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ABSTRACT

Laboratory Analysis of a New Sand Consolidation
Material for Qilfield Applications. (December 2010)
Joseph Daniel Filbrandt, B.S., Purdue University

Chair of Advisory Committee: Dr. Stephen A. Holditch

The production of sand can be a major issue in many young, unconsolidated
sandstone formations where there is little to no cement holding the individual sand
grains together. When such reservoirs are produced, quite often operators face problems
with reduced well productivity and equipment failure. Because of these issues, the
industry has developed numerous techniques in its effort to control formation sand
production. Sand consolidation is one technology that has been studied and used since
the 1940s. The theory behind sand consolidation technology is to place a liquid material
which will create a grain to grain contact that will bind individual sand grains together.
Most consolidation treatments contain a preflush to clean and wet the surface, the
consolidating system to bind the sand grains and give residual strength, and, finally, an
overflush to ensure the formation is still able to produce fluids. With the successful
placement of this fluid, the sand grains will be locked in placed so that they will not be
produced. The technology has gone through many phases of conception since the 1940s;
however, most consolidation material that is pumped in the past has been based upon an
epoxy or furan backbone.

While there are many technologies available, for the purpose of my research, the
epoxy technology was experimentally investigated. The testing of the fluid involved
investigating numerous additives to obtain the correct residual strength of the sample, as
well as the necessary retained permeability. For the epoxy fluid, the optimal preflush,
epoxy system and overflush formulations were determined after 250 checkout tests.



Based upon these tests, the fluid was optimizets iworking time and UCS results. The
optimal system included the addition of PA2 to pireflush, along with PA1 and an
aromatic amine curing agent to the epoxy systenl &4d PA2 are adhesion promoter
additives which were deemed necessary as a rdsthle aesting. This system was then
tested further in a HP/HT cell. While there islstilom for improvement with respect to

retained permeability, the system still performsywgell in terms of UCS.
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NOMENCLATURE

cp centipoise

BHT Bottomhole Temperature

CA Catalyst Amount

DSC Differential Scanning Calorimetry

HEC Hydroxyethyl Cellulose

HP/HT High Pressure/High Temperature (Cell)
IR Infrared (Scans)

MIC (Texas A&M) Microscopy and Imaging Center
PA Proprietary Additive

PV Pore Volume(s)

SEM Scanning Electron Microscope

UCS Unconfined Compressive Strength

VES Viscoelastic Surfactant



viii

TABLE OF CONTENTS

Page
AB ST R A C T e oo ettt e ettt e e e e e et e e e e eennnna e aaaees ii
DEDICATION L.ttt e e e e e e e e e e nnmrea e v
ACKNOWLEDGEMENTS ... Vi
NOMENCLATURE ... e e e e e e Vii
TABLE OF CONTENTS ...t Vil
LIST OF FIGURES ... ..ottt e e e e eeees X
LIST OF TABLES ... ettt e et e e e e e et aeaeaeeeeeenes Xili
l. INTRODUCTION: SAND CONTROL AND PARTICLE CONSOLIBTION
AS A MEANS THEREOQOF ... 1
[I. EXPERIMENTAL APPROACH ...t 7
2.1 BacKkground ........oooeeieiiiiiiiiii e 7
2.2 SYrNQE TeSt SEIUP ...covviiiiieeeeetceereme e e 10
2.3 HP/HT TSt SEIUP ..evvveeiiiiiie et e e e eeeeeeneenes 14
. EXPERIMENTAL RESULTS ..o 17
3.1 Syringe TeSt RESUILS......coooiiiiiii e 17

3.1.1 Syringe Test Round 1 Results .....ceeeeeeeveevviieiiiiiiiieeeeeeen. 20
3.1.2 Syringe Test Round 2 ReSUlts .....cmieeveiiiiiiiiiiciiiiieeeeeeee. 23
3.1.3 Syringe Test Round 3 ReSUILS .....coommevvevvvvviiiiiiiiiiieeeeennnnns 27
3.1.4 Syringe Test Round 4 Results .....ceeeveeeiviiiiiiiciiiiineeeeee. 30
3.1.5 Syringe Test Round 5 Results ... e eeevvevvvviiiciiiiiiiieeeeee. 33
3.1.6 Syringe Test Round 6 Results ... ieeeiiiiiiiiiiicciiiiieeeeee.. 36
3.1.7 Syringe Test Round 7 ReSUILS ......commmmeeeerveviiiiiiiiiiiieieeeennne. 39
3.1.8 Syringe Test Round 8 Results .....cevieeevviiiiiiiiiciiiiieeeeeee.. 46
3.1.9 Syringe Test Round 9 Results .....ceeeeevvveveviviviiiciiiiieneeee.. 50
3.1.10 Syringe Test Round 10 Results PR o1 ¢



Page
3.1.11 Syringe Test Round 11 ReSUltS ...commmmeervviiiiiiiiiiiiiiiiiiieeeeenn,. 62
3.1.12 Syringe Test Round 12 ReSUltS ...commeeeeeeiieeeeeeeeeeeeiiiiinennnnn,. 64
3.1.13 Syringe Test Round 13 ReSUltS ...coummeeevvviiiiiiiiiiieeiiiiieeeeeen,. 67
3.1.14 Syringe Test Round 14 Results ...commmeeevvvccieeeeeeeeeeeenieevnenneee. . 10
3.2 Coreflood TeSt RESUILS ..........ooiii oottt 73
3.2.1 Coreflood Sample 1 ReSUIS ......uummcciiiiiiee e 73
3.2.2 Coreflood Sample 2 ReSUIS ......uumeeciiiii e 77
3.2.3 Coreflood Sample 3 ReSUIS ......uummcceiiiii e 80
3.2.4 Coreflood Sample 4 ReSUIS ......uumceiiiiii e 84
3.2.5 Coreflood Sample 5 ReSUIS ......uummceeiciiiii e 86
3.2.6 Coreflood Sample 6 ReSUIS .......umcceiiiieeeee 90
3.2.7 Coreflood Sample 7 ReSUIS ......uummceiiiiieee e 94
3.2.8 Coreflood Sample 8 ReSUIS .......umceeiiiiieeeeeeeeeeeie 98
3.2.9 Coreflood Sample 9 ReSUItS ......uummcceiiiiii e 102
3.2.10 Coreflood Sample 10 RESUIS ..o 106
3.2.11 Coreflood Sample 11 ReSUIS.....cccomeeeeeeeeeeeeeivceee 111
IV. SUMMARY AND CONCLUSIONS......ccoiiiiiiiiiiie e 114
e YU | 01 1 1= U PP 114
4.2 CONCIUSIONS ...ttt e e e e e e aaeas 118
4.3 FULUIE WOTK ..eveviiiiiiiiiieie e 119
REFERENGCES ... .ottt ettt e e e e e e e e e e e e s s nnneee e e e e e e as 120



FIGURE

H

10

11

12

13

14

15

16

17

18

19

LIST OF FIGURES

SYNNQE TESE SEIUP ovvviiiiiiiiiii e e e e ettt e e e e e e et e e e e e eera e e eeeeenes
Tinius Olsen Hydraulic Press for Compressiver&jth Test. ..................
Coreflood (HP/HT Cell) testing configuration Exple 1 ........................
Coreflood (HP/HT Cell) testing configuration Exgle 2 ........................
Comparison of cure profile — Amine v. Phenalic...............ccccceeeieeens
Round 7 Syringe Test SEM PhOtOS........com oo
Oil-Wetting Surfactant and Brine Emulsion TeSt........cccovvieiiiiiinnnnee.
Round 9 Syringe Test SEM PhOtOS........cm oo
Round 10 Syringe Test SEM PhotOS.......co oo
Coreflood Sample 1 Pre-Treatment Permeabilay-PRaw Data...........
Coreflood Sample 1 Pre-Treatment Permeabildy-PSmoothed Data ..
Coreflood Sample 1 Post-Treatment Permealfllty — Raw Data .........
Coreflood Sample 1 Post-Treatment Permealsilty — Smoothed Data
Coreflood Sample 2 Pre-Treatment Permeabilay-PRaw Data...........
Coreflood Sample 2 Pre-Treatment Permeabildy-PSmoothed Data ..
Coreflood Sample 2 Post-Treatment Permealfllty — Raw Data .........
Coreflood Sample 2 Post-Treatment Permealsilty — Smoothed Data
Coreflood Sample 3 Pre-Treatment Permeabilay-PRaw Data...........

Coreflood Sample 3 Pre-Treatment Permeabildy-PSmoothed Data ..

Page

13
15
16
26
43
45
55
60
75
75
76

76

79
81

82



Xi

FIGURE Page
20 Coreflood Sample 3 Post-Treatment Permealfllty— Raw Data ......... 82
21 Coreflood Sample 3 Post-Treatment Permealsllty — Smoothed Data 83
22 Coreflood Sample 4 Pre-Treatment Permeabilay-PRaw Data........... 85
23 Coreflood Sample 4 Pre-Treatment Permeabilday-PSmoothed Data.. 85
24  Coreflood Sample 5 Pre-Treatment Permeabilay-PRaw Data........... 87
25 Coreflood Sample 5 Pre-Treatment Permeabilay-PSmoothed Data.. 88
26 Coreflood Sample 5 Post-Treatment Permealflloy — Raw Data ......... 88
27 Coreflood Sample 5 Post-Treatment Permealsllty — Smoothed Data 89
28 Coreflood Sample 6 Pre-Treatment Permeabilay-PRaw Data........... 91
29 Coreflood Sample 6 Pre-Treatment Permeabilay-PSmoothed Data.. 92
30 Coreflood Sample 6 Post-Treatment Permealfllty — Raw Data ......... 92
31 Coreflood Sample 6 Post-Treatment Permealfllity — Smoothed Data 93
32 Coreflood Sample 7 Pre-Treatment Permeabilday-PRaw Data........... 95
33 Coreflood Sample 7 Pre-Treatment Permeabildy-PSmoothed Data.. 96
34 Coreflood Sample 7 Overflush Injection ..., 96
35 Coreflood Sample 7 Post-Treatment Permealflloy — Raw Data ......... 97
36 Coreflood Sample 7 Post-Treatment Permealfllity — Smoothed Data 97
37 Coreflood Sample 8 Pre-Treatment Permeabilday-PRaw Data........... 99
38 Coreflood Sample 8 Pre-Treatment Permeabildy-PSmoothed Data.. 100
39 Coreflood Sample 8 Post-Treatment Permealfllty — Raw Data ......... 100

40 Coreflood Sample 8 Post-Treatment Permealfllity — Smoothed Data 101



FIGURE

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

Coreflood Sample 8 Overflush Injection ...........cccceeeiieiiiiiniiiiiiiiiiin,
Coreflood Sample 9 Pre-Treatment Permeabilay-PRaw Data...........
Coreflood Sample 9 Pre-Treatment Permeabildy-PSmoothed Data ..
Coreflood Sample 9 Post-Treatment Permealfllty — Raw Data .........
Coreflood Sample 9 Overflush Injection ...........ccccceeiieiiiiiiiiis
Coreflood Sample 9 Post-Treatment Permealsilty — Smoothed Data
Coreflood Sample 10 Pre-Treatment Permealfllity — Raw Data..........
Coreflood Sample 10 Pre-Treatment Permealpility — Smoothed Data
Coreflood Sample 10 Overflush INjection .................eeiiiiiiiiiiniiiiineene.
Coreflood Sample 10 Post-Treatment Permealilay— Raw Data .......
Coreflood Sample 10 Post-Treatment PermealBilay— Smoothed Data
Coreflood Samples SEM PROLOS ... eeeernnmiinaeeee e eeeeeeeeeiiianns
Coreflood Sample 11 Pre-Treatment Permealfllity — Raw Data..........
Coreflood Sample 11 Pre-Treatment Permealpility — Smoothed Data
Coreflood Sample 11 Post-Treatment Permealilay— Raw Data .......

Coreflood Sample 11 Post-Treatment PermealBilay— Smoothed Data

Xil

Page
101
103

103



TABLE

10

11

12

13

14

15

16

17

18

19

Xiii

LIST OF TABLES

Page
Compiled Syringe Test Rounds PUIPOSES ..coccviiiiieiiiiiieeeeeeeei, 18
Syringe Test Round 1 Test Grid..........oeooeciiiiiiiiiieeieeiee e 12
Syringe Test Round 1 Test Post Cure Injectiost aiad UCS Results..... 22
SandLOK® Fluid FOrmulation ..............coueeeeciiiiiiiiiiiiiiieieeeeeeeee e 24
Syringe Test Round 2 TeSt Grid..........cecoeciiiiiiiiiieeceeeies e, 52
Syringe Test Round 2 Post Cure Injection Tedtld@S Results............. 25
Syringe Test Round 3 TeSt Grid..........ceooeciiiiiiiiiiieeeeeies e, 82
Syringe Test Round 3 Post Cure Injection Tedtld@S Results............. 29
Syringe Test Round 4 Test Grid..........cocceeiiiiiiiiii e 23
Syringe Test Round 4 Post Cure Injection TedtdCS Results............. 32
Syringe Test Round 5 TeSt Grid.......oiceeeeeiiiiiiiiiiiiiii e 34
Syringe Test Round 5 Post Cure Injection TedtdCS Results............. 35
Syringe Test Round 6 Viscoelastic SurfactantddFormulation............. 37
Syringe Test Round 6 TeSt Grid........cceeeeeiiiiiiiiiiiiiii e 38
Syringe Test Round 6 Post Cure Injection TedtdCS Results............. 38
Syringe Test Round 7 Fluid Formulations ..o, 41
Syringe Test Round 7 TeSt Grid.......ooceeeeeiiiiiiiiiiiiiii e 42
Syringe Test Round 7 Post Cure Injection TedtdCS Results............. 42

Syringe Test Round 8 Fluid Formulations ..., 48



TABLE

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

Xiv

Page
Syringe Test Round 8 TeSt Grid.......cocceeeeiiiiiiiiiiiiiii e 49
Syringe Test Round 8 Post Cure Injection TedtdCS Results............. 49
Syringe Test Round 9 Fluid Formulations ..o, 52
Syringe Test Round 9 TeSt Grid.......coceeeeeiiiiiiiieiiiiii e 53
Syringe Test Round 9 Post Cure Injection TedtdCS Results............. 54
Syringe Test Round 10 Fluid FormulationS.............ccoooovviiiiiiiieeievnnnnnn. 58
Syringe Test Round 10 TeSt Grid........uceeeereeeiiiiiiieeeeiiiii e 95
Syringe Test Round 10 Post Cure Injection &adtUCS Results........... 59
Syringe Test Round 11 TeSt Grid........uceeeereieiiiiiiieeeeeiiiie e 36
Syringe Test Round 11 Post Cure Injection &adtUCS Results........... 63
Syringe Test Round 12 Fluid FormulationS.............ccoooovviiiiiiieeveennnnnn. 65
Syringe Test Round 12 TeSt Grid........uceeeeriieiiiiiieieieiiiiiee e 6 6
Syringe Test Round 12 Post Cure Injection &adtUCS Results........... 66
Syringe Test Round 13 Fluid FormulationS.............ccoooevviiiiiiieeieennnnnn. 68
Syringe Test Round 13 TeSt Grid........ueeeereieiiiiiiieeeeiiiiie e 96
Syringe Test Round 13 Post Cure Injection &adtUCS Results........... 69
Syringe Test Round 14 Fluid FormulationS............cccoooevviiiiiiiiecveennnnnn. 71
Syringe Test RouNd 14 TeSt Grid.......uuceeerieiiiiiiieeeeeiiiie e 27
Syringe Test Round 14 Post Cure Injection &adtUCS Results........... 72
Coreflood Sample 1 Permeability Data.........c.coooeeeiiiiiiiiieiiiiiiiiieeennn 74
Coreflood Sample 2 Permeability Data.........c..cooeeeeiiiiieiieiiiiiiiicieeennn 77



TABLE

41

42

43

44

45

46

47

48

49

50

51

XV

Page
Coreflood Sample 3 Permeability Data.........c..cooeeeeiiiiiiiieiiiiiiieeeennn 81
Coreflood Sample 5 Permeability Data.........c.coooeeeeiiiiiiiiiiiiiiiiieenn 87
Coreflood Sample 6 Permeability Data.........c..oooeeeeiiiiiiiieiiiiiiicieeennn 91
Coreflood Sample 7 Permeability Data.........c..oooeeeeiiiiiiiiiiiiiiiiieeennn 95
Coreflood Sample 8 Permeability Data...........coooeeeeiiiiiiiiiiiiiiiiieennn 99
Coreflood Sample 9 Permeability Data............coooeeeiiiiiiiieiiiiiiiienenn 102
Coreflood Sample 10 Permeability Data.............eeeiiiiiiiieeeiiiiiiiieeiiiins 107
Coreflood Sample 11 Permeability Data..............ceeeiiiniieieeiiiiiiiieiiiiins 111
Syringe Tests Optimal Fluid Formulations c...............ccccceeieeiieiiieneeen, 114
UCS and Permeability RESUILS ..........uueueiiiiiiiieeeeeeeiii s 115
Compiled Syringe Test RESUILS ..........ceeviriiiiiiiiiii e 116



l. INTRODUCTION: SAND CONTROL AND PARTICLE CONSOLIBTION

AS A MEANS THEREOF

The production of sand can be a major issue inymamng, unconsolidated
sandstone formations where there is little to nme® holding the individual sand
grains together. When such reservoirs are produpéte often operators face problems
with reduced well productivity and equipment falubecause of formation sand
production. Unlike the hydrocarbons being productw formation sand has no
economic value. This sand is detrimental to theratpmn, as it has the ability to
negatively affect the reliability of not only dowwnle completion components, but also
surface production equipment. The production ofdsaan erode, settle inside, and
damage the surface equipment. Some examples offasd@&nomponents include valves,
tubular, and pumps. Conversely, examples of suram@pment include separators,
surface lines, and the wellhead. Such damage e@yire the production to be shut
down, so that maintenance can be performed to rre¢pai damaged component. A
reduction in production may adversely impact thenemics of a project. (Arukhe et al.
2005)

In the case of offshore operations, the cost ah&dron sand disposal is another
issue for an operating company. There are highodepcosts with this produced sand,
not just in transportation, but also in the clegniof this sand so that it can be
transported and disposed of properly. One finakesk effect of sand production is the
wellbore restrictions created when heavy formasand deposits at the bottom of the
well, rather than be produced. It is possible tl@dsin the wellbore can cause
production to stop completely due to sand bridgesning in the tubulars across or
above the producing interval. (Arukhe et al. 2005)

Because of these issues, the industry has develwg®érous techniques in its

effort to control formation sand production. Soni¢h@ options available for sand

This thesis follows the style &PE Journal.



control are a gravel pack treatment, frac-packneat, or sand consolidation treatment.
Multiple tests are typically completed prior toesgting which sand retention method to
use. Sand production prediction tests are ofterfiteeset of tests ran on a formation
core sample. Formation properties obtained froredhiests can be extensive as Young's
Modulus, Poisson’s Ratio, Unconfined Compressiveesst (UCS), Horizontal and
Vertical Stresses, and Reservoir Pressure. (Qal. @006) As the name implies, these
tests are utilized to predict whether sand products expected to occur. One of the
most basic of these tests is the use of existing filam offset wells, or on the basis of
analogy. Both utilize experience as the basisHerlikelihood of sand production. Some
other tests, which are more complex, include tleeaisa Scanning Electron Microscope
(SEM), Uniaxial and Triaxial Strength Tests, extetideak off tests (XLOT), and Sand
Influx Tests (SIT). (Slayter et al. 2008) Each testies in complexity, and as such, its
results are given a greater degree of certaintypr&ingly, Qiu et al. observed that
sufficient data is quite often available to utiladess complex analytical model, such as
the information from offset wells. These modelsidwbe need for extensive laboratory
data or input to obtain results, and are quitengfist as reliable. (Qiu et al. 2006)

Gravel packing operations are necessary in foonatiwhere there is high
heterogeneity, which invokes the need for an aoidti filter in the wellbore to prevent
sand production. This additional filter is typigalgravel/sand, or other man-made
proppants. (Tiffin et al. 1998) The fundamental$iibd placing gravel between the
screen and formation is that the gravel is desigiedhave a smaller pore throat
diameter, than the grain size diameter of the ftionasand. This allows for a porous
medium which would facilitate the production of hgdarbons, while controlling that of
formation sand. (Martins et al. 2009) For a frackp&reatment, a fracture stimulation
treatment is completed simultaneously with the grapack treatment explained
previously. The fracture treatment is pumped toasgpany near wellbore damage which
may be present in the well.

Sand consolidation is one technology that has Istesied and used since the
1940s. (Harrisberger et al. 1971) The theory bekant consolidation technology is to



place a liquid material which will create a graingrain contact that will bind individual

sand grains together. With the successful placewfethis fluid, the sand grains will be

locked in placed so that they will not be produc&de technology has gone through
many phases of conception since the 1940s; howewest consolidation material that
was pumped in the past has been based upon an ep&uxrian backbone. (Parlar et al.
1998)

A closely related subject is the use of consolidatmaterials while placing
proppant during a fracturing treatment, to restpmippant flow back. The process is
similar in that the proppant which has been plaositie an induced fracture should not
be produced, and should stay inside the fracturgpprmp’ the fracture open. For the
purpose of my research, a new material to congelittamation sand grains has been
investigated.  However, due to the similar natafethis new method to the more
traditional methods, lessons learned in the past b applied to this new method.
(Villesca et al. 2010)

A new chemical consolidation treatment based upolgal chemistry has
recently been introduced to the oilfield communi{§enolet and Schmidt 2009) The
chemistry is unlike the epoxy or furan resin premgly mentioned. The application of
sol-gel in the oilfield is still so new that verjttle data is available. The sol-gel
chemistry has been utilized extensively in the grapon of glasses and ceramics.
(Schmidt 1994) For this specific technology, theprapriate organic and inorganic
molecular compounds have been studied extensivelgbtain the desired material
properties. (Genolet and Schmidt 2009) Initial egst documented by Schmidt et al.
showed promising results, but lacked long termiktalinder hydrothermal conditions,
which was attributed to the system being a silagréved sol-gel materials. (Genolet and
Schmidt 2009; Schmidt 1994) Alterations to thishtremlogy were then made by Schmidt
and Akarsu. These alterations included the introdn®f titania into the organic sol-gel
backbone. (Genolet and Schmidt 2009) After thimgeathe system can now be tailored
to specific reservoir conditions by changing theidls viscosity, curing time, binder

strength, downhole chemical stability, flexibiligyermeability/porosity retention, as well



as flexibility on flushing material (nitrogen, benor organic liquids). (Genolet and
Schmidt 2009)

Genolet et al. describe the system as having thipss of precursors:

1) Metal alkoxides — Sol-gel reacted to the oxides rfeechanical strength and
hydrolytic stability.

2) Polymerizable organic monomers — Provide sufficidlgxibility by the
formation of polymeric chains.

3) Organoalkoxy silanes with polymerizable groupindg@revide a link between the
inorganic backbone and the polymeric chain, as aglbhdhesive forces to the

sand/proppant surface. (Genolet and Schmidt 2009)

Unlike most epoxy or furan systems whose cure ggaalual progression to a
hardened state once exposed to an increased tdmperthe sol-gel fluid is a rather
quick process once initiated by thermal radicaltiators (peroxides and/or azo-
compounds). When mixed in the appropriate typecamtentration, the curing time can
be adjusted accordingly to ensure proper timeltat to mix and pump the fluid on
location without fear of a pre-mature cure in eqgugnt or the tubulars, which would be
a very costly mistake. Finally, all other additivies this fluid have been developed and
checked to avoid any adverse affect on the themitgtor activity. These interactions
include possible catalytic effects of both the walhd formation materials or fluids.
(Genolet and Schmidt 2009) The sol-gel chemistqyeaps to be a fluid system which
has the capability to perform very well in oilfiedghplications, but due to the lack of data
available it was not investigated further in myeash.

Recently, consolidation treatments have seen areased application in low
productivity, brown-field wells. Most operators uaeconsolidation treatment as a low
cost method, to ensure maximum drainage of thervesewhile maintaining sand
control measures. While there has been much impreme with understanding the
technology and chemical interactions of the fluglmilar issues observed more than 10

years ago are still being seen today. These igaukgle the effective placement of the



consolidating fluid, fluid stability at increasedmperatures, and removal of the fluid
from the pore spaces. (Nguyen and Jaripatke 20@x¢arRet al. 1998)

The stability and placement issues are inter-rélagpoxy resin systems work
well at temperatures <280, while the temperature application of furan resmslightly
higher, <300F. Most epoxy resin systems are internally catalyznd the nature of
these catalysts is that their activity increasdh wamperature. So the perfect balance of
catalyst level and bottomhole temperature (BHT)dsessary. The most common issues
with the furan resin system are associated withmheng of fluid stages. This system is
externally catalyzed; normally by some sort of addsufficient amount of fluid must
separate these two stages to ensure there is negmiX these chemicals prior to
placement, as its reaction rate is extremely fase@ontacted by the initiating fluid. For
this reason, if either system starts to developogdy by either mechanism, the fluid
will not be placed effectively. (Nguyen and Jarkgaf009; Parlar et al. 1998)

Directly related to fluid placement is the insuranibat the entire interval is
treated. Due to ineffective placement mainly duerdservoir heterogeneity, most
consolidation treatments are limited to less thaf-22 feet. Aqueous based systems
have been developed to assist with this issuele@6a et al. 2010) Aqueous based
systems have the advantage over solvent basedrsysie that nitrogen foam can be
added to the treatment fluid and this will assigesion.

If successfully placed, the fluid must also be reatbfrom the pore spaces so as
to not restrict production later on. The optimaktiment would be where the fluid left in
the rock matrix is only at the grain to grain camtpoints. (Villesca et al. 2010) This is
a very delicate balance between increased rockgire measured by its unconfined
compressive strength (UCS), and retained perméabilioo much flushing of the
consolidating fluid may leave a comparatively weakensolidated sample, while not
enough flushing will lead to a more consolidatechgke, but less retained permeability.

As mentioned, there has been much work to targstlleficiencies, but there is
still room for improvement on the fluids currentiyffered. As early as 1998,

advancements in treatment design and a better kedgelof rock/fluid interactions have



been documented, which have led to an understandfirthe necessary steps for a
successful consolidation treatment. Parlar estated a minimum of 6 steps must be
followed for a successful consolidation treatmdimese same 6 steps continue to be the
basis of consolidation treatments, although ocecadip slight variations have been
made in the application of the technology. The stieps are as follows: 1) acid pre-
treatment, 2) surfactant preflush, 3) resin, 4)pldisement fluid, 5) acid catalyst
overflush, and 6) shut-in. (Parlar et al. 1998) SEhsix steps are for a specific system
which is externally catalyzed. For internally cgtad systems, step 5, the acid catalyst,
is not necessary. Other slight modifications camlaele depending on the wettability of
the reservoir, and if certain stages are not pumpedexample, if an acid pre-treatment
IS pumped, it is recommended to pump a two stagiacant preflush. One of these
stages is designed to be compatible with the pnegedcid treatment, and a second
which is compatible with the consolidation treatinenfollow. Both of the treatments
would contain the same amount of surfactant, onea olume basis. If the acid
treatment was not pumped for the case when theafttmmwas clean sandstone, it would
be possible to remove the first part of the sudacpreflush stage.

Other variations include adding an additional pr&fl stage in the event that the
acid pretreatment was not pumped and the formasiail wet. In this case, it has been
proven useful to add a mutual solvent to the pséflto ensure the formation is water
wet. Work was done as early as 1974 to show thesofi® solvent is effective. (Brooks
1974) At the end of the day, the conditions vanyedweery reservoir, but the basic steps
have been investigated extensively. The purposeyofesearch will not be to challenge
these already established results; instead, |belinvestigating to determine the best
suitable chemicals to achieve predefined constaifihese constraints are outlined in
Section Il. While determining the most suitableraieal, it will also be determined the
point within the treatment when a specific chemaxdditive should be introduced to the

consolidation system.



Il. EXPERIMENTAL APPROACH

2.1 Background

The scope of my research involves the testing néwa epoxy resin fluid as a
consolidation fluid. The fluid will be investigated two separate steps. The epoxy
technology will be investigated as the fluid systendeveloped. Although there are
numerous similar products on the market today, gsresearch a new epoxy resin
system will created to remediate some of the daices mentioned earlier which still
today plague many of the systems offered. My rebeavill involve the testing of
multiple curing agents, solvents, and other adel#ivf the system. There will be a
learning curve involved in this process. The 3 n@nstraints of both treatment systems

are the following:

1) Ensure a working time of 6-8 hrs at a viscositiL0 cp or less,
2) Optimize the UCS to a minimum value of 1000 psail
3) Obtain a minimum retained permeability of 75%thwirespect to the

pretreatment permeability value.

An additional constraint is placed on the latteo,tim that the requirements must
be obtained while working in a low temperature emvinent (136F) after 24

hours.

The working time is directly related to the amoahtatalyst used in the system.
The amount of catalyst must be optimized to ensoteonly the proper working time,
but also ensure the required UCS is obtained wigdnhours. The UCS will be a
function of the increased strength that the syssfrows after being applied to an

unconsolidated formation sample. The retained pabiity is equally as important



because sufficient permeability must remain after treatment in order to produce
hydrocarbons at economic flow rates.

Historically, treatment designs have been based pooe volumes (PV), which
then can be used to compute the volume of treatfh@ds to pump. Pore volume is
directly related to the porosity of a sample. Piyos defined as the area within a
sample which is able to contribute to flow of flsidVith this in mind, when treatments
are designed, the amount of free space for a saofpée given length and depth of
invasion into the formation with a specific porgsithe void space in the sample can be
calculated. The volume calculated from these dinogisss referred to as 1 pore volume.
For this reason, typically to completely saturatsample, terminology such as pore
volumes are used. The fluid will undergo testindind its application over a wide range
of temperatures (130-2€/), so as to maximize UCS and retained permeabilityle
determining the optimal ratio of pore volumes tonpuover the temperature range.

As previously mentioned, for the epoxy system thveiiebe a learning curve. To
differentiate between different epoxy systems, ming system was developed. The first
system tested will be called System A. Each tinmeagor component such as the curing
agent was changed, the next alphabetical letterused as a name for the system. As an
example, if the fluid changes dramatically, thetrfexd system will be called System B.
The initial screening will be conducted to deterentine proper fluid stage sequence,
curing agent, solvent system, and catalyst amodiisse tests will be carried out via
syringe tests. Fig. 1 depicts the setup of thesagg/ tests. The usefulness of this test is
to quantitatively determine the UCS value after épexy system has cured. As well, a
gualitative test of flowability is possible to giam idea how easily fluids can be injected
through the sample after its cured. Once the cobaance of additives are known, the
system will be further analyzed in a High Presgsdigii Temperature (HP/HT) cell. The
testing in the HP/HT Cell is also known as a codl test. These terms can be used
interchangeably. By completing the tests in theHHP¢ell, the retained permeability of
the sample, which is as useful as a UCS measurensnbe recorded.



Fluid Injection Direction

30 ml of
100 mesh
Ottawa
Sand

250 mesh
Screen

Fig. 1-Syringe Test Setup.
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2.2 Syringe Test Setup

The following procedure details the steps that ewdollowed for the
‘preliminary’ syringe tests. Due to ease and sistfi nature of the test, multiple
samples could be prepared and investigated sinadtesty. As shown in Fig. 1, a screen
was placed at the bottom of the syringe, and tlagl svas packed on top of the screen.
The sand utilized for these tests is the same @ whs used in subsequent tests; 100
mesh Ottawa Sand.

A 3 inch sample was the standard sample size irsyhieges. In the standard
60cc syringe shown in Fig. 1, this equates to apprately 30 cc of sand. With this in
mind, the bulk density for 100 mesh sand is usedaloulate the weight of 30 cc of

sand.

- _100/b rams/ 1 ft° _
BUIK DENSitpopepeans = 100107, X 453,597 1 XL ot e =1.60185%

RequiredAmount . ocpsand = 1.60185% X 30cc=48.069

Following this calculation, since most resystems are pumped as a function of

the pore space/volume of the sample, it is necg$saralculate 1 pore volume.

Porosity= (1- x100

Bulk Density}
SG'lOOmeshsand = 265

1'601585) x100=39.6%

Porosity= (1-

48.06g

_48.080 4 396=11.87cc
1.6018:5%C

1porevolumeof sample=
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After the sand has been placed in the syringe,ag wecessary to saturate the
sample with either oil or brine fluid. For the @hvironment, it was decided to use
mineral oil. Mineral oil will demonstrate the cotigation fluid’s performance in an oil
environment. It is noted though that when thisdlig applied in an actual well, and if
tested in a similar manner, produced fluids ofwle#i should be used for saturating the
sample to give as closely representative resultpoasible. For the case of the brine
saturated sample, the fluid used was 3% KCI. Herdtep it was decided to use 5 PV of
fluid to completely saturate the sample with thesid fluid. Using the above
calculation, 59.3 cc of fluid was pumped through shmple.

Next, the consolidation fluid stages were thendtgd through the sample. While
the composition of the preflush and curing systerarewvaried throughout the
investigation, it was decided that their volumesuldobe held constant at 3 PV. By
being fixed, specific additives could be adjustedyield the desired results without
having to change more than one more at a timengittie pore volume allowed for the
iterations to be decreased substantially. On therdtand for the overflush stage, both
its composition and volume were changed quite aitesee the effect of its variability.
As mentioned previously, the hopes of the invetitgawere to show as little reliance
on overflush volumes.

Following the injection of the treatment stagesg, $amples were then placed in a
convection oven for a given time at a specified gerature. For the samples the
temperatures were either 130°F or 200°F, whiletitne was either 24 or 48 hours. As
will be discussed later, it was quickly realizec tbonditions of 130°F and 24 hour
curing time were the most demanding on the fluisteay. At this point, it was decided
to optimize the fluid for these conditions, and #ystem could be altered at a later time,
since the fluid’s cure profile would only be enhaddy a longer curing time or higher
temperature application.

Once the predetermined cure time was reached,atmple was removed from
the temperature bath to perform a qualitative ‘Hinmough test’ with 3 PV of brine to

obtain a preliminary estimate of regained permésbiThe result was based strictly on
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the ease of injection of the flow-through test dlucompared to the injection of the

consolidation system. There were four categorigbede injections:

1) E — The injection is as easy, if not easier tha thr the consolidation treatment.

2) S/D — The injection is slightly more difficult thatat for the consolidation
treatment.

3) D - The injection is noticeably more difficult thére consolidation treatment.

4) N/A - The fluid was not able to be injected throdiga sample.

Again, these classifications are strictly qualitati and an actual regained
permeability test would be completed once the sységpeared to give the required
UCS values, as well as a post injection which weasrgan E or S/D rating for the flow-
through test.

Following the flow-through test, the UCS of the gdenwas measured using a
Tinius Olsen hydraulic press. Fig. 2 depicts themrze that was used for these tests. All
syringe test samples were subjected to this thetsever as will later be discussed, not
all samples were consolidated enough to be abkedis the samples. In most cases,
these samples were still so unconsolidated that dppeared to simply be wet sand,
with no apparent consolidation. In the results, gasiwhich were too unconsolidated to

test for its UCS will be represented as N/T, NotTes
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Fig. 2—Tinius Olsen Hydruic Press for res§Vength Test.
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2.3 HP/HT Test Setup

Pictures of the setup are shown in Figs. 3 andhé. diameter of the sand pack
sample prepared in Figure 4 was 1 inch, and itgthkeB.25 inches. A 250 mesh screen
was placed on the inlet and the outlet of the sartgplensure there was no loss of sand
prior to consolidation. Following its preparatidhe sample was sealed and secured in
place. Next, the sample was loaded in the HP/HTI. Gdie system allows for a
confining pressure up to 10,000 psi once the sampleplace. A confining pressure of
1400 psi was applied to the sample. Sufficient finemally 1 hour, was given to allow
the sample to reach equilibrium with the appliedfcong pressure. While the sample
was reaching equilibrium, the sample was saturatgld 3% KCI brine fluid. The
saturation stage also ensured that there was muatsir in the sample nor the flow
lines.

The equipment setup for the testing was conndatedcomputer where the data
was collected electronically. The pressure droppsxrthe sample and the sample’s
temperature were recorded which allowed for theutation of an average permeability
over the entire injection period. Prior to measgiiine sample’s pre-treatment (baseline)
permeability brine was pumped through the samp&Danl/min. This was observed to
help clean the sand pack by removing out any resifitues in the system. Next, the rate
was gradually increased from 2.5 ml/min to 30 mifreo as to avoid irregular pressure
responses. Multiple rate increases and decreasespwmped to gather as much data as
possible, to give a good understanding of theahgermeability. Once the pressure drop
leveled out and substantial data was obtained, straple was heated to the test
temperature.

Once at temperature, the fluid stages were iejettirough the sample. To avoid
contamination of the pump with epoxy, a separatepwas utilized to pump the epoxy
system. This system was primed and setup aheacheftd ensure accurate metering of
the epoxy system. Once the treatment injectionceasplete, the sample was allowed to

cure for 24 hours or the designated time.
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After 24 hours the sample was removed, and alllittes cleansed to ensure a
clean system for the post-treatment permeabilisg. té/hile cleaning the system, the
HP/HT cell was cooled to room temperature. Oncelittess were cleaned, the sample
was placed back in the HP/HT cell, and the con§jrpressure reapplied. Following the
application of the confining pressure, the posittreent permeability injection was
performed. The same ramp as described earlier tipleupumping rates was completed
on the cores for multiple permeability measuremeiitee sample was then removed,
and another core prepared to test. Lastly, the lsawges tested for its UCS.

to P

— ) ————
Fig. 3—Coreflood (HP/HT Cell) testing configurati&mample 1.
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Fig. 4— Coreflood (HP/HT Cell) testing configurati&xample 2.
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[ll. EXPERIMENTAL RESULTS

3.1 Syringe Test Results

For my research, the syringe test procedure iesabove was used as an initial
screening for the optimal fluid for the epoxy systeThe system’s curing agent is an
epoxy resin. The purpose of this testing was tcerdahe the proper fluid stage
sequence, curing agent, solvent system, and catatysunts. The naming of the system
was previously discussed.

Prior to starting the syringe tests, the numbatesations necessary to find the
optimum fluid was unknown. Based upon the resulteach round, conclusions were
made, and a way forward with the investigation watermined. By the end of the
testing of this fluid, 250 individual syringe testere completed over 14 separate rounds
of syringe tests; each round ranging from 6 tortBvidual tests. Table 1 describes the
main observations of each round of tests, as welthe path forward from these

conclusions.



Table 1. Compiled Syringe Test Rounds Purposes.

Syringe Test Round 7

* Fluid System(s) Tested

Purpose

A

Test system’s performance at multiple
overflush volumes, multiple temps, and
multiple times.

Test 3 new catalysts to try to get a more
rapid cure (24 hr), and not affected by
brine overflush.

Test the new system with several
overflush volumes, multiple temps, and
multiple times.

B, C

Test 2 Hydrophobic & 2 Hydrophilic

solvents to find system with best results.

Investigate high end of catalyst amounts
to find upper limit.

Further investigate the low end of cataly
amounts to find the optimum. For
fingering issues, change the overflush
fluid to help.

Test the addition of an oil-wetting
surfactant to the preflush and overflush
fluids. Try another viscous overflush flui

Test 6 different flush fluids, including
different combinations of brines, oil-
wetting surfactant, and chelating agent.

B, C

Test effect of new additive (Proprietary
Additive (PA) — PAl) in a new

St

hydrophobic and current best hydrophilir

systems.

8T



Table 1 Continued.

\1

Syringe Test Round # Fluid System(s) Tested| Purpose
Further optimize the concentration of PA
10 B,D in the hydrophilic system, and in anothe
new hydrophobic system.
11 B Test influence of using mineral oil as
preflush and overflush fluid.
Investigate effects of 4 new preflush
12 B systems, and additives (PA3 & PA4) in t
epoxy system.
Test the effects of 4 new preflush syster
13 D and additives (PA3 & PA4) in the previo
best hydrophobic epoxy system.
Optimize the concentration of PA2 in the
14 B preflush, with respect to PA1 and PA4 i
the hydrophilic epoxy system.

6T
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3.1.1 Syringe Test Round 1 Results

Based upon the given requirements of the fluidesys System A had a similar
curing agent to some products on the market, bdtehalightly different catalyst. The
goal of the first round was to identify how the teys’s performance would change with
respect to different overflush volumes. Both oitldnine saturated samples were tested
in this round, as well as 4 separate overflushmelst Each test was repeated 3 times to
test the reproducibility of the results, 2 werenbrsaturated and the other oil saturated.
The test grid for this round of testing can be se€fable 2.

The results from the first round of testing arepthiged in Table 3. A few
different trends were observed from this first rduof tests. Despite having a few
samples which appeared to be slightly difficultemen very difficult to flow through
after the treatment, 23 out of the 24 sampleswmsae shut-in for 24 hours had a UCS
value of 372 psi or lower. The results for the 48ihshut-in samples looked more
promising. For the 130 F - 48 hr, the lowest UC&i@avas 357 psi, while the highest
was 4012 psi and the average for this group wa§ Jikr. Despite being within the
desired 1000 - 2000 psi range, there was not a ctassistent distribution. Likewise for
the 200 F — 48 hr samples, the average was 136Wibsithe lowest value of 501 psi,
and the highest of 3691 psi. Again a good averagethe goal is to have all the samples
above 1000 psi. These results were promising thcagthere were quite a few samples
in 48 hr cure time that had an easy or slightlyicift flow through tests. One trend that
was observed was that the average UCS of oil satisamples appeared to be slightly
higher than that for the brine samples. The avecdgbe brine saturated samples was
438 psi, while that of the oil samples was 1594 fsiere were a few that were
extremely high, but for comparison purposes, it wke=sar the oil saturated samples
performed better. Upon further analysis of the dataclear trend could be developed
for overflush volume or saturation vs. UCS resufst this reason, as well as the fact it
was the first round of tests, it was decided to plete further analysis on the samples.

Differential scanning calorimetry (DSC) was peni@ed on a few of the samples
from this round. The results were consistent fa& mhajority of the samples; the glass
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transition temperature was found to be in the rasfgg7°C to 95°C. These values were
too low for the system used in this round, andetiednined that the system was curing
too slowly. Along with DSC, infrared (IR) scans weverformed on the samples. These
results showed that there was no evidence of ttaysa left in the sample. Based upon
the results of the DSC tests and IR scans of thgkes, the main conclusion was there
was a strong possibility the catalyst was beingdosing the overflush stage. As a result
of the conclusion, for the next round of tests @swdecided to slightly increase the
catalyst level, and to switch to a higher activegsé water soluble alternative. The idea
of changing the curing agent/system was a podsibiut it was decided to alter this one

component at a time, in hopes of obtaining an aptinand then refining, if need be.

Table 2. Syringe Test Round 1 Test Grid.

Syringe Test Round 1 — 48 Total Samples
24 hr Shut-In 48 hr Shut-In
Temperature Temperature
130F 200F 130F 200F
3 PV of Brine Preflush| 3 PV of Brine Preflush| 3 PV of Brine Preflush| 3 PV of Brine Preflush
3 PV of System A 3 PV of System A 3 PV of System A 3 PV of System A
1 PV of Brine Overflush 1 PV of Brine Overflush 1 PV of Brine Overflush 1 PV of Brine Overflush
(2 Brine & 1 Ol (2 Brine & 1 Ol (2 Brine & 1 Ol (2 Brine & 1 Ol
Saturated) Saturated) Saturated) Saturated)
3 PV of Brine Preflush| 3 PV of Brine Preflush| 3 PV of Brine Preflush| 3 PV of Brine Preflush
3 PV of System A 3 PV of System A 3 PV of System A 3 PV of System A
2 PV of Brine Overflush 2 PV of Brine Overflush 2 PV of Brine Overflushl 2 PV of Brine Overflush
(2 Brine & 1 Qill (2 Brine & 1 Ol (2 Brine & 1 Qill (2 Brine & 1 Ol
Saturated) Saturated) Saturated) Saturated)
3 PV of Brine Preflush| 3 PV of Brine Preflush| 3 PV of Brine Preflush| 3 PV of Brine Preflush
3 PV of System A 3 PV of System A 3 PV of System A 3 PV of System A
3 PV of Brine Overflush 3 PV of Brine Overflush 3 PV of Brine Overflush 3 PV of Brine Overflush
(2 Brine & 1 Ol (2 Brine & 1 Ol (2 Brine & 1 Ol (2 Brine & 1 Ol
Saturated) Saturated) Saturated) Saturated)

3 PV of Brine Preflush| 3 PV of Brine Preflush| 3 PV of Brine Preflush| 3 PV of Brine Preflush
3 PV of System A 3 PV of System A 3 PV of System A 3 PV of System A
10 PV of Brine 10 PV of Brine 10 PV of Brine 10 PV of Brine
Overflush Overflush Overflush Overflush
(2 Brine & 1 Qill (2 Brine & 1 Ol (2 Brine & 1 Qill (2 Brine & 1 Ol
Saturated) Saturated) Saturated) Saturated)




Table 3. Syringe Test Round 1 Test Post Cure liojediest and UCS Results.
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UCS (psi) Post Cure Flow Through Rating
Saturating Fluid |Overflush 24 hr Shut-In 48 hr Shut-In 24 hr Shut-In 48 hr Shut-In
(#of PV) 130°F 200°F 130°F 200°F 130°F 200°F 130°F 200°F
Brine 1PV N/T 90 830 501 S/D D D E
Brine 1PV 147 36 777 1009 D S/D S/D E
Qil 1PV N/T 334 850 3691 D E S/D D
Brine 2PV 54 2 944 784 S/D D S/D E
Brine 2PV 87 29 1138 828 E D D E
Qil 2PV N/T 372 1982 3468 D E D E
Brine 3PV 16 29 795 562 S/D S/D S/D E
Brine 3PV 98 16 959 606 S/D D S/D E
Qil 3PV N/T 66 4012 2378 D D D E
Brine 10 PV 267 73 558 753 D S/D S/D E
Brine 10 PV 142 87 357 998 E S/D S/D E
Qil 10 PV 109 1720 922 821 D E S/D E
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3.1.2 Syringe Test Round 2 Results

The tests for this round involved examining theeefffof the glass transition
temperature of the catalyst on the cure mechanl$ma.glass transition temperature is
directly related to cure profile of the epoxy resithree different catalyst types were
examined for this round; low (System 1), mid (Sgst2), and high glass transition
temperature (System 3). Another system with thé lgigss transition temperature but
with double the catalyst amount was also testedté®y 4). Two samples were prepared
with System 3 to once again examine reproducibiBgcause of the fact that a 2 PV
overflush gave the best UCS results on the previousd, it was decided to keep the
overflush volume constant for this next round stseat 2 PV. The preflush remained at
3 PV and both flush fluids were 3% KCI. The tempema and curing times for these
samples were at 130°F for 24 hours, and 200°F &hdurs. These two conditions
represent both ends of the spectrum. It shoulddbedn that from this point on, unless
otherwise noted, both brine and oil saturated sasplere prepared for each test round.
Finally, to compare the new system’s performanceone system that is currently
available on the market, two samples at each dondsaturation were prepared with the
Schlumberger consolidation system (SandLOK®). Thadf formulation of the
Schlumberger fluid is given in Table 4, and the tg&l for this round is in Table 5.

The post cure flow through test results are shownTable 6. The results
improved greatly from the previous round in thatyo? of the 20 samples of the new
system tested gave a difficult injection test. Canagively, 2 of the 8 samples of the
SandLOK® were difficult to inject through. Next,&HJCS results from the second
round are given in Table 6. The most striking obasgon in the results is the fact that
none of the 24 hr samples of the new system wemgetent enough to test the UCS.
Upon removal from the syringe, the samples wellé esttirely too unconsolidated to
test. The lack of consolidation explains the imgment on the flow analysis for these
samples. Upon inspection of the samples which wared for 48 hours at 200°F, the
samples were cured, however the average for bothras@ns were below the
requirement; 236 psi for the brine saturated sasnpled 737 psi for the oil saturated
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samples. The results for the SandLOK® system showeey consistent UCS values,
while at the same time meeting the criteria for th@&S value in all but one of the tests.
Comparing these results and considering the ladkicd at the lower temperature, it was
obvious there was room and need for improvemerit thi¢ new system.

Based upon the results observed in this secomadrof tests, it was decided to
change from the phenolic curing agent to a highctional amine curing agent.
Although System A performed decent at the 200°F 4dhours cure time, it did not
appear the system was able to provide the curinghamecs required at the lower
temperature (130°F) and low cure time of 24 holie amine curing agent provides a
much faster curing chemistry as modeled in Fig. 5.

As shown in the fluid formulation for the SandL®kKsystem, a chelating agent
and oil-wetting surfactant were introduced in theflpsh and overflush stages. The
addition of such chemicals is in line with conctuss reached by Parlar et al. and the
effect that such additives may have on the curgrfopmance. The superior UCS results
of the commercial system were noted, but due tgtssibility of masking effects from
the curing agent or preflush or overflush stagejas decided to first optimize the curing

agent, and then focus on finding the best suitabititives for the two flushes.

Table 4. SandLOK® Fluid Formulation.

SandLOK ® Fluid Stages Formulation
Preflush Epoxy System Overflush
Base Brine Epoxy Resin Base Brine
Oil-Wetting Surfactant Curing Agent Oil-Wetting Surfactant
Chelating Agent Catalyst Chelating Agent
Diluent/Solvent




Table 5. Syringe Test Round 2 Test Grid.
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Syringe Test Round

2 — 28 Total Samples

Brine Satur

ated Samples

Oil Saturated Samples

24 hr Shut-In (130°F)

48 hr Shut-In (200°F

24 husin (130°F)

48 hr Shut-In (200°F)

3 PV of Brine Preflush
3 PV of Low Tg System
2 PV of Brine Overflush

3 PV of Brine Preflush
3 PV of Low Tg System
2 PV of Brine Overflush

3 PV of Brine Preflush
3 PV of Low Tg System
2 PV of Brine Overflush

3 PV of Brine Preflush
3 PV of Low Tg System
2 PV of Brine Overflush

3 PV of Brine Preflush
3 PV of High Tg
System
2 PV of Brine Overflush

3 PV of Brine Preflush
3 PV of High Tg
System
2 PV of Brine Overflush

3 PV of Brine Preflush
3 PV of High Tg
System
2 PV of Brine Overflush

3 PV of Brine Preflush
3 PV of High Tg
System
2 PV of Brine Overflush

3 PV of Brine Preflush

3 PV of Mid Tg System

2 PV of Brine Overflush
(Repeat Twice)

3 PV of Brine Preflush

3 PV of Mid Tg System

2 PV of Brine Overflush
(Repeat Twice)

3 PV of Brine Preflush

3 PV of Mid Tg System

2 PV of Brine Overflush
(Repeat Twice)

3 PV of Brine Preflush

3 PV of Mid Tg System

2 PV of Brine Overflush
(Repeat Twice)

3 PV of Brine Preflush
3 PV of High Tg —
Double Catalyst Systen
2 PV of Brine Overflush

3 PV of Brine Preflush

3 PV of High Tg —
n Double Catalyst Systen
2 PV of Brine Overflush

3 PV of Brine Preflush

3 PV of High Tg —
n Double Catalyst Systen
2 PV of Brine Overflush

3 PV of Brine Preflush

3 PV of High Tg —
n Double Catalyst Systen
2 PV of Brine Overflush

SandLOK System
3 PV of Preflush

3 PV of Epoxy System
3 PV of Overflush

SandLOK System
3 PV of Preflush

3 PV of Epoxy System
3 PV of Overflush

SandLOK System
3 PV of Preflush

3 PV of Epoxy System
3 PV of Overflush

(Repeat Twice)

(Repeat Twice)

SandLOK System
3 PV of Preflush

3 PV of Epoxy System
3 PV of Overflush

(Repeat Twice)

(Repeat Twice)

Table 6. Syringe Test Round 2 Post Cure Injectiest ind UCS Results.

UCS (psi) Post Cure Flow Through Rating
24 hr Shut-In (130°F) | 48 hr Shut-In (200°F) | 24 hr Shut-In (130°F) | 48 hr Shut-In (200°F)
Binding Fluid| Brine QOil Brine QOil Brine Oil Brine Qil
System 1 N/T N/T 396 1365 S/D S/D S/D S/D
System 2 N/T N/T 137 716 E S/D E S/D
System 3 N/T N/T 71 526 S/D E S/D S/D
System 3 N/T N/T 404 861 E S/D S/D D
System 4 N/T N/T 172 368 S/D S/D E D
SandLOCK 1388 798 1571 1328 E D S/D S/D
SandLOCk 1471 1468 1747 1621 E E S/D D
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3.1.3 Syringe Test Round 3 Results

In this round, the curing agent was changed, sdithé system tested in this
round was named System B. Due to the fact thatameing agent in System B was
being used for this round of tests, it was necgsaagain investigate the effect of the
amount of overflush volume. This round tested 3edgnt overflush volumes; 2, 3, and
10 pore volumes. Each test was completed twicadt ef the given conditions. Also it
had been observed in the tests to this point tiat2d hour cure time was the most
demanding on the fluid with respect to curing tirRer this reason, both the 130°F and
200°F samples were both cured for 24 hours. Orad &idjustment was the addition on a
non-reactive dye to the fluid system. All the flgiitb this point had been clear, and it
was not possible to see what type of fluid movenmaturred through the sand pack.
The addition of this dye would allow for one moygé of analysis to be completed on
the sample, and give direction to improvements s&sny for the system. From this
point forward all of the fluid systems will havealadded to help with this analysis. The
test grid for this round of tests is shown in Table

The post cure injection tests results for this b test are given in Table 8.
The samples performed inadequately in this rourtdo@t of the 24 samples had a
difficult rating for flowing brine through the sames. Seeing these results it was
expected the UCS values were going to be rathdr, ligwever this was not the case.
Once again, there was trouble getting a stable/sslough sample to be able to test its
UCS at the low temperature and 24 hr cure time. sdmples cured at 200°F did show
that the new chemistry had the ability to obtaiasmnable UCS results after a 24 hour
cure. The brine saturated samples were below thieedeUCS value, but the average of
each of the oil samples was over 1000 psi. Thelasion was that the results were due
to the incomplete removal of the original saturgtiituid within the sample by the
preflush, and the system having a greater affifutyoil rather than water. The results
were nonetheless surprising considering the systemsidered is slightly hydrophilic.
The addition of the dye proved to be useful in ttidterent levels of fingering were

observed in some of the samples while injectingltind, as well as when examining the



28

samples once the UCS was performed and the samwpglesbroken apart. The UCS
results for this round are shown in Table 8.

Considering the results at the low temperature, tbatfact there was a much
better cure at the higher temperature, the coratusias that the new curing agent was
giving a good cure, but needed to be changed Blighb it was decided to try other
curing agents of the same chemical family priocampleting a large scale test for the
next round. These samples were cured at 130°F4droRrs. A successful formulation
was found, and UCS values of 1886 and 50 psi wetaireed for the brine and oil
saturated samples, respectively. After seeing ipesiesults, it was decided to continue
to develop the aromatic amine chemistry of curiggras. For the next round, it was
decided to compare several different solvent systemd their affinity for water;
hydrophilic and hydrophobic solvents.

Table 7. Syringe Test Round 3 Test Grid.

Syringe Test Round 3 — 24 Total Samples

Brine Saturated Samples Oil Saturated Samples

24 hr Shut-In (130°F)

48 hr Shut-In (200°F

24 huBin (130°F)

48 hr Shut-In (200°F)

3 PV of Brine Preflush
3 PV of System B
2 PV of Brine Overflush
(Repeat Twice)

3 PV of Brine Preflush
3 PV of System B
2 PV of Brine Overflush
(Repeat Twice)

3 PV of Brine Preflush
3 PV of System B
2 PV of Brine Overflush
(Repeat Twice)

3 PV of Brine Preflush
3 PV of System B
2 PV of Brine Overflush
(Repeat Twice)

3 PV of Brine Preflush
3 PV of System B
3 PV of Brine Overflush
(Repeat Twice)

3 PV of Brine Preflush
3 PV of System B
3 PV of Brine Overflush
(Repeat Twice)

3 PV of Brine Preflush
3 PV of System B
3 PV of Brine Overflush
(Repeat Twice)

3 PV of Brine Preflush
3 PV of System B
3 PV of Brine Overflush
(Repeat Twice)

3 PV of Brine Preflush
3 PV of System B
10 PV of Brine
Overflush

(Repeat Twice)

3 PV of Brine Preflush
3 PV of System B
10 PV of Brine
Overflush

(Repeat Twice)

3 PV of Brine Preflush
3 PV of System B
10 PV of Brine
Overflush

(Repeat Twice)

3 PV of Brine Preflush
3 PV of System B
10 PV of Brine
Overflush
(Repeat Twice)




Table 8. Syringe Test Round 3 Post Cure Injectiest &and UCS Results.
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UCS (psi) Post Cure Flow Through Rating
Overflush | 24 hr Shut-In (130°F) | 24 hr Shut-In (200°F) | 24 hr Shut-In (130°F) | 24 hr Shut-In (200°F)
(# of PV) Brine Qil Brine Qil Brine Qil Brine Qil
2PV N/T N/T 375 2750 D D D D
2PV N/T N/T 375 2909 D D D D
3PV N/T N/T 309 1410 D D D D
3PV N/T N/T 296 2032 D D D D
10PV N/T N/T 3 922 E D D D
10 PV N/T N/T 10 1512 E D D D
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3.1.4 Syringe Test Round 4 Results

As mentioned previously, the goal of the testingtfas round was to find a base
solvent system that would yield the best resulth \Bystem B. Based upon polarity, the
solvent will show a greater affinity for oil or veat Non-polar solvents act hydrophobic,
while polar solvent will behave more hydrophilicwd of the systems tested in this
round were hydrophobic, and the other two were niny@rophilic. The hydrophobic
solvents compared in the round are Solvent Syst#8n& #4. The hydrophilic solvents
examined are Solvent Systems #1 and #2. For thisdrof tests, the overflush volumes
used were 1 and 3 pore volumes. The goal agairntavalsserve the change in UCS and
post cure injection flow based upon the amountighf pumped. Also due to fact that
the low temperature and 24 hr cure conditions wiemmed as the hardest constraint for
the system, as shown by the previous 3 roundsstifitg it was decided to only run tests
at these conditions for this round. If the systemrfgrmed as desired at the low
temperature 24 hr cure conditions, previous rewige shown that it will perform as
good, if not better at the higher temperatures. pifee in mind the system may
eventually call for optimization of other componerior the higher temperature, the
more demanding curing conditions were applied wnt@berwise noted. The test grid
for this round of test can be seen in Table 9.

The results of the post flow through test appeagseaimising as the testing
resulted in only 2 out of the 16 samples testeaidbgiven a difficult rating. Solvent
system #1 performed very well, with 3 out of theadnples being given an easy rating.
This was positive to see, especially for the cabenwvl PV of overflush was pumped
which is considered a small amount of fluid andl stiting so low. Solvent system #3
also showed good results while having both of i8\8samples given an easy rating.
The compiled results for the post cure injectistdeand UCS results are given in Table
10. While none of the cores met the UCS requiremeriew conclusions were made
from the results. Solvent system #1 appeared te tig most consistent results between
the oil and brine systems. In fact it had the heghéCS value for all of the brine cases.

While the 3 PV sample of system #1 was rather ldwyas unclear if this was a
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representative UCS. While performing the testsnallsportion of the sample broke off,
which the system called failure. This indeed issidered a failure, but the remaining
portion of sample appeared to be much more coretelidas indicated by a much darker
coloring left from the dye. However, due to how #inthe remaining portion of the
sample left was, a second test was not able toobepleted, as was done in other
samples. This same event occurred on a sample $ymtem #3, and when tested a
second time the UCS values were noticeable largee two hydrophobic systems
performed well in the oil saturated samples whickes sense due to their affinity.
Considering that solvent #1 gave the most condisésults for both oil and brine
saturated samples, and the fact that it flowedyea$er curing, it was decided for the
next round of tests that it would be the solverdtayn of choice. There was still an
obvious room for improvement on the UCS resultsl fam this reason it was decided to
examine the effect of the amount of catalyst in g¢istem. With an increased catalyst,
the reaction may happen faster, and thus givingtibcure in the same amount of time.

For the next round, it was decided to try to optienthe catalyst amount in the system.



Table 9. Syringe Test Round 4 Test Grid.
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Syringe Test Round

4 — 16 Total Samples

24 hr Shu

t-In (130°F)

24 hr Shut-In (130°F)

Brine Saturated

Oil Saturated

Brine Saturated

Qiufated

3 PV of Brine Preflush

3 PV of Brine Preflush

3 PV of Brine Preflush

3 PV of Solvent System 3 PV of Solvent System 3 PV of Solvent Systen

#1
3 PV of Brine Overflush

#1
3 PV of Brine Overflush

#1
1 PV of Brine Overflush

3 PV of Brine Preflush

n 3 PV of Solvent Systen
#1

1 PV of Brine Overflush

3 PV of Brine Preflush

3 PV of Brine Preflush

3 PV of Brine Preflush

3 PV of Solvent System 3 PV of Solvent System 3 PV of Solvent Systen

#2
3 PV of Brine Overflush

#2
3 PV of Brine Overflush

#2
1 PV of Brine Overflush

3 PV of Brine Preflush

3 PV of Solvent Systen
#2

1 PV of Brine Overflush

3 PV of Brine Preflush

3 PV of Brine Preflush

3 PV of Brine Preflush

3 PV of Solvent System 3 PV of Solvent System 3 PV of Solvent Systen

#3
3 PV of Brine Overflush

#3
3 PV of Brine Overflush

#3
1 PV of Brine Overflush

3 PV of Brine Preflush

n 3 PV of Solvent Systen
#3

1 PV of Brine Overflush

3 PV of Brine Preflush
3 PV of Solvent Systen
#4
3 PV of Brine Overflush

3 PV of Brine Preflush

n 3 PV of Solvent Systen
#4

3 PV of Brine Overflush

3 PV of Brine Preflush

n 3 PV of Solvent Systen
#4

1 PV of Brine Overflush

3 PV of Brine Preflush

h 3 PV of Solvent Systen
#4

1 PV of Brine Overflush

Table 10. Syringe Test Round 4 Post Cure Injecliest and UCS Results.

UCS (psi) Post Cure Flow Through Rating

Solvent System [Overflush| 24 hr Shut-In (130°F) 24 hr Shut-In (130°F)

(#of PV) Brine Oil Brine Oil
System #1 3PV 48 247 E S/D
System #1 1PV 365 462 E E
System #2 3PV 44 83 S/D E
System #2 1PV 30 54 S/D D
System #3 3PV 63 277* E E
System #3 1PV 101 547* S/D S/D
System #4 3PV N/T 614 S/D D
System #4 1PV 193 684 S/D S/D

* Average of two tests on the sample
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3.1.5 Syringe Test Round 5 Results

The purpose of the fifth round was to establiskdidlitional catalyst increases the
effectiveness of the cure. For this round of tests, different amounts of catalysts were
added to the system; CA1, which was the same anasuntthe previous round, and two
times this amount, CA2. It was decided to run thA& @onditions at both 130°F and
200°F to see if an increased temperature would #iee curing agent’s effectiveness.
The test grid for this round of testing can be seefable 11.

The results of the post cure flow through tests @esented in Table 12. The
CAl system showed the best results with a sligtiiiffcult rating for both the oil and
brine samples. The other two systems performeetietthe oil samples than the brine.
The results were comparable for the UCS testingwall, with the CAl system
performing the best in both saturations. The diliisded sample was within the desired
range, but the water sample was once again weallbtie desired minimum. The UCS
results are compiled in Table 12. The general trienthis round of samples was that
most of the dye in the brine saturated samplesooasentrated on the outer portion of
the sample, and for the oil saturated samples yeepthcement was pretty homogenous
throughout the entire samples. Two possible expiams were given for these results,
but the influence of each was not measured diredthe observations of the fluid’s
placement with in the sample were determined assaltr of the rate at which the
systems are pumped through the sample, as welhasviscosity of the original
saturating fluid. The mineral oil used is more wigs than brine and is noticeably harder
to displace while injecting the fluid system thrbute sample. Because of the increased
viscosity, the displacement is more likely to beaitaminar flow regime, thus allowing
increased contact with the entire sand pack, lgadm the more homogeneous
consolidated packs results. In an opposite martherprine is less viscous and fingers
through the pack at a higher rate. The fingeringhef fluid would lead to the results
observed; namely a heterogeneous displacemenawittuter layer of epoxy left behind.

Given the observed results, a few changes in tistinte format were
implemented for the next round of tests. With respe the fingering observed in some
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of the samples, the conclusion was that this wast whicectly related to the rate at which
the fluid is pushed through the sand pack. Up te point, the fluid was just pushed
through the sand pack without attempting to holdoastant rate for all the samples;
normally as fast as possible. All indications drattinjecting in such a manner resulted
in fingering. To eliminate the rate as a possildase of fingering, it was decided to try
to inject all of the fluid stages at a consistem&tant rate. While the tests are being
completed in a syringe and an exact rate measutamant possible, it was decided to
try to inject the samples at a rate as close to ml/fnin as possible. Secondly, the
chemistry of the cure appeared to be working, armnwvthe catalyst amount was
increased, the UCS or ease of injection did notfdddhe next round of tests, the low
end amounts of catalyst were investigated to s#®eilCAL catalyst amount was indeed
the optimum. Finally, for the next round of tegtse viscosity effects of the displacing
fluids and wettability modifying agents were invugated. When the preflush and
overflush fluids of the SandLOK® fluid system weused in a previous round, the
results and the fluid’'s appearance were more ctamdisTo see if the same consistent
results were obtainable with System B, the SandLOki®h systems were used in the

next round of tests.

Table 11. Syringe Test Round 5 Test Grid.

Syringe Test Round 5 — 6 Total Samples

24 hr Shut-In (130°F) 24 hr Shut-In (200°F)

Brine Saturated Oil Saturated Brine Saturated Qiliated

3 PV of Brine Preflush
3 PV of CA1 System
3 PV of Brine Overflush

3 PV of Brine Preflush
3 PV of CAl System
3 PV of Brine Overflush

3 PV of Brine Preflush
3 PV of CA2System
3 PV of Brine Overflush

3 PV of Brine Preflush
3 PV of CA2System
3 PV of Brine Overflush

3 PV of Brine Preflush
3 PV of CA2 System
3 PV of Brine Overflush

3 PV of Brine Preflush
3 PV of CA2System
3 PV of Brine Overflush




Table 12. Syringe Test Round 5 Post Cure Injecliest and UCS Results.
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UCS (psi) Post Cure Flow Through Rating
Catalyst System |Temperature 24 hr Shut-In 24 hr Shut-In
(°F) Brine Oil Brine Oil
CAl 130 358 1117 S/D S/D
CA2 130 266 641 D S/D
CA2 200 279 751 D S/D
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3.1.6 Syringe Test Round 6 Results

The influence of the overflush fluid’s compositiamd viscosity was tested in
this round due to the fingering observed in theviogs rounds. The first overflush fluid
was the same as used for the current SandLOK® mystae formulation was given
previously in Table 4. The overflush fluid has velrtle viscosity to it, but it
incorporates a chelating agent and oil-wetting astteint within the system. The other
overflush fluid was selected because of its vidgodihe fluid was formulated using a
viscoelastic surfactant (VES). The viscosity tarigetthis system was 25 cp, which was
more than double that of the epoxy system. The & flush fluid’s formulation is
given in Table 13. Finally, for each flush syste&rgeparate epoxy systems were tested
where the catalyst amounts examined were CA1 (jpogwious rounds), CA3 and CA4.
The test grid for this round is given in Table The curing agent, an aromatic amine, as
well as the 3% KCI preflush were kept the samédnagptevious two tests.

During the injection of the overflush stages, thedf appeared to flow through
the samples much more evenly. The samples flushéd thhe SandLOK® system
appeared to have more residual epoxy left in thgixnhan those flushed with the VES
system. After observing the residual epoxy in ty&tesm while injecting the fluids prior
to cure, the results of the post cure injectionlysis were very surprising. As can be
seen in Table 15, all of the brine saturated sasnwiere completely plugged and were
not able to be injected through. The oil saturegachples yielded better results. While
fluids could be injected through the oil saturasadhples, all of them received a difficult
rating. The dye placement appeared to be as ngpieadously, more evenly distributed
in the samples with the SandLOK® flush system. €hedservations were also
supported by the UCS results shown in Table 15.débh the brine and oil saturated
samples, the UCS results were considerably highealii of the cases where the
SandLOK® flush system was utilized. While the CAgtem yielded very similar
results, it was decided the CALl catalyst systemeagain was the system of choice.
This system had a consistently higher oil saturatedple UCS, as well as a UCS result
for the brine sample which was very close to tbatlie CA3 system.
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Since the desired UCS results were still not bedbgerved consistently, the
decision was to have another round of tests tostiy&te the effects of the preflush and
overflush fluids on the UCS and post cure injectidhe fluids utilized for the next
round of tests would be very closely related toghggestions/improvements listed from
Parlar et al. More specifically, the introductiof @an oil-wetting surfactant in the
preflush stages and the use of a mutual solvenbifosaturated samples. Previously,
DSC and IR analysis was completed on the samplig to explain results. Some of the
results obtained to date appear to be able to prierd by observation of the sample
with the naked eye. However, it was decided to add more analysis to ensure the
diagnosis/explanations being given were indeedectriFor this reason, it was decided
to examine as many as possible of the cured saroplasy subsequent tests utilizing a
Scanning Electron Microscope (SEM). All SEM anaysias completed at the Texas
A&M Microscopy and Imaging Center (MIC).

Table 13. Syringe Test Round 6 Viscoelastic SuafatcFluid Formulation.

VES Overflush Formulation

Base Brine
VES Chemical




Table 14. Syringe Test Round 6 Test Grid.
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Syringe Test Round 6 — 12 Total Samples

24 hr Shut-In (130°F)

Brine Saturated

Oil Saturated

3 PV of Brine Preflush
3 PV of CA3 System

3 PV of SandLOK ® Overflush

3 PV of Brine Preflush
3 PV of CA3 System

3 PV of SandLOK ® Overflush

3 PV of Brine Preflush
3 PV of CA4 System

3 PV of SandLOK ® Overflush

3 PV of Brine Preflush
3 PV of CA4 System

3 PV of SandLOK ® Overflush

3 PV of Brine Preflush
3 PV of CALl System

3 PV of SandLOK ® Overflush

3 PV of Brine Preflush
3 PV of CAL System

3 PV of SandLOK ® Overflush

3 PV of Brine Preflush
3 PV of CA3 System
3 PV of VES Overflush

3 PV of Brine Preflush
3 PV of CA3 System
3 PV of VES Overflush

3 PV of Brine Preflush
3 PV of CA4 System
3 PV of VES Overflush

3 PV of Brine Preflush
3 PV of CA4 System
3 PV of VES Overflush

3 PV of Brine Preflush
3 PV of CALl System
3 PV of VES Overflush

3 PV of Brine Preflush
3 PV of CALl System
3 PV of VES Overflush

Table 15. Syringe Test Round 6 Post Cure Injecliest and UCS Results.

UCS (psi) Post Cure Flow Through Rating

Overflush System |Catalyst System | 24 hr Shut-In (130°F) 24 hr Shut-In (130°F)

Brine QOil Brine Oil
SandLOCK Flush |CA3 513 508 N/A D
SandLOCK Flush [CA4 235 748 N/A D
SandLOCK Flush |CA1 446 691 N/A D
VES CA3 29 29 N/A D
VES CA4 59 20 N/A D
VES CAl 107 20 N/A D
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3.1.7 Syringe Test Round 7 Results

For the case of the sixth round, the surfactant\@B8 components were only
introduced in the overflush stage. In the seveotmd, it was decided to follow the
suggestions of Parlar et al, and introduce thesenddals in the preflush stage as well.
The effects of a viscous flush would be investigatace again, except using a slightly
different fluid system. The composition of the fueh and overflush systems are given
in Table 16, while the test grid for the seventhna is given in Table 17. The baseline
of a brine preflush and overflush had been preWoestablished in the fifth round, with
results of 358 and 1117 psi for brine and oil sstd samples respectively. To observe
the effect of the addition of an oil-wetting sutfaat, two sets of tests were conducted
where the only chemical additive to the base bnae the oil-wetting surfactant. Certain
resin systems on the market incorporate pumping uduah solvent to change the
wettability back to water-wet for production purpedf an oil-wetting surfactant is used
in the preflush stage. For this reason, the sewmtdof tests kept the oil-wetting
surfactant preflush, but the overflush was a visomeerflush comprised of hydroxyethyl
cellulose (HEC) and a mutual solvent. By introdgcia viscous component to the
overflush, this would also allow the examinatiorhofv viscosity is affecting the curing
mechanisms. Like the previous round of tests, tbeogity target for this flush stage was
25 cp at 100 sét For the last pair of tests, the preflush was gedrback to brine, and
the post flush fluid was the same as the previesis HEC with mutual solvent. This test
would help test to see the effect of the additidrthe oil-wetting surfactant to the
preflush. For the third set of tests, one additigme-preflush stage was injected for only
the oil saturated samples. Parlar et al. suggdbtedhtroduction of a mutual solvent to
change the wettability of an oil saturated reserpador to treatment. As a result of these
conclusions, a pre-preflush stage was pumped itagiiéwo oil saturated samples which
composed of brine and a mutual solvent.

The post cure flow through test once again gavestinal results. None of the
samples received a rating of easy and there wawvem distribution of slightly difficult
and difficult rated samples. These results arergimeTable 18. The UCS results were
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also once again lower than expected, consideriegptist cure flow test results. Two
trends were observed. It appeared the introdudaifatihe oil-wetting surfactant had no
significant increase or decrease with respect ¢osimple KCI preflush and overflush;
358 without surfactant, 323 and 355 psi with sugat The oil saturated case had a
significant decrease for the same set of teststi®same conditions, the oil saturated
sample dropped from 1117 psi to 18 and O psi. @bk bf improvement from the new
fluid systems were very surprising considering féuet that once the core was tested and
investigated, a very homogeneous amount of dye etserved in the samples. In
previous samples, good tests results were nornoakberved for these cases. The other
trend which appeared was that no matter the ptefilie systems with the viscous flush
which included a mutual solvent, the UCS valuesmed were minimal or nothing. The
low UCS results coupled with the fact that verylditdye appeared in the majority of
these samples lead to the conclusion that the rstleent was stripping away the
curing agent.

The results of this round were very surprising adgisng the results given in
previous rounds. The reason behind the drastic gghan results was investigated
further. The first and probably the most importaiservation was that while the
samples were put in the convection oven, the hgaystem had tripped and shut off.
The lack of heating of the samples explains a féwhe lower UCS values. To further
analyze the samples, SEM was utilized to help éexglae results. Fig. 6a is a SEM
photograph of Sample 1, and Figs. 6b-g of Samplés 9, 10, 11, 12, respectively As
hoped, there were two very distinctive observatioragle from these pictures from the
SEM. Samples 1 through 8 all had an oil-wettingfattant in the preflush, while 9
through 12 did not. In most of the pictures frone first group, there appears to be a
presence of an emulsion on the surface of the gmamhs. It was concluded, the
emulsion was the result of the oil-wetting surfattsince these 8 samples only shared
that one component in common. Furthermore, the gonutendency/amount observed
of the brine saturated samples appeared to beegrdat some photos, the emulsion

seemed to completely cover the sand grains of tine saturated samples, while for the
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oil samples the emulsion appeared to be small dt®mn the sand grains. To support
the conclusions reached in the SEM photos, a btewas conducted to test for an
emulsion with the epoxy system. The bottle teghefepoxy system plus the oil-wetting
surfactant in brine is shown in Fig. 7. The oil-tireg surfactant in 3% KCI appeared to
form an emulsion. The cloudiness observed in thilebdests, combined with the
pictures from the SEM helped conclude the emulsidhe SEM photos was indeed due
to the oil-wetting surfactant and KCI preflush. efsecond observation made from the
SEM photos was that while there was evidence ofeftexy in the SEM photos in the
samples, in many cases the amount was minimalrimescases there was evidence of
epoxy throughout the sample, but it appears aslamaunts, not binding sand grains
together.

Because of the fact that the heating oven haddhut was decided to complete
another round of tests in which the effect of alwatting surfactant was examined.
Although there was evidence of an emulsion, therexto which it contributed the low
UCS values was unknown. It was also concluded that addition of a viscosity
promoting additive to the overflush did not leadadditional strength of the sample.
This observation does not mean the viscosity efifectetrimental, as previous studies
have shown its obvious positive influence; it sijnphows that the additives utilized in

these tests gave no additional strength.

Table 16. Syringe Test Round 7 Fluid Formulations.

Preflush Systems Overflush Systems
System 1 System 1
Base Brine Base Brine
Oil-wetting Surfactant Oil-wetting Surfactant
System 2 System 2
Base Brine Base Brine
Mutual Solvent
Gelling Agent (HEC)




Table 17. Syringe Test Round 7 Test Grid.
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Syringe Test Round 7 — 12 Total Samples

24 hr Shut-In (130°F)

Brine Saturated

Oil Saturated

3 PV of Preflush System #1
3 PV of Epoxy System
3 PV of Overflush System #1

3 PV of Preflush System #1
3 PV of Epoxy System
3 PV of Overflush System #1

3 PV of Preflush System #1

3 PV of Epoxy System
3 PV of Overflush System #1

3 PV of Preflush System #1
3 PV of Epoxy System
3 PV of Overflush System #1

3 PV of Preflush System #1
3 PV of Epoxy System
3 PV of Overflush System #2

3 PV of Preflush System #1
3 PV of Epoxy System
3 PV of Overflush System #2

3 PV of Preflush System #1
3 PV of Epoxy System
3 PV of Overflush System #2

3 PV of Preflush System #1
3 PV of Epoxy System
3 PV of Overflush System #2

3 PV of Preflush System #2
3 PV of Epoxy System
3 PV of Overflush System #2

3 PV of Preflush System #2
3 PV of Epoxy System
3 PV of Overflush System #2

3 PV of Preflush System #2
3 PV of Epoxy System
3 PV of Overflush System #2

3 PV of Preflush System #2
3 PV of Epoxy System
3 PV of Overflush System #2

Table 18. Syringe Test Round 7 Post Cure Injecliest and UCS Results.

UCS (psi) Post Cure Flow Through Rating

Preflush System |Overflush System | 24 hr Shut-In (130°F) 24 hr Shut-In (130°F)

Brine Oil Brine Qil
System 1 System 1 323 18 D S/D
System 1 System 1 355 0 S/D S/D
System 1 System 2 N/A 37 S/D D
System 1 System 2 N/A 21 S/D D
System 2 System 2 0 108 D D
System 2 System 2 21 137 S/D D
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Figs. 6-Round 7 Syringe Test SEM Photos.
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Figs.

6—Continued.

F-ig. 6g—Round 7 Sample 12.



Fig. 7-0il-Wetting Surfactant and Brine Emulsiorste
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3.1.1 Syringe Test Round 8 Results

The fluid formulations and test grid for this rouoidtesting are given in Table 19
and 20, respectively. The purpose of this round wwaavestigate the effect of the base
brine used when mixed with the oil-wetting surfattachelating agent, or the
combination of the two in the preflush and oveffildilsiids. Two common base brines in
this type of oilfield chemistry are potassium ciderand ammonium chloride, the latter
which was used previously as the base brine forStuedLOK® system preflush and
postflush. Since previously acceptable results vadrtained with System B in an oil
saturated sample with the brine preflush and owelnfl this ‘standard’ was added to this
round of tests. Besides being a standard, by te#tie sample again it would also show
if the results are reproducible.

The flow results improved slightly from previousur@s with more than half of
the samples receiving a slightly difficult ratin§imilar to the previous round, all the
samples when the oil-wetting surfactant was infiheh package, the flow was slightly
difficult. While the system may be forming an enioitsas established in the previous
round, this emulsion does not appear to hurt theneability of the core after cure.
Unlike in previous tests, the ‘standard’ sample @iaen a difficult rating. The injection
through the sample was much more difficult tharvioesly observed. The results of the
post cure injection tests are listed in Table 21thwkespect to the flow through tests, it
appeared the ability to flow through the sampl¢hia case of the oil-wetting surfactant
didn't appear to depend on the base brine. Conlyeraten the chelating agent was
used by itself in the base brine, the post flowultaswere much favorable with the
ammonium chloride base brine. The results of th&SWests were all slightly different,
but they were all very close in magnitude. Althodlgé UCS results were not the highest
for the round, the potassium chloride with thevedtting surfactant and chelating agent
gave the most consistent results the oil and tsatarated samples. Much like previous
rounds, the oil saturated samples yielded muchehiglCS values. While the post cure
permeability retention wasn’t the same as previassilts for the ‘standard,’ the UCS
results were very close to those obtained prewousbr the examination of the dye
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placement within the samples after the UCS testgleneral as a set of tests, they all
appeared to have a much more homogenous appednamncprevious rounds of testing.
A few samples were striated, but overall very godtdwas also noted that the samples
that did have internal striation, appeared to ¢ioker to where the striations occurred,
rather than the homogeneous portion of the rotk.aisumed with less dye placement
there is less of the binding agent in place, whvolild result in a weaker sample.

As a result of the analysis completed on the $ssnjpom the eighth round, the
following conditions were determined for the neatind of testing. From the sample’s
UCS results and the fact that the KCI brine samepeatedly obtained a higher UCS
value, it was decided with the current cure chemisif System B, there was no
additional benefit of adding a chelating agentbweitting surfactant, or a combination
of the two to either of the brines tested. Agalnis is specific for the two chemicals of
each tested, but it appeared the UCS values omiyedsed when these chemicals were
introduced into the system. Secondly, as notedhéndiscussion of the SEM photos in
the previous round, there still appeared to besanea with the sand grains adhering to
each other. For this reason, it was decided tostigyate the effects of the concentration
of different additives to increase the adhesiornhef epoxy to the sand grains. Finally,
the effects of the hydrophobic and hydrophilic soits had been previously
investigated, however not a hydrophobic or hydrbplturing agent. For this reason,

this would be examined in the next round of tests.
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Table 19. Syringe Test Round 8 Fluid Formulations.

Preflush/Overflush Systems

System 1
Base Brine #1

Oil-wetting Surfactant

System 2
Base Brine #2

Oil-wetting Surfactant

System 3
Base Brine #1

Oil-wetting Surfactant
Chelating Agent

System 4
Base Brine #2

Chelating Agent

System 5
Base Brine #1

Chelating Agent

System 6
Base Brine #1




Table 20. Syringe Test Round 8 Test Grid.
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Syringe Test Round 8 — 11 Total Samples

24 hr Shut-In (130°F)

Brine Saturated

Oil Saturated

3 PV of Flush System #1
3 PV of Epoxy System
3 PV of Flush System #1

3 PV of Flush System #1
3 PV of Epoxy System
3 PV of Flush System #1

3 PV of Flush System #2
3 PV of Epoxy System
3 PV of Flush System #2

3 PV of Flush System #2
3 PV of Epoxy System
3 PV of Flush System #2

3 PV of Flush System #3
3 PV of Epoxy System
3 PV of Flush System #3

3 PV of Flush System #3
3 PV of Epoxy System
3 PV of Flush System #3

3 PV of Flush System #4
3 PV of Epoxy System
3 PV of Flush System #4

3 PV of Flush System #4
3 PV of Epoxy System
3 PV of Flush System #4

3 PV of Flush System #5
3 PV of Epoxy System
3 PV of Flush System #5

3 PV of Flush System #5
3 PV of Epoxy System
3 PV of Flush System #5

3 PV of Flush System #6
3 PV of Epoxy System
3 PV of Flush System #6

Table 21. Syringe Test Round 8 Post Cure Injecliest and UCS Results.

UCS (psi) Post Cure Flow Through Rating

Preflush System |Overflush System | 24 hr Shut-In (130°F) 24 hr Shut-In (130°F)

Brine Oil Brine Qil
System 1 System 1 387 463 S/D S/D
System 2 System 2 473 541 S/D S/D
System 3 System 3 423 453 S/D S/D
System 4 System 4 485 571 E S/D
System 5 System 5 400 783 D D
System 6 System 6 995 VD
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3.1.9 Syringe Test Round 9 Results

As previously mentioned, the main purpose for threhnround of tests was to
investigate the effects of an introducing a prdpre additive (PA1) for the epoxy
adhesion issue noted by the SEM photos and thefuaehydrophobic curing agent in
the epoxy system. Much like the tests completedpgtimize the amount of catalyst;
multiple concentrations of the additive were adtiedhe system to determine if there
was a maximum amount where the additive was noeflmal. While the injection tests
have seen gradual improvement, the desire is tefalyp have a system that will allow
for a very easy flow once the system has curedhodigh the actual retained
permeability has not been measured yet, it's ubfligegood retained permeability would
be observed in a sample where it's difficult towfithrough after the cure. With this in
mind, a hydrophobic curing agent system, C, wagesigd; hoping because of its lack
of affinity for water it would allow for a good pbsure flow. Also, since deciding on the
3% KCI flush package, the effects of the mutualvent pre-preflush had not been
investigated. For the samples mentioned in thisdao far, an oil saturated sample was
repeated, as to examine the mutual solvent’s herwafilack thereof. Finally, for all
samples, a duplicate was completed in which anflogérwas not pumped. The purpose
of not injecting an overflush was to determine thaximum UCS obtainable from the
system. The the fluid formulations and test gridtfas ninth round are listed in Tables
22 and 23, respectively.

Similar flow results were observed for the hydrdighsolvent system, even at
different concentrations of PAl. As desired, thgdrophobic did have a few samples
that appeared to flow very easily in the post dafjection test. As suspected, in the
systems where an overflush stage was not pumpeakiinot possible to pump any fluid
through the sample after it had been cured. This tuze for almost all the samples
without an overflush. One of the systems with tlgdrbphobic curing agent without an
overflush flowed very easily. The mutual solverg-preflush did not seem to benefit the
post cure flow, as for all applicable samples tagng was the same as the sample
without the mutual solvent preflush. For one of thelrophobic system samples, the
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flow did switch from easy (without mutual solvend) difficult (with mutual solvent).
See Table 24 for the complete list of results.

There was an obvious correlation between the cdrateons PA1.1 and PA1.2
of the new additive to the UCS results obtainedtiersamples. The nomenclature of the
naming of the additive is described by the PA (Fespry Additive), the first number
stating the number of this type of additive used the second number being related to
the concentration of that additive. Eight pairssainples were prepared in which the
only difference between the two samples was theeamnation of the new additive in
the binding system. For 7 out of the 8 pairs, the@es an increased UCS value with
increasing additive concentration. In one casdi@& value was doubled. However, in
most cases the increase was still a noticeableowepnent. For the samples with the
hydrophobic curing agent, System C, and no ovédrflusmped, the UCS increased as
expected. However, for the case of the hydroplsiistem, the UCS was very low.
Inspecting the samples after failure, the samppgseared to be one large piece but
easily deformed. The lack of strength and abilitgieform was attributed to possibly too
much residual resin left in the pore spaces, whlicim't allow for a complete cure in
these samples. With respect to the addition of auatsolvent pre-preflush stage, there
appeared to be no benefit of adding it to the hghila system; it actually lowered the
UCS in most cases. The increases were not sulatéortithe cases of the hydrophobic
system, but it did not decrease the results inadrtyre samples. The compiled results
from this round are given in Table 24. Finally,cgrthere was a change of curing agents,
two additional tests for only oil saturated sampleas completed. This involved
pumping the combination of an oil-wetting surfa¢tand chelating agent flush system.
Both samples flowed very easily, but this was sintjle to the fact there was no type of
consolidation of the sample.

SEM photos were taken of only a few samples from itbund of testing. Some
of those photos are given in Figs. 8a-d. Theseumstare of the hydrophilic system
samples where there was not an overflush stage @adinis quite clear to see just how

plugged the pore throats are if an overflush siag& pumped. While this does not
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explain the UCS results, it most certainly explaine reasoning for the samples not
being able to be injected through after the sampleed. SEM photos to observe the
effect of the new additive PA1 were taken in thetn®und, and will be discussed
during its results.

Although promising results were obtained from tlyelophobic system in this
round, there were issues keeping the system ascoménuous phase while it was
formulated. For this reason, it was decided torahe formulation slightly for the next
round of tests. Similar tests to this round woutdniecessary in the next round, since the
system would once again be changed. With respeittetdnydrophilic system, the next

round of tests would once again examine the infteeaf the amount of PA1.

Table 22. Syringe Test Round 9 Fluid Formulations.

Pre-Preflush System Preflush Systems Epoxy Systemg  Overflush Systems
Base Brine System 1 System 1 System 1
Mutual Solvent Base Brine Solvent #1 Base Brine
Oil-wetting Surfactant PAl.1
System 2 System 2 System 2
Base Brine Solvent #1 Base Brine
Oil-wetting Surfactant PAl1.2 Oil-wetting Surfactant
Chelating Agent Chelating Agent
System 3
Solvent #2
PA1.1
System 4
Solvent #2
PA1.2




Table 23. Syringe Test Round 9 Test Grid.
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Syringe Test Round 9 — 26 Total Samples

24 hr Shut-In (130°F)

Brine Saturated

Oil Saturated

Oil Saturated

3 PV of Preflush System #1
3 PV of Epoxy System #1
3 PV of Overflush System #1

3 PV of Preflush System #1
3 PV of Epoxy System #1
3 PV of Overflush System #1

3 PV of Pre-preflush System
3 PV of Preflush System #1
3 PV of Epoxy System #1
3 PV of Overflush System #1

3 PV of Preflush System #1
3 PV of Epoxy System #2
3 PV of Overflush System #1

3 PV of Preflush System #1
3 PV of Epoxy System #2
3 PV of Overflush System #1

3 PV of Pre-preflush System
3 PV of Preflush System #1
3 PV of Epoxy System #2
3 PV of Overflush System #1

3 PV of Preflush System #1
3 PV of Epoxy System #3
3 PV of Overflush System #1

3 PV of Preflush System #1
3 PV of Epoxy System #3
3 PV of Overflush System #1

3 PV of Pre-preflush System
3 PV of Preflush System #1
3 PV of Epoxy System #3
3 PV of Overflush System #1

3 PV of Preflush System #1
3 PV of Epoxy System #4
3 PV of Overflush System #1

3 PV of Preflush System #1
3 PV of Epoxy System #4
3 PV of Overflush System #1

3 PV of Pre-preflush System
3 PV of Preflush System #1
3 PV of Epoxy System #4
3 PV of Overflush System #1

3 PV of Preflush System #1
3 PV of Epoxy System #1
No Overflush

3 PV of Preflush System #1
3 PV of Epoxy System #1
No Overflush

3 PV of Pre-preflush System
3 PV of Preflush System #1
3 PV of Epoxy System #1

No Overflush

3 PV of Preflush System #1
3 PV of Epoxy System #2
No Overflush

3 PV of Preflush System #1
3 PV of Epoxy System #2
No Overflush

3 PV of Pre-preflush System
3 PV of Preflush System #1
3 PV of Epoxy System #2

No Overflush

3 PV of Preflush System #1
3 PV of Epoxy System #3
No Overflush

3 PV of Preflush System #1
3 PV of Epoxy System #3
No Overflush

3 PV of Pre-preflush System
3 PV of Preflush System #1
3 PV of Epoxy System #3

No Overflush

3 PV of Preflush System #1
3 PV of Epoxy System #4
No Overflush

3 PV of Preflush System #1
3 PV of Epoxy System #4
No Overflush

3 PV of Pre-preflush System
3 PV of Preflush System #1
3 PV of Epoxy System #4

No Overflush

3 PV of Preflush System #2
3 PV of Epoxy System #3
3 PV of Overflush System #2

3 PV of Preflush System #2
3 PV of Epoxy System #4
3 PV of Overflush System #2




Table 24. Syringe Test Round 9 Post Cure InjecTiest and UCS Results.

UCS (psi) Post Cure Flow Through Rating

Mut. Solvent Pre-flush |Preflush System |Epoxy System Overflush System | 24 hr Shut-In (130°F) 24 hr Shut-In (130°F)
Yes/No Brine Oil Brine Qil
No System 1 System 1 System 1 448 696 S/D S/D
No System 1 System 2 System 1 722 1692 S/D S/D
No System 1 System 3 System 1 N/A 427 E E

No System 1 System 4 System 1 338 609 N/A S/D
No System 1 System 1 None 102 68 N/A N/A
No System 1 System 2 None 103 84 N/A N/A
No System 1 System 3 None 1001 977 N/A N/A
No System 1 System 4 None 1241 1224 N/A VD
Yes System 1 System 1 System 1 1057 S/D
Yes System 1 System 2 System 1 107 S/D
Yes System 1 System 3 System 1 603 D

Yes System 1 System 4 System 1 712 S/D
Yes System 1 System 1 None 60 N/A
Yes System 1 System 2 None 110 N/A
Yes System 1 System 3 None 942 N/A
Yes System 1 System 4 None 1094 E

No System 2 System 3 System 2 N/A E

No System 2 System 4 System 2 N/A E

14°]
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.Fig. 8a—an_und géample 9.

Fig. 8c—Round 9 Sample 11.

Fig. 8-Round 9 Syringe Test SEM Photos.
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3.1.10 Syringe Test Round 10 Results

This round of tests once again investigated thectffeness of a system with a
hydrophobic curing agent, System D. A stable cowmoam of the hydrophobic curing
agent with a hydrophobic solvent was formulated tesfed in this round. Due to the
fact that there was a noticeable increase in UGShi® hydrophobic systems where a
mutual solvent pre-preflush was pumped in the dashd, this portion of the test was
repeated for this round. For the hydrophilic systehe concentration of PA1 was
increased slightly as compared to the tests of teahd. Tests were once again
completed to determine the optimal concentratiothefadhesion promoter PA1 for this
system. The two adhesion promoter concentratiars the previous round, PA1.1 and
PA1.2 were repeated to examine reproducibility. el formulations and test grid for
this round are given in Tables 25 and 26, respelgtiv

Once again, promising post cure injection resulexewobtained for all the
samples tested in this round. Most of the sam@esived a slightly difficult rating, and
a few of the hydrophobic systems even receivedaay eating. The results of the post
cure flow through tests are shown in Table 27. TS results of the hydrophobic
system performed as well as previous tests, howiéweals observed that the previous
best system still was the optimum. The increaseomcentration of PA1 for this round
did not show any added benefit. While the hydrophalystem did not do as well with
respect to the desired UCS value, it did show anreased UCS results with increased
concentrations of PAl. The hydrophobic system @g=en also showed increased UCS
results when a pre-preflush was pumped for thesatiirated samples in 2 out of the 3
samples. Finally, the samples were once again eamising SEM technology. The
influence of PA1 for both systems was very obvidasr all the samples, there was
increased adhesion between individual sand graom previous samples without the
additive. For the case of the hydrophilic systerhilevthere was an increased cohesion
between grains, there still appeared to be residpaky left on the sand grain face as
shown in Figs. 9a-c. However, for the case of thdrdphobic systems, all signs of the
epoxy appeared at the grain to grain contact poastseen in Figs. 9d-f.
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After such positive and consistent results for tyelrophilic system, it was
decided that the system was ready to be ran inctheflood apparatus. The system
which would be used for the first tests was thacdbed in this round as System B with
PA1l in the epoxy system. For the next round of ngei tests, mineral oil was
investigated as the preflush and overflush fluid 8ystem B. With respect to the
hydrophobic system, it did not perform as well ageeted, but the images shown by the
SEM show that if optimized, the system has potémbigoerform as well, if not better
than the hydrophilic system. It was decided that more set of syringe tests to optimize
the hydrophobic system was required prior if it Vaoindeed be necessary to test in the
coreflood apparatus. Much like the testing of thalrbphilic system, the effects of
surfactants and possibly even a different adhgziomoter needed to be tested.



Table 25. Syringe Test Round 10 Fluid Formulations.
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Pre-Preflush System

Epoxy Systems

Base Brine
Mutual Solvent

System 1
Solvent #1

Epoxy System B
PAl1.1

System 2
Solvent #1

Epoxy System B
PA1.2

System 3
Solvent #1

Epoxy System B
PA1.3

System 4
Solvent #1

Epoxy System D
PA1.2

System 5
Solvent #2

Epoxy System D
PAl1.1

System 6
Solvent #2

Epoxy System D
PA1.2

System 7
Solvent #2

Epoxy System D
PA1.3




Table 26. Syringe Test Round 10 Test Grid.
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Syringe Test Round 10 — 17 Total Samples

24 hr Shut-In (130°F)

Brine Saturated

Oil Saturated

Oil Saturated

3 PV of Brine Preflush
3 PV of Epoxy System #1
3 PV of Brine Overflush

3 PV of Brine Preflush
3 PV of Epoxy System #1
3 PV of Brine Overflush

3 PV of Brine Preflush
3 PV of Epoxy System #2
3 PV of Brine Overflush

3 PV of Brine Preflush
3 PV of Epoxy System #2
3 PV of Brine Overflush

3 PV of Brine Preflush
3 PV of Epoxy System #3
3 PV of Brine Overflush

3 PV of Brine Preflush
3 PV of Epoxy System #3
3 PV of Brine Overflush

3 PV of Brine Preflush
3 PV of Epoxy System #4
3 PV of Brine Overflush

3 PV of Brine Preflush
3 PV of Epoxy System #4
3 PV of Brine Overflush

3 PV of Brine Preflush
3 PV of Epoxy System #5
3 PV of Brine Overflush

3 PV of Brine Preflush
3 PV of Epoxy System #5
3 PV of Brine Overflush

3 PV of Pre-preflush
3 PV of Brine Preflush
3 PV of Epoxy System #5
3 PV of Brine Overflush

3 PV of Brine Preflush
3 PV of Epoxy System #6
3 PV of Brine Overflush

3 PV of Brine Preflush
3 PV of Epoxy System #6
3 PV of Brine Overflush

3 PV of Pre-preflush
3 PV of Brine Preflush
3 PV of Epoxy System #6
3 PV of Brine Overflush

3 PV of Brine Preflush
3 PV of Epoxy System #7
3 PV of Brine Overflush

3 PV of Brine Preflush
3 PV of Epoxy System #7
3 PV of Brine Overflush

3 PV of Pre-preflush
3 PV of Brine Preflush
3 PV of Epoxy System #7
3 PV of Brine Overflush

Table 27. Syringe Test Round 10 Post Cure Injecliest and UCS Results.

UCS (psi) Post Cure Flow Through Rating

Mut. Solvent Pre-flush [Epoxy System|Epoxy Additive/Concentration | 24 hr Shut-In (130°F) 24 hr Shut-In (130°F)
Yes/No Brine Qil Brine QOil
No 2B PAl.1 619 706 S/D S/D
No 2B PA1.2 920 1380 S/D S/D
No 2B PA1.3 689 1242 S/D D

No 2C PA1.2 37 68 S/D S/D
No 2C PAl1.1 0 126 S/D S/D
No 2C PA1.2 165 193 E S/D
No 2C PA1.3 126 522 E S/D
Yes 2C PAl.1 204 S/D
Yes 2C PA1.2 229 S/D
Yes 2C PA1.3 163 E

No 2C PA1.2 428* S/D
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Fig. 9c—Round 10 ngple 5.

Fig. 9—-Round 10 Syringe Test SEM Photos.

Fig. 9d—Rol@@ample 9.
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Fig. 9—Continued.

Fig. 9e—Round 10 Sample 10.

Fig. 9f+RbL0 Sample 12.
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3.1.11 Syringe Test Round 11 Results

Because of the slight emulsion when the KCI brinaswmixed with the
hydrophilic system as referenced previously in tésults of the in Round 7, it was
decided to complete a bottle test of the systerh wié mineral oil used for the testing.
After completing these tests, it appeared the Iphitc system and the mineral oil did
not create an emulsion, suggesting it could alsodeel as a possible overflush fluid. For
the eleventh round of tests, samples were onca agaurated with brine and oil and the
effect of using mineral oil as the preflush andrflush fluid examined. Two samples
would have the normal 3 PV overflush, while anotiveuld have double the overflush,
6 PV. The test grid for this round of tests is give Table 28.

After the samples cured, the post cure injectésts were completed. The results
of the injection test along with the UCS results given in Table 29. All the samples
appeared to have relatively good flow, receivingrgly difficult in all but one case. The
exception was a sample which was received an agisig ifor its injection test. The UCS
results obtained were consistent between all timgkas, ranging from 497 to 735 psi for
the four similar samples. However, the effect otilble the flush was quite evident,
resulting in 308 and 38 for the brine and oil satied samples, respectively. When the
samples were examined for color and material pt@serthey were very similar to the
samples completed in Round 9 when an overflushneasnjected through the sample.
While the samples were homogeneous with respefitiith placement, the appearance
was that a large amount of the curing agent systeam left in the samples. The
conclusion from the observation was that while eéhisra lack of interaction between the
epoxy system and the flush fluid, the mineral @iés not effectively remove the epoxy
fluid from the pore spaces at the conditions testeamparing the results of this round to
the results obtained when the brine preflush anerftnsh for both saturations, the
average UCS values decreased by 266 for the bnth@82 for oil saturated samples.

Because of the results observed in this rounfaraas my research is concerned,
the effects of a hydrocarbon based preflush andlogé will not be further investigated
as it does not appear to improve the results irsyhiege tests.
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Table 28. Syringe Test Round 11 Test Grid.

Syringe Test Round 11 — 6 Total Samples

24 hr Shut-In (130°F)

Brine Saturated Oil Saturated

3 PV of Mineral Oil Preflush 3 PV of Mineral Oil Preflush
3 PV of System B 3 PV of System B

3 PV of Mineral Oil Overflush 3 PV of Mineral Oil Overflush
(Repeated Twice) (Repeated Twice)

3 PV of Mineral Oil Preflush 3 PV of Mineral Oil Preflush

3 PV of Epoxy System 3 PV of Epoxy System
6 PV of Mineral Oil Overflush 6 PV of Mineral Oil Overflush

Table 29. Syringe Test Round 11 Post Cure Injecliest and UCS Results.

UCS (psi) Post Cure Flow Through Rating
Preflush System |Overflush System 24 hr Shut-In (130°F) 24 hr Shut-In (130°F)
Brine Oil Brine Qil
Mineral Oil Mineral Oil 614 735 S/D S/D
Mineral Oil Mineral Oil 497 613 S/D S/D
Mineral Oil 2X Mineral Oil 303 38 S/D E
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3.1.12 Syringe Test Round 12 Results

For the twelfth round of tests several differeatiables were manipulated. While
a hydrophilic system has been developed and censligishows good results, this round
investigated the effect of different additives metpreflush, as well as to test other
additives in the epoxy system. For a few of théstean oil-wetting surfactant of anionic,
cationic, and nonionic nature was added to thelysief These tests were completed to
observe how the different surfactants and the tieguchange of wettability would
affect the results. For these cases, the epoxermystas left the same as tested in
previous rounds. For the same reason as the samfach new additive, PA2, was added
to preflush to see if would yield improved resulgnally, two new additives in the
epoxy system were tested, PA3 and PA4. PA3 andd@4imilar in nature to PA1 and
PA2 in that they are used to improve the adhesfahe epoxy to the sand grain. The
fluid systems used for this round are identified able 30, and the respective test grid is
given in Table 31. As a reminder, the second nundftar the reference of which
proprietary additive is being used, refers to a#jgeconcentration of that additive used
in the system.

While the post cure injection yielded positivesukts for a few of the samples,
there was no clear correlation between the adddfahe surfactant and the results. The
nonionic surfactant preflush resulted in a systemcivwas difficult to inject through for
both the brine and oil saturated samples. Other thes, the rest of the samples were
given a mix of easy and slightly difficult injectigatings. The results from the flow tests
are given in Table 32. The effect of the surfacfanthe UCS was a little more evident.
The anionic surfactant gave similar results toygem when it is not used. While it did
not improve results, it did not appear to hindex ample’s performance. The cationic
and nonionic resulted in a noticeable decreasehenUCS results for both samples.
Coupled with the flow results, it does not appder addition of a surfactant improves
the current epoxy system’s performance. The additibPA2 to the preflush showed

very positive results. As can be seen in the UGBIt® in Table 32, both the brine and
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oil saturated samples were ~300 psi higher tharptbeious best results of the current
optimized system.

The last variable changed in this round was tee af different adhesion
promoting additives in the epoxy system. PA3 shom@dnprovements over the current
system, PA1. However, PA4 showed a slight improvdarmeger PAL; ~200 psi higher on
the brine sample and about same results for theatirated sample.

The results of this round showed that the additibthe new additive PA2 to the
preflush significantly improved the UCS resultsr Bas reason, a future round of tests
was necessary to examine the effect of its conatoitr. Similarly, seeing such positive
effects of PA4 on the base epoxy system, the effiettte PA2 preflush with this system
needed to be investigated. Lastly, the effects loy@grophobic curing agent system still
needed to be tested as well with these new adsdlitiver this reason, the next round
would be very similar to the current, except thad turing agent will be hydrophobic.
Following this, Round 14 would optimize the adhegmwomoter amount in the preflush

stage.

Table 30. Syringe Test Round 12 Fluid Formulations.

Preflush System Epoxy Systems
System 1 System 1
Base Brine Epoxy System B
PAl
System 2 System 2
Base Brine Epoxy System B
Anionic Oil-Wetting Surfactant PA3
System 3 System 3
Base Brine Epoxy System B
Cationic Oil-Wetting Surfactant PAl
PA3
System 4 System 4
Base Brine Epoxy System B
Nonionic Oil-Wetting Surfactant PA4
System 5
Base Brine
PA2.1




Table 31. Syringe Test Round 12 Test Grid.
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Syringe Test Round 12 — 14 Total Samples

24 hr Shut-In (130°F)

Brine Saturated

Brine Saturated

Oil Saturated

3 PV of Preflush System 1
3 PV of System 1 — PA1.2
3 PV of Brine Overflush

3 PV of Preflush System 2
3 PV of System 1 — PA1.2
3 PV of Brine Overflush

3 PV of Preflush System 2
3 PV of System 1 - PA1.2
3 PV of Brine Overflush

3 PV of Preflush System 1
3 PV of System 2 — PA3.1
3 PV of Brine Overflush

3 PV of Preflush System 3
3 PV of System 1 — PA1.2
3 PV of Brine Overflush

3 PV of Preflush System 3
3 PV of System 1 — PA1.2
3 PV of Brine Overflush

3 PV of Preflush System 1
3 PV of System 3 — PA1.1/PA3.
3 PV of Brine Overflush

3 PV of Preflush System 4
1 3 PVofSystem1l- PA1.2
3 PV of Brine Overflush

3 PV of Preflush System 4
3 PV of System 1 - PA1.2
3 PV of Brine Overflush

3 PV of Preflush System 1
3 PV of System 2 — PA3.2
3 PV of Brine Overflush

3 PV of Preflush System 5
3 PV of System 1 — PA1.2
3 PV of Brine Overflush

3 PV of Preflush System 5
3 PV of System 1 - PA1.2
3 PV of Brine Overflush

3 PV of Preflush System 1
3 PV of System 4 — PA4.2
3 PV of Brine Overflush

3 PV of Preflush System 1
3 PV of System 4 — PA4.2
3 PV of Brine Overflush

Table 32. Syringe Test Round 12 Post Cure Injecliest and UCS Results.

UCS (psi) Post Cure Flow Through Rating

Preflush |Adh. Promoter |24 hr Shut-In (130°F) 24 hr Shut-In (130°F)

Brine Qil Brine Oil
System 1 [PA1.2 781 S/D
System 1 [PA3.1 563 S/D
System1 [PAl1.1+PA3.1 782 E
System 1 [PA3.2 802 S/D
System 2 [PA1.2 723 1558 S/D
System 3 [PA1.2 494 1225* S/D
System 4 [PA1.2 660 1108 D
System 5 |PA1.2 1301 2031 S/D S/D
System 1 [PA4.2 1181 1637 E S/D

* Average of two tests on the

sample
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3.1.13 Syringe Test Round 13 Results

As previously mentioned, the setup of the testghe thirteenth round was
extremely similar to that of the twelfth round, ept that a hydrophobic curing agent
was being tested instead of the hydrophilic onee phrpose of all the different fluid
systems combinations was explained in the prewiousd. For completeness, the fluid
formulations and test grid are shown in Tablesr@B 24, respectively.

The results of this round are shown in Table BS5. observed with the
hydrophobic systems previously tested, the post ayection results were favorable.
While there were more ‘slightly difficult’ rated gles, there were quite a few which
were ‘easy’ to flow through. For both the brine amtsaturated samples which had a
cationic surfactant in the preflush, the injectivas relatively easy. These samples were
also very strong; yielding two of the highest UGSuits for this round. PA3 did not
improve results as compared to PA1 and PA4. Theesams true for the anionic
surfactant which decreased the UCS results slightlghe brine sample, but increased
the result slightly for the oil sample. PA4 gave thost consolidated brine sample, and
also flowed very easily. Finally, when PA2 was puthe preflush, this did not improve
the system’s performance like it had with the hydhibc system. Overall the system
performed well, but not as well as the current bpdhilic system.

Considering the results, it was decided thathygrophobic system would not
further be investigated. However, considering gmults of the previous round, one final
round of syringe tests was necessary to optimize dbncentration of PA2 in the

preflush.



Table 33. Syringe Test Round 13 Fluid Formulations.
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Preflush System Epoxy Systems
System 1 System 1
Base Brine Epoxy System D
PAl
System 2 System 2
Base Brine Epoxy System D
Anionic Oil-Wetting Surfactant PA3
System 3 System 3
Base Brine Epoxy System D
Cationic Oil-Wetting Surfactant PA4
System 4
Base Brine
Nonionic Oil-Wetting Surfactant
System 5
Base Brine

PA2.1




Table 34.

Syringe Test Round 13 Test Grid.
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Syringe Test Round 13 — 14 Total Samples

24 hr Shut-In (130°F)

Brine Saturated

Oil Saturated

3 PV of Preflush System 1
3 PV of System 1 - PA1.3
3 PV of Brine Overflush

3 PV of Preflush System 1
3 PV of System 1 - PA1.3
3 PV of Brine Overflush

3 PV of Preflush System 1
3 PV of System 2 — PA3.3
3 PV of Brine Overflush

3 PV of Preflush System 1
3 PV of System 2 — PA3.3
3 PV of Brine Overflush

3 PV of Preflush System 2
3 PV of System 1 - PA1.3
3 PV of Brine Overflush

3 PV of Preflush System 2
3 PV of System 1 - PA1.3
3 PV of Brine Overflush

3 PV of Preflush System 3
3 PV of System 1 - PA1.3
3 PV of Brine Overflush

3 PV of Preflush System 3
3 PV of System 1 - PA1.3
3 PV of Brine Overflush

3 PV of Preflush System 4
3 PV of System 1 - PA1.3
3 PV of Brine Overflush

3 PV of Preflush System 4
3 PV of System 1 - PA1.3
3 PV of Brine Overflush

3 PV of Preflush System 5
3 PV of System 1 - PA1.3
3 PV of Brine Overflush

3 PV of Preflush System 5
3 PV of System 1 - PA1.3
3 PV of Brine Overflush

3 PV of Preflush System 1
3 PV of System 3 — PA4.3
3 PV of Brine Overflush

3 PV of Preflush System 1
3 PV of System 3 — PA4.3
3 PV of Brine Overflush

Table 35. Syringe Test Round 13 Post Cure Injecliest and UCS Results.
UCS (psi) Post Cure Flow Through Rating

Preflush |Epoxy Additive/Concentration |24 hr Shut-In (130°F) 24 hr Shut-In (130°F)

Brine Oil Brine Qil
System1 [PA1.3 218 529 S/D S/D
System 1 |PA3.3 82 329 S/D S/D
System 2 [PA1.3 92 584 S/D E
System 3 |PA1.3 639 1605 E E
System4 [PA1.3 518 263 S/D S/D
System 5 |PA1.3 263 386 S/D S/D
System 1 [PA4.3 668 217 E E
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3.1.14 Syringe Test Round 14 Results

The addition of PA2 to the preflush resulted oticeable improvements in the
performance of the hydrophilic fluid system in Rdut2. Because of the improvements
observed, the purpose of this round was to optints&zeoncentration. Also, the addition
of PA4 to the base system showed promising resuf®und 12 without the addition of
PAZ2 to the preflush. To see if it would show anttéreresults with PA2 in the preflush,
it was also tested in this round. The fluid forntigias for this round are given in Table
36, while the test grid for this round of testgirgen in Table 37.

The UCS and post cure injection results are gimehable 38. While there were
several samples which were quite easy to injedutin, there did not appear to be a
correlation to the amount of PA2 in the preflustowdver, two of the concentrations,
PA2.2 and PA2.3, both systems were rated easyant ©f the 8 combinations. With
respect to the UCS results, when PA1 was in theyepgstem the optimal concentration
of PA2 was that which was used in Round 12, PAZldecrease or increase in
concentration of the adhesion promoter did nothirtimprove the results. While the
trend was not as noticeable for the case of PAalp#st results for this system was with
PA2.4 system as the preflush fluid.

For the sake of my research and the chemistmygbteisted, it appears as if the
optimal concentrations of additives have been dismd. Syringe tests have given
reproducible results for both the brine and oiusated samples. For this reason, System
B was then further tested in the HP/HT Cell desdim Section 3.2.



Table 36. Syringe Test Round 14 Fluid Formulations.
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Preflush System Epoxy Systems
System 1 System 1
Base Brine Epoxy System B
PA2.2 PA1.2
System 2 System 2
Base Brine Epoxy System B
PA2.1 PA4.2
System 3
Base Brine
PA2.3
System 4
Base Brine
PA2.4




Table 37. Syringe Test Round 14 Test Grid.
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Syringe Test Round 14 — 16 Total Samples

24 hr Shut-In (130°F)

Brine Saturated

Oil Saturated

3 PV of Preflush System 1
3 PV of System 1
3 PV of Brine Overflush

3 PV of Preflush System 1
3 PV of System 1
3 PV of Brine Overflush

3 PV of Preflush System 2
3 PV of System 1
3 PV of Brine Overflush

3 PV of Preflush System 2
3 PV of System 1
3 PV of Brine Overflush

3 PV of Preflush System 3
3 PV of System 1
3 PV of Brine Overflush

3 PV of Preflush System 3
3 PV of System 1
3 PV of Brine Overflush

3 PV of Preflush System 4
3 PV of System 1
3 PV of Brine Overflush

3 PV of Preflush System 4
3 PV of System 1
3 PV of Brine Overflush

3 PV of Preflush System 1
3 PV of System 2
3 PV of Brine Overflush

3 PV of Preflush System 1
3 PV of System 2
3 PV of Brine Overflush

3 PV of Preflush System 2
3 PV of System 2
3 PV of Brine Overflush

3 PV of Preflush System 2
3 PV of System 2
3 PV of Brine Overflush

3 PV of Preflush System 3
3 PV of System 2
3 PV of Brine Overflush

3 PV of Preflush System 3
3 PV of System 2
3 PV of Brine Overflush

3 PV of Preflush System 4
3 PV of System 2
3 PV of Brine Overflush

3 PV of Preflush System 4
3 PV of System 2
3 PV of Brine Overflush

Table 38. Syringe Test Round 14 Post Cure Injecliest and UCS Results.

UCS (psi) Post Cure Flow Through Rating

Preflush |Epoxy System |24 hr Shut-In (130°F) 24 hr Shut-In (130°F)

Brine Oil Brine Oil
System 1 |System 1 1183 1534 E S/D
System 2 |System 1 1482 1918 S/D S/D
System 3 |System 1 1383 1828 E E
System 4 |System 1 1190 1619 S/D S/D
System 1 |System 2 1234* 1254 E E
System 2 |System 2 1303 1855 S/D S/D
System 3 [System 2 1335 1276 E E
System 4 |System 2 1421 1917 S/D S/D
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3.2 Coreflood Results

After the tenth round of syringe tests, fluidteys B was consistently performing
well with respect to its strength. While the pastecflow injections completed on every
sample were useful, an actual retained permeabiifasurement was necessary to
accurately access the performance of the fluid.

After each sample was prepared to be 1” diame®R5” length, it was loaded
into the HP/HT cell and a confining pressure of A48i was applied. For each sample,
the pre-treatment permeability was measured ainamam of 5 different injection rates.
While switching in between rates, for the first feaconds the sample takes a while to
reach equilibrium with respect to pressure dropsgithe sample at the new injection
rate. For this reason, all samples will be presemdth the permeability from all
recorded values (raw data), and a second (smoali) in which the values when the
sample is reaching equilibrium are removed fromdai set. Following this, the sample
was heated to the test temperature and the treaftuels were injected. Each sample’s
respective conditions are discussed in their rasmesection. Most of the fluid stages

were designed to be 3 PV which was 49.6 ml forgiken sample size.

3.2.1 Coreflood Sample 1 Results

The pre-treatment raw and smoothed permeabilityg ftatthis sample is plotted
in Figs. 10 and 11. The test temperature for Sarhphas 130°F. For this sample, the
volume of the preflush, epoxy system, and overflugts 3 PV, and the stages were
injected at 5 ml/min. Following the injection ofetde stages, the system was left for 24
hours to allow the sample to cure.

After 24 hours, the sample was tested for rethpermeability. As shown for the
pre-treatment data, Figs. 12 and 13 show the rad smoothed post-treatment
permeability data, respectively. The average pebifisafor each injection rate is given
in Table 39, where it is compared to the pre-treaimpermeability. In this table, the
average permeabilities of the smoothed and raw aaaalso given. Considering that

some data was removed, there is very good agreemethte retained permeability
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numbers. The average retained permeability of theoshed and raw data was 66.3%.
While removing the sample to test its UCS, the darbpoke into a few pieces. For this
reason, the average of the three UCS results Wan ts the sample’s UCS; 112 psi.
While the retained permeability measurement vedisfactory, the UCS wasn't
as high as desired considering how well the systas performing in the syringe tests.
From these results, it was determined that furtbsiing was still needed to optimize the

system, as well as show reproducible results.

Table 39. Coreflood Sample 1 Permeability Data.

Rate Post-Perm|Pre-Perm| Retained Perm
(ml/min) (md) (md) (%)
30 2952 4742 62.3%
20 2848 4591 62.0%
10 2796 4479 62.4%
5 3031 4407 68.8%
2.5 3648 4245 86.0%
Smoothed 2926 4441 65.9%
Raw 2977 4470 66.6%
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3.2.2 Coreflood Sample 2 Results

Following the testing of the first sample, it wascided to run the exact same
system, the exact same constraints, to see if dbelts were reproducible. The pre-
treatment raw and smoothed permeability data asengn Figs. 14 and 15. The average
permeability for each rate is given in Table 40.

Following the 24 hour cure time, the sample wasaved to allow for the
cleaning of the injection lines, as it appearednalsamount of epoxy plugged the flow
loop injection line. While removing the line andeparing the sample for the new
injection line, a small amount of the sample braitefrom the sample. The broken
portion was removed and the sample was fixed sotlleapost-treatment permeability
could be measured. The change in length of the leamwgs noted, as this is critical in
the permeability calculation. The average permégldiiom Figs. 16 and 17 is given in
Table 40. The average of the smoothed and rawpataeability’s was slightly lower
than the previous round, with a value of 52.5%.eXpected with the lower retained
permeability, a higher UCS value was obtained ensdimple. This sample had a UCS
value of 331 psi.

While the retained permeability and UCS measungsnevere not extremely
close for the two samples, the system appears ghtwe the same correlation of UCS
and retained permeability as most current systefssone increases, the other will

typically decrease.

Table 40. Coreflood Sample 2 Permeability Data.

Rate Post-Perm|Pre-Perm| Retained Perm
(ml/min) (md) (md) (%)
20 2826 5680 49.7%
10 2862 5895 48.6%
5 3100 5851 53.0%
2.5 3169 5453 58.1%
Smoothed 2957 5665 52.2%
Raw 3010 5710 52.7%
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3.2.3 Coreflood Sample 3 Results

For Sample 3, the effect of injection rate wagestigated. It was decided to
decrease the injection rate of the fluid stage® itlea behind the decrease in rate was
that a lower rate will allow for increased contacte between the epoxy system and the
sand grains. Because the UCS results were not tdke average of the same system in
the syringe tests (821 psi), it was suspectedthigepoxy was not effectively adhering
to the sand grains at the higher rate. At the staime, while injecting the flush, at this
rate it is more like to obtain a more consistemhgeal of the epoxy from the pore
spaces. The amount of fluid injected was once algelid constant to the same amounts
as Samples 1 and 2, as well as all other test ttongi The pre-treatment raw and
smoothed permeability data is given in Figs. 18 2&dThe average permeability using
the smoothed data for each rate is given in Table 4

Following the 24 hour cure period, the sample reasoved to clean the injection
lines. Following this, the post-treatment permagbineasurements were taken. The
average permeabilities calculated in Table 41 viene Figs. 20 and 21. The average
retained permeability from this round was much Igwéth a value of 25.0%. The same
UCS versus retained permeability relationship okeskrin the previous two tests
appeared to happen with Sample 3. With a loweinmetbpermeability, Sample 3 had a
higher UCS value than previous rounds, 753 psi.otlahately, while the decrease in
rate helped increase the residual strength ofdhgpke, it decreased the permeability of
the sample more than expected.



Table 41. Coreflood Sample 3 Permeability Data.

Rate Post-Perm|Pre-Perm| Retained Perm
(ml/min) (md) (md) (%)
20 1725 5805 29.7%
10 1548 5595 27.7%
5 1216 5249 23.2%
2.5 1101 4649 23.7%
Smoothed 1397 5665 24.7%
Raw 1397 5511 25.3%
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3.2.4 Coreflood Sample 4 Results

For Sample 4, the volume of the overflush fluidswincreased in attempt to
increase the retained permeability observed in $a@pThe goal of pumping a larger
amount of overflush was that residual epoxy lefpane spaces would be more likely to
be removed. The volumes of the preflush and epggiem and the injection rate of the
fluid stages were the same as the previous safipéepre-injection permeabilities were
measured and are shown in Figs. 22 and 23. Whigeting the fluid stages into the
sample, all stages were pumped as planned.

Once the sample was allowed to cure for 24 hatssretained permeability
tested much lower than expected. The sample flosligtitly at a low rate with a very
large pressure drop across the sample. For alhtstand purposes, the retained
permeability was 0%, but the actual value was ¢aled to be 0.3%. Considering the
overflush was doubled, this was surprising. Thetrhksly explanation was determined
after examination of the sample. One complete tfathe upper portion of the sample
was a very dark blue throughout the sample, ingigatesidual dye from the epoxy
system. This color gradually tapered off towards thottom of the sample. After
observing this and in conjunction with the retainemeability result, the conclusion
was made that at the lower rate the overflush diagered through the lower portion of
the sample. Despite pumping double the overflusappeared fingering dominated the
retained permeability. The sample did however perfeery well with respect to its
UCS, giving a higher value of 977 psi. This was suprising considering the very low
retained permeability.

Considering the results of the four samples efdisstem to this point, there did
not appear to be an issue placing the preflushegody system in the sample, rather the
removal of the overflush at the lower rate. To sarpphis, at the higher overflush rate,
the two samples gave 66.3% and 52.5%, and aftegriog the rate, 25.0% and 0.3%
retained permeabilities. For this reason, it wasidil to place the preflush and epoxy
systems at the lower rate, while increasing the mathe overflush stage to its original
value, for the next round of tests.
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3.2.5 Coreflood Sample 5 Results

The first adjustment for Sample 5 was previousigntioned; an increased
overflush displacement rate. Also directly relatedthe results observed for the™2
round of syringe tests, Sample 5 incorporated Heeai the additive PA2 in the preflush
stage. As observed in the syringe tests, the addif the new chemical additive to the
preflush significantly improved the UCS results.f8oin the coreflood tests, the correct
combination of UCS and retained permeability hatibeen attained. The UCS results
weren’t particularly close to the results to theirgye tests, and had very low retained
permeability. For this reason, PA2 was added topteflush to obtain similar UCS
values for the syringe and tests in the HP/HT Cell.

For Sample 5, the preflush and epoxy system wengped at 2 ml/min, and then
the rate was increased to 5 ml/min while pumpirgdterflush stage. The same relation
of sample volume to stage volumes as previous umas kept constant. The pre-
injection permeability measurements of the raw siaothed data are given in Figs. 24
and 25. Following the measurement of the pre-treatnpermeability, the chemical
stages were injected into the sample.

Following the sample’s 24 hour cure time, thetpojction permeability was
measured and is given in Figs. 26 and 27. Thenedgpermeability comparison at each
rate and overall average is given in Table 42. Hanple’s average retained
permeability was 47.2% was decent, but still notheggh as desired. The sample
performed very well with respect to its UCS val@dp1 psi. Like the syringe tests, the
influence of the additive PA2 to the preflush waste| significant. Because this was the
first test of this system with the new preflush iigd in the coreflood apparatus, it was

decided to run the same system again to see #aime results were reproducible.



Table 42. Coreflood Sample 5 Permeability Data.

Rate Post-Perm|Pre-Perm| Retained Perm
(ml/min) (md) (md) (%)
30 3190 6817 46.8%
20 3045 6685 45.6%
10 2985 6512 45.8%
5 3042 6263 48.6%
2.5 3134 5962 52.6%
Smoothed 3041 6466 47.0%
Raw 3062 6460 47.4%
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3.2.6 Coreflood Sample 6 Results

As mentioned in the previous section, the purpdseample 6 was to attempt to
duplicate the results observed with Sample 5. afiditions were the same as described
in the previous section. Figs. 28 and 29 show the and smoothed pre-injection
permeability measurements. All fluid volumes wergcted as planned, but a pressure
increase was observed while injecting the overflaghlihis sample. For the previous
stage, a slight pressure increase (1 psi) wasetbiihile injecting the overflush. This
was normal, as the epoxy is slightly more viscdwt than overflush, and eventually
dropped to zero psi. However, while injecting therdlush for Sample 6 the pressure
read 2 psi, and gradually decreased to 1 psi, #eo right before the end of the
overflush stage.

The retained permeability utilizing the data fréigs. 30 and 31 and Table 43
was 26%. Although there was no visual evidence iwithe sample to explain the
decrease in permeability, the explanation came fthenpressure observations while
pumping the overflush stage. The pressures obsealtuedg the overflush stage did
show that there was difficulty removing the eposgni the pore throats. Although there
was no clear explanation why this happened onstiusple and not the previous, it does
explain the decrease in retained permeability.

The UCS for this sample was 1444 psi. Compaitiegretained permeability of
Samples 5 and 6, the expectation was that the WECSample 6 would have been higher
than that of Sample 5. The most likely explanat®the timing of testing of the UCS of
the respective samples. Meaning, all samples sopibint when removed, its UCS value
was tested within a few hours. However, due todiigal issues, Sample 5 was not
tested for an additional 60 hrs after it was rendowhile Sample 5 was refrigerated to
negate any additional curing, it appears the sangumatinued to cure despite
refrigeration. While the two samples with the neveflush system vyielded slightly
different results, the reasoning behind these idiffees appeared to be explained by the

observations/actions mentioned.



Table 43. Coreflood Sample 6 Permeability Data.

15

Rate (ml/min)

10

Rate Post-Perm|Pre-Perm| Retained Perm
(ml/min) (md) (md) (%)
30 1527 5315 28.7%
20 1487 5184 28.7%
10 1447 5073 28.5%
5 1296 4900 26.4%
2.5 1176 4619 25.5%
Smoothed 1300 5003 26.0%
Raw 1317 5076 25.9%
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Fig. 28—Coreflood Sample 6 Pre-Treatment Perméwalsilot — Raw Data.
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Fig. 29—Coreflood Sample 6 Pre-Treatment Perméwlbilot — Smoothed Data.
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Fig. 30—Coreflood Sample 6 Post-Treatment PermigabBilot — Raw Data.
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3.2.7 Coreflood Sample 7 Results

While in Sample 4 the additional overflush voludid not increase the retained
permeability, it was pumped at the lower rate. 8itiee overflush stage’s rate had been
increased, the purpose of Sample 7 was to investipe effect of doubled overflush at
the higher injection rate. All other variables, flush and epoxy system volumes and
rates, were the same as the Samples 5 and 6. Wheard smoothed pre-injection
permeability measurements for this sample are shiowags. 32 and 33. Because of the
pressure observations made on the two previous Ileamine coreflood system was
modified slightly so that the injection pressuretlué overflush fluid could be monitored
and recorded more accurately. The pressure as @idonof injection time of the
overflush fluid is shown in Fig. 34. While the oftfesh volume was chosen as twice the
previous, after approximately 5 PV of overflushe gressure differential leveled off, as
can be seen on the figure.

After the sample was allowed to cure, the pose¢ ¢ojection of the sample was
completed. The retained permeabilities are showhainle 44, as calculated from Figs.
35 and 36. The retained permeability of the samy@s 55.9%. Compared to the two
previous samples, this was a noticeable increasetained permeability. When the
sample was taken to test the UCS value, one maiiti@thl test was completed. The
sample was cut in half to see if there is a clefierénce in UCS values of the portion
closest to the inlet or outlet. The UCS value fog inlet portion was 1266 psi and 1360
psi for the outlet portion, giving an average o133si. While there is a slight difference
between the two, it was not very substantial. Batually and by UCS results, it
appears the sample is homogenously treated. Finahyle the retained permeability
increased compared to the average of the two prs\samples, the decrease in the UCS
measurement with the doubled overflush was notuastantial. The decrease in UCS
was approximately 31.7% comparing the average @fptievious two samples, 1922.5
psi, to the UCS of this sample, 1313 psi. Compaehtj the retained permeability of
Sample 7 was 55.9%, compared to the 36.6% aveffadpe previous samples; a 52.7%
increase over the average of the other samples. didservation shows that for these
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conditions, the system is slightly affected by dwerflush volume, keeping its strength

while yielding a better retained permeability.

Table 44. Coreflood Sample 7 Permeability Data.

Rate Post-Perm|Pre-Perm| Retained Perm
(ml/min) (md) (md) (%)
30 3197 6101 52.4%
20 3124 5985 52.2%
10 3109 5872 52.9%
5 3340 5672 58.9%
2.5 3427 5355 64.0%
Smoothed 3205 5838 54.9%
Raw 3288 5779 56.9%
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Fig. 32—Coreflood Sample 7 Pre-Treatment Perméwalsilot — Raw Data.
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Fig. 33—Coreflood Sample 7 Pre-Treatment Perméwlbilot — Smoothed Data.
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Fig. 34—Coreflood Sample 7 Overflush Injection.
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Fig. 35—Coreflood Sample 7 Post-Treatment PermigaBilot — Raw Data.
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Fig. 36—Coreflood Sample 7 Post-Treatment PermigaPRilot — Smoothed Data.
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3.2.8 Coreflood Sample 8 Results

While positive results were observed from Samplthe desire was still to try to
increase the retained permeability. Because of thies objective of Sample 8 was to
investigate the effect of injecting all the fluithges at the high injection rate, 5 ml/min.
Samples 1 and 2 were completed at the same camglitrowever they did not have the
additive PA2 in it, and since being added, veryitpas UCS results have been
observed.

The retained permeability for this sample is giue Table 45. For Sample 8, the
average retained permeability was 55.4% with a W&l8e of 1683 psi. The respective
raw and smoothed pre-injection plots are Figs. 8@ &8, and the raw and smoothed
post-injection plots are Figs. 39 and 40. Compacethe 59.4% average of Samples 1
and 2, the retained permeability is of the samembade, while the UCS increased
significantly. The results of the UCS and retaipedmeability values for Sample 8 were
very promising, but again the goal was to havenapsa with a slightly higher retained
permeability. The plot of the overflush injectiorepsures is given in Fig. 41. For this
reason, the next few rounds of tests were compliteske if an increased overflush
volume could yield a positive increase in the redi permeability, while not
significantly decreasing the UCS; as observed inriRlo/. Keeping in mind, the goal of
the system was to not to be greatly affected bytteflush volume. Finally, while there
is a desire to increase the retained permeabiliig, system does yield good results

currently.



Table 45. Coreflood Sample 8 Permeability Data.

Rate Post-Perm|Pre-Perm| Retained Perm
(ml/min) (md) (md) (%)
30 2919 5659 51.6%
20 2907 5570 52.2%
10 2926 5464 53.6%
5 2715 5273 51.5%
2.5 3577 4917 72.7%
Smoothed 2922 5421 53.9%
Raw 2944 5201 56.6%
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Fig. 37—Coreflood Sample 8 Pre-Treatment Perméwalsilot — Raw Data.
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Fig. 40—Coreflood Sample 8 Post-Treatment PermgaBilot — Smoothed Data.
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Fig. 41-Coreflood Sample 8 Overflush Injection.



102

3.2.9 Coreflood Sample 9 Results

Sample 9 was prepared in the same manner as Sanpeéxcept that the
overflush volume was doubled from the previous tbukvhile a higher retained
permeability was desired, a more robust system hichwoverflush volume does not
greatly affect performance of the fluid was equadly important. The pre-injection
permeability plots and the respective data is gimelRigs. 42 and 43, and Table 46. The
overflush injection is also given in Fig. 44.

The average retained permeability for this sampés 50.8%. The raw and
smoothed post-injection permeability plots are giwe Figs. 45 and 46. Considering
double the amount of overflush was pumped, this suwaprising, as Sample 8 yielded
55.4%. At the same time, the UCS value decreased 11683 psi to 1484 psi. While the
decrease in UCS is the same behavior observedmaott systems on the market, this
normally would correspond to an increase in retipermeability. After examining the
sample, there was no information to explain thereBse in the retained permeability.
Despite this decrease, both the UCS and retainethgability are of the same
magnitude. Because there was no obvious informafeslable to explain, it was
assumed this difference was due to inherent exeataherror.

Table 46. Coreflood Sample 9 Permeability Data.

Rate Post-Perm|Pre-Perm| Retained Perm
(ml/min) (md) (md) (%)
30 2605 4900 53.2%
20 2503 4796 52.2%
10 2489 4729 52.6%
5 2545 4620 55.1%
2.5 2588 4451 58.1%
Smoothed 2540 5000 50.8%
Raw 2541 5009 50.7%
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Fig. 42—Coreflood Sample 9 Pre-Treatment Perméalilot — Raw Data.

35

30

25

20

15

Rate (ml/min)

10

Sample 9 Pre-Treatment
Permvs. Rate - Smoothed

6000
AR | o
- 4000
x> AR > T
£
- 3000 £
o @ Rate
o
U L 2000 W Perm
> L
> oy - 1000
’~ Lo
0
0 200 400 600 800 1000 1200 1400 1600

Time (min)

Fig. 43—Coreflood Sample 9 Pre-Treatment Permégibllot — Smoothed Data.
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Fig. 44—Coreflood Sample 9 Overflush Injection.
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Fig. 45—Coreflood Sample 9 Post-Treatment PermigabBilot — Raw Data.
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Fig. 46—Coreflood Sample 9 Post-Treatment PermgaBilot — Smoothed Data.
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3.2.10 Coreflood Sample 10 Results

While a trend was seen between Samples 8 and &dditional data point was
required to see the system’s overall performandk thie volume of overflush. For this
reason, Sample 10 had the same conditions as #wops two tests except that the
overflush was once again doubled from the previmuwsd. This corresponds to four
times the initial overflush volume. The sample’sqmeatment data is given in Table 47,
as calculated from Figs. 47 and 48. Once againjewhjecting the overflush the
pressure appeared to level off and became conptant to reaching the end of the
overflush stage. This is shown in Fig. 49.

After the sample cured, it's UCS and retainedneability were tested. The
retained permeability was 35.8% with a UCS of 1p88 The same relationship from
Sample 8 to 9 was observed for this sample; narbeth the UCS and retained
permeability decreased with an increased overfumdme. The sample’s post-injection
permeability plots are given in Figs. 50 and 51lisTlas not the first time when all
stages were injected at the same conditions, ancethined permeability decreased with
increased overflush volume. The same trend wasraddegreviously with Samples 3
and 4. It was not clear why this trend was obsemesiamples 3, 4, 8, 9, or 10. To gain
a better understanding of this system, it was @ettd examine the samples using SEM.

Based upon these photos and the fact that theyepatem is hydrophilic, the
conclusion was made that as additional overflush puamped through the sample the
hydrophilic components were preferentially remov&y. this happening, the stable
system which was initially created was disturbed #re epoxy’s adhesion to the sand
grains was altered. This can be seen in the SENbpho Figs. 52a-d, in which 52a and
b are Sample 8 and 52c and d are Sample 10. Thewgiceably more epoxy left in the
pore spaces in the latter two photos. One finapstmg piece of information to this
conclusion lies in the pressure drop data from dkierflush injections of the three
samples. When the overflush injection starts, thesgure gradually increased until it
eventually decreased. As previously explained, ithdue to the difference in viscosity,
as well as the overflush finding the preferentathpwithin the pack. Next, this pressure
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drop leveled off for a short period, and then aseobked in all the samples increased very
slightly for all three samples. This shows that giressure drop across the sample

increases with an increased overflush volumes wiiétieases retained permeability.

Table 47. Coreflood Sample 10 Permeability Data.

Rate Post-Perm|Pre-Perm| Retained Perm
(ml/min) (md) (md) (%)
30 1710 4888 35.0%
20 1707 4787 35.7%
10 1679 4739 35.4%
5 1662 4711 35.3%
2.5 1791 4691 38.2%
Smoothed 1709 4766 35.8%
Raw 1708 4791 35.7%
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Fig. 47—Coreflood Sample 10 Pre-Treatment Permigabilot — Raw Data.
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Fig. 48—Coreflood Sample 10 Pre-Treatment Perméabilot — Smoothed Data.
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Fig. 50—Coreflood Sample 10 Post-Treatment PerrigaBlot — Raw Data.
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3.2.11 Coreflood Sample 11 Results

Sample 11 was the last test completed on themsyst the HP/HT cell. The goal
for the eleventh round was to observe the syst@erformance at a higher temperature,
200°F. The other conditions for this sample wegd the injections of all the stages were
at the higher injection rate of 5 ml/min, and theerdlush volume was doubled (6 PV).
The pre-injection plots are Figs. 53 and 54, wtkile post-injection plots are Figs. 55
and 56.

The sample yielded very positive results aftevas allowed to cure. The average
UCS of the sample was 2122 psi, with a retainedpability of 59.5% as calculated in
Table 48. The increase in UCS was expected asy#iiers was at a higher temperature
which allows the sample to cure much more rapidlythe same time, as mentioned in
the syringe test, the system performs well, butvitsking time for field applications at
this higher temperature needs to be investigatatidu The system has a working time
of 8 hours before it develops any viscosity at E30fowever at 200°F, the system was
starting to show increased viscosity after 5 ho@rgerall, the system performed very

well at this increased temperature.

Table 48. Coreflood Sample 11 Permeability Data.

Rate Post-Perm|Pre-Perm| Retained Perm
(ml/min) (md) (md) (%)
30 2788 4900 56.9%
20 2721 4796 56.7%
10 2770 4729 58.6%
5 2832 4620 61.3%
2.5 2831 4451 63.6%
Smoothed 2785 4704 59.2%
Raw 2819 4709 59.9%
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Fig. 53—Coreflood Sample 11 Pre-Treatment PermigaPilot — Raw Data.
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Fig. 54—Coreflood Sample 11 Pre-Treatment Perméabilot — Smoothed Data.
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Fig. 55—Coreflood Sample 11 Post-Treatment PerrigaBlot — Raw Data.
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IV. SUMMARY AND CONCLUSIONS

A total of 250 syringe tests and 11 tests in doeeflood apparatus were
completed on the epoxy system for the purpose ofresgarch. The following three
sections will summarize these results, make corigsrom these results, and mention

areas of investigation necessary for future work.

4.1 Summary

The epoxy system went through numerous ‘benchit@s through which the
optimal curing agent, solvent type and concentmatipreflush fluid formulations,
catalyst amounts, and other additives and theiceatnations were determined. Based

upon these 250 syringe tests, the optimal systegivés in the Table 49 below.

Table 49. Syringe Tests Optimal Fluid Formulations.

Preflush System Epoxy System Overflush
Base Brine Epoxy System B Base Brine
PA2.1 Amine Curing Agent
Methyl Carbitol Solvent
PA1.2

While reaching the latter stages of finding tiptiraal formulation for System B
in the syringe tests, the testing of the fluidhe HP/HT cell was started. The addition of
PA2 to the preflush gave the necessary strengthesample after seeing subpar UCS
values in Samples 1 through 4. Based upon thedsstits and SEM photos, the system
appears to have a strong interaction with overffugd as the overflush volume directly
influences the retained permeability and UCS vallée results of each of the tests in

the HP/HT cell for the system are given in Table 50
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Table 50. UCS and Permeability Results.

Sample UCS (psi) | Retained Perm. (%)
1 112 66.3%
2 331 52.5%
3 753 25.0%
4 977 0.3%
5 2401 47.2%
6 1444 26.0%
7 1313 55.9%
8 1684 59.4%
9 1484 50.8%
10 1089 35.8%
11 2122 59.5%

*See each section for specific test conditions.

The purpose of the 14 rounds of syringe testsaxptained previously, and was
given in Table 1. Table 51 states the purpose df eaund, its outcome, and the

conclusion based upon the results are given fdr eamd.



Table 51. Compiled Syringe Test Results.

Syringe Test Round 4

t Fluid System(s) Tested

Purpose

Conclusions

Test system’s performance at multiple overflu

siGood results for a few 48 hr samples,

1 A volumes, multiple temps, and multiple times. | inconsistent results for 24 hr samples. Possible
catalyst removal during flush.
Test 3 new catalysts to try to get a more rapid Still issues with 24 hr cure of system. Switch tp
2 A cure (24 hr), and not affected by brine overflusta new curing agent with a more rapid cure
profile.
Test the new system with several overflush | Nothing substantial at 24 hr, but new system
3 B volumes, multiple temps, and multiple times. | appears promising. Change base solvent to
optimize the system further.
4 B, C Test 2 Hydrophobic & 2 Hydrophilic solvents toHydrophilic system gave most promising results.
find system with best results. Optimize the catalyst further.
Investigate high end of catalyst amounts to findOptimal value of the two found. Fingering
5 B upper limit. observed in samples. For future samples add |[dye
to diagnose fingering and inject at a more
consistent rate.
Further investigate the low end of catalyst Optimum catalyst amount was the same as the
amounts to find the optimum. For fingering previous round. The change of overflush fluid
6 B issues, change the overflush fluid to help. did not improve the fingering as desired.
Possible wettability issue, change the preflush
fluid components as well.
Test the addition of an oil-wetting surfactant to Incomplete cure on most of the sample due to
7 B the preflush and overflush fluids. Try another | heating issues. SEM photos show emulsion with
viscous overflush fluid. current system. Try more preflush and overflush
fluids to still optimize the UCS values.
Test 6 different flush fluids, including different| None of the flush fluid combinations showed
combinations of brines, oil-wetting surfactant,| improved UCS values over a brine preflush and
8 B and chelating agent. overflush fluid. Keep brine as preflush and
overflush fluid. Try new additive to help
placement of the epoxy on the sand grains.
Test effect of new additive (Proprietary AdditiveCurrent hydrophilic system’s results improve,
9 B, C (PA) — PA1) in a new hydrophobic and current and still the best results. Further investigate a

best hydrophilic systems.

hydrophobic option b/c of emulsion of

hydrophilic system with flush fluids.

oT1



Table 51 Continued.

Syringe Test Round 4

t Fluid System(s) Tested

Purpose

Conclusions

Further optimize the concentration of PAl in t

h®espite no emulsion, the hydrophilic system g

till
n_

Em

10 B.D hydrophilic system, and in another new gives the best UCS results. Try flush with a ng
hydrophobic system. reactive preflush and overflush fluid.
Test influence of using mineral oil as preflush| Despite not reacting with the system, the syst¢
11 B and overflush fluid. is greatly affected by increased overflush
volumes, and UCS substantially lower than
previous flush systems.
Investigate effects of 4 new preflush systems, PA2 in preflush shows great results, PA4 in th
12 B and additives (PA3 & PA4) in the epoxy systerepoxy system shows improved results over
current base system with brine flushes.
Test the effects of 4 new preflush systems, andPromising flow results, however UCS results
13 D additives (PA3 & PA4) in the previous best were well below current optimums of
hydrophobic epoxy system. hydrophilic system.
1 B Optimize the concentration of PA2 in the Optimum fluid system obtained, and

preflush, with respect to PA1 and PA4 in the

hydrophilic epoxy system.

investigated further in the HP/HT cell.

LTT
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4.2 Conclusions

Based upon the testing described to this poid, following conclusions have
been made for the epoxy system. These conclusiensased upon the specific testing
conditions applied to the fluid system. For anyhstiaid to be applied to an actual well
in the field, I recommend that the tests be remeateder specific well conditions;

preferably with an actual formation core and reipesaturating fluids.

1) The hydrophilic system consistently showed betésuits than a hydrophobic
system; in terms of both solvents and curing agents

2) UCS results increase significantly with the additad PA2 to the preflush.

3) Retained permeability isn’'t as high as desired, iandffected by the overflush
volume. System still needs to be optimized witlpees to this property.

4) The rate at which the system is injected appearaffeect the results of the
system.

5) System’s results are affected when the overflugturaped at a higher rate than
that at which the preflush and epoxy system wgeziad.
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4.3 Future Work

Based upon the results of the epoxy system toe,déhe following
recommendations are made for areas of future imat&in to further optimize the
system.

1) The system’s performance at different permeabitiéiynges, preferably with
actual formation cores.

2) The effect of solvent concentration and injectiateron the results.

3) The system'’s performance at a wider range of teatper applications.

4) Optimize the system’s catalyst level for the higteanperature applications with
respect to working time.

5) The system’s performance when clays are introdugdedhe sand pack.

6) Run multiple tests at same conditions to deterraystem’s consistency.
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