 wt% NaCl, K s 316 530
Effective Perm to Oil at Immobile Water, Koy 386 370
Effective Perm to Water at Residual Oil, Ky 23 30
Post Gel Sequence, Ko 1 3
Post ASP Solution, Ky, 5 4

Oil recovery was not affected by resorcinol-formaldhyde injection. Table 31 summarizes the oil

production with each step.
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Table 31

Oil Recovery of Rigid Resorcinol-Formaldehyde Gel Linear Corefloods

Injected Solution
1.0 wt% NaCl - Waterflood

Gel Sequence and NaCl flush
ASP Solution and NaCl flush

Gel Incremental Oil Recovery
Gel+ASP Incremental Recovery

NaOH-Coreflood Na ,C0O;-Coreflood

44.0 47.1
45.2 47.2
53.9 51.8
------- Incremental Oil Recovery, % OOIP---------
1.2 0.1
9.9 4.7

Little incremental oil was produced by either resorcinol-formaldehyde gel injection or the
subsequent alkaline-surfactant-polymer solutions. Chemical flood (gel plus ASP solution) oil
recoveries are lower than those observed without prior gel injection. Prior resorcinol-
formaldehyde gel injection apprears to reduce subsequent alkaline-surfactant-polymer solution

incremental oil production.

Silicate-Polyacrylamide Gel Formation

Silicate based solutions formed rigid gels if the Ludox SM concentration was 20,000 mg/L or
greater, irrespective of polymer concentration. Polymer concentrations (AN 923) varied from

250 to 2,000 mg/l. Calcium
chloride concentration was
constant at 100 mg/l. Gels were
hard gels and no syneresis was
observed.

Silicate-polyacrylamide gels were
stable to alkaline-surfactant-
polymer solutions over a pH range
0f 9.2 to 12.9. Ludox SM (silicate)
concentrations of 30,000 and
40,000 mg/l were tested with 250
mg/l AN 923 polymer. The lower
concentration of Ludox SM
showed some gel degradation
while the higher concentration was
unchanged. Gels were hard gels.
Figure 39 shows the 40,000 mg/l
Ludox SM data.

The final pair of linear corefloods
evaluated stability of the silicate-
polyacrylamide gel technology to
subsequent alkaline-surfactant-
polymer injection. A rigid gel

Silicate-Polyacrylamide Gel Stability
In Contact with ASP Solutions
2560 mg/L AN923 + 40,000 mg/l Ludox SM
1.0 wt% NaCl

gel -
intact

gel
partially _
maintained

gel L i Vg s
destroyed ] bt ' 3

Figure 39 Silicate-Polyacrylamide Gel in 0.1%
Na,S0, Stability with ASP Solutions
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composed of 250 mg/L Flopaam 923, 100 mg/L CaCl,, and 30,000 mg/L Ludox SM was injected
prior to alkaline-surfactant-polymer solutions. Figures 40 and 41 depict resistance factor
changes for NaOH and Na,COj alkaline-surfactant-polymer corefloods. Gel injection reduced
permeability with NaCl flush resistance factors of approximately 10. Injection of either NaOH
or Na,COj alkaline-surfactant-polymer solutions resulted in loss of permeability reduction.
Residual resistance factors were 1.5 to 2.0. NayCOj; coreflood front-end resistance factor showed
plugging. Front-end data was ignored. Silicate-polyacrylamide gels are not stable to subsequent
injection of alkaline-surfactant-polymer solutions.
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Figure 40 Ending Resistance Factors for the Figure 41 Ending Resistance Factors for the
Silicate-Polyacrylamide Gel Silicate-Polyacrylamide Gel
followed by NaOH+ORS-46HF- followed by Na,CO,+ORS-
Alcoflood 1275A Linear Coreflood, 46HF+Alcoflood 1275A Linear
from left to right each set of Coreflood, from left to right each
histograms is RF(red), RF2(blue), set of histograms is RF;(red),
RF(green) RF2(blue), RF(green)

Permeability changes for silicate-polyacrylamide corefloods are summarized in Table 32,

Table 32
Berea Sandstone Physical Parameters — Silicate - Polyacrylamide
---------- Permeability (md)----------
Ki Ky Kr
NaOH+ORS-46HF+Alcoflood 1275A — 22.1% Porosity

Absolute Permeability to 1.0 wt% NaCl, Ky 100 900 350
Effective Perm to Oil at Immobile Water, Koy 250 1300 710
Effective Perm to Water at Residual Oil, Ky, 22 76 50
Gel Sequence 10 ) 7
ASP Solution 14 34 27
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K| K Kr
NayCO3+ORS-46HF+Alcoflood 1275A — 22.9% Porosity
Absolute Permeability to 1.0 wi% NaCl, Kgps 485 305 410
Effective Perm to Oil at Immobile Water, Ky 685 605 620
Effective Perm to Water at Residual Oil, K, 58 52 53
Gel Sequence 2 3 4
ASP Solution 5 35 16

Oil recoveries from the silicate-polyacrylamide gel floods are summarized in Table 33. Oil
recoveries were similar to the aluminum citrate-polyacrylamide corefloods with little incremental
oil being produced during gel injection. Alkaline-surfactant-polymer injection produced a
significant volume of incremental oil and total oil recovery was in the same range as prior
corefloods.
Table 33
Qil Recovery of Silicate — Polyacrylamide Gel Linear Corefloods

Injected Solution NaOH-Coreflood Na»CO;-Coreflood
1.0 wt% NaCl - Waterflood 46.9 52.5
Gel Sequence and NaCl flush 49.7 57.6
ASP Solution and NaCl flush 87.5 89.2
Gel Incremental Oil Recovery 3.2 5.1
Gel+ASP Incremental Recovery 37.8 31.6

Iron-Polyacrylamide Gel Formation

Iron hydroxide solutions formed gels at limited iron, hydroxide, and polymer concentrations (AN
905 and Watercut 204) when dissolved in 1.0 wt% NaCl. Flowing and tonguing gels were
formed at polymer concentrations of 5,000 mg/1 at Fe (III) concentrations of 10 to 20 mg/l. No
gels formed at lower polymer concentrations. Syneresis was not observed but gel solutions
viscosity reduced as gels aged.

Iron (III): polyacrylamide gels were not stable to any of the alkaline-surfactant-polymer
solutions. Gels immediately broke up upon contact with the alkaline-surfactant-polymer
solutions. A 5,000 mg/l Watercut 205 plus 15 mg/l ferric chloride tonguing gel was tested.

Evaluation of Alkaline-Surfactant-Polymer Floods’ Field Performance
and Potential Benefit of Combining Alkaline-Surfactant-Polymer and
Gelation Technologies

Break through of polymer at alkaline-surfactant-polymer floods in the Cambridge, 1993 Daging,
Mellott Ranch, and Wardlaw fields were compared with the appearance of polymer production in
respective radial corefloods. Inherent in the comparison is field and laboratory adsorption of
polymer is the same. Because reservoir core, oil, and water were used in all laboratory
evaluations and the same chemicals were injected, the chance of a significant difference in
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adsorption characteristics are lessened. Another inherent assumption is the oil saturation after
the injection of alkaline-surfactant-polymer solution is similar in the field and the laboratory.
Polymer breakthrough in field applications and laboratory radial corefloods are compared in

Table 34.

Table 34

Polymer Break Through in Alkaline-Surfactant-Polymer Field and Radial Corefloods

Initial Polymer Production
Pore Volume After Beginning ASP Injection

Field Field Coreflood
Cambridge’
Well 31-28 0.131 0.536
Well 21-28 >0.466 0.536

(end of field effluent testing)

Daqing 1993’

Po5 Well 0.174 0.310
(surrounded by 4 injector wells)
Mellott Ranch 0.155 0.198
Wardlaw immediate -—--

Initial analysis of the data in Table 34 suggests that the Cambridge, Daqing 1993, and Wardlaw
projects might have benefited from applying a gel treatment. However, polymer production is
only one part of the analyses. Oil recovery performance must be factored into the equation.

Cambridge Field Alkaline-Surfactant-Polymer Flood — The different wells
polymer production suggest that a gel treatment might have benefited one well but
not the second. Oil recovery in the field of 73% OOIP with 34% OOIP
incremental oil indicates that the reservoir was swept and oil recovery was good
in spite of early polymer break through at one well. Data indicates generally good
contact efficiency of the injected solution in the field application. Coupling the
alkaline-surfactant-polymer technology with a gelation technology would not
have been of significant benefit.

Daqing 1993 Alkaline-Surfactant-Polymer Flood — Divergence between
polymer appearance in the Daqing field and laboratory alkaline-surfactant-
polymer floods is not as great as the Cambridge Field application. Data indicates
that coupling the alkaline-surfactant-polymer flood technology with gelation
technology might have improved oil recovery. Gao et.al.” reported 19% OOIP
incremental oil recovery in the 1993 project and Wang et.al.” reported up to
between 20 and 26% OOIP incremental oil recovery in five ASP pilot projects.
Laboratory alkaline-surfactant-polymer incremental oil recovery ranged from 19
to 28% OOIP with similar alkaline-surfactant-polymer solutions. Data suggests
that coupling the alkaline-surfactant-polymer technology with a gelation
technology benefit would have been low, 0 to 5 % OOIP.

Mellott Ranch Alkaline-Surfactant-Polymer Flood — Laboratory and field
initial polymer production suggest the field is performing similar to the
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corefloods. Oil recovery performance is premature since the flood is on-going.
Data indicates that injection of a gel into the Mellott field is not warranted.

e  Wardlaw Alkaline-Surfactant-Polymer Flood - Immediate break through of
polymer with injection of an alkaline-surfactant-polymer solution indicated that
injected fluid was not flowing through matrix containing oil. Immediate break
through was attributed to fracture flow, ideal for improvement with a gelation
technology. If a chromium acetate-polyacrylamide gel treatment had been
performed, an alkaline-surfactant-polymer flood might have been feasible. The
difference in oil recovery would have been from 0% OOQIP due to the failure of
the injected solution to contact the rock matrix to as high as 30% OOIP as
produced from the Cambridge projected and the Wardlaw radial corefloods.

Numerical Simulation of a Crosslink-Alkaline-Surfactant-Polymer
Flood

The Wardlaw field with its fracture flow represents one ideal situation to which the alkaline-
surfactant-polymer technology can be coupled with a gelation technology to produce significant
volumes of incremental oil. The second ideal situation is when two alkaline-surfactant-polymer
sensitive sand lenses are separated by a no-flow barrier with injection and production wells open
to both zones. A Minnelusa reservoir with an “A” sand and a “B” sand with common production
and injection wells was simulated to demonstrate
improvement of oil recovery after gel treatment
followed by an alkaline-surfactant-polymer flood in
a reservoir with two sand lenses. A and B sands are
separated by a shale layer. GCOMP numerical
simulation software was used.” GCOMRP is a black
oil numerical simulation package with a chemical
flood option.

The flood consists of one injection well (34X-10)
and two production wells (43-10A and 15-11).
Wells 44-10, 14-11, 43-10, and 34-10 were either
Figure 42 Minnelusa Field Well Orientation ~ dry holes or were lost prior to contemplating
alkaline-surfactant-polymer injection. Figure 42
depicts the well orientation.

Reservoir and Model Definition

A 20 by 14 grid model consisting of seven layers with the top two layers A sand and bottom five
layers presenting the B sand was defined. Table 35 lists individual layer parameters.
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Table 35

Numerical Simulation Layer Parameters

Layer Pay (ft) Porosity (%) KXY (md) KZ (md) Pore Volume (bbls)
A Sand 1 4.3 20.2 224 184 1,286,600
2 10.5 19.9 381 312 3,136,523
Sum 14.8 Average 20.0 302 248 4,423,123
B Sand 4 1.3 21.0 506 415 18,469
5 0.5 18.5 79 65 4,995
6 9.4 17.7 807 662 2,259,435
7 6.5 12.1 565 463 909,069
Sum 17.7 Average 17.3 626 512 3,191,968
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Figure 43 Minnelusa Qil-Water Relative
Permeability Curve

History Match - Model Validation

A production waterflood history match
was performed by fixing the oil rate from
each well and allowing water rate and oil
cut to wvary according to relative
permeability characteristics and model
saturation conditions. History match was
from 1961 to 2003. Figure 44 shows oil
rate, water rate, and oil cut match for the
wells.  Injection matched historical
values exactly.

Coreflood History Match -
Chemical Model Validation

Initial oil saturation was 0.805 V, and water flood
residual oil saturation was 0.335 V,. Figure 43
depicts the water displacing oil relative permeability
curve. Initial reservoir pressure was 2685 psi.
Reservoir temperature was 133°F. The Minnelusa
Field produces a dead crude oil and an API gravity of
21.5° with a viscosity of 29 cp at initial reservoir
pressure and temperature. Formation volume factor
was 1.02. Bubble point was 175 psi. Fluid and rock
compressibilities used in the model are water 2.95E-
06 psi”, crude oil 5.79E-06 psi’!, and rock 2.7E-05
psi’. Transmissivity between the layers was equal to
82% of the horizontal transmissivity.
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Figure 44 History Match —Primary/Waterflood Production

An alkaline-surfactant-polymer radial coreflood was history matched to calibrate model chemical
option. Coreflood used reservoir crude oil, produced water, and reservoir core. Chemical
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Figure 45  Qil Saturation Reduction versus log

Saturation Reduction, sorfisorw

system used was 1.00 wt% NaOH plus 0.1 wt% ORS-46HF plus 1300 mg/L Alcoflood 1275A.
Linear coreflood data was used to develop adsorption isotherms and polymer rheology data.
Interfacial tension values used in the model are from laboratory measurements.

Radial coreflood model consisted of a 5 by 1 radial grid system with 2 layers. Initial oil
saturation was 0.805 V. Initial reservoir pressure was 2685 psi. PVT characteristics were such
that the viscosity of the crude oil was 28 cp at 133° F at 2685 psi. No water-oil or gas-oil
contacts were present. PVT characteristics and relative permeability curves from the field
history match were used in the coreflood match.

Coreflood history match was achieved by
changing permeability and capillary number de-
saturation curve. Final permeability distribution
was 14 md for both layers. This compares to 13.6
"~ and 16.3 md for the effective permeability to oil
‘*\_ T and effective permeability to water, respectively.
B B i —Pe—— Figure 45 shows the capillary de-saturation curve
) ] required to match the coreflood. Note, the
B capillary number - de-saturation correlation

and field

R
|

|

/

=)
@»

=
kS

=
N
\
|
|
!
|

00

20 40 oo 10 20 30 4 so mMmatched coreflood values during waterflood. As

198 Sapiliany Nunibar capillary number increased due to chemical
injection, linear coreflood data facilitated a match
Capillary Number better than radial coreflood data.

Figures 46 and 47 show oil recovery and oil cut history match, and produced chemical match for
the alkaline-surfactant-polymer radial coreflood. Both the waterflood and chemical flood oil
recoveries are duplicated by the numerical simulation indicating the relative permeability and
capillary number calculation accurately depict the waterflood and the alkaline-surfactant-
polymer flood for the Minnelusa oil, water, and rock system. Produced chemicals were similarly
matched.
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Alkaline-Polymer and Alkaline-Surfactant-Polymer Forecasts
Five forecasts were made:

I.
2.
3.

Waterflood through 2020
Crosslink B Sand in 2003 followed by water through 2020
No Crosslink, ASP Flood:

B Sand - 0.262 V,, ASP followed by 0.278 V,, polymer drive followed by water
to 2020 (0.972 V)
A Sand - 0.024 V;, ASP followed by 0.076 V, polymer drive followed by water
to 2020 (0.049 Vp)
Crosslink B Sand and inject chemical over the same time as case 3:
B Sand - 0.091 V,, ASP followed by 0.110 V,, polymer drive followed by water
to 2020 (0.885 V))
A Sand - 0.036 V, ASP followed by 0.098 V,, polymer drive followed by water
to 2020 (0.087 Vp)
Crosslink B Sand and inject chemical until approximately 0.25 Vp of ASP
solution has been injected into the B Sand:
B Sand - 0.239 V,, ASP followed by 0.152 V,, polymer drive followed by water
to 2020 (0.315 Vy)
A Sand - 0.124 V; ASP followed by 0.126 V,, polymer drive followed by water
to 2020 (0.027 Vp)
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Figure 49 Cumulative Qil Produced versus
Cumulative Total Fluids for the Five
Forecast Cases
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Figure 48 Oil Cut versus Cumulative Oil Produced
for the Five Forecast Cases
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Figure 48 depicts the oil cut as a function of cumulative oil production and Figure 49 depicts
cumulative oil as function of cumulative total fluids produced. Crosslinking of the B Sand was
simulated by injecting 1500 mg/L mobility control polymer solution into the B Sand for 2 days.
At two days, injection was stopped and the concentration of polymer in the grid blocks
surrounding the injection well determined. In a separate run file, gel placement was simulated
by decreasing the X, Y, and Z transmissivity of the B Sand to 20% of the original value if the
concentration of polymer in the grid block was equal to the injected concentration. If the
concentration of polymer was less than injected concentration, transmissivity decrease was
adjusted by multiplying by the dividend of grid concentration divided by injected concentration.
A 20% decrease of transmisivity corresponds to a resistance factor of 5. Transmissivity instead
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of resistance factor was altered due to limitation of the numerical simulator with subsequent
injection of a mobility control fluid, which itself has a residual resistance factor. The numerical
simulator does not distinguish between gel polymer and mobility control polymer residual
resistance factor.

Note in Figure 48 the volume of fluids produced and, therefore, injected decreases when either
the B Sand is crosslinked or viscous ASP solution is injected. Total fluid produced volume and,
therefore, injection volume decreased by up to 2,800,000 bbls. Table 36 summarizes
incremental oil produced.

Table 36
Waterflood and Alkaline-Surfactant-Polymer Flood Forecast Incremental Qil Production

--------- Incremental Oil Production (bbls) -----=---

Forecast Description Over Waterflood Over no Crosslink ASP Flood
2 B Sand Crosslink Waterflood 196,144 = ceeeeee
3 No Crosslink ASP Flood 392,656 0 e
4 B Sand Crosslink ASP Flood 619,988 227,332
5 B Sand Crosslink 25% Vp ASP Flood 989,090 596,436

a9



Conclusions

1.

10.

11.

12,

13.

14.

I5.

Aluminum-polyacrylamide gels, either at low polymer and aluminum concentration or at
high polymer and aluminum concentration, were not stable to alkaline-surfactant-polymer
solutions with pH values ranging from 9.2 to 12.9.

Aluminum citrate-polyacrylamide gels were not stable to subsequent injection of either a
NaOH or a Na,COj3 alkaline-surfactant-polymer solution.

Chromium-polyacrylamide gels were stable to alkaline-surfactant-polymer solutions with
pH values ranging from 9.2 to 12.9 when the polymer to chromium ion ratio was 15 or
less. At polymer to chromium ion ratio of 25 or greater, chromium-polyacrylamide gels
were not stable to alkaline-surfactant-polymer solutions with pH values of 12 or greater.
Chromium-polyacrylamide gels are stable to injection of either a NaOH or a Na,CO;
alkaline-surfactant-polymer solution. from 72°F to 175°F.

Flowing and rigid tonguing chromium-polyacrylamide gels were stable to injection of
both NaOH and Na,CO; alkaline-surfactant-polymer solutions. Rigid tonguing gels
maintained permeability reduction after an alkaline-surfactant-polymer solution was
injected while flowing gels permeability increased but not to either pre-gel or alkaline-
surfactant-polymer flush values.

Chromium-xanthan gum gels were stable to alkaline-surfactant-polymer solutions with
pH values ranging from 9.2 to 12.9 at the polymer to chromium ion concentration ratios
tested.

Chromium-xanthan gum gels are not stable to injection of either a NaOH or a Na,CO;
alkaline-surfactant-polymer solution.

Silicate-polyacrylamide gels were stable to alkaline-surfactant-polymer solutions with pH
values ranging from 9.2 to 12.9.

Silicate-polyacrylamide gels were not stable to subsequent injection of either a NaOH or
a NayCOj alkaline-surfactant-polymer solution.

Resorcinol-formaldehyde and sulfomethylated resorcinol-formaldehyde gels were stable
to alkaline-surfactant-polymer solutions with pH values ranging from 9.2 to 12.9.
Iron-polyacrylamide gels were not stable to alkaline-surfactant-polymer solutions
regardless of pH.

Prior gel sequence injection did not reduce the total oil recovered by a waterflood plus
alkaline-surfactant-polymer solution with the exception of the resorcinol-formaldehyde
gel.

Gel injection followed by alkaline-surfactant-polymer injection will improve oil recovery
by diverting alkaline-surfactant-polymer solution into lower permeability rock.

Gels used to seal fractures are stable to subsequent alkaline-surfactant-polymer solution
injection, if gels are stable to alkaline-surfactant-polymer solutions in other applications.
Numerical simulation indicates placement of a gel into a higher permeability section of a
reservoir will improve waterflood recovery and alkaline-surfactant-polymer flood oil
recovery compared to the same injection fluid without a prior gel treatment.
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