US DOI, BUREAU OF SAFETY AND ENVIRONMENTAL
ENFORCEMENT(FORMERLY MINERALS MANAGEMENT SERVICE)*
TA&R PROJECT NUMBER 653
TEES A9390 PE
EVALUATION OF THE USE OF EPOXY-BASED MATERIALS IN WELL
ABANDONMENT
FINAL REPORT
OCTOBER 12, 2012

1. Executive Summary

Over the past several years, hurricanes have damaged or destroyed approximately 180 offshore
oil and gas producing platforms (See Figure ES1). Because of this damage and destruction,
many wells can no longer safely produce oil or gas, and/or have become an environmental and
safety hazard. Most of the wells from damaged platforms can be plugged and abandoned by
conventional means. However, when the platforms have been toppled or completely destroyed,
conventional intervention methods may not be possible. Instead a subsea intersection well may
have to be drilled to provide access to the wellbore. Depending on where the intersection takes
place and the condition of the target well, it may not be possible to circulate or pump cement into
the wellbore. In these cases, a plugging material may need to be spotted at the intersection of the
target well, and allowed to fall through the annulus, and settle on top of a packer, where it is
hoped that it will set properly.

Hurricane DesTr%yed Noﬁsn:flt;;?dew
Rita & Katring 113 144
Ike & Gustay 50 a1
I'van, Andrew & Lilky 158

Figure ES1 Damaged and Destroyed GOM Platforms by Recent Hurricanes

Although cement is currently the plugging material of choice, it is not always practical. One of
the concerns of spotting cement and allowing it to fall to the packer, is that since cement is a
water-based slurry, it will be diluted with seawater or brines that are present as packer fluids in
many of these damaged wells. This dilution/contamination results in poor cement quality, if it
hardens at all after falling up to several thousand feet through annular fluid.

The BSEE is considering the use of epoxy-based materials for abandonment of wells damaged
by hurricanes. These wells do not have vertical access and may be buckled below the mud line,
therefore preventing wire line operations via tubing to set plugs near the packer or punch the
tubing to circulate cement into the casing. The major concern with using epoxy based plugging
materials is that these materials have never been used as plugging materials nor has the

! At the time of funding the sponsoring agency was known as the US Minerals Management Service, MMS, but due
to reorganization within the agency it is now named the Bureau of Safety and Environmental Enforcement. In the
attached Theses, there are numerous references to the MMS. The reader should understand that wherever this
occurs, it can be taken that this is an actual reference to the BSEE.



applicability of using such material been adequately studied. We have conducted an evaluation
of epoxy based materials for use in plugging of oil and gas wells.

In this study we have evaluated materials and procedures for epoxy-based well abandonments
by:

» Comparing epoxy-based materials against cement abandonments and other potential plugging
materials

* Determining whether epoxy material can effectively drop 7000 feet through a casing annuli and
accumulate on top of the packer

* Determining how long material takes to travel to the bottom of a casing annulus and cure
* Determining how material performs over time

» Determining how weighting of this material with BaSO4 affects the compressive and bond
strength of the material

» Determining whether there are other weighting materials which may perform better than
BaSO4

» Ranking various resin and hardener chemical systems for best performance in the field

* Evaluating the effects of various liquids such as calcium chloride, sea water, and formation
hydrocarbons on the resin chemical systems.

2. Project Description

We have completed our study on the applicability of using epoxies and other gel, resin or grout
materials as plugging agents in severely damaged wells where access is limited and may be only
through subsurface intervention via intersection wells. This study was divided into six tasks as
explained below.

Task 1 — A complete literature review was conducted to determine which epoxy (or other)
materials may be applicable as plugging materials. Based on the literature review we made a first
comparison of these unconventional plugging materials to oil well cement, including strength,
potential for placement and good bonding under adverse conditions and expected lifetime. We
tested these materials to determine how they will hold up over time at bottomhole conditions and
compared these results to those of oilfield cements.

Task 2 - Rheology of plugging materials — these fluids are non-Newtonian fluids in most cases.
Initially we thought the rheology was needed to determine pressure losses, and determine setting
time. However, the rheological properties of these properties were such that the viscosity
exceeded the measurement range of our Fann 35 type viscometers. But we did discover
qualitatively that the rheological properties of the epoxy had no bearing on the fall rate (as long



as the formulation prevented separation of the weighting agent from the epoxy) or setting time
and was not required for our evaluation.

Task 3 — We have data showing the likelihood that epoxy can effectively drop 7000 feet through
a casing annulus, accumulate on top of the packer and set with effective strength and bonding.
We have developed a methodology to determine the time for this material to travel to the bottom
of the casing annulus compared to the curing time. This was done through both a theoretical
analysis and experimental studies. An experimental apparatus was constructed where we
measured the settling velocity of each material and determined the effect of the materials’
densities on settling velocity. It was determined that density was the major contributor to the fall
velocity and viscosity of the epoxy had little or no effect of the fall velocity. We utilized
different size pipes (PVC and clear plastic) to visualize and measure the effect of cross section
on the settling velocity. The apparatus was constructed so that the pipe can be placed at angles
from vertical to horizontal so that we could determine the effect of hole angle on the settling
velocity. We also built a second apparatus to measure the terminal velocity of an individual
globule of epoxy. We intended to validate these small-scale tests by conducting larger scale tests
in a 3000’ test well owned and operated by Boots & Coots. However, an open time to use the
Boots and Coots facility never became available.

Task 4 — Based on the results of Tasks 2 and 3, we developed a model where the optimized
settling/setting times can be predicted for field applications. The model includes the ability to
predict the volume of plugging material that is likely to adhere to the casing and tubing while
falling to bottom. This will enable planners to make allowances for plugging material that will
not make it to bottom, so that sufficient quantities can be mixed for a successful plug.

Task 5 — We performed lab studies to determine the curing time of these plugging materials at
reservoir conditions. We utilized aging ovens to determine the effect of temperature on the
curing time, as well as the effect of temperature on the compressive and bonding strength of
these materials. We left several samples in the oven to determine (to a limited extent) if these
materials will degrade over time, and compositional variations were studied to maximize time
stability at temperature. We determined the compatibility of these fluids with potential wellbore
fluids. The potential plugging materials may be contaminated by wellbore fluids which could
have an effect on the rheology, curing time, compressive strength, and bonding strength of the
plugging materials.

Task 6 — We determined how weighting these materials with BaSO, will affect settling velocity
and the compressive and bond strength. We added different amounts of BaSO, to samples and
measured the compressive and bond strength so that a comparison could be made to cement. We
also conducted experiments to determine the degree to which BaSO, will separate during
placement, whether it will settle prior to curing and any impacts of such effects on required
behavior during placement, curing and lifetime of the material.

3. Results and Conclusions

This work was conducted by three professors, five graduate students, and two undergraduate
students at Texas A&M University and was funded by the BSEE. Professors and the students
working under their supervision, and the title of each student’s thesis are:



Dr. Robert Lane
Suining Gao, “Curing Properties of Epoxy Resin for Use to Abandon Wells Destroyed by
Hurricanes in the Gulf of Mexico”, Texas A&M University, Dec. 2011.

Zhuo Gao, “Potential of Barite-Weighted Epoxy Systems to Plug Wells in the Gulf of
Mexico”, Texas A&M University, Dec. 2011

Dr. Hisham Nasr-el-Din
Ahmed Rami Abuelaish, “The Evaluation of the Mechanical Strength of Epoxy-Based
Resin as a Plugging Material, and the Development of an Novel Plug and Abandon
Technique Using Vitrified Solid Epoxy-Based Resin Beads”, Texas A&M University,
May, 2012

Dr. Jerome Schubert
Ibrahim El-Mallawany, “An Experimental Setup to Study the Fall Rate of Epoxy Based
Fluids”, Texas A&M University, December, 2010

Hasan Turkmenoglu, “Determining the Terminal Velocity and the Particle Size of Epoxy
Based Fluids in the Wellbore”, Texas A&M University, August 2012

Zaid Abdulsatter, and James Davis, Texas A&M University are undergraduate students
who performed many of the fall rate experiments and their help was extremely valuable
to the success of this project. The data obtained in their experiments were analyzed and
reported in Turkmenoglu’s thesis.

Dr. Lane and Nasr-el-Din and their students were charged with screening the literature to find
epoxy compositions which would appear to have the curing, bonding, and strength properties
which would be applicable as plugging material at wellbore conditions expected 7000’ below the
mud line. The students tested numerous blends commercially available to determine curing
times at temperatures up to 200 degrees F, as well as bond strength and compressive strength.
Once a suitable candidate was identified, these students tested the effect of various contaminants,
and a barite densifier on these properties.

Dr. Schubert and his students designed and built two mechanism to measure the fall rate of the
epoxy materials in an annulus with varying hole angle and density. These measurements were
used to develop a model in which the time for the epoxy to reach a certain distance in both
vertical and deviated wells, as well as a methodology to approximate the volume of the plugging
material would adhere to the walls of the pipe on its trip to bottom. These estimates can be used
to determine the pot time necessary, and the volume to mix so that a sufficient length plug can be
obtained at the desired plug location.

Abstracts and conclusions of all five Master of Science theses are shown here.

Suining Gao, “Curing Properties of Epoxy Resin for Use to Abandon Wells Destroyed by
Hurricanes in the Gulf of Mexico”, Texas A&M University, Dec. 2011.



Abstract

Some Gulf of Mexico (GOM) wells destroyed by hurricanes have become environmental
and safety hazards and cannot be abandoned by conventional methods since pumping and
circulating cement into the casing is impossible when the platforms have been completely
destroyed and toppled. This project tested the curing properties of several epoxy resin
systems in different environments. A bisphenol-F/epichlorohydrin (BPF) resin cured by
curing agent MBOEA system was successfully tested in the laboratory as a potential
plugging material to abandon wells destroyed in the GOM. The BPF/MBOEA resin
system had the most suitable curing time in a synthetic seawater environment. The
system could be successfully weighted by barite up to 16.8 ppg and cured properly.
Weighting allows the resin system fall more efficiently through the casing annulus. This
laboratory verification of properties will lead to field test in the test wells.

Conclusions
The curing properties of the four epoxy resin systems were tested. From all the results
and discussions, we draw conclusions as follow:

1. Curing properties of epoxy resin systems are consistent with needs for abandoning
wells destroyed by hurricanes.

2. The BPF system which contains the RAR 9281 BPF resin, the RAC 9907 curing agent,
and RAD 100 reactive diluent is the optimal system we tested in this project. This system
has suitable pot life and curing time and large barite capacity which could weigh the
system as much as 16.8 ppg.

3. BPF resin system has superior properties compared with BPA resin system. The BPA
system which contains the RAR 901 and the RAC 9907 curing agent has suitable pot life,
but the small filler capacity means this system could only be weighed to 10.5 ppg.
Considering the lower price compared with BPF system, this BPA system may be used in
the cases that require low density.

4. Laboratory verification of shear bond strength properties should lead to field test in test
wells.

Zhuo Gao, “Potential of Barite-Weighted Epoxy Systems to Plug Wells in the Gulf of Mexico”,
Texas A&M University, Dec. 2011

Abstract

In the past ten years, there have been 194 hurricane-damaged platforms in the Gulf of
Mexico (GOM), each with many wells that have not been permanently abandonment.
This could lead to disastrous environmental consequences. Many wells where their
platforms were destroyed by hurricanes cannot be abandoned by conventional methods.
Our research showed that barite-weighted epoxy material could be potentially used for
well abandonment for those wells in GOM. Shear bond strength tests showed that
between two candidates epoxy systems—the bisphenol A system and the bisphenol F



system, the latter was less sensitive to barite weighting material. The shear bond strength
of bisphenol A system was deteriorated as barite increased, while bisphenol F system
showed slightly increasing trend when barite was added. The minimum bond strength
given by bisphenol A system appears around 68 wt% of barite, which is around 1290 psi.
The maximum value of 2200 psi comes at 0 wt% of barite. And the bisphenol F system
can stand a minimum of 1010 psi bond strength at 0 wt% of barite, and a maximum of
1160 psi of bond strength with 70 wt% of barite. Moreover, mixing with seawater did
influence the shear bond strength between epoxy system and low-carbon steel. The
influence that seawater has on the F system is less than that of the A system. The time
that the epoxy system needs to fully develop the bond is far longer than curing time
determined in our parallel research. Bond strength is lower in both seawater environment
and at high temperature.

Conclusions

Previous research in our lab has shown resin hardening time increased with the amount of
barite added, which is good to give sufficient time to complete the abandonment work.
Tests in this project were carried out in ideal conditions. Real world applications are
likely to be affected by corrosion etc. Shear bond strength tests in this study showed
further properties of epoxy systems:

1. A large number of mechanical tests verified that the shear bond strength of bisphenol F
type epoxy bonded to low carbon steel remained stable when barite filler was added to
the formulation.

2. Simulated environmental tests demonstrated that when epoxy contacts steel in the
presence of synthetic seawater, shear bond strength decreases. We suspect that the
strength decrease is due to the epoxy-steel contact area being decreased and the bond thus
weakened due to some capture of some seawater between epoxy, steel, and epoxy, barite.

3. Even though strength reduction must be accounted for in determining pressure
differential that the epoxy-steel bond can withstand, bisphenol F system with barite
bonded to low carbon steel retains sufficient shear bond strength to exceed all established
regulations.

4. Epoxy-Steel shear bond strength continues developing for six days, much longer than
hardening time and reaches 725 psi more rapidly than cement formulations.

5. Increasing temperature weakens the bond strength of the barite-weighted epoxy with
the low carbon steel. At least a portion of the observed weakening is due to unavoidable
temperature cycling caused by the necessity of curing the samples in a separate oven
from the testing device oven.

6. Even with weakening at high temperature, the shear bond strength of BPF/barite
system bonded to low carbon steel is strong enough so that even a short length of plug in
a wellbore will meet the most stringent regulatory criteria.



7. The BPF/barite system should be evaluated in a test wellbore where the epoxy system
must drop through several thousand feet of synthetic seawater and bond to a section of
steel casing in order to demonstrate strength of the bond under more realistic conditions.

Ahmed Rami Abuelaish, “The Evaluation of the Mechanical Strength of Epoxy-Based Resin as
a Plugging Material, and the Development of an Novel Plug and Abandon Technique Using
Vitrified Solid Epoxy-Based Resin Beads”, Texas A&M University, May, 2012

Abstract

Over the past several years, some of the platforms in the Gulf of Mexico have been
damaged completely, such that conventional P&A operations may not be possible. In
these cases, plugging fluid needs to be pumped through an intervention well and dropped
several thousand feet in water to settle above a packer and seal the well.

The current P&A material of choice is cement, but cement is miscible in water, which
dilutes and contaminates the cement. Therefore, alternate plugging materials need to be
used for these operations. This paper discusses the development of a cost-effective Epoxy
P&A method and the challenges of using Epoxy. First, the impact of seawater, oil, and
pipe dope on the curing process remains unknown. Secondly, the yield strength of Epoxy
with and without the contaminating chemicals must be equal to or better than cement.
Finally, previous tests have shown significant losses of Epoxy to the walls of the
wellbore during the 7,000-ft drop.

Conclusions

1. Mixing the resin with seawater, oil, or pipe dope will reduce the ultimate strength and
fracture strengths of the mixtures compared to the strengths of pure resin. The
ultimate strength of contaminated resin will most likely drop to the value of the yield
strength, and should be designed with that in mind. The fracture strengths of
contaminated resin will experience a drop greater than a 25% compared to pure resin,
while the yield strength, on the other hand, can remain relatively unaltered.

2. During a 6-hour cure, the cure process of resin mixed in with seawater can be
accelerated by more than 2 hours compared to pure resin, while oil has no apparent
effect on the cure process.

3. Quenching droplets of epoxy resin in 39°F diluted water before the initiation of
gelation during the cure process was found to form solid beads through the reversible
physical process of vitrification; using this effect as a plugging application can be
successful.

4. The average fracture strength of reconsolidated epoxy resin beads was found to be
7,717 psi, indicating that an application utilizing solid resin beads, as discussed in this
thesis, can be up to 89% stronger than the ASTM compressive strength values for
Portland cements | & 11.



5. From an operational cost standpoint, using vitrified epoxy resin beads has the
potential to create up to USD 0.7 million in savings compared to conventional cement
costs for cases similar to the one discussed herein. In Addition, using vitrified epoxy
resin beads in place of pumping liquid epoxy resin could eliminate the 32% of
material lost during settling, thus creating savings of approximately USD 60 thousand
for a 7,000-ft application with a 550-ft plug height.

Ibrahim_El-Mallawany, “An Experimental Setup to Study the Fall Rate of Epoxy Based
Fluids”, Texas A&M University, December, 2010

Abstract

This thesis is part of a project funded by BSEE to study the use of epoxy (or any cement
alternative) to plug hurricane damaged wells. Some of the wells destroyed by hurricanes
are damaged to an extent that vertical intervention from the original wellhead is not
possible. The means to plug such wells, as sought by this project, is to drill an offset well
and intersect the original at the very top and spot some epoxy (or any suitable non-
cement plugging material) in the original well. The epoxy will then fall by gravity all the
way until it reaches the packer and then set on top of the packer to plug the annulus of the
well permanently.

One of the most important factors in this process is to be able to predict the settling
velocity of the epoxy to be able to determine the required setting time of the epoxy so
that the epoxy does not set prematurely. This thesis aims to design, build and run an
experimental setup that would help develop a model to estimate settling velocities of
different epoxies. The model itself will be part of a different dissertation. Part of this
thesis is to also investigate how much epoxy will adhere to the pipe walls to be able to
account for epoxy lost on the journey towards the packer. The thesis will also investigate
whether weighting materials such as barite would separate from the epoxy when
freefalling through water.

Conclusions
1. Denser formulations have a faster terminal velocity.

2. The fall rate during experiments at an angle other than vertical are much faster than
experiments done at vertical position, almost double the terminal velocity.

3. The annulus size has no significant effect on terminal velocity for vertical pipes.

4. The pressure transducer is a good way to measure the time from the experiment’s start
until the lead of the epoxy passes it.

5. The greater the viscosity of the epoxy formulation the greater the adhesion to the pipe
walls.

6. The larger the angle of inclination the greater the adhesion to the pipe walls.
7. The smaller the annulus size the greater the adhesion to the pipe walls.

8. Adhesion decreases with depth.



9. Recycled epoxy is not suitable to represent freshly mixed epoxy.

10. Although pure epoxy is less dense than water, it does not separate from the barite it is
mixed with and therefore maintains a higher density and stays at the bottom.

Hasan Turkmenoglu, “Determining the Terminal Velocity and the Particle Size of Epoxy
Based Fluids in the Wellbore”, Texas A&M University, August 2012

Abstract

This thesis was inspired by the project funded by Bureau of Safety and Environment
Enforcement (BSEE) to study the use of epoxy (or any cement alternative) to plug
offshore wells damaged by hurricanes. The project focuses on non-cement materials to
plug wells that are either destroyed or damaged to an extent where vertical intervention
from the original wellhead is no longer possible. The proposed solution to this problem
was to drill an offset well and intersect the original borehole at the very top and spot
epoxy (or any suitable non-cement plugging material) in the original well. The spotted
epoxy then would fall by gravitational force all the way down to the packer and then
settle on top of the packer to plug the annulus of the damaged well permanently.

This thesis mainly concentrates on the factors affecting the fall rates and how to correlate
them in order to derive an applicable test that can be conducted in the field or lab to
calculate the terminal velocity of the known epoxy composition. Determining the settling
velocity of the epoxy is crucial due to the fact that epoxy should not set prematurely for a
better seal and isolation. The terminal velocity and the recovery for epoxy based plugging
fluids were tested by using an experimental setup that was developed for this purpose.
The results were also validated by using an alternative experiment setup designed for this
purpose. Factors affecting the terminal velocity and recovery of epoxy were studied in
this research since the settling velocity of the epoxy is crucial because epoxy should not
set prematurely in order to achieve a better seal and isolation. The study was conducted
by using an experimental setup that was specially developed for terminal velocity and
recovery calculations for plugging fluids. Results obtained from the experiment setup
were successfully correlated to epoxy’s composition for estimating the terminal velocity
of the mixture.

Conclusions

1. Denser epoxy formulations tend to have higher terminal velocity with some
exceptions. The exceptions are thought to have a connection with the amount of
diluent used. Further study needed to be done to increase the accuracy of terminal
velocity estimations and “The Static Experiment Setup” was developed for this
purpose.

2. The terminal velocity for any epoxy formulation can be calculated by using the
equation provided.

3. For well inclinations from 30 degrees to 45 degrees, the fall rate of epoxy will
increase by 100% to 130% compared to the vertical cases. It is recommended that the



velocity calculated from the equation should be used as the average velocity to be on
the safe side.

4. Maximum amount of epoxy loss for a vertical well is estimated to be between 3.161
g/ft2 and 12.379 g/ft2.

5. For an inclined well which has a 30 degree inclination is expected to have 6.757 g/ft2
to 17.368 g/ft2 epoxy loss.

6. For 45 degree inclination this number varies between 9.142 g/ft2 and 19.055 g/ft2.

7. For a 60 degree inclination however, most of the tests failed to give any recovery of
epoxy plugging material at the bottom of the apparatus. Therefore, at inclinations of
60 degree or greater, the material we tested would probably not provide an adequate

plug.

8. As far as the tests conducted in the static experiment setup suggest, the density of the
mixture should be kept around 14 ppg or less to increase the recovery of the epoxy.
After 14 ppg, barite tends to break free from the mixture as it falls through water.

9. Higher inclinations will cause higher adhesion thus decrease the amount of epoxy
delivered to the target. The volume of epoxy prepared for the inclined sections should
always be kept more than the vertical case in order to assure the success of the work.

10. Smaller annular size will usually lead to less epoxy loss due to smaller inner surface
area.

11. As the epoxy flow stabilizes towards the bottom of the well, interaction with the walls
will decrease and the adhesion concentration will also decrease.

12. Barite is a good candidate for weighting epoxy mixtures up to 14 ppg density. It will
however, break free from the mixture significantly if the density exceeds this number.

Full documentation of the work completed can be found in the individual theses, provided
separate from this summary.
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ABSTRACT

Curing Properties of Epoxy Resins for Use to Abandon Wells Destroyed by Hurricanes

in the Gulf of Mexico
(December 2011)
Suining Gao, M. S., Tsinghua University

Chair of Advisory Committee: Dr. Robert H. Lane

Some Gulf of Mexico (GOM) wells destroyed by hurricanes have become
environment and safety hazard and cannot be abandoned by conventional methods since
pumping and circulating cement into the casing is impossible when the platforms have
been completely destroyed and toppled. This project tested the curing properties of
several epoxy resin systems in different environments. A bisphenol-F/epichlorohydrin
(BPF) resin cured by curing agent MBOEA system was successfully tested in the
laboratory as a potential plugging material to abandon wells destroyed in the GOM. The
BPF/MBOEA resin system had the most suitable curing time in a synthetic seawater
environment. The system could be successfully weighted by barite up to 16.8 ppg and
cured properly. Weighting allows the resin system fall more efficiently through the
casing annulus. This laboratory verification of properties will lead to field test in the test

wells.



i

DEDICATION

This thesis is dedicated to my wonderful husband, my lovely daughter, and my

parents, for their support.



i1

ACKNOWLEDGEMENTS

I would like to thank my advisor and committee chair, Dr. Robert Lane, for all his
guidance, support, and encouragement throughout this project. He always showed me

how to get onto the right path.

I would like to thank Dr. David Schechter and Dr. Yuefeng Sun for their serving on

my graduate advisory committee.
I would like to thank Dr. Jerome Schubert and Dr. Hubert Monteiro for their advices.

I would like to thank Zhuo Gao for her joint work and support on this project.

Thanks also to all my colleagues for their help.

Finally, I would like to thank Bureau of Ocean Energy Management, Regulation
and Enforcement (BOEMRE) for their funding and Royce International Company for

providing epoxy resin.



v

TABLE OF CONTENTS

ABSTRACT ..ttt sttt ettt b et st e bttt e bt entesaee e i
DEDICATION ...ttt ettt ettt ettt et sa ettt e bt et st e saeebeeseenbeenee il
ACKNOWLEDGEMENTS ...ttt ettt il
TABLE OF CONTENTS ..ottt sttt sttt s v
LIST OF FIGURES ..ottt sttt et st vi
LIST OF TABLES ... .ottt st sttt et viii
1 INTRODUCTION ....ooiiiiieieiieie ettt sttt e sae e sseesseesaesseenseensesseeseeneas 1
1.1  Statement Of Problem.......ccceiiiiiiiiiiieie e 1
1.2 Literature REVIEW .......cocciiiiiiiiiieiieeie ettt sttt e 3
1.2.1  Offshore well abandonment technology .........c..cccvevvieviierieiiiienieeieeeee e, 3
1.2.2  Plugging materials used in petroleum industry ...........cccceevveeeeerreeneennennen. 5
1.2.3 EPOXY TESINS .utieuviieeiieiieeieeriteeteesteeeteesteeeseesseesseesseeesseesssessseesssessseesssessens 6

L.3  ODBJECLIVE . c.utieiiieiieeie ettt ettt ettt e et e e et eeeebe e e e enbeesseeenseensaesnseenaaeenseenens 9

2 EXPERIMENTAL MATERIALS AND PROCEDURES ........cccociiiiiiinieeen. 10
2.1 Chemical MAaterials ........ccceeriiiiiiiiieiieeie et 10
2.1.1 Epoxy resins and curing agents ............cceeerveeerieeerieeeenieeeieesieeeeneeenneens 10
2.1.2  Weighting material ..........cccooeeuiiiiiiiiniiie e 11

2.2 Experimental CONAIIONS ......c.eeeiuiieeriieeiieeeiee ettt eee e sree e e e sree e s 13
2.2.1  CUuring enVIFONIMENL. .......cccuirteriirierieenieete ettt et ste et sbeeaeseeesaeeneeaees 13
2.2.2  The components of the resin system with/without barite..........c...c.cc.c.... 14
2.2.3  The curing time We Prefer ......cciiviiriiriiiiinieieeienteseee e 15

2.3 Experimental proCeAUIES .........ccovieeiuiieeiiiieeiiee et e eieeeeteeeeveeesveeeeree e s 18
2.3.1 Seawater PreParation .........cccueeriierieerieeiie et eiee e et e et e seeeebeeseeeesee e 18
2.3.2  ReSin SYStemMS PreParation ........cc.eerueerreerueeriueerureereenieeesseesseesseessnessseesiseens 18

2.3.3  CUTING tME tESES...eeuvieiieriieetieeieetie et eeiee et e e eteesieesbeesaeeenbeesseesseenaneens 18



2.3.4  VISCOSIEY tOSS..ueeiuiieeiuiieeiiieeeieeestteeeteeesteeesreeesseeeesseessaeesssaeessseeessseeennnes 19

3 RESULTS AND DISCUSSIONS ...ttt sttt 22
3.1  The viscosity of the Resin SYStems .........ccceevieriieniieeiiienieeieeie e 22
3.2 The curing environments €ffeCt ...........cccvevieirieriiieiieeciece e 23
3.2.1 Curing time and pot life are temperature SenSitive ..........cceeevuveercreeerveenns 23

3.2.2  The curing time and pot life are determined by the curing agents mainly. 25

3.2.3  The curing environment have effects at high temperature......................... 27

3.3 The weighting material €ffect...........ccooiiriiiiiiiiiiiiieeeee e 29
3.3.1  Weighting material shorten the pot life and curing time.............ccccoeeueeeee 29
3.3.2  Curing properties of the system with barite ............cccoeoeeiiiniiiiiiniee 32

4 CONCLUSIONS AND RECOMMENDATION .....c.ccoeiieieeieieeie e 37
4.1 ConcCluSIONS .....ccceevuieiirieriieiieiesieeeeee e Error! Bookmark not defined.
4.2 Recommendation ........c...cceevereenieenieneeneennennnn. Error! Bookmark not defined.
RETEIENICES ...ttt et ettt es 38
APPENDIX A Lttt ettt ettt sttt eneas 41

APPENDIX B ..o e s 43



Fig.
Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

vi

LIST OF FIGURES

1.1—Platform was destroyed by hurricane Ike in the East Cameron Area.

(BOEMRE, 2010) ....eeiieiieiieieeiiesteeie ettt sttt eeeee st enaesnaesseensesneesseennesnnens 2
1.2—Schematics of the situation of the wells destroyed by hurricanes...................... 2
2.1—The four epoxy resin systems tested in this project. .........ccceeeveerervvereenennne. 11
2.2—Barite powder used in this ProJeCt. .....c.cccvveriieriieriieiieeie et 12

2.3—Average temperature/depth plot of sands in three different fields in the GOM,
the temperature range at the positions the plugging material placed is from 60°F to

200°F. (AT JOYR). weurieiieeiieeie ettt ettt ettt et e eaeeas 14
2.4—The epoxy resin system spreads in the water column during falling down. ....17
2.5 —Use pipet to put the resin sample into the vials. .........ccccoeiiiiiiiiiiniiiie, 19
3.1—Viscosity of the BPA resin system 1 decreases with increasing temperature..22

3.2—The viscosity change of the BPA system a during the curing process at 96.5°C.

.................................................................................................................................. 23
3.3—The pot life of the BPA resin cured by RAC 9907 becomes shorter with
INCIEASING tEIMPETATUTE. ...evveenteititieteeiterte ettt ettt ettt sbe et saeenbe e e ebeenreeaee 24
3.4—The pot life of the BPA resin cured by RAC 9913 decreases when the
LEMPETALUIE TNICTEASES. ..eeuvveeueieereetieriteetiesiteeteestteeteessaeenteessteenseessseeseesseesnseesseesnsens 24

3.5—The BPA resin and BPF resin cured by the same curing agent RAC 9907 have

the same pot life in various cured conditions. .........ccceeevveeeiieeeiieeriieeeiieeeiee e 25

3.6—The BPA resin and BPF resin cured by the same curing agent RAC 9913, have

similar pot life in various cured conditions. ...........cceeveeeiiierieeiiienieeiieie e 26

3.7—The comparison of the two curing agents, RAC 9913 has too short time to

make the system falling and curing. ..........ccocceeiieiieniii e 27



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

vil

3.8—BPA system has longer pot life in water environments compared with cured in

air at elevated tEMPETATUTES. ......ccveeeivieeeirieeeiiieeereeesteeesreeesteeeebeeeareesseeessseeensseeenns 28

3.9—BPF systems cured in different environments have same pot life at low

temperature, and have longer pot life in water environments at high temperature. .29

3.10—The pot life of the BPA system decreases when the amount of the adding

DATIEE TNICTEASES. ... eeeeeeeeee e e et e e e e e e e e e e e e aaeeeeeeeeea e aaeaeeeeereaaaaaeeaaeaee 30

3.11—The pot life of the BPF system decreases when the amount of the adding

DATIEE TICTEASES. - e eeeeeeee e e e et e e e e e e e et eeaeeeeeeeeee e aaeeeeeeeaeaeeaaaeseeeeeeeaanaaaaeaaeeees 31

3.12—The BPA and BPF systems with barite have a little different pot life at higher

105001 01 211 PSRRI 32

3.13—The samples of BPA and BPF systems with barite are just prepared, the

barite is evenly distributed in the epoxy resin SyStems. .......coceevueeeieeenieriieenieeieenne 33

3.14—The samples are fully cured. During the curing process, the barite is

separated out from BPA system and is still distributed in the BPF system.............. 33



viil

LIST OF TABLES

Table 1.1— Numbers of the wells destroyed or damaged by hurricanes in the GOM. 1

Table 1.2—-Common anines and amides Curing agents............ceccveeeveerveerueesveenveennens 8
Table 2.1— Four epoxy resin systems tested in this project .........ccccceveevcveeecreeennnnn. 10
Table 2.2— Physical properties of the components of the resin systems................... 11
Table 2.3—Physical properties of the barite...........ccceevueeiieiiiiiieniieieeeeeeen 12

Table 2.4— Geochemical compositions of bottom brine in the GOM (After Joye,

2005.) ettt b bbbttt et 13
Table 2.5-Components of synthetic seawater in the project .........c.ccccvevvvevreennennen. 13
Table 2.6-Components of BPA system with different densities...........c.cccceevennenne. 15
Table 2.7— Components of BPF system with different densities...........c..ccceevennenne. 15

Table 2.8—Average velocities of epoxy resin systems with different densities in

annulus with different S1Zes ..........ccoceeviiiiiniiiiiiii e 17
Table A.1-Curing time of BPA system 1 at different temeratures...........c..cccocnee.e. 41
Table A.2— Curing time of BPA system 2 at different temeratures..............c...c....... 41
Table A.3— Curing time of BPF system 1 at different temeratures .............cc..c....... 42
Table A.4— Curing time of BPF system 2 at different temeratures ..............cc..c....... 42
Table B.1-Curing time of BPA system 1 with barite in seawater............c.ccecoeeueee. 43

Table B.2— Curing time of BPF system 1 with barite in seawater............c...cccceeneee. 43



1 INTRODUCTION

1.1 Statement of problem

About 400 offshore oil and gas producing platforms were destroyed or damaged by
hurricanes in the past several years in the Gulf of Mexico (GOM) (BOEMRE, 2006,

2007, 2008). Table 1.1 shows the detailed numbers of the wells destroyed or damaged.

TABLE 1.1- NUMBERS OF THE WELLS DESTROYED OR DAMAGED BY HURRICANES IN THE GOM
Hurricanes Ivan Katrina and Rita Gustav and lke
Destroyed 7 116 60

Severe Damaged 18 163 31
Destroyed and
Damaged 25 279 91
Total 395

Since those wells have become an environment and safety hazard, they need to be
plugged and abandoned. However, conventional abandonment methods may not be
possible for some of the wells when the platforms have been completely destroyed and
toppled (Fig. 1.1). Instead a subsea intervention well may have to be drilled to provide
access to the wellbore (Fig. 1.2). The completion type and the well condition may limit
or prevent the ability to pull tubing to circulate plugging material into the tubing or the
annulus above or between packers. In these cases, the plugging material may have to be

spotted at the intersection of the target well and dropped down the well’s tubing and

This thesis follows the style of SPE style



Fig. 1.1—Platform was destroyed by hurricane Ike in the East Cameron Area. (BOEMRE, 2010)

Fig. 1.2—Schematics of the situation of the wells destroyed by hurricanes.



annulus through existing packer fluids by gravity. The conventional plugging material,
cement, may not be the optimum choice because cement is miscible with seawater. It is
probable that many of the offshore wells would be filled with seawater due to its use as a
packer fluid and/or entry of additional seawater if the wellbore is breached at or above
the mudline during the destructive storm event. The seawater in the casing annulus and
tubing would diluent cement as it fall to the bottom, then preventing it from obtaining
sufficient compressive strength and bonding strength.

This thesis is part of the project funded by BOEMRE which aims to evaluate the
use of epoxy resin as well abandonment material to permanently plug the wells
destroyed by hurricanes. The current issue with using resins is that it is not yet known
how effective they may be as a plugging material. Research must be conducted to
determine if resin systems will provide sufficient properties, including suitable curing
time and curing behavior, appropriate falling time and effective bonding and

compressive strengths, as an alternative well abandonment material.

1.2 Literature Review

1.2.1 Offshore well abandonment technology

When production from a well drops below an economic level, the well will be
abandoned temporarily or permanently. American Petroleum Institute (API) Bulletin E3
(APIL, 1993) provides guidance on environmentally-sound well abandonment practices in

the petroleum industry. The main objective in well abandonment is controlling fluid



movement to minimize the risk of pollution of the environment. Typical offshore well
abandonment steps are described as following (Jordan and Head, 1995):

“Step 1-Blow off tailpipe and deploy tubing non-return-valve (NRV);

Step 2-Bullhead the contents of tubing below the NRV into formation using burst
disc plug assembly;

Step 3-Perforate tubing above packer;

Step 4-Run 2nd NRV and set 200ft above packer;

Step 5-Launch 2nd burst disc plug and pump X-linked gel into tubing annulus
(barrier/seal for bullheading contents);

Step 6-Bullhead the contents simultaneously of both the tubing and tubing annulus
below the back pressure valve;

Step 7-Pump cement into both the tubing and tubing annulus;

Step 8-Squeeze of cement (Monitor Nitrogen pressure);

Step 9-Perforate all upper casing annuli and drain into nitrogen sump;

Step 10-Pump cement into all upper annuli.”

Traditional offshore abandonment operations are time and money consuming.
Recently some innovative equipment and technology were developed to enhance safety
and lower the cost. Vaucher and Brooks (2010) introduced the inflatable packer bridge
plug technology which has been successfully used for temporary or permanent well
abandonment in the GOM. Compared with the conventional mechanical packers, the
inflatable packers have much more expansion ability and versatility. Olstad and
McCormick (2011) developed the new pulling and jacking units which have been used

in offshore operations that include intervention and well abandonment to address



hurricane damaged platforms in the GOM. These operating systems are the lightweight,
modular units with minimal footprint and sufficient hoisting and jacking capabilities.
Both of the two operating units have demonstrated an excellent safety record and
significant cost savings.
1.2.2 Plugging materials used in petroleum industry

The most conventional plugging material, cement, cannot be the solution to the
problem, as described in the statement of problem above. A wide range of
unconventional plugging materials is actually used or has been proposed in petroleum
industry for well abandonment or zone isolation, including epoxy resins (Gunningham et
al., 1992), poly-acrylates (Cowan, 1996), phenol or melamine formaldehyde (De Landro
and Attong, 1996) , compressed sodium bentonite (Engleharet et al., 2001), phenolic
resins (Abdul-Rahman and Chong, 1997), and room temperature vulcanizing (RTV)
silicone rubbers (Bosma et al., 1998). Although effective, some of them have certain
disadvantages to limit their uses in this project. Phenol formaldehyde has a strong
exothermic reaction combined with shrinkage, which may affect the seal stability.
Polyacrylates have doubtful long-term durability. Compressed sodium bentonite may
have a bridge problem in the annulus when it is dropped through packer fluid. RTV
silicone rubbers, which have to be used with cements to obtain the sufficient strength,
are not suitable in our situation after the cements diluent by seawater. The selection is
narrowed down to epoxy resin.

The reasons that epoxy-based resins may be the candidate material are:

1. Epoxy resins are generally not miscible with water.

2. Epoxy resins have high compressive and bonding strength after curing.



3. Epoxy resins have good resistance to most chemicals, including carbon dioxide,
hydrochloric acid, and seawater components.
4. Both epoxy resin and curing agents are convenient to handle and store.
1.2.3 Epoxy resins

Epoxy resins are one of a host of plastics developed commercially after 1940s. The
special properties that have made epoxy resins successful in a competitive market are
their high chemical resistance, low shrinkage, excellent adhesive strength to many
substrates, heat resistance, very good electrical properties (Lee and Neville, 1986). The
epoxy resin is formed from two different chemicals which are referred to as the “resin”
and the “curing agent” (sometimes called “hardener”). When the two chemicals are
mixed together, the curing agent polymerizes the liquid resin into hard, inert plastic. The
properties of the formed plastics depend on the resin type and the choice of curing agent.
Liquid resin normally is diluted with a diluent which can decrease the viscosity or
modify other properties of the resin.

The applications of epoxy resin in petroleum industry began from 1960s. Treadway
et al. (1964) used epoxy resins to consolidate loose sand in producing formations. They
injected epoxy resin into sand first followed by a fluid to establish permeability, and then
injected a hardener-containing fluid to polymerize the resin. Laboratory tests showed
that the loose sand which was placed in a cell and subjected to temperatures up to 200°F
and to pressures up to 4,000 psi was consolidated by epoxy resin. The consolidated sand
retained about 50% of its original permeability and had high compressive strength even
after exposure to brine for one year. The stability of the sand-consolidation resins in hot

brine was examined by Rensvold (1983). Several resin systems were tested for durability



in hot (160°F) flowing brine for up to 28 months and in as much as 30 million PV brine.
The epoxy resin systems described in the paper were characterized by good strength
retention and long term protection against the production of formation sand. Scanning
electron microscope (SEM) micrographs of the epoxy resin system showed that the resin
system retained high strength after 15 million PV brine flow. The average compressive
strength was still good.

Epoxy resins were also used for water control. Gunningham et al. (1992) developed
an epoxy resin system which can be used with through-tubing straddle packers to treat
intervals selectively. This epoxy resin system was claimed to reduce permeability to
water by 99% when used for water shut-off purpose. Rice (1991), Ng and Adisa (1997)
introduced the field applications in different oil companies (Tenneco/Chevron and Mobil)
using coiled tubing placement method to squeeze epoxy resin into offshore gravelpack
production wells for water shut-off. Besides those applications mentioned above, epoxy
resin was used as coating material for underwater and wet surface application
(Dhanalakshmi et al., 1997), casing repair (Ng, 1994) and plugging wells (Bosma, 2004).

As previously described, curing properties of the epoxy resin system are determined
by the type of resin and curing agent. There are two types of resins used in industry
commonly, bisphenol-A/epichlorohydrin (BPA resin) and bisphenol-F/epichlorohydrin
(BPF) resin, which are synthesized by reacting bisphenol-A or bisphenol-F with
epichlorohydrin in presence of a basic catalyst (Lee and Neville, 1986). The BPF resin
usually has greater heat and chemical resistance compared to the BPA resin, but also it is

more expensive than the BPA one.



Selection of the curing agent plays the major role in determining the properties of
the final cured resin system. Curing agents generally base upon amines or amides (Sen,
2000). Some of the most common amines and amides curing agents are listed in Table

1.2.

TABLE 1.2-COMMON ANINES AND AMIDES CURING AGENTS

Advantage Disadvantage

. . . . . poor flexibility, reaction with
Aliphatic Amine good resistance to heat and chemicals )
moisture

. . good resistance to chemicals, solvents and )
Cycloalophatic Amine short pot life
water

. ) good physical properties, high resistance
Aromatic Amine ) dark color
to heat and chemicals.
Polyamide and excellent adhesion, water resistance and low resistance to chemicals,

Amidoamine flexibility solvents and acids

Besides the resin and the curing agent, the epoxy resin system usually also contains
a reactive diluent which is added to decrease the viscosity of the system or to increase
load capacity for the fillers (Ng, 1994). The filler can serve to increase the specific
gravity of the epoxy resin system or to extend the volume to decrease the cost for some
purposes.

Epoxy resins have been used widely in the petroleum industry. When used as
plugging material, the epoxy resin systems are usually transported to the suitable
position by through-tubing, dump bailer, work string or coiled-tubing methods. The
problem addressed in this study is wellbores cannot be accessed by wireline, work string

or coiled tubing due to tubing damage at or above mudline. In such cases, accessing the




wellbore may be only through an intervention well, and plugging material may only be

placed by bullheading where there is ample opportunity to contact wellbore fluids.

1.3 Objective

The project funded by BORMRE includes several research points, including the
curing properties of the epoxy resin, the falling behavior when the resin system drops
through wellbore fluids, the effect of weighting material, and the mechanical strength of
the cured resin system. In this thesis, we focus on the curing properties of epoxy resin
systems. The objective is to determine the optimum epoxy resin system with a suitable
curing time which allows the system fall down through wellbore fluids up to 7,000t and

cure properly.
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2 EXPERIMENTAL MATERIALS AND PROCEDURES

2.1 Chemical materials

2.1.1 Epoxy resins and curing agents

After literature review and consulting with industrial professional, Dr. Hubert
Monteiro, we chose two epoxy resins, BPA resin and BPF resin, and two curing agents
to test. All the resins, curing agents, and reactive diluents were provided by Royce
International Company. The four systems tested in our project are list in Table 2.1 and

the pictures of the four systems are taken when they are just prepared (Fig. 2.1).

TABLE 2.1- FOUR EPOXY RESIN SYSTEMS TESTED IN THIS PROJECT

BPA SYSTEM 1 BPA SYSTEM 2 BPF SYSTEM 1 BPF SYTEM 2
EPOXY RESIN RAR 901 RAR 901 RAR 9281 RAR 9281
CURING AGENT RAC 9907 RAC 9913 RAC 9907 RAC 9913
DILUENT RAD 100 RAD 100
EPOXY:CA” EPOXY:CA EPOXY:CA:DILUENT  EPOXY:CA:DILUENT
MIX RATIO 100:35 100:29 100:15:43.5 100:15:36

*:CA=Curing Agent

Two BPA systems are the epoxy resin RAR 901, which is a BPA resin with an
epoxide equivalent weight of 180-196 diluted by o-cresyl glycidyl ether (CGE), cured by
two different curing agents RAC 9907 and RAC 9913. The BPF systems are the epoxy
resin RAR 9281, which is a BPF resin with an epoxide equivalent weight of 165-175,
cured by RAC 9907 and RAC 9913. Among the two curing agents, the RAC 9907 is one

of the aromatic amine curing agents and the RAC 9913 is one aromatic/cycloalophatic
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amine based curing agent. RAD 100 is the 0-CGE diluent with the epoxide equivalent

weight of 165-185. The basic physical properties of the components of the system could

be got from Table 2.2.

Fig. 2.1—The four epoxy resin systems tested in this project.

TABLE 2.2—- PHYSICAL PROPERTIES OF THE COMPONENTS OF THE RESIN SYSTEMS

RAR 901 RAR 9281 RAC 9907 RAC 9913 RAD 100
APPEARANCE Liquid Liquid Liquid Liquid Liquid
Pale Yellow-
COLOR
Colorless yellow orange Yellow-orange Colorless
Barely
Faint to ] ) ) ) Slight
. perceptibl Perceptible Slight amine )
TYPE OF ODOR slight characteri
e aromatic odor odor )
epoxy odor stic odor
odor
SPECIFIC GRAVITY 1.16 1.20 ~1.0 ~1.0 1.08
VISCOSITY @
25 °C, cp 450-650 2000-5000 1000-5000 200-300 5-10

2.1.2 Weighting material




12

There are many weighting materials used in resin industry, such like barite, chalk
power and hematite. Considering the price and high density, barite becomes the first
choice. We obtained the 4-10 micron barite powder from the drilling lab in the
Department of Petroleum Engineering of Texas A&M University. Table 2.3 shows the
physical properties of the barite powder used in this project and Fig. 2.2 is the picture of

the barite powder.

TABLE 2.3 - PHYSICAL PROPERTIES OF THE BARITE
APPEARANCE Powder, dust.
COLOR Tan. To Grey.
ODOR Odorless or no characteristic odor.
SOLUBILITY DESCRIPTION Insoluble in water.
SPECIFIC GRAVITY 4.22
DENSITY, PPG 35.21

Fig. 2.2—Barite powder used in this project.
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2.2 Experimental conditions

2.2.1 Curing environment

The epoxy resin systems should cure in the tubing and tubing annuli after falling to
bottom if they are to be successfully used as the plugging material. We determined
model wellbore conditions by investigating the properties of the GOM. Since the likely
packer and wellbore fluid are seawater, the properties of the bottom water of the GOM

are necessary. Table 2.4 shows the geochemical compositions of bottom brine in the

GOM (Joye, 2005).

TABLE 2.4- GEOCHEMICAL COMPOSITIONS OF BOTTOM BRINE IN THE GOM (AFTER JOYE, 2005.)

Site 1D Salinity [C]  [Na*'l [K'] [Ca®™] [Mg™] [SOIT] [H.8] [F™] [NH]]
Bottom water © 34 Se4 482 43 N 1 29 ~0 ~0 0.1
Unit: mMol/L

According to Table 2.4, we can calculate the types and amounts of the chemicals
used to synthetize seawater. For preparation 500 ml synthetic seawater, the amounts of

the chemicals are listed in Table 2.5.

TABLE 2.5-COMPONENTS OF SYNTHETIC SEAWATER IN THE PROJECT

Chemicals Na»>SOy4 NaCl KCl1 CaCl,*2H,O MgCl*6H,0
Concentration, mM 29 404 43 11 11
Molecular Weight 142.04 58.44 74.55 147.01 203.3
Mass Concentration, g/L. 4.119 23.61 3.206 1.617 2.236

Amount, g (for 500ml) 2.06 11.81 1.60 0.81 1.12




14

From Fig. 2.3, we can see the temperature/depth plots of the sands below mudline

in different fields in the GOM.

(a) West Delta 86 (WD086) Field (b) Brazos 133A (BA133A) Field
Fig. 2.3—Average temperature/depth plot of sands in two different fields in the GOM, the

temperature range at the positions the plugging material placed is from 60°F to 200°F. (After Joye).

The temperature range from mud line to below mudline 8,000 ft is from 60°F to
200°F. Since casing extends from mudline and the packers and completed intervention
located in different depths (from mudline to below mudline 8,000 ft), the curing
properties of the epoxy resin systems should be tested in the environment with
temperature range from 60°F to at least 200°F.

From discussion above, the curing environment condition in the wellbore in the
GOM is seawater environment with temperature from 60°F to at least 200°F. To
compare with this condition, we also tested the curing properties in air and fresh water
environment with same temperatures.

2.2.2 The components of the resin system with/without barite
In this project, we tested curing properties of the resin systems with or without

barite to evaluate the weighting material effect. We added different amounts of barite to
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get the epoxy resin system with different densities. Table 2.6 and Table 2.7 show the
components of the BPA and BPF systems with different densities. In our experiments,

we added barite to weight the system up to 16.8 ppg.

TABLE 2.6-COMPONENTS OF BPA SYSTEM WITH DIFFERENT DENSITIES
RAR901, g RAC 9907, g Barite, g Specific Gravity Density, ppg
(water=1)
4.7 1.6 0 1.108 9.25
4.7 1.6 1.34 1.257 10.49
4.7 1.6 2.80 1.407 11.74
4.7 1.6 5.31 1.578 13.17
4.7 1.6 8.52 1.795 14.98
4.7 1.6 13.51 2.012 16.79

TABLE 2.7- COMPONENTS OF BPF SYSTEM WITH DIFFERENT DENSITIES

Specific Gravity

RAR 9281, g RAC 9907, g RAD 100, g Barite, g (water=1) Density, ppg
4.0 1.0 1.73 0 1.096 9.15
4.0 1.0 1.73 1.41 1.257 10.49
4.0 1.0 1.73 2.87 1.407 11.74
4.0 1.0 1.73 4.73 1.578 13.17
4.0 1.0 1.73 7.47 1.795 14.98
4.0 1.0 1.73 10.75 2.012 16.79

2.2.3 The curing time we prefer
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According to the previous tests, conducted by Dr. Schubert’s group in Petroleum
Engineering department of TAMU (EL-Mallawany, 2010), which are about the falling
behavior of the epoxy resin systems in the water-filled pipe, the epoxy resin system
spreads throughout the water column and then recollects at the bottom of the pipe. Fig.
2.4 shows the falling resin system in the pipe filled with water. The average falling
velocities of the resin systems in a water environment are shown in the Table 2.8. From
this table, we can read that the average falling velocity of the resin systems in the water
environment is about 45 ft/min at the first 25ft. Assuming the resin system falling at this
velocity, the falling time for the system falling 7,000ft should less than 3 hours. During
the falling process, the temperature of the packer fluid is changed from 40°F at the
mudline to around 200°F at the bottom. It means the average pot life of the epoxy resin
systems under the changed-temperature conditions should be longer than 3 hours. The
pot life mentioned here is the length of time that a catalyzed resin system retains a
viscosity low enough to be used in processing. The pot life is an important data which
shows the time allowed for the epoxy resin system to fall down through the casing and
coalesce into a single mass. At the bottom of the casing annulus, the epoxy resin system
also needs about 1-hour time to settle and cure. The discussion above gives us criterion
as following to determine the suitable systems:

1. From temperature 40°F to 200°F, the average pot life should be more than 3

hours.

2. At temperature 200°F, the pot life should be at least 1 hour.



Fig. 2.4—The epoxy resin system spreads in the water column during falling down.

TABLE 2.8—-AVERAGE VELOCITIES OF EPOXY RESIN SYSTEMS WITH DIFFERENT

DENSITIES IN ANNULUS WITH DIFFERENT SIZES

DENSITIES OF ANNULUS SIZES AVERAGE VELOCITIES,
THE SYSTEMS, ppg (OD- ID), in ft/min
11.7 6"-0" 38.44
132 6"-0" 41.00
14.7 6"-0" 51.25
11.7 6"-1.9" 37.85
132 6"-1.9" 4241
14.7 6"-1.9" 60.00
11.7 6" -3.5" 36.72
13.2 6" -3.5" 43.93
14.7 6" -3.5" 51.25

17
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2.3 Experimental procedures

2.3.1

2.3.2

233

Seawater preparation

. Prepare a 500 ml measuring flask and a glass beaker. Make sure the flask and

beaker are clean and dry.

. Measure and add the specific amount of the chemicals listed in Table 2.5 into

the beaker.

. Add about 100 ml purified water into the beaker and shake the beaker gently

until the chemicals dissolved.

. Pour the water from the beaker into the flask.

. Add small amount of purified water into the beaker and shake gently, then pour

the water into the flask.

. Repeat step 5 several times.

. Add purified water into the measuring flask until the liquid is 500 ml. Shake the

flash gently to make sure the chemical dissolved evenly.

Resin systems preparation

. Prepare several beakers and make sure the bakers are clean.

. Add the epoxy resin into the beakers.

. Add the reactive diluent if needed into the beakers.

. Add the barite if the system needed weighting into the beakers.
. Add the curing agents into the beakers.

. Stir all the components hardly until the components mixed evenly.

Curing time tests
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1. Prepare several clean 20-ml vials.

2. Use pipets to put about 10 ml purified water or seawater prepared in section 2.3.1
if the test curing environment are fresh water or seawater environments.

3. Decide the test temperature and pre-heat the oven to the test temperature.

4. Put the vials prepared in step 2 into the oven to be pre-heated about 10 minutes.

5. Get the vials out of the oven and put the epoxy resin samples prepared in section

2.3.2 into the vials (Fig. 2.5). Then put the vials back to oven and record the time.

Fig. 2.5 —Use pipet to put the resin sample into the vials.

6. Check the samples every 15 minutes until the epoxy resin system cured
completely. Record the pot life and curing time of the system at the set
temperature.

2.3.4 Viscosity tests
We used the Brookfield DV-III Ultra Programmable Rheometer (the cone/plate

version) to determine the viscosities of these epoxy resins at varying of temperatures. To
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protect the viscometer, we only tested the samples without barite because the barite may

scratch the spindle. There are two types of the viscosity tests conducted in this project.

A.Test the viscosity changes with increasing temperature:

1.

2.

Assemble and level the rheometer.

Autozero the rheometer.

. Select the suitable spindle and enter the spindle number to the rheometer.
. Attach the spindle to the coupling nut.

. Use pipet to put sample into the cup and attach the cup to the rheometer. Set the

gap between the spindle and cup carefully.

. Set the temperature the thermostatic water bath system as 30°C and wait for the

temperature stable.

. Measure the viscosity at the speed of rotation of 5, 10, 20, 30, 50, 100, 250RPM.
. Record the viscosities and the % torque.

. Increasing the 10°C temperature every time and repeat step7 and 8 until the

temperature reach 100°C.

B.Test the viscosity changes with time at the specific temperature:

1.

Open the temperature the thermostatic water bath system and set the temperature
as the specific test temperature (in our project, the temperature is 96.5°C). Wait

for the temperature stable.

. Autozero the rheometer.

Select the suitable spindle and enter the spindle number to the rheometer.

Attach the spindle to the coupling nut.
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. Use pipet to put sample into the cup and attach the cup to the rheometer. Set the
gap between the spindle and cup carefully.

. Measure the viscosity at the speed of rotation of 250RPM. Record the time, the
viscosity and the % torque.

. Wait for 5 minutes, repeat step 6 until the viscosity exceed 1000 cp.

. Get the test sample out of the testing can immediately and use rubbing alcohol to
clean the testing can and spindle quickly to avoid the samples cured in the testing

can.
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3 RESULTS AND DISCUSSIONS

3.1 The viscosity of the Resin Systems

We measured the viscosities of both the BPA resin system and BPF resin system
following the procedure described in section 2.3.4. We did those tests just after we
mixed the resin and the curing agent together. Fig. 3.1 shows the viscosity of the BPA
system 1 (BPA resin with curing agent RAC 9907) at temperature from 25°C to 97°C.
We can see that the viscosity of the resin systems decreases dramatically with increasing
temperature. The viscosities of the other three epoxy resin systems and all the

components of those four resin systems have similar behavior.

1800

) \‘*f — .

20 30 40 50 60 70 80 90 100
Temperature, °C

Fig. 3.1—Viscosity of the BPA resin system 1 decreases with increasing temperature.

We also tested the viscosity of the resin system changes with time at 96.5°C. At a

specific temperature, after the resin mixed with the curing agent, the viscosity of the
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mixture becomes larger and larger with increasing time. We tested the viscosity of the
BPA system 1 after the two components mixed together at 96.5°C. Fig. 3.2 shows the
change of the viscosity during the curing process. We stopped the test when the viscosity
is more than 1,000 cps because we did not want the epoxy resin cured in the chamber of

the viscometer. It is difficult to clean the resins at the end of the curing process.

Fig. 3.2—The viscosity change of the BPA system a during the curing process at 96.5°C.

3.2 The curing environments effect

3.2.1 Curing time and pot life are temperature sensitive
We tested the pot life and curing time of the four epoxy resin systems at different
temperatures in different curing environments included atmosphere, purified water, and

synthesized seawater environment. The results are listed in APPENDIX A.
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Fig. 3.3—The pot life of the BPA resin cured by RAC 9907 becomes shorter with increasing

temperature.
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Fig. 3.4—The pot life of the BPA resin cured by RAC 9913 decreases when the temperature

increases.
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The curing process becomes faster when the system is heated. So the pot life of the
system is much shorter when the temperature is higher no matter what kind of curing
environment and what kind of curing agent. We could see the tendency clearly from Fig.
3.3 and Fig. 3.4, the pot life of the two BPA systems become shorter when the
temperature increases in three different curing environments. The BPF systems also have
the same tendency.

3.2.2 The curing time and pot life are determined by the curing agents mainly.

We compared the curing time and pot life of the different epoxy resins cured by the
same curing agent at the same condition. The different epoxy resins cured by the same
curing agent have similar pot life and curing time. We can get this conclusion clearly

from Fig. 3.5 and Fig. 3.6.

Cured in Air Cured in Sea Water
80 80
70 70 -
v zBP

60 | ZABPA system 60 - 7BPA system
) BBPF system » BBPF system
g 50 - 3 50
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g 40 pﬂ_-; 40
- -
%30 - % 30 -
o o

20 - 20 -

10 - 10 -

P 7 F
0 - Y, 7 rzem 0 Y% i ZZEm
T2°F 130°F 170°F 200°F 130°F 170°F 200°F
Environment Temperature, °F Environment Temperature, °F

Fig. 3.5—The BPA resin and BPF resin cured by the same curing agent RAC 9907 have the same

pot life in various cured conditions.
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Fig. 3.6—The BPA resin and BPF resin cured by the same curing agent RAC 9913, have similar pot

life in various cured conditions.

In Fig. 3.5, the BPA System 1 and BPF System 1, which contain the same curing
agent RAC 9907, have the exactly same pot life in both air and seawater environment in
different temperatures. In Fig. 3.6, BPA and BPF system 2, which also contain the same
curing agent RAC 9913, have almost same pot life except when cured in seawater at
high temperature. From the figures we could get the conclusion that the curing time and
pot life were decided by the choice of curing agent mainly. Different epoxy resins cured
by the same curing agent have the similar pot life and curing time.

Since the pot life and curing time are determined by the curing agent, we compared
the two curing agents we tested to determine the more suitable one. From the Fig. 3.7,
the systems cured by RAC 9913 have only a few-minute pot life time at high
temperature, which is not long enough to meet our requirement which is discussed in
section 2.3.3. Our requirements include at least 3-hours pot life under the environment

with temperature changed from 40°F to 200°F and 1-hour settling time under the
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reservoir condition. The systems cured by RAC 9907 have a suitable pot life which
allows the systems to fall down, coalesce and cure at the bottom of the casing. In the
following tests, we would choose RAC 9907 as the curing agent and give up RAC 9913.
In the following discussion, we use “BPA system” and “BPF system” instead of the
original “BPA system 1” and “BPF system 1” because we would not discuss the “BPA

system 2” and “BPF system 2.

Resin Cured by different Curing Agents
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k I
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|
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L]

o
m
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Fig. 3.7—The comparison of the two curing agents, RAC 9913 has too short time to make the

system falling and curing.

3.2.3 The curing environment have effects at high temperature

We would like to discuss the effect of the curing environments. For BPA system,
we could see from the Fig. 3.3 at low temperature the system cured in different
environments have same pot life. And at high temperature, we could see more clearly

from Fig. 3.8, the systems cured in the purified water and seawater environments have
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same pot life which is longer than the system cured in air environment. The difference is
higher when the temperature is higher. The most difference of the pot life between the
system cured in air and in water environment is at the highest temperature 200°F, which
is about 1 hour difference. Compared with temperature, the curing environment has less
effect on the pot life and curing time. Fig. 3.9 shows the pot life of BPF system in
different curing environments. The results are similar with the BPA’s. The pot lives are
same at room temperature and have 0.5 hours difference at elevated temperatures

between the systems cured in the air environment and the underwater environments.

BPA System

6
N @ln Air
mln Purified Water

EIn Seawater

Pot Life, hours

130°F 170°F
Environment Temperature, °F

Fig. 3.8—BPA system has longer pot life in water environments compared with cured in air at

elevated temperatures.
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Fig. 3.9—BPF systems cured in different environments have same pot life at low temperature, and

have longer pot life in water environments at high temperature.

3.3 The weighting material effect

We already knew the effect of the temperature and the curing environments. In this
section, we would discuss the effect of the weighting material barite. The weighting
material will increase the falling velocity of the resin system due to the increasing
density. In this thesis, we only discuss the effect of weighting material on the curing
properties of the systems cured in seawater environment. The pot life and curing time of
the epoxy resin systems with barite cured in seawater environment are listed in
APPENDIX B.

3.3.1 Weighting material shorten the pot life and curing time
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First, we would discuss the effect of the weighting material on the curing time of
the epoxy resin system. We could get the effect of the weighting material from the Fig.

3.10 and Fig. 3.11.
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Fig. 3.10—The pot life of the BPA system decreases when the amount of the adding barite increases.
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Fig. 3.11—The pot life of the BPF system decreases when the amount of the adding barite increases.

The pot lives of both BPA and BPF systems decrease with increasing amount of the
barite when the curing temperature and the curing environment are same. The pot life of
the system with barite is about 0.5 hour shorter than the one without any filler at
temperature 130°F and below, and more than 1 hour shorter at temperature above 170°F.
At temperature 200°F, the pot life of the densest system is 1.5 hours. Although it is
shorter than the pure system, from Table 2.8 the falling time of the denser system is also
shorter. Thus, the pot life is still enough to meet our requirements.

Now, we would compare the pot life of BPA and BPF systems with barite. At low
temperature, 130°F, the pot lives of those two systems are exactly same. At higher
temperatures, 170°F and 200°F, the pot lives have a little difference, which we can see
clearly from Fig. 3.12. We will discuss other curing properties to decide the better

system to meet our requirements.
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Fig. 3.12—The BPA and BPF systems with barite have a little different pot life at higher

temperatures.

3.3.2 Curing properties of the system with barite

The curing time of the BPA system and BPF system with fillers are almost the same.
We need to consider other curing properties of those two systems to determine the most
suitable one. Now we would like to discuss what happened to those two systems after
they are added some barite during the curing process.

From Fig. 3.13 and Fig. 3.14, the barite is distributed evenly in both the BPA and
BPF system when they just mixed and stirred into those samples. After the epoxy resin
systems are fully cured, the situations are different. The barite came out from the BPA
and stay between the cured epoxy resin and the container, which prevents strong
bonding between the resin and the bottle. We could easily separate the cured BPA
system from the bottle because the bonding is weak meanwhile the bonding between the

BPF system and the bottle is much stronger.
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Fig. 3.13—The samples of BPA and BPF systems with barite are just prepared, the barite is evenly

distributed in the epoxy resin systems.

Fig. 3.14—The samples are fully cured. During the curing process, the barite is separated out from

BPA system and is still distributed in the BPF system.

From Fig. 3.13 and Fig. 3.14, the barite is distributed evenly in both the BPA and
BPF system when they just mixed and stirred into those samples. After the epoxy resin
systems are fully cured, the situations are different. The barite came out from the BPA
and stay between the cured epoxy resin and the container, which prevents strong
bonding between the resin and the bottle. We could easily separate the cured BPA
system from the bottle because the bonding is weak meanwhile the bonding between the
BPF system and the bottle is much stronger.

Comparison of the barite effects on both BPA and BPF systems, the BPA system
could add less than 10%wt of barite and the BPF system could add as much as 60%wt

barite.
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3.4 Discussions

Through Table 2.8, we get the average falling velocities for the epoxy resin
systems with different densities. During the falling tests, they only tested three resin
systems with density 11.7 ppg, 13.2 ppg and 14.7 ppg respectively. The average falling
velocities for these three systems are 37.7 ft/min, 42.4 ft/min and 54.2 ft/min
respectively. We assume these three systems falling through the casing annulus and
tubing up to 7,000ft with the corresponding falling velocity constantly. For the BPF
system with density 14.7 ppg cured in synthetic seawater, the tendency of the pot life

changed with temperature is shown in Fig. 3.15.

Density of the system 14.7 ppg
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Fig. 3.15—The trendline of the pot life change with temperature for the BPF system with

density 14.7 ppg could be described as y = SE+08x™%'°,

Now we discuss about the curing process during the falling. The environment
temperature changes during the falling process. We divide the 7,000t falling distance to

14 even parts while each part has 500ft falling distance. We assume the temperature in
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each part is constant, which is the average temperature in this part according to Fig. 2.3.
Also we assume the epoxy resin system instantly reaches the environment temperature
present at the given part and we could get the pot life of the system at the given
temperature from the trendline in Fig. 3.15. For the BPF system whose density is 14.7
ppg, the falling velocity is 54.2 ft/min, which means the falling time of the system in
each 500ft part is 9.23 minutes, 0.154 hours. We could get fraction of the pot life by
comparing the falling time, 0.154 hours, with the pot life at each 500ft part. We can see
the results clearly from Table 3.1. If we assume the epoxy resin system falling through
the casing annulus from depth 500ft to 7,500ft below mudline, the accumulated fraction
of pot life 0.302. It means there is about 70% pot life left when the epoxy resin system
reached the bottom to let the system coalesce. Even the resin system falling from 1,500ft
below mudline to 8,500ft, the fraction of the accumulated pot life is less than 0.50. We
can use the same method to calculate the other two systems whose densities are 11.7 ppg
and 13.2 ppg. We assume they fall from depth 500ft below mudline to 7,500ft. The
results are listed in Table 3.2. The weighting material could shorten the pot life of the
epoxy resin system, but it also could shorten the falling time. From Table 3.2, the denser
system has less fraction of pot life. It means the overall effect of adding weighting

material is favorable.

TABLE 3.1-FRACTION OF POT LIFE AT EACH 500FT FALLING DISTANCE

Depth BML, ft Falling velocity, Falling time, hrs Average Pot life at given Fraction of pot
ft/min temperature, °F temperature, hrs life
0-500 54.2 0.154 77 50.61 0.0030

500-1000 54.2 0.154 81 41.72 0.0037
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TABLE 3.2-THE ACCUMULATED FRACTION OF POT LIFE FOR EACH SYSTEM FALLING FROM S00FT

TO 7,500FT BELOW MUDLINE

System Density, ppg

Accumulated fraction of pot life

11.7

0.360

14.7

0.302
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4 CONCLUSIONS

The curing properties of the four epoxy resin systems were tested. From all the

results and discussions, we draw conclusions as follow:

1. Curing properties of epoxy resin systems are consistent with needs for
abandoning wells destroyed by hurricanes.

2. The BPF system which contains the RAR 9281 BPF resin, the RAC 9907 curing
agent, and RAD 100 reactive diluent is the optimal system we tested in this
project. This system has suitable pot life and curing time and large barite
capacity which could weigh the system as much as 16.8 ppg.

3. BPF resin system has superior properties compared with BPA resin system. The
BPA system which contains the RAR 901 and the RAC 9907 curing agent has
suitable pot life, but the small filler capacity means this system could only be
weighed to 10.5 ppg. Considering the lower price compared with BPF system,
this BPA system may be used in the cases that require low density.

4. Laboratory verification of shear bond strength properties should lead to field test

n test wells.
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APPENDIX A

POT LIFE AND CURING TIMES OF THE FOUR TESTED EPOXY RESIN

SYSTEMS

TABLE A.0.1-CURING TIME OF BPA SYSTEM 1 AT DIFFERENT TEMERATURES

72°F 130°F 170°F 200°F
Pot Life, hr 72 5.5 3.5 1.5
AIR
Cure Time, hr 84 7.5 5.5 2.5
PURIFIED Pot Life, hr 72 6 4 2.5
WATE Cure Time, hr 84 8 6 3
Pot Life, hr 72 6 4 2.5
SEA WATER
Cure Time, hr 84 8 6 3
TABLE A.0.2—- CURING TIME OF BPA SYSTEM 2 AT DIFFERENT TEMERATURES
72°F 150 °F 200°F
Pot Life, hr 7 1 0.25
AIR
Cure Time, hr 16 1.5 0.33
PURIFIED Pot Life, hr 7 1 0.5
WATE Cure Time, hr 16 1.5 1.2
Pot Life, hr 7 1 0.5
SEA WATER

Cure Time, hr 16 1.5 1.2
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TABLE A.0.3— CURING TIME OF BPF SYSTEM 1 AT DIFFERENT TEMERATURES

72°F 130°F 170°F 200°F
Pot Life, hr 72 5.5 3.5 1.5
AIR
Cure Time, hr 84 7.5 5.5 2.5
Pot Life, hr 72 6 4 2.5
PURIFIED
WATE

Cure Time, hr 84 8 6 3

Pot Life, hr 72 6 4 2.5
SEA WATER
Cure Time, hr 84 8 6 3
TABLE A.0.4- CURING TIME OF BPF SYSTEM 2 AT DIFFERENT TEMERATURES
72°F 150 °F 200°F
Pot Life, hr 7 1 0.25
AIR

Cure Time, hr 16 1.5 0.33
PURIFIED Pot Life, hr 7 1 0.6

WATE Cure Time, hr 16 1.5 1
Pot Life, hr 7 1 0.6

SEA WATER
Cure Time, hr 16 1.5 1
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APPENDIX B

POT LIFE AND CURING TIME OF THE EPOXY RESIN SYSTEM WITH BARITE

TABLE B.0.1-CURING TIME OF BPA SYSTEM 1 WITH BARITE IN SEAWATER

Density, ppg 9.25 10.49 11.74 13.17 14.98 16.79
Barite wt% 0 17.5% 30.8% 45.8% 57.5% 68.2%
Pot Life, hrs 6 6 6 6 5.5 5.5
130°F
Cure Time, hrs 8 8 7.5 7.5 7 7
Pot Life, hrs 4 3.5 3.5 3 2.5 2.5
170°F
Cure Time, hrs 6 6 6 6 5.5 5.5
Pot Life, hrs 2.5 2.5 2 1.5 1.5 1.5
200°F
Cure Time, hrs 3 3 3 2.5 2.5 2.5
TABLE B.0.2— CURING TIME OF BPF SYSTEM 1 WITH BARITE IN SEAWATER
Density, ppg 9.15 10.49 11.74 13.17 14.98 16.79
Barite wt% 0 17.3% 29.8% 41.2% 52.6% 61.5%
Pot Life, hrs 6 6 6 6 5.5 5.5
130°F
Cure Time, hrs 8 8 7.5 7.5 7 7
Pot Life, hrs 4 3.5 3 3 2.5 2.5
170°F
Cure Time, hrs 6 6 6 5.5 5.5 5.5
Pot Life, hrs 2.5 2 2 2 1.5 1.5
200°F

Cure Time, hrs 3 3 3 2.5 2.5 2.5
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ABSTRACT

Potential of Barite-Weighted Epoxy Systems to Plug Wells in the Gulf of Mexico.
(December 2011)
Zhuo Gao, B.S., China University of Petroleum (East China), P.R.China

Chair of Advisory Committee: Dr. Robert Lane

In the past ten years, there have been 194 hurricane-damaged platforms in the
Gulf of Mexico (GOM), each with many wells that have not been permanently
abandonment. This could lead to disastrous environmental consequence. The wells
where their platforms were destroyed by hurricanes cannot be abandoned by
conventional methods. Our research showed that barite-weighted epoxy material could
be potentially used for well abandonment for those wells in GOM. Shear bond strength
tests showed that between two candidates epoxy systems—the bisphenol A system and
the bisphenol F system, the latter was less sensitive to barite weighting material. The
shear bond strength of besphenol A system was deteriorated as barite increased, while
bisphenol F system showed slightly increasing trend when barite was added. The
minimum bond strength given by bisphenol A system appears around 68 wt% of barite,
which is around 1290 psi. The maximum value of 2200 psi comes at 0 wt% of barite.
And the bisphenol F system can stand a minimum of 1010 psi bond strength at 0 wt% of
barite, and a maximum of 1160 psi of bond strength with 70 wt% of barite. Moreover,

mixing with seawater did influence the shear bond strength between epoxy system and



low-carbon steel. The influence that seawater has on the F system is less than that of the
A system. The time that the epoxy system needs to fully develop the bond is far longer
than curing time determined in our parallel research. Bond strength is lower in both

seawater environment and at high temperature.
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CHAPTER 1
INTRODUCTION AND LITERATURE REVIEW

1.1 Introduction

In the GOM, approximately 180 offshore platforms were damaged and destroyed by
hurricanes in the past several years according to the documents released by the Bureau
of Ocean Energy Management, Regulation and Enforcement (BOEMRE). The major
hurricanes that passed through the Gulf of Mexico during the last dozen years are
Andrew in 1992, Lili in 2002, Ivan in 2004, Katrina and Rita in 2005, and Gustav and
Ike in 2008. Table 1 shows the statistics for hurricanes damaged or destroyed platforms
released by BOEMRE in a report of 2006 after hurricane Ivan. From Fig. 1, we can see
that the major hurricanes pass through dense offshore locations, which leads to the

disaster of our offshore industry.

This thesis follows the style of Society of Petroleum Engineering.



Table 1-HISTORICAL DAMAGE TO OFFSHORE FIXED PLATFORMS FROM HURRICANES IN GOM (BOEMRE,
2010).

Fig. 1-Path of hurricanes Katrina and Rita and the Gulf of Mexico offshore infrastructure location (BOEMRE,
2007)



The report released by MMS (the former name of BOEMRE) in 2006 said that there
were 28 fixed platforms destroyed by Andrew of 1992, 7 by Lili of 2002, and 7 by Ivan

hurricane in 2004 (BOEMRE, 2006).

In the report of 2007 shows there are a total of 116 destroyed fixed platforms from
Katrina and Rita in 2005 and one floating platform (BOEMRE, 2007). The dots in Fig. 2
show the location of destroyed platforms after Katrina and Rita. Most of these 116
platforms were either completely toppled to the seafloor with no structure visible above
the waterline, or were so severely damaged that it was obvious the structure was
destroyed by the hurricanes and could no longer carry out its purpose and had to be
removed. Moreover, Fig. 3 shows how far the platform was moved by hurricanes in
sonar image. And Fig. 4 was a underwater picture of toppled platform. Fig. 5 shows how

the hurricane destroyed platform look like in Gulf of Mexico after Katrina and Rita.



Fig. 2-Location of destroyed platforms in Gulf of Mexico compared to path of hurricane Katrina and Rita
(BOEMRE, 2007)

Fig. 3-Sonar image of the toppled platform in the west delta area after Katrina and Rita (BOEMRE, 2007).



Fig. 4-Underwater photo of a toppled platform in the Eugene Island Area (BOEMRE, 2007).

Fig. 5-Destroyed platform in the South Timbalier region after Katrina and Rita in 2005 (BOEMRE, 2007).

Another report officially released in 2010 by BOEMRE presents that there were a total
of 60 destroyed fixed platforms in Gustav and lke in 2008 (BOEMRE, 2010). No
floating platforms were reported destroyed in the report. Fig. 6 shows both the path of

hurricanes Gustav and Ike, and the locations of destroyed platforms, which are marked



by red dots. Fig. 7 shows the typical appearance of a hurricane damaged platform after

Gustav and Ike.

Fig. 6—Location of destroyed platforms compared to path of hurricanes. The red dots indicate destroyed
platforms (BOEMRE, 2010).

Fig. 7-Destroyed platform in the Eugene Island Area from Gustav and lke in 2008 (BOEMRE, 2010).



In cases where platforms have been completely destroyed and toppled, the wells can no
longer safely produce oil or gas, and/or have become an environmental hazard.
Additionally, such wells cannot be plugged and abandoned by conventional methods.
Instead a subsea intersection well may have to be drilled to provide access to the
wellbore. Depending on the intersection and the condition of the target well, it may not
be possible to circulate or pump cement all the way down to the wellbore. In these cases,
a plugging material needs to be spotted at the intersection of the target well, and allowed
to fall through the wellbore, and settle at the target plugging zone, which includes
annulus and across production interval, and seal the well permanently. Fig. 8 illustrates a
hurricane destroyed well in the Gulf of Mexico. The shadow area in red is the target

plugging zone that we proposed to abandon.



Fig. 8—Schematic of hurricane damaged offshore wellbore

The conventional methods to plug a well offshore include cement slurry plug, inflatable
packer, and compressed sodium bentonite (Englehardt et al., 2001). Cement slurry plug
is the most commonly used plugging and abandonment material in the oil and gas
industry. However, there is a major disadvantage in using it offshore to abandon wells
destroyed by hurricanes. Cement is miscibility with seawater and other brine. Such wells
are often filled with seawater. Circulation system and mud are the main approach that
people onshore use to avoid the contact of cement and unwanted fluid. Secondly, these
offshore platforms don’t have any circulation system any more, which delivers the high
viscosity cement to the spot cannot work with destroyed platform. So as long as cement

is applied, mixing with seawater cannot be avoided. Last but not least, in terms of its



particle based structure, the material exhibits relatively poor penetration capabilities in
formations and wellbores. Most of the platforms which need to be permanently
abandoned had been in service at least a couple of decades before being destroyed. Long
time of soaking in the seawater undoubtedly leads to plenty of corrosion and ocean
organisms along the wellbore. Fig. 9 shows the external conductor appearance after
hurricanes, which should be similar to what the interior looks like. The disadvantages of

cement inhibit itself being applied in this project.

Fig. 9-A underwater picture of conductor surface (BOEMRE, 2006).

Inflatable packer is a promising technology for temporary or permanent well
abandonment, which has been successfully applied in the Gulf of Mexico (Vaucher and
Brooks, 2010). Basically, it is a smartly designed mechanical tool, containing rubber

cover and exposed metal slats. It mostly relies on expansion of rubber cover to seal, and
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friction between metal slat and wellbore to locate. The literature states that it’s versatile
of being conveyed to the depth by threaded tubing, coil tubing, electric wire-line and
slick-line or braided line. However, all tubing and wire-line conveying method can only
be applied when there is direct access to the wellbore, which is not available for wells on

toppled platform where risers have been severely damaged.

Another relatively new abandonment material is compressed sodium bentonite
(Englehardt et al., 2001). Both research and field test shows several advantages of
compressed sodium bentonite. For example, it can easily fall through the wellbore and
be hydrated to form an impermeable plug in oil or gas wells; it can form a plug in
seawater and be stable at high temperature; it also can be reentered by using a soft
formation drilling facility. Although it can be applied as a weighting material, it is not an
adhesive material. So it cannot effectively seal a wellbore. Moreover, its applications are
more focusing on onshore abandonment, especially temporary abandonment. No
application or research shows that it has been successfully applied in permanent offshore
abandonment. In terms of these restricted conditions, conventional plug and

abandonment method won’t be feasible.

Our research is seeking an alternative method to plug and abandon the well in deep
water and particular reservoir condition economically and feasibly. Epoxy-based
material popped up in terms of its excellent performance in casing repair, sand

consolidating, and well plugging. The epoxy-based material formula generally contains
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cross-linkable epoxy, cross-linking agent, and optional filler according to the specific
scenarios. The plugging fluid’s viscosity should meet the requirement of flowing from
the intersection spot and the pot life should be long enough to let the fluid fall all the
way down to the top of packer and across the production interval. Also, the bond
strength between epoxy system and low-carbon steel should be large enough to stand the

relative high temperature and pressure at wellbore.

Permanent plug and abandonment is done with the objective for the well to be sealed and
isolated forever. The long-term plugging requirement is one of the principle parameters
to measure the success of abandonment. Well abandonment has never received as much
attention as reservoir evaluation, drilling procedure and production process. It is a
crucial step in a well’s life circle especially from an environmental perspective, even
though it cannot bring any revenue to the industry. American Petroleum Institute (API)
has generated a report entitled, “Environmental Guidance Document: Well
Abandonment and Inactive Well Practices for U.S. Exploration and Production
Operations”. This is considered as the standard in the industry for abandoning the wells
environmentally. However, this regulation mainly emphasizes on plugging unwanted
zone and onshore abandonment instead of permanent abandonment. Also, their
regulation was mostly generated based on cement operation. Besides the regulation of
API, California Department of Conservation Division of Oil, Gas and Geothermal
Resources (DOGGR), as the lead agency in oil and gas industry in California, also

released the requirement of well abandonment in State of California Code of
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Regulations, Title 14 Natural Resources, Division 2 Department of Conservation,
Chapter 4 Development, Regulation, and Conservation of Oil and Gas Resources,
Section 1723 (Harris and Adams, 2007). They have requirement in different operations,
such as plugging of oil or gas zones, plugging for freshwater protection, plugging at a
casing shoe or the casing stub, and surface plugging. These regulations are also
concentrated on onshore abandonment. Even though in some material they mention the
regulations in California give the restrictions of offshore well abandonment, it doesn’t
show quantities requirements and doesn’t make engineering work easier either. In
general, offshore abandonment is regulated by more strict requirements than that for
onshore operation. Unfortunately, BOEMRE hasn’t successfully established any
regulation on offshore well plugging and abandonment. The strongest one that we can
find so far is the one set by the North Sea (Liversidge et al., 2006). The critical criterion
is that the plug should pass the test with minimum inflow pressure of 725 psi. In our
project, we assume that the BOEMRE will give us the regulation as tight as that in the

North Sea. So shear bond strength is the main parameter we tested in our experiment.

BOEMRE is interested in Epoxy-based material application, because it has been used
around for decades as an adhesive material, and has been extensively utilized in the
whole petroleum industry. The first couple of successful applications in the petroleum
industry were in the 1950s. One was as a coating material (Radecke et al., 1959), the
other one was as an alternative casing repair material (Kemp, 1964). It quickly won good

reputation in terms of its fast reaction and low expense since then. Its first patent in
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casing repair was published in 1994 (Ng et al., 1994), which deal with onshore corrosive
casing and plugging the thief zone. The well is located at levels in excess of about 5,000

ft, which is often exposed to high temperature, high pressure and corrosive chemicals.

In our project, the operation environment is much tougher than the one mentioned in the
patent. The wells are located in deep water of the Gulf of Mexico. The depth of the
wells is beyond 5,000ft, whose effective dropping depth might up to 7000ft. The

temperature at the bottom of the wellbore might as high as 250 °I'. The falling trail is the

casing annuli which is narrow and full of seawater and oceanic organisms attached to the
wall. No fluid will be circulated in the system. The only way to abandon a deep-water
well with casing completion is pouring the abandonment fluid from intersection and
letting it fall through the annuli and set the target plugging zone. To guarantee the falling
process, a weighting material—barite is considered to increase the weight of the epoxy
system. One reason is that the density of pure epoxy system is quite close to the density
of seawater. It might float on the surface or at least be near naturally buoyant instead of
falling down. The other reason is that barite is most commonly used filler with low costs
in the petroleum industry. Besides low viscosity, relative high specific gravity, the

scenarios also require appropriate pot life, acceptable rheology and bond strength.

1.2 Literature review
Epoxy-based material has developed from the 1950s as a coating material for corrosive

protection (Radecke et al., 1959). There are several applications, such as coating, casing
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repair and sand consolidation, whose advantages of quicker reaction and less expensive

operation won reasonable success.

The first application of epoxy as a sealant material in petroleum industry was in 1979
(Cole, 1979). The paper mainly introduced an epoxy sealant-cementing system which
performs adhesive and compressive strength, together with chemical resistance superior
to Portland and modified Portland type cement. In their research, they tested bisphenol A
type epoxy resin with silica fillers. They overcame two serious limitations of epoxy
applications by adding nonreactive liquid diluent and fillers to the system. Nonreactive
liquid diluent extended latitude pumping time. Inert fillers added strength and
reinforcement to the set epoxy sealant allowed more exothermic control than cementing
and also reduced the cost of the whole system. Laboratory work showed epoxy adhesive
very well to the metal and silica surface. Moreover, the paper mentioned that bisphenol-
A type epoxy resin functioned very well in the chemical resistance and bonding strength
test. Laboratory tests determining chemical resistance showed that the epoxy could

provide suitable protection at temperature up to 60 ‘C from exposure to oilfield brines up

to 10%, hydrochloric acid solutions up to 30% and sulfuric acid solutions up to 25% and
so on. The bonding strength of the epoxy material was studied in the laboratory as well,
which identified that neat epoxy sealant required 3000 psi hydraulic pressure to leakage,
and epoxy slurry sealant didn’t fail even beyond 500 psi hydraulic pressure added.

However the operation process mentioned in the paper was still conventional one using
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circulation system. Even though the reservoir condition is not the same as that in our

project either, at least it showed the potential being applied in our research.

The use in pipeline coating is quite mature. It also has several problems to be concerned
when applying. A paper (Jensen et al., 2000) answered the question, Whether using
epoxy to repair pipeline is safe when the environment is complicated and how
environment affected the mechanical properties of epoxy-bonded joints for possible use
in underwater pipe line repair. They carried out their lab work in testing the interfacial
shear strength--three point flexure, scanning electron microscopy, optical microscopy,
and X-ray photoelectron spectroscopy to determine the failure of the bonded joints. The
result shows that water diffuses through the interface between epoxy and steel resulting
in the weaker bond, which is concern in our project. However, the epoxy that they tested
is the one without fillers, which is quite different from our formulation. Also, we got to
know that surface analysis shows failure always occurs within oxide layer from their

research.

One US Patent named “casing repair using a plastic resin” mentioned biophenol-A
epichlorohydrin epoxy resin mixed with reactive diluents, a mono-functional glycidyl
ether based alkyl groups of C8-C10, could perform rather good seal in salinity and low
temperature with specific curing agent. The patent also gives some suggestion in high
temperature application, which would replace curing agent from a Mannich base

aliphatic polyamine to anhydride. Moreover, the operation method mentioned in the
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patent is dump bailer draining, which require the viscosity of the liquid not too high to
flow (Ng 1994). In our research, we are looking for pourable liquid epoxy material to

abandon the 7000-feet well in temperature up to 250°F. The viscosity should be low

enough for flowing. The pot life should be long enough for the liquid to fall. The patent

provides good reference in formulation, but improvement is still needed.

A more nearly United States Patent 7886823 filed in 2005 provides a commercial
formulation over well plugging material that can be used for both down-hole mixing and
applications in brines. (Boyce D Burts et al., 2011). They found the component A and B
can react with each other at down-hole form the plugging without any circulation system.
However, they improved cement formula to accomplish the objective instead of using

epoxy-based material.

Also, another patent 7748455 from the same author showed another formula of epoxy as
a plug component for well remediation. The material in the patent are EPON 862 or 863-
RESIN, EPICURE 3046 low-temp hardener, EPICURE W high temp hardener, Heloxy
7-primary reactive diluent, CARDURA EI10P-secondary, high-temp diluent. The
formulas are presented in Table 2. In generally this patent was designed meet the
requirement that the resin component and the activator component are mixed at the
surface and then placed in the annulus and allowed to form into a hard impermeable
mass. Preferably, epoxy system is heavier than the well fluid to allow gravity flow

through the well fluid to the annulus (Boyce D Burts, 2010).
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Table 2-FORMULAS OF EACH EPOXY SYSTEM IN PATENT 0133069

Primary
Low-temp High-temp Secondary, high-
Resin reactive
hardener hardener temp diluent Temperature
Formulation diluent
Range (°F)
EPON EPICURE EPICURE W Heloxy 7 CARDURA
862/863(z) | 3046 () © © E10P (g)
! 100 17-40 50-100
2 100 20-60 20-50 70-125
3 100 10-20 10-20 20-50 125-175
4 100 17-35 0-50 175-250
3 100 15-25 30-50 0-20 250-350

A bio-geosciences paper illustrates the geophysical and geochemical characteristics of
Gulf of Mexico, which supply us with the component of bottom seawater in Gulf of
Mexico (Joye et al. 2005). We will carry out experiment to evaluate the influence given

by seawater.

Even though there is plentiful literature of the application of epoxy-based material, we
need to consider the filler effect in our project. A study was developed to see the
influence of adhesive thickness and aluminum filler content on the mechanical
performance of aluminum joints bonded by aluminum powder filled epoxy (Kahraman et
al., 2008). They carried out the research by single-lap shear test that is standardized by
American Society for Testing and Materials (ASTM) and Finite Element Method (FEM)
simulation. The study showed that adhesive thickness has a negative effect on shear
strength which is verified by both lab experiment and FEM. With neat epoxy with no

fillers, increase of adhesive thickness from 0.03mm to 1.3mm resulted in a decrease of
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about 35-40% in adhesive joint sheer strength. Also the epoxy adhesive retains its
adhesion strength even with as much as 50wt% addition of filler. Failure tests showed
the failure mostly occurred within adhesive. The shear and Von Mises stresses for
various bond thicknesses and various adhesive compositions were analyzed by FEM.
Von Mises stress attains maximum at the edges and decrease away from the edges.
Adverse effect of adhesive thickness increase in bond strength was observed from

comparison between different thickness specimens.

Moreover, epoxy-based adhesion is always exposed to the environment of moisture,
freezing and thawing, temperature, and corrosive liquid. So it is quite significant to
evaluate the environmental effects on epoxy-based adhesion. The paper published in
Construction and Building Material Journal shows the decrease in flexural strength of
epoxy-bonded concrete prisms is directly proportional to the adsorbed water content.
And corrosive environment with MgCl, or MgSO, is not significant to bond stability

(Colak et al., 2009).

A couple of papers on evaluation of material and structural performances gave us an idea
to use ASTM standard to carry out our shear bond strength test (Yi et al., 2010)and
(Jensen et al., 2000).Their paper shows they did compressive strength, tensile strength
test, flexural strength test, thermal expansion test, hardening shrinkage test, and chemical
resistance test for Aqua-Advanced Fabric Reinforced Plastic (AAF). Pull-out test

showed that failure load increases as the bonded area increased.
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CHAPTER I

PROBLEMS
In this project, we will focus on shear bond strength tests. Studies showed that different
aspects like fillers added and environment influenced the bond strength of epoxy-bonded
material (Colak et al. 2009) and (Kahraman et al. 2008). Plenty of literature shows the
potential of epoxy-base material in aquatic environment. However, so far nothing in the
literature has evaluated application of the barite-weighted epoxy system to low-carbon
steel with or without the presence of synthetic seawater. We will evaluate the influences

of possible aspect on bond strength, such as fillers, aquatic system, and time.

Our project is to determine the shear bond strength of epoxy system as a function of
e Composition
o Filler loading
e (Curing in seawater
e Bonding to low-carbon steel
e Time

e Temperature
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CHAPTER III
THEORETICAL BACKGROUND
To determine the formulation, we need to consider at least two requirements. One is to
be able to applied in seawater environment; the other one is that pot life should be long

enough for well operations and falling process.

For the first requirement, our research focused on two most widely used commercial
epoxy systems—B47 and XR40 (two commercial products offered by Royce International
Company)—to carry out our evaluation tests in our research. B47 is also known as
bisphenol A type resin, while XR40 is commonly known as bisphenol F type resin. In
order to be able to perform in the tough seawater environment, curing agent K450 (a
commercial product offered by Royce International Company) was selected. The curing
agent has a successful application history in underwater conditions according to industry
expert’s suggestion. Also, it is non-MDA curing agent, which is more environmental

benign (Norsworthy, 2001).

For the second requirement, theoretical calculations are needed to determine each

component that is applied in the formula. To obtain optimal properties with epoxy curing

agent and resins, the component are typically used at approximate stoichiometric levels.

Determine the epoxide equivalent weight (EEW) of resin mixture:
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total weight

wt. A + Wt. B n Wt.C
EEWA " EEWB ' EEWC

EEW of mixture =

Determine of amine hydrogen equivalent weight (AHEW) of the curing agent mixture:

total weight

wt. A + Wt.B n Wt.C
AHEWA ' AHEWB " AHEW C

AHEW of mixture =

Calculate the parts by weight of curing agent per 100 parts resin (PHR) using the
following equation:

PHR of th . X AHEW of Curing Agent 100
= X
of the curing agen EEW of Resin

The equations listed above are used to calculation the pure epoxy resin system.
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CHAPTER 1V
EXPERIMENT AND DISCUSSION

4.1 Comparison of two epoxy system

One of our objects is mainly to see how these two commonly used epoxy system will
perform with metal material and seawater when reacting with the curing agent. The other
objective is to test properties of barite-weighted epoxy systems instead of the pure epoxy
system. So we mixed barite as filler in the epoxy formulation mentioned above. We
added barite for bisphenol A type resin up to 72 wt%, which is around 2.1 g/cm3 (17.5

ppg), and for bisphenol F type resin up to 70 wt%, which is also around 2.1 g/cm3 (17.5

ppg).

The two formulations visually look quite similar (shown in Fig. 10). The recipes and
physical properties of each epoxy system are tabulated in Tables 3 and 4, respectively.
We obtained 4 to 10 micron barite powder from our drilling lab (shown in Fig. 11). This

is also the commonly used barite in the industry.



BPA BPF

Fig. 10-The pictures of pure formulations of BPA and BPF

Fig. 11-The picture of barite powder applied in our research

Table 3—-RECIPES OF EPOXY SYSTEMS

System Resin, g Diluent, g Curing agent, g
Product Amount Product Amount Product amount

A B47* 4.7 K450 1.6

F XR40 425 RA100 0.75 K450 1.9

B47% is a resin with diluent premixed in it.

23
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Table 4-PROPERTIES OF EACH EPOXY SYSTEM

Component Properties

B47 Light yellow liquid; specific gravity of 1.6

XR40 Pale yellow liquid; specific gravity of 1.2

RA100 Colorless; reactive; corrosive

K450 Yellow-orange liquid; crystallization point is around room temperature
4.2 Methodology

To evaluate the bonding effect between our formulation and low carbon steel, we carried
out pull-out tests for the formulations attached to low carbon steel. The experiment was
guided by ASTM D3164M-03, the “standard test method for strength properties of
adhesively bonded plastic lap-shear sandwich joints in shear by tension loading” (ASTM,

2003).

4.2.1 Material

In this project, we selected low carbon steel to make the coupon required in ASTM
D3164M-03. The reason for using low carbon steel is that the wells that we are aiming to
abandon are offshore wells. In offshore wells, low carbon steel is the first option for
most well casings and tubings. The low carbon steel sheet is 0.031 in. with tolerance of
+/-0.0015 in. It has been cold-rolled when manufactured. The surface is smooth and not

corroded at all.

The epoxy systems that we applied in the test are the same formulation with barite as

mentioned above in Table 3.
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4.2.2 Pretreatment

Our experiments were carried out in an ideal condition. Real-world applications are
likely to be affected by corrosion and ocean organisms. We didn’t rough the surface of
coupon by either mechanical or chemical methods. The real situation cannot be easily
evaluated by just randomly roughing the surface. In terms of those wells that haven’t
been in use for a long time, casing and tubing might be either severely corroded or
covered by aquatic organisms, or both of them. It is hard to find any reference or criteria
to rough the surface that could represent the real offshore casing surface. We decided to

take the ideal test results as a reference.

4.2.3 Preparation of samples
We cut the low carbon steel sheet into small coupons following the dimensions in

ASTM D3164-03. Fig. 12 shows the schematic of our lap-shear sandwich joint. We

modified the preparation according to the material that we could find.
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Two coupons with thickness of 0.787mm

Area to place epoxy ! Area in test grips

Areain testgrips
/ /

_ 20mm _ 20mm
P 150mm
130mm .
Barite-weighted epoxy formulation
0.787mm L r 1
0.787mm I . 10.787 i I ] T 0.787mm

Fig. 12-Schematic and dimension of lap-shear sandwich joint

The main procedure of preparation is:

1. Make specimens that conform to the form and dimensions shown in Fig. 12.

2. Apply the barite-weighted epoxy in the designated area.

3. Place the specimens in the heating oven for certain amount of time before

actually doing the shear test

Two coupons below the sandwich joints are used to support the upper coupon and to

guarantee the epoxy formulation in between is 0.787 mm thick.
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The most difficult part of the preparation is to spread the barite-weighted epoxy
formulation on the surface of the coupon in the designated area. Ensuring repeatability
of the test depends on exact placement of the epoxy on the coupons. The amount of the
epoxy cannot be either too much or too little, which both lead to inaccurate test results.
Also, the thickness of the epoxy insert will influence the joint strength obtained in this
test due to the added offset. To eliminate the influence as much as possible, we were

careful to repeat every step as identically as possible.

Moreover, to eliminate the influence of any nuisance variable, randomizing the order of
all the runs in each experiment is extremely important. The experiment is generally a
completely randomized single-factor experiment with six levels of the factor for each
epoxy system. The levels of the factor are sometimes called treatments, and each
treatment has eight observations or replicates. The levels are denoted as A to F, where
the amount of barite increases from A to F. Each of these levels is repeated 8 times. Fig.
13 shows the order of preparation in one epoxy system. Experiments are run from Al to

F1, A2 to F2, and An to Fn where n is 8. This order helps to eliminates uncertainty.
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Fig. 13-Schematic of preparation

4.2.4 General information of mechanical tests

The procedures to hook up the equipment and test the specimens are listed as below:

1.

Turn on the machine and preheat the heating facility in Fig. 14 to the target
temperature.

Take the specimens preheated in the oven in our lab and transport them as
quickly as possible to the material test equipment.

Hold the specimens by two vertical grips, and set up the software.

Following the randomization principle, and do the pull-out test batch by batch.

Record the peak load that specimens are able to stand.

We used the MTS Insight'™ Electromechanical Testing System, consistent with ASTM

D3164-03’s requirement. When the heating facility reached the objective temperature,

the designed tension load was added to pull the specimens vertically. The load added

was set at 160 kgf/min.
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Fig. 14-The equipment for all the shear bond strength tests.

4.3 Filler loading influence on shear bond strength test

We added different amounts of barite into two potential epoxy formulations and
generated two epoxy systems. We tested shear bond strength under 200°F, which is a
reasonable average reservoir temperature in Gulf of Mexico (Haeberle, 2005) for 24

hours before carrying out the mechanical tests.
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The procedures of the mechanical tests were following the general step listed in last

chapter.

1.

Make specimens that conform to the form and dimensions shown in Fig. 12. The
order of making specimens followed Fig. 14.

Apply 12 different treatments of the barite-weighted epoxy in the designated
area.

Place the specimens in the heating oven for 24 hours before actually doing the
shear test.

Turn on the machine and preheat the heating facility in Fig. 14 to the target
temperature 200°F.

Take the specimens preheated in the oven in our lab and transport them as
quickly as possible to the material test equipment.

Hold the specimens by two vertical grips, and set up the software in the
computer-based control system.

Follow the randomization principle, and do the pull-out test batch by batch.

Record the peak load that specimens are able to stand.
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The Table 5 below shows the components of each formulation/treatment.

Table 5-COMPONENTS OF EACH FORMULATION

Barite added to the formulation, g
Aa Ab Ac Ad Ae Af
Bisphenol A
0 1.3 53 8.5 13.5 16
system
Barite, wt%
0 17 46 57 68 72
Barite added to the formulation, g
Fa Fb Fc Fd Fe Ff
Bisphenol F
0 1.3 53 8.5 135 16
system
Barite, wt%
0 16 44 55 66 70

For each barite-weighted epoxy formulation, we made and tested eight identical
specimens under same conditions. However, whether the specimens prepared are good
or not cannot be evaluated until the pull tests are finished. The wettability, viscosity and
density, all influence the thin film spread covering the designated area. The quality also
might change after they were placed into the heating oven. This is mainly because of
viscosity change when being heated. The epoxy formulations were not able to stand in
between the two coupons when it became less viscous. To eliminate the variables’
influence, we recorded all the data from the tests and eliminated the ones that didn’t
visually look fabricated well (Seen the samples on the right of Fig. 15). When
extrapolating the data, we did the average for the rest of values. Fig. 15 shows how the
elimination work was done. The samples on the left are those meeting the requirements
of ASTM D3164-03, while the ones on the right are failure samples than cannot be

accounted into our data extrapolation.
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Fig. 15-Screening qualified samples for the test. The samples on the left are those well fabricated, with which
we extrapolated the data. The samples on the right are the examples being eliminated.

According to the data recorded by the computer system (Seen in appendix Table A), we
generated the trends in Fig. 16. For bisphenol A system, shear bond strength was
deteriorated as barite weight percentage increases up to 72 wt%. According to the data
that we had in our research, it has a minimum bond strength value, which comes at
around 68 wt%. Compared to the bisphenol A system, the bisphenol F system data
shows better stability in the data collected in Fig. 16. Also it shows that shear bond
strength was very slightly increased by filler weight percentage increasing up to 70 wt%.
The figure below also tells us that bisphenol A system is more filler sensitive compared

to that of bisphenol F system.
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Fig. 16-Bond strength of bisphenol A system was deteriorated as fillers increase. Bond strength of bisphenol F system stays
stable as fillers increase.

4.4 Simulated environmental tests
Our simulated environmental tests showed that when epoxy contacts steel in the

presence of synthetic seawater, the epoxy/steel bond strength is decreased.

In our simulated environmental tests, we placed both systems in synthetic seawater for
one hour before spreading it on the coupon, and then heated the specimens for 24 hours
before the shear bond strength tests. We chose to test three treatments for each epoxy
system. 6 observations were recorded by each treatment. For all the barite-weighted
epoxy formulations, we did the same elimination as the previous tests, and extrapolated

the data by doing an average for each formulation.
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The procedures of the specific experiment are listed below:

1.

Prepare the mixture with barite. Three different treatments for each epoxy
system. So there are overall six treatments.

Prepare the synthetic seawater according to the geophysical and geochemical
signatures research of the Gulf of Mexico (Joye et al., 2005). The synthetic
seawater components are listed in Table 6.

Dump half of the mixture into the vials which contain the synthetic seawater
and soak them for one hour as shown in Fig. 17. The vials were shaken some
to increase the contact with the synthetic seawater, which is also shown in
Fig. 17.

Dispose of the synthetic seawater, take the mixture out of the vial and spread
it on the designated area on the coupon, which is shown in Fig. 18. Make
specimens that conform to the form and dimensions shown in Fig. 12. The
order of making specimens followed Fig. 14.

Place the specimens in the heating oven for 24 hours before actually doing
the shear test.

Turn on the machine and preheat the heating facility in Fig. 14 to the target
temperature 200°F.

Take the specimens preheated in the oven in our lab and transport them as
quickly as possible to the material test equipment.

Hold the specimens by two vertical grips, and set up the software in the

computer-based control system.
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9. Follow the randomization principle, and do the pull-out test batch by batch.

10. Record the peak load that specimens are able to stand.

Table 6-SYNTHETIC SEAWATER FORMULA

Component Amount, g/l
MgCl, - 6H,0 22
CaCl, - 2H,0 1.6
KCl 32
Na,S0, 4.1
NaCl 23.6

The density of the synthetic seawater is 8.31 ppg.

Fig. 17-We soaked and shaked the samples in synthetic seawater for one hour before pull-out tests. The upper
one is shown what samples look like before shaking. The lower one tells barite in A epoxy system is easier to
come out after shaking.
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Fig. 18—After one hours of being soaked in synthetic seawater, the epoxy was mixed with synthetic seawater. The left three
samples are for A epoxy system. The right three are F epoxy system’s samples

The results show the significant decrease of bond strength when introducing the
synthetic seawater into the formulation. The data obtained from our shear bond strength
test are presented in Table 7 and Fig. 19. The solid bars in Fig. 19 represent the original
test results without being soaked in the synthetic seawater. The no-fill bars show the
results with treatment in the synthetic seawater. All the bond strength was reduced
significantly by introduction of the synthetic seawater. Most of reduced data are less
than the North Sea criteria—725 psi, except one treatment of BPA with 17 wt% barite.
The 725 psi-criteria is given by the Netherland. The UK Offshore Operation Association
has the similar criteria, which is given as 500 psi (dash line in Fig.19). If we use the
UK’s criteria, most of the treatment after simulated environmental test can meet the

requirement. The original result listed in appendix Table B shows that the data of BPA
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looks quite erratic, while data of BPF are consistently stable. It also verifies our

conclusion in previous test that the BPA is more barite sensitive than BPF system.

Table 7-SIMULATED ENVIRONMENTAL TEST DATA AT 200°F

Name of system Barite, wt% Soaked Average bond strength,
psi
BPA 72 N 1527
BPA 72 Y 560
Difference 967
BPF 70 N 1163
BPF 70 Y 322
Difference 841
BPA 57 N 1320
BPA 57 Y 551
Difference 769
BPF 55 N 1126
BPF 55 Y 615
Difference 511
BPA 17 N 1544
BPA 17 Y 875
Difference 669
BPF 16 N 1113
BPF 16 Y 565

Difference 548
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Fig. 19-Two formulations with different weight percentage of barite show the same results. Shear bond strength decrease
with the introduction of the synthetic seawater into the epoxy system

In order to analyze the reasons why this phenomenon happens, we looked into the
observations during the simulated environmental test. The Fig. 20 shows the difference
between samples with and without being soaked in the synthetic seawater. The upper
one is a sample mixed with the synthetic seawater, while the bottom one is pure
formulation with the same amount of barite which was not experienced simulated
environmental treatment. The upper one shows the uneven surface and different
reflection which is caused by the introduction of the synthetic seawater. The light
colored part in Fig. 18 shows what the barite looks contacting with the synthetic water.
The light colored areas of BPA system are definitely larger than that in BPF system. The

barite separation of BPA is more obvious than that in BPF in Fig. 17. So larger light
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colored areas are most likely attributed to that more synthetic seawater was introduced
into the system, which leads to the greater reduced-bond-strength/original-bond-strength
ratio (ROR). The ROR values can be calculated by the equation below. The Fig. 21 and
the Fig. 22 show the comparison of what samples look like after pull-out test with or
without being placed in the synthetic seawater. From the pictures of both BPA and BPF
systems, the introduction of the synthetic seawater into the formulation, leads to not only
loose texture, but also the reduction in contact area of epoxy and low carbon steel. This
can be applied to illustrate the deterioration of bond strength when the synthetic seawater
was introduced into the system.

ROR — original bond strength — bond strength in stimulated test

orignial bond strength

Fig. 20-Formulations mixed with/without the synthetic seawater were placed on the coupons.
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BPA without being soaked by the BPA with being soaked by the
synthetic seawater synthetic seawater

Fig. 21— After shear bond strength at 200 °F, for BPA system, the texture on the right look looser and the contact
area seems less than the ones on the left.
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BPF without being soaked in the BPF with being soaked in the
synthetic seawater synthetic seawater

Fig. 22— After shear bond strength at 200 °F, for BPF system, the texture on the right look looser and the contact
area seems less than the ones on the left.

Comparing all the six treatments, we put the reduced-bond-strength/original-bond-
strength ratio (ROR) into Fig. 23 to show the difference. And it is generated to evaluate
the influence of the synthetic seawater in bond strength. The smaller the ratio is the
better quality that the material has. The Fig. 23 shows the ratio varies between two
systems. The ROR of BPA system increases as the barite is increasingly added, while
ROR of BPA has a minimum value which comes at around 50 wt% barite. Based on the
ROR, we would like to have the formulations with low ROR value, which is circled in

Fig. 23. For BPA, low barite weight is recommended. For BPF, around 50 wt% of barite
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is recommended. While if economic factor is taken into consideration, the more barite
we will use, the less expensive it will cost. So the BPF should be more economic at this
point. Moreover, at most of barite weight percentage, ROR of BPF is smaller than that of
BPA. It verifies our previous conclusion that BPA system is more seawater sensitive
compared to BPF system one more time. However, if combined with the North Sea

criteria, the BPF recipe still need some improvements to strengthen the bond strength.

O O

Fig. 23-Reduced-bond-strength/ original-bond-strength ratio varies between two systems at 200 °F-shear-bond-
strength test.

Let’s assume we’ll set a plugging at a casing 1 ft long with inside diameter of 5 inches
applying BPF formulation. We did calculation to see what the North Sea criteria-725 psi

means to us quantitatively.
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The surface area of inside tubing is

A;, = mDh = 3.14 X 5in x 12in = 188 in?

The pounds of force A;,, can withstand

F;, = A;pP = 188.4in? x 725psi = 137000 pound

The cross-section area of the tubing is

D? 5in X 5in .,
A =m—- =314 X — ——=1961in

The pounds of force exerted on the end of the plug

F.. = A.P = 19.6 in? x 725psi = 14200 pound

Comparing the F;;, and F,, if the bond strength of BPF/barite system bonded to steel is
725 psi, then a one-foot length in the wellbore will hold nearly ten times the force of a
delta p of 725 psi in a five inch casing. So even if the strength is even further degraded,

there is very large margin for error.

To conclude the simulated environmental tests, mixing with synthetic seawater did
deteriorate the bond strength between barite-weighted epoxy and low carbon steel.
However, the influence varies among different treatments. The more barite sensitive, the
more reduction in bond strength it will cause. BPF performs more stable, economic in

retaining bond strength after simulated environmental treatment.
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4.5 Bond strength development tests

We did bond strength tests to see what influence the time will have on the bisphenol F
system. The results show that epoxy/steel shear bond strength continues developing over
the next 6 days, even though the resin hardening time (curing time) is far shorter than

that.

In our previous research, we determined the relationship of the epoxy formulation with
different weight percentage of barite and curing time (hardening time). Our laboratory
work shows curing time is not equal to the time that the formulation needs to develop

complete bond strength.

We prepared all the specimens same as that shown in Fig. 12 and carried out the pull-out
tests by the same equipment in Fig. 14, and then did average calculation to analyze the

data. All the original lab data can be found in appendix C.

Compared to the 2 hours curing time we obtained for the formulation with 66 wt% of
barite, the bond strength keep developing for the next 6 days (see in Fig. 24). To reach
the maximum based on our one-week test, the forecast in Fig. 24 shows it might need
more than 6 days. Also, from the Fig. 24, it shows the bond strength can reach 725 psi of
the North Sea Criteria around 10 hours, which is far shorter than 24 hours of cement

hardening time (Kenneth et al. 2010).
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Fig. 24-The bond strength continues developing even after hardening time at 200 °F.

4.6 High temperature tests

We also carried out high temperature test to see the performance of epoxy material in
high temperature, in case there are some wells located in high temperature formation.
200°F is a reasonable average reservoir temperature in Gulf of Mexico (Haeberle, 2005).
The BPF does give us really excellent bond strength at 200°F. However, when increased

the experiment temperature, the shear bond strength decreased significantly.

We did the high temperature test followed the procedure below:
1. Mix the F epoxy formulation with 13.5g barite.
2. Prepare all the samples in room temperature

3. Fabricate all the samples in heating oven either at 250°F or 300°F
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4. Preheat the material test system shown in Fig. 14 at target temperature and
transport the samples as quickly as possible to the material test equipment.

5. Hold the specimens by two vertical grips, and set up the software.

6. Following the randomization principle, do the pull-out test one by one.

7. Record the peak load that specimens are able to stand.

The results can be found in appendix D. The average values are shown in Fig. 25. The
bond strength peak load at 250°F reduced 66% of bond strength compared to the one at
200°F. And the peak load at 300°F is only 18% of the bond strength at 200°F. The bond
strength degradation is consistent with literature published by Benjamin J (2011).
However, the reduction extent in other literature shows less than what we had in our
experiment (Adamvalli and Parameswaran, 2008). There are some equipment limitations
in our experiment that we cannot avoid. Take an example, we cannot not fabricate
samples and pull out tests in the same heating facility. The interval to transport the
samples might change the thermal history. The slight change in thermal history has
influence on thermal expansion character. After a cooling down and heating up process,
it is most likely to reduce the bond strength. Especially, when the fabricating
temperature is high, the influence is much greater. The transportation interval for
samples at 200°F experienced an around-100°F-temperature-drop process. While, for the
one at 250°F experienced an around-150°F-temperature-drop process. And for the one at
300°F, it was a 200°F temperature-drop. The temperature factor at high temperature has

greater influence on bond strength. So the higher temperature value might be
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underestimated in this way. Also, in Benjamin J’s paper, they proved that high
temperature could cause weight adhesion loss as a result of aging and degradation. Their
tests were carried out at temperature at 220 °C and plus, which is even higher than the
temperature requirement in our proposal. All in all, one thing is undoubted that the bond

strength is turning weak when the temperature goes up.

1400
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]
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00
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50 300
temperature, F

Fig. 25-Bond strength of F epoxy decreases as temperature goes up.

4.7 Discussion

As our research progressed, it became clear that the bisphenol A system had some
undesirable characteristics that we would not like to see. Besides BPA’s bond strength
sensitivity to barite, which has been discussed in previous portions, the flow-ability at

higher barite loadings was worse for BPA.
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When they were shaken for the simulated environmental test, we could see the ability of
flow-ability for the bisphenol A system is worse than that of the bisphenol F system,
especially when barite addition is increased. When gathering all the simulated pictures
together in Fig. 26, we can easily figure out that the difference of flow-ability in the
bottom vials is obvious. It’s more difficult for BPA with 71 wt% barite to flow as BPF
did. The formulations in the vials with yellow and red sticker are hard to tell the flow-

ability difference.

BPA VS BPF
16.5 wt% barite

BPA VS BPF
55 wt% barite

BPA VS BPF
71 wt% barite

Fig. 26-The picture of flow-ability comparison among different treatments.

According to regulation established by The Netherland sector in Dutch mining authority

guidelines, a plug on the borehole had to be tested with pressure min 725 psi inflow test

(Liversidge et al., 2006). In our research, our laboratory results give us average bond
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strength of the bisphenol F formulation from 1010 psi to 1160 psi as barite increased
from O up to 70 wt% barites. The average bond strength of the bisphenol A formulation
has minimum value of 1290 psi with 68 wt% barite, and maximum value of 2140 psi
which appears at 0 gram of barite added. Both epoxy system meet the requirement.
However, the BPF system is stable at bond strength both with and without the synthetic
seawater treatment, while BPA system is much filler sensitive than BPF system. Also, in
the simulated bond strength tests, formulations of BPF didn’t meet the North Sea

criteria. So improvement in the formulation might be needed in the future.

4.8 Limitations

Our tests were carried out in an ideal condition. In the real world, applications are likely
to be affected by corrosion and organisms along the wall. In our tests, we didn’t do any
pretreatment on the surface of low carbon steel, either mechanically or chemically.
Tubings and casings in the real world are not as smooth as what we had in our tests.
Corrosion and organisms along the casing can increase the contact area which
contributes to increase fictions and bond strength as well. At this point, corrosion and
organisms might be something that we could take advantages of. Epoxy might not be the
only material that we are going to apply in abandoned offshore wells in the GOM.
Bentonite is also being considered. With bentonite, or any other heavier materials placed
on the top of epoxy formulation, it would help epoxy to withstand more pressure

differential than the value obtained in our pull-out tests.
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Also, if we combine moisture and high temperature influence onto this barite-weighted
epoxy system, the bond strength might be weaken more severely. One paper showed the
temperature increasing might activate the process of absorbing moisture into the
reinforced epoxy system, which leads to adhesion loss and bond strength reduction (B.C,
2006). Their experiments were actually tested in room temperature. We are also limited
by our laboratory equipment and cannot carry out this complex effect experiment either.
However, based on our previous work, we can have a general prediction that combining
both moisture and high temperature weakens the bond strength. The extent need to be

evaluated.
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CHAPTER V

CONCLUSIONS

Previous research in our lab has shown resin hardening time increased with the amount

of barite added, which is good to give sufficient time to complete the abandonment

work. Tests in this project were carried out in ideal conditions. Real world applications

are likely to be affected by corrosion etc. Shear bond strength tests in this study showed

further properties of epoxy systems:

1.

A large number of mechanical tests verified that the shear bond strength of
bisphenol F type epoxy bonded to low carbon steel remained stable when
barite filler was added to the formulation.

Simulated environmental tests demonstrated that when epoxy contacts steel
in the presence of synthetic seawater, shear bond strength decreases. We
suspect that the strength decrease is due to the epoxy-steel contact area being
decreased and the bond thus weakened due to some capture of some seawater
between epoxy, steel, and epoxy, barite.

Even though strength reduction must be accounted for in determining
pressure differential that the epoxy-steel bond can withstand, bisphenol F
system with barite bonded to low carbon steel retains sufficient shear bond
strength to exceed all established regulations.

Epoxy-Steel shear bond strength continues developing for six days, much
longer than hardening time and reaches 725 psi more rapidly than cement

formulations.
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Increasing temperature weakens the bond strength of the barite-weighted
epoxy with the low carbon steel. At least a portion of the observed weakening
is due to unavoidable temperature cycling caused by the necessity of curing
the samples in a separate oven from the testing device oven.

Even with weakening at high temperature, the shear bond strength of
BPF/barite system bonded to low carbon steel is strong enough so that even a
short length of plug in a wellbore will meet the most stringent regulatory
criteria.

The BPF/barite system should be evaluated in a test wellbore where the
epoxy system must drop through several thousand feet of synthetic seawater
and bond to a section of steel casing in order to demonstrate strength of the

bond under more realistic conditions.
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Table A—Shear bond strength of different treatments, kgf /cm?
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Observations of BPA Average,
Barite,g kgf/em2
1 2 3 4 5 6 7 8
0 133.74 327.03 315.17 312.10 362.93 333.02 2159 142.85
2.8 259.81 362.90 283.33 218.89 133.63 129.59 190.41 112.75
5.3 262.57 226.38 151.28 252.46 151.28 252.46 134.00 157.04 99.58
8.5 239.99 186.94 193.22 221.80 140.64 136.80 93.28
13.5 158.59 144.61 221.96 124.96 194.44 238.59 188.21 90.81
16 284.56 112.84 135.64 267.51 157.76 188.65 180.31 288.77 101.00
Observations of BPF
0 172.22 207.61 145.31 128.21 125.95 121.54 142.53 109.31 72.04
2.8 195.61 147.95 111.86 205.66 168.99 152.10 136.13 113.16 76.97
53 191.05 173.73 141.98 111.071 186.90 179.79 82.04
8.5 157.53 176.16 183.33 122.26 125.40 155.82 176.95 158.37 78.39
13.5 162.38 153.63 159.03 187.29 151.56 145.49 206.86 162.68 83.03
16 129.54 163.96 188.13 185.29 183.32 165.07 191.39 184.67 86.96




Table B-Shear bond strength data from simulated environmental tests, kgf /cm?

Average
Name
Barite, bond
of 1 2 5 6
wt% strength,
system
kg/cm2
BPA 72 101.22 85.49 76.56 84.08 87.57 37.75 78.78
BPA 57 38.212 35.19 40.06 68.03 170.58 112.89 77.49
BPA 17 93.73 120.81 90.73 94.32 162.44 176.59 123.10
BPF 70 40.80 44.92 51.70 38.19 44.18 51.78 1278.99
BPF 55 90.22 93.84 77.25 96.92 81.12 79.54 300.21
BPF 16 62.81 67.21 63.49 78.94 98.26 106.17 978.78
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Table C—Shear bond strength after different fabrication time, kgf/cm?

Average,

Time, hr 1 2 3 4
kg/cm2
2 hr 0 0 0 0 0
4hr 52.04 58.56 37.39 41.825 47.45
8hr 92.67 86.38 107.25 97.82 96.03
48hr 265.89 142.33 179.50 200.57 197.07
72hr 219.45 263.30 217.00 140.58 210.08
96hr 278.71 248.08 243.94 215.01 246.43
144hr 230.24 270.89 280.11 282.68 265.98
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Table D-Shear bond strength at high temperature, kgf /cm?
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Temperature, Average,
1 2 3 4 5 6 7 8
F kg/cm2
200 162.38 153.63 159.03 187.29 151.56 145.49 206.86 162.68 162.68
250 43.27 54.72 55.84 50.62 54.46 59.88 61.54 55.517 392.37
300 28.63 25.58 28.76 29.61 32.95 30.06 28.65 207.23
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ABSTRACT

The Evaluation Of The Mechanical Strength Of Epoxy-Based Resin As A Plugging
Material, And The Development Of A Novel Plug And Abandon Technique Using
Vitrified Solid Epoxy-Based Resin Beads (May 2012). Ahmed Rami Abuelaish, B.Sc.,
Mechanical Engineering, Texas A&M University

Chair of Advisory Committee: Dr. Hisham Nasr-EI-Din

Over the past several years, some of the platforms in the Gulf of Mexico have
been damaged completely, such that conventional P&A operations may not be possible.
In these cases, plugging fluid needs to be pumped through an intervention well and
dropped several thousand feet in water to settle above a packer and seal the well.

The current P&A material of choice is cement, but cement is miscible in water,
which dilutes and contaminates the cement. Therefore, alternate plugging materials need
to be used for these operations. This paper discusses the development of a cost-effective
Epoxy P&A method and the challenges of using Epoxy. First, the impact of seawater,
oil, and pipe dope on the curing process remains unknown. Secondly, the yield strength
of Epoxy with and without the contaminating chemicals must be equal to or better than
cement. Finally, previous tests have shown significant losses of Epoxy to the walls of the

wellbore during the 7,000-ft drop.



High temperature curing and compression tests were performed on contaminated
epoxy samples to determine the effectiveness of the epoxy plug. To reduce material
losses, an improved method for introducing the epoxy into the target zone was
developed. This method takes advantage of a narrow window in the cure process where
the curing process can be suspended by quenching the partially cured liquid epoxy in
water at room temperature, thereby changing the liquid epoxy into solid beads. The
beads can then be pumped into the wellbore, where they liquefy at wellbore temperature,
200°F, then cure into a solid plug.

Seawater was found to accelerate the cure time, while all contaminants tested
reduced the fracture strength by more than 25% compared to pure resin. The yield
strengths of contaminant mixtures, however, remained relatively constant, with the
greatest drop being only 11%. The use of solid epoxy beads was found to have a
compressive strength 50% greater than Portland cements I&II. In addition, the
application mentioned herein eliminates the need to prepare the plug material on site.
These advantages greatly contribute to reducing the costs of an epoxy P&A operation, to

potentially being USD 0.7 million cheaper than a Portland cement operation.
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CHAPTER I: INTRODUCTION

There are currently approximately 80 producing offshore rigs in the Gulf of
Mexico, each with one or more drilled wells, all of which will eventually need to be
plugged either temporarily or permanently once they are no longer needed. One major
factor for abandoning a well is weather conditions, especially with the turbulent
hurricane weather that’s common in the Gulf of Mexico. Over the past several years the
Bureau of Ocean Energy Management, Regulations and Enforcement (BEOMRE)
reported 9 jack-up rigs and 19 moored rigs were either toppled or torn from their
mooring systems by hurricanes Ivan, Katrina, and Rita. 61 platforms were destroyed as a
result of hurricanes Gustav and Ike in 2008, totaling 180 destroyed and 178 damaged
offshore oil and gas producing platforms between 2004 and 2008 (BOEMRE 2011). As
a result of this damage, many wells can no longer produce oil and gas safely, and/or
have become an environmental hazard, requiring them to be plugged and abandoned.

Standard procedures in the oil and gas industry involve using Portland cement
(ASTM types I and II, or API Classes A, C, G, or H) as the plugging material. Plugs are
typically placed across perforations, across certain intervals to isolate critical zones, or in
the wellbore and annulus to plug and isolate the well from the surface (Kelm and Faul

1999). These procedures typically involve using a workover rig and placing the cement

This thesis follows the style of Society of Petroleum Engineers
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through tubing, drillpipe, or coil tubing at the target zone (Barclay et al. 2004; Chong et
al. 2000; Tettero et al. 2004). These cement plug systems may or may not be balanced
between the inside and outside volumes of the pipe which may cause the plug to
contaminate and dilute, due to contact with wellbore fluids (Calvert and Smith 1994).
Contaminated and diluted cement often requires the plug to be redone.

Some of the hurricane damaged platforms may have been toppled completely and
destroyed, their riser damaged, or well equipment and casing damaged due to mudflow
at the seabed (BOEMRE 2011). Some of these wells may still be plugged by
conventional methods, but for most wells, access through the wellhead may be blocked.
In this case, an offset well needs to be drilled to access the wellbore, and plugging
material be allowed to drop down the well to settle on top of a packer, as displayed in
Fig. 1. While cement is significantly cheaper than other plugging materials such as
epoxy resin, it is miscible, and dilutes, in seawater and brines used as packing fluids in
the Gulf of Mexico, causing it to lose its mechanical strength. To successfully place the
cement plug at the target zone would require the offset well to be drilled to the target
zone and cement placed using conventional methods. At a target zone depth of 7,000 ft,
the time and cost of such an operation may be substantial and would cancel the

competitive price advantage of cement over alternative plugging fluids.
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Fig. 1—Using an offset well to gain access to the wellbore.

During the drop in the wellbore, the plugging fluid will be in contact with any
fluid or solids that are present in the well; as a result, contamination may occur. Many
studies have been conducted to identify the quantity and type of contaminants in well
tubulars (Holub et al. 1974; Jr. 1984; Maly 1976; McLeod Jr. et al. 1983). It was found
that one of the most prominent contaminants in production tubing or an annulus is pipe
dope in addition to hydrocarbons, sand, and debris (Gougler Jr. et al. 1985; Loewen et al.
1990; Nasr-El-Din et al. 2002). If the contaminants have a deteriorating effect on the
curing time of epoxy resin, it may affect the plugging effectiveness of the fluid. The
contaminants may reduce the maximum compressive strength or yield strength of the
plug causing the onset of crack propagation leading to a leaking plug. There is a need to

study the effect of contaminants on epoxy resin, whether curing in the presence of
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contaminants, or mixing with contaminants during the drop then curing to determine the
applicability of these fluids.

This thesis is part of a research effort funded by the MMS (now known as
BOEMRE) which aims to investigate the applicability of epoxy-based resins or other
non-cement materials as plugging fluids for hurricane damaged wells in the Gulf of
Mexico, as mentioned herein. The materials in question have only been used in limited
permanent plug applications, and the applicability of the materials has not been
sufficiently studied. The MMS aims to develop on the following points:

1) Comparing epoxy-based materials against cement abandonments and

other potential plugging materials

2) Determining whether epoxy material can effectively drop 7,000 ft

through a casing annuli and accumulate on top of the packer

3) Determining how long material takes to travel to the bottom of casing

annuli and cure

4) Determining how material performs over time

5) Determining how weighting of this material with BaSO4 affects the

compressive and bond strength of the material

6) Determining whether there are other weighting materials which may

perform better than BaSO4

7) Ranking various resin and hardener chemical systems for best

performance in the field
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8) Evaluating the effects of various liquids such as calcium chloride, sea

water, and formation hydrocarbons on the resin chemical systems

The research done for this thesis covers points 1 and 8 above. In addition, it
addresses concerns raised by El-Mallawany regarding point 2. The work done focuses on
the cure process of epoxy-based resins during the settling and curing of the plugging
fluid. This thesis covers the effect of wellbore chemicals on the cure process of epoxy
during the fall, where the fluids are constantly being mixed until the plugging fluid
settles on top of the packer and cures at bottomhole temperature. The yield and
maximum compressive strength of the solid plugs were analyzed to note any
deterioration on mechanical strength by contamination. To address the effectiveness of
dropping 7,000 ft in casing annulus, a new method was analytically and experimentally
studied as an attempt to reduce the material losses during the fall. The method required
studying the vitrification point of the epoxy to allow the formation of solid beads that

liquety at bottomhole temperature.
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CHAPTER II: LITERATURE REVIEW

Epoxy-based resins are not new to the petroleum industry; they have been used
for sand consolidation, resin coated proppants, remedial casing procedures, formation
plugging and many other applications. For example, Kabir et al. discuss the use of resins
and elastomers in water and gas shutoff applications. Thermosetting resins and
elastomers are used because they have sufficient physical strength to seal fractures,
perforations, and channels. Among resins, phenolic and epoxy resins are two of the types
used. Conventional phenolic resin, or phenol-formaldehyde resin, may be formed by
step-polymerization of phenol and formaldehyde forming a Resole as shown in Fig. 2
(Peng and Riedl 1995). This reaction can be assisted by heating, but is slow and can be
considered stable at room temperature. An acid or base catalyst is added before pumping
which accelerates the reaction in the liquid and allows it to solidify at bottomhole
temperature. Bottomhole temperature and pumping time should be known, to avoid
polymerization of the fluid too soon or occurring too slowly (Kabir 2001). Epoxy resins
are another type of thermosetting resin, especially popular in the aircraft industry.
Epoxies are also common in construction and in the manufacture of composite materials
with fiberglass and carbon-fiber. It consists of an epoxy group and a hardener. The
hardener reacts with the epoxy, causing it to polymerize into a hard, inert plastic.
Typically, epoxy is a product of the reaction between epichlorohydrin and bisphenol A,

as represented in Fig. 3, and a common hardener is diethylenetriamine (Kabir 2001).
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Fig. 2—The structure of a phenol-formaldehyde (Peng and Riedl 1995)

CHy
i
HO o] OH + CHy— CH— CH,—CI
| N/
n CH, (n+1) o
Bisphenol A +(n +1)NaOH Epichlorohydrin

i e
GH,— CH— CH, o@—c@o—cm—cvwmz o@ c—<@—o—cn42—cn—cu2
N/ | | | N/
o CHs OH CH, o

Fig. 3—Synthesis of a Bisphenol A based epoxy resin (Irfan 1998)

A patent by Ng et al. discusses the use of epoxy resin used to repair casing when
it is damaged or corroded by wellbore fluids. The process described in the patent
involves under-reaming the damaged section of casing and placing a retrievable packer
right under the target zone, to create a surface for the epoxy to settle on. The epoxy resin
mixture with hardener is then placed on top of the packer and flows into the thief zone,
then forms a hardened solid underwater. The resin is typically placed with a dump bailer

or through tubing squeeze in the target zone, both of these placement methods are not
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suitable for the application intended herein. The solid plug formed can then be milled out
to the same diameter as the casing, to form a resinous casing, as shown in Fig. 4. The
patent explains that in wellbores at depths in excess of 5,000 ft, an environment of high
temperature, high pressure, and corrosive chemicals will be encountered, which
necessitates the repair in this manner. Often the wellbore is filled with materials, or
brines, which deteriorate the integrity of most zonal isolation fluids. Hydrocarbons,
water, saltwater, and other materials such as pipe dope, can cause the plugging fluid to
deteriorate and lose effectiveness. In addition, during the time these plugging fluids are
being pumped, the fluid will begin to harden during the operation such that the zonal
isolation operation cannot be completed (Ng 1995). It is important to understand the cure
process of the fluid in question and the effect of wellbore chemicals on the effectiveness

of the plug.
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Fig. 4—Placing the epoxy resin in the thief zone and allowing it to cure, then

milling out the hardened solid to the same inner diameter of the casing (Ng 1995).

ULTRA SEAL®R, by Professional Fluid Services, is an epoxy-based resin that
has been used in applications similar to the application discussed in this thesis and is the
main material used for this research. In June of 2005, ULTRA SEAL®R was used on
Chevron’s Vermillion 31 platform, to seal a leaking packer in an offshore production
well without the use of a rig. The fluid was required to fall several feet in seawater and
settle on top of the packer. 168 gallons of the fluid were loaded into the annulus along
with 9 bbls of seawater. After 14 hours of settling time and 24 hours of curing time the
plug was tested at 1,000 psi without pressure losses. PFS has applied ULTRA SEAL®R
in several other wells in the Gulf of Mexico, one of these was W&T Offshore-Ship
Shoal 349, Well A7. The objective of the operation was to seal micro annular gas
migration. To achieve the objective, two plugs were required. Prior to pumping Liquid

Bridge Plug® (another name for ULTRA SEAL®R), the well was cleaned by circulating
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it with seawater. Prior to pumping the first plug, 15 ft of sand were pumped to the
bottom then 7 bbls of Liquid Bridge Plug® were circulated down on top of the sand. The
well was tested to 600 psi with no pressure loss over 24 hours. 12 bbls of Liquid Bridge
Plug® were circulated to form the second plug and the well was tested to 800 psi with no

pressure loss over 48 hours (P.F.S 2007).

Table 1—EPOXY FALL RATE IN 30 FT OF WATER (After EI-Mallawany 2011).

Annulus Epoxy Density, Angle, degrees Fall Rate Material Loss, %
ppg ft/min
6" -0" 11.5 0 39.46 18.8
6" -0" 13.2 0 41.71 19.3
6" -0" 13.2 0 41.71 16.4
6" -0" 14.7 0 50.34 28.4
6" -0" 13.2 30 91.25 219
6" -0" 13.2 45 85.88 27.7
6"-1.9" 11.5 0 36.5 24.9
6"-1.9" 13.2 0 42.94 25.8
6"-1.9" 14.7 0 60.83 314
6" -3.5" 11.5 0 36.5 25.9
6" -3.5" 13.2 0 44.24 26.3
6" -3.5" 14.7 0 56.15 32.3

El-Mallawany developed an experimental apparatus to determine the fall rate of
epoxy in a column of water, and measure the material losses during the fall. The
apparatus involved a 30-ft column of clear PVC pipe mounted on a metal support
structure. The structure is hinged and can be tilted at any angle between vertical and
horizontal. Epoxy was dumped into the top of the pipe and collected at the bottom. The
results of the experiments are presented in Table 1 above, which shows significant
trends in terms of annulus size, inclination, density, and material loss. It was found that

the size of the annulus had no effect on the terminal velocity, where it averaged around
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37.5-,41.7-, and 55.8-ft/min for 11.5-, 13.2-, and 14.7-ppg formulations, respectively.
On the other hand, a smaller annulus caused more material buildup on the walls,
resulting in losses of up to 32.3%. It was also noted that in sloping columns, both fall
rate and material losses increase, compared to a vertical column. Fig. 5 shows the
behavior of the epoxy as it falls through the water column. The fluid broke down into
smaller droplets and spread through the water, but, due to the difference in densities, the

epoxy fell to the bottom of the pipe and settled as one mass (El-Mallawany 2011).

Fig. 5—Epoxy breaking down into smaller droplets and spreading in a column of

water (El-Mallawany 2011)
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CHAPTER III: PRIMARY OBJECTIVES

Determine if there is a reduction in yield strength, fracture strength, or ultimate
strength of cured epoxy-based resin as a result of being mixed for one hour with
seawater, oil, or pipe dope during the 7,000-ft fall in the contaminant. Determine
if any of the contaminants deteriorate the resin’s integrity, to the extent of
causing a 25% reduction in fracture strength compared to pure epoxy-based
resin.

The application discussed in this thesis requires the resin to cure in the presence
of wellbore chemicals. It is important to study the cure process of epoxy resin in
the presence of seawater, oil, and pipe dope, to understand the changes in terms
of cure time and level of gelation relative to pure resin. During a 6-hour cure
time, the criteria for defining a significant change from the cure process of pure
resin are a difference of 2 hours in the cure time, or a reduced level of gelation of
4 at 6 hours.

Determine whether the vitrification point of epoxy resins successfully allows the
formation of solid beads without gelation. Secondly, determine whether the
vitrified solid beads can be stored for a period of time greater than double the 6-
hour cure period of the resin. Finally, determine whether the solid beads can be

devitrified at wellbore temperature and reconsolidate into one mass and cure.
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4. Determine if the compressive strength of the reconsolidated resin solid to can be
an improvement over Portland cement, specifically creating an increase in
strength of up to 50%.

5. Analyze the operational cost savings by comparing the use of vitrified resin
beads to conventional cement. Determine cost savings created by reducing the
material losses, due to using vitrified epoxy resin beads in place of pumping

liquid epoxy in a 7,000-ft application.
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CHAPTER IV: MECHANICAL STRENGTH TESTS

BACKGROUND

Epoxy-Based Resin

Epoxy resins are compounds with more than one ethylene oxide. These resins are
called “thermosetting” resins, due to their ability to harden, or cure, with increasing
temperature. Typical construction applications for epoxies require the resin to be mixed
with other compounds or resins to achieve the desired characteristics of the thermoset
(Irfan 1998). In some cases these resins are mixed with phenol-formaldehyde based
resins.

The resin used in this thesis consists of Part A, Part B, and a diluent mixed in the
ratios shown in Table 2. The content of Part A includes phenol-formaldehyde,
Diglycidyesther and 1-chloro-2,3-epoxypropane, also known as epichlorohydrin.
Phenol-formaldehyde is stable at room temperature, until it reacts at 200°F. The reaction
is a step-growth polymerization, where phenol reacts with formaldehyde and forms a
hydroxymethyl phenol. The hydroxymethyl group can react with another phenol and
create a methylene bridge, or react with another hydroxymethyl group to form a
diphenol, called bisphenol F. Bisphenol F is an important monomer that is present in
epoxy resins, and it can further react with itself to create larger phenol oligomers.
Diglycidyesther and epichlorohydrin, are epoxy resin components that react with the
hardener triethylenetetramine, TETA, from part B causing it to polymerize into a hard,

inert plastic (Kelland 2009).
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Table 2—MIX RATIOS FOR ULTRA SEAL-R

Component Weight Volume Density
g mL g/mL pPg
Part A 2.89 2.42 1.19 9.97
Diluent 0.29 0.3 0.97 8.07
Part B 0.87 0.91 0.96 7.98
Pipe Dope

Pipe dope is used as a thread lubricant, and thread sealing compound for casing
and tubing threads. The main use is to make a joint leak-proof and pressure-tight. While
most pipe threads are machined to form an interference fit with proper assembly, some
machining and finishing variances will result in a less than 100% fit. Pipe dope is
applied to all casing and tubing joints prior to assembly, to ensure minor gaps will be
filled and any potential leaks blocked. As a result of the frequent use in the assembly of
casing and tubing, pipe dope is one of the most prominent materials in production tubing
and annuli (Gougler Jr. et al. 1985; Loewen et al. 1990; Nasr-El-Din et al. 2002). All the
pipe dope compounds used in these experiments are products of Bestolife Corporation
and conform to API RP 5A3 with the exception of “ZN 18”, a zinc-based nonmetal
compound. “ZN 18 was recommended for testing by the company representatives
because of its popularity in the industry as a thread compound suitable for storage and
light duty use. The main components of the pipe dope compounds are a petroleum grease
mixture and either metallic or nonmetallic particles. “OCTG” is a black-copper

compound which contains zinc, graphite, copper and other nonmetallic additives. “2000”
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is a black-copper colored compound with lime, inert nonmetallic solids, and less than 4
wt % copper. “API Modified” is a black-copper colored compound with powdered
graphite, copper flakes, lead powder, and zinc dust. “4010 NM” is a gray compound
with graphite, calcium compounds, talc, and titanium dioxide. “Metal Free” is a black
compound with synthetic and amorphous graphite, Teflon”, and other nonmetallic
additives. The composition of the mentioned pipe dope compounds is presented in Table

3.

Table 3—6 TYPES OF "BESTOLIFE" PIPE DOPE

Pipe dope = Composition (with petroleum grease mixture)
OCTG Zing, graphite, copper, & nonmetallic additives
2000 Lime, inert nonmetallic additives, & copper

AP| Modified Graphite, zinc, copper, lead, & lime
4010 NM  Graphite, talc, calcium compounds, titanium dioxide

ZN18 Zinc

Metal Free Synthetic and amorphous graphite, Teflon™, nonmetallic additives

Properties of Wells in the Gulf of Mexico

This research focuses on wells in the Gulf of Mexico; therefore it is necessary to
perform all experiments in similar conditions. In offshore wells, seawater is present in
abundance. The seawater mixture used in the experiments in this thesis, included, in
decreasing weight percent: sodium chloride, magnesium chloride hexahydrate, sodium
sulfate, calcium chloride dihydrate, and sodium bicarbonate, as listed in Table 4. Model
wells will be chosen with a packer depth of approximately 7,000 ft TVDSS. At this
depth the temperature is approximately 200°F based on the upper end of the temperature
gradient scope which ranges between 0.8°F/ft and 1.9°F/ft as shown in Fig. 6 (API

1999).
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Table 4—COMPOSITION OF SEAWATER

Salt g/100mL of H20
NaCl 3.839
CaCl2.2H20 0.244
MgCl2.6H20 1.906
Na2S04 0.526
NaHCO3 0.027
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Fig. 6—The approximate temperature increase per 1,000 ft True Vertical Depth

Subsea based on a 0.8 °F/100ft and 1.9 °F/100ft rate (data from API 1999)

Mechanical Strength
Hooke’s Law

Hooke’s Law of Elasticity states that the extension (or contraction) of a spring is
directly proportional to the load applied on it. Many materials obey this law, as long as

the load does not exceed the material’s elastic limit. Hooke’s Law is represented by
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F =kx
where F is the applied load, x is the extension or contraction, and & is the proportionality

constant.

Stress-Strain Curves

The mechanical strength of a material is largely defined by its internal stresses in
the material. Knowledge of these stresses is essential in a safe design. When
compressive or tensile tests are carried out on cylindrical specimens with different cross-
sections of the same material, the breaking loads are found to be proportional to the
cross-sectional area A of the specimen. This is because the strength of the material is
determined by the intensity of the force on the normal cross-section, and not on the net
force P. This intensity is known as the compressive stress o, in the case of compressive

loading. The compressive stress of a cylindrical specimen is defined as

where P is the net axial force applied on the normal cross-sectional area 4 of the

cylinder, as shown in Fig. 7.
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Fig. 7—Applied axial compression force P on the normal cross-sectional area A of a

cylindrical specimen.

Strain, by definition, is a measure of the distortion of the material under a
compressive or tensile load. The compressive strain is a non-dimensional quantity, and is
the ratio of the contraction of the material / to the original length L, of the specimen; the

compressive strain ¢ is defined as

Many characteristics can be deduced from a compression test by creating a
stress-strain curve. These characteristics are a more convenient method of comparing
materials, than using loads and contractions. Typically, different brittle materials follow
the same general trend, shown in the stress-strain curve in Fig. 8. The initial portion of
the stress-strain curve is linear, where the material acts elastically obeying Hooke’s law,
and no permanent distortion occurs if the load is removed during this period. With
increasing loads, the material begins to deform plastically up to the breaking point (Case

et al. 1999).
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Fig. 8—Stress-Strain curve for a brittle material (after Case et al. 1999)

Brittle materials are classified as materials that exhibit relatively little contraction
at failure. In contrast, materials such as mild steel and synthetic polymers show
significant deformation before failure. These materials are classified as ductile materials.
Ductile materials have the same general trend as brittle materials on a stress-strain curve
but differ in some key characteristics. The stress-strain curve, in Fig. 9, obeys Hooke’s
law where the slope is linear and elastic up to a point called the yield point. Loading the
specimen past this point exhibits a drastic decrease in the slope of the curve, where the
stress decreases then remains constant while strain continues to increase. The material
becomes strain-hardened, and the stress again begins to increase until failure. The point

of highest stress, the ultimate stress, may be reached before or at fracture.
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Fig. 9—Stress-Strain curve for a ductile material (after Case et al. 1999)

In certain cases, a material fractures at the yield point but continues to deform
while maintaining a constant stress level. Wei et al. describe such materials as having
crack tolerance. The residual stress due to crack tolerance allows the material to
withstand the load until it eventually fails completely at the rupture point (Wei 2010).

The rupture point is defined on a stress-strain graph by a sudden drop in stress.

Failure Modes
Ductile and brittle materials fracture in different manners. Brittle materials tend
to fail with a fracture that extends in a diagonal plane in the specimen, as shown in Fig.

10, or crumble into smaller pieces.
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Fig. 10—Failure showing a fracture in a diagonal plane due to compressive loading

on a specimen of a brittle material.

On the other hand, ductile materials experience greater contraction accompanied by

radial expansion along the specimen resulting in a barrel-like shape as shown in Fig. 11.

Fig. 11—Barrel-like failure due to compression on a specimen of ductile material.

OBJECTIVES

Determine if there is a reduction in yield strength, fracture Strength, or ultimate
strength of cured epoxy-based resin, as a result of being mixed for one hour with

seawater, oil, or pipe dope during the 7,000 ft fall in the contaminant. Determine if any
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of the contaminants deteriorate the resin’s integrity to the extent of causing a 25%

reduction in fracture strength compared to pure epoxy-based resin.

PROCEDURE

The parts of epoxy-based resin were mixed and allowed to cure in an oven under
a simulation of the plugging fluid falling 7,000 ft in the wellbore. This was carried out
by mixing the resin with each contaminant at wellbore conditions before allowing it to
settle and cure in the oven. The resin was prepared following the steps mentioned below:
1. Set the oven temperature to 200°F and allow it to reach steady state.
2. Prepare the first portion of the resin formulation by thoroughly mixing the
Part A resin and diluent in a beaker based on the ratios in Table 2 above.
3. Mix in Part B of the resin formulation based on the ratios in Table 2

above.

The samples simulating the 7,000 foot drop in the wellbore require the resin to be
mixed with the contaminant for a certain time period under certain temperatures to
replicate wellbore conditions. Preparation of the mixture requires the use of a heat-plate
magnetic stirrer, for the setup of a water bath and to create turbulence in the beaker. The
temperature in the water bath is linearly increased from 80°F to the bottom-hole
temperature, 200°F, for one hour, roughly matching the fall rate of the resin. The

procedure followed to prepare samples of resin mixed with contaminants is listed below:
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4. Prepare a 150-mL batch of resin.

5. Set up a hot water bath by placing a 5,000-mL glass container on a
magnetic stirrer/hot plate combination device.

6. Fill up approximately 400 mL of water and heat the water to 80°F.

7. Place the beaker of resin in the hot water.

8. Mix in the contaminant using a magnetic stirrer rod. Use quantities of
contaminants based on Table 5.

9. Cover the large glass container and allow the fluid to mix for one hour
while ramping the temperature of the water bath from 80°F to 200°F

10. Distribute the fluid into 50-mL Ultra-High Performance Centrifuge Tubes

with 45 mL of fluid per tube.

Table 5—MIX RATIOS OF CONTAMINANTS IN RESIN
Mass of Resin, g Mass of Contaminant, g wt % Contaminant

Seawater 111 102 91.9%
ZN18 167 10 5.7%
API 167 9 5.6%
2000 167 10 6.0%
OCTG 167 10 6.2%
Metal Free 167 11 6.4%
4010NM 167 11 6.7%
oil 80 57 72.0%

The strength of a material is a relation of the load and dimension of the sample. If
the ratio of height to diameter of the specimen is equal to or less than 1.75, then the
correction factor in Table 6 must be applied to the stress values obtained (ASTM). It is
important for uniaxial compression tests to maintain a load vector parallel to the axis of

the sample being tested. As a result, the samples are required to have ends that are



42

parallel to each other and the surfaces of the compression machine. The ends are also
required to be square with the sides of the cylinder to ensure uniform loading and
deformation. The following list describes the steps necessary to achieve these
requirements:

11. Remove the cured solid samples from the 50-mL Ultra-High Performance
Centrifuge Tubes.

12. Use a band-saw to cut off the conical end of the sample and to cut the
samples into two 1-inch long cylinders.

13. Sand the ends of the samples on a disc sander to ensure parallel ends to
the sample as well as to smooth off the surface for an adequate
compression test surface.

14. Measure the height and average diameter of each specimen.

15. Check each sample for its conformance to the requirement of parallel top
and bottom ends. Any sample that does not meet the specifications is

unsuitable for testing.

Table 6—CORRECTION FACTOR(ASTM)

L/D k, correction factor
1.75 0.98
1.5 0.96
1.25 0.93
1 0.87

The compression tests were run using an Instron 4206, Fig. 12, connected to a

computer running a Labview data acquisition program. For each run, the machine was
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allowed to apply a load on the sample until the sample failed or the load reached the load
limit of 30,000-psi. A sample failing is indicated by a sudden drop in the measured load.
The following steps list the directions used to run the compression tests and collect the

data points:

Fig. 12—The Instron 4206 used for compression tests with a load limit up to 30,000
psi.

16. Turn on the Instron 4206.

17. On the control panel displayed in Fig. 13, hit “Load Cal” then “Enter”
18. Hit “Load Bal” then “Enter”

19. Hit “GL reset”

20. Hit “Speed” and set it to 0.2 inches per minute.

21. Launch the Labview program.

22. Start data acquisition by running the Labview program.

23. Hit the “Down” button to start the Instron.
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24. Stop the machine when the sample fails or reaches the load limit of

30,000-psi.

Fig. 13—The control panel for the Instron 4206.

RESULTS & DISCUSSION

Pure Epoxy-Based Resin

The compression tests on samples of pure epoxy resin produced the expected
stress-strain graph of a ductile material as shown in Fig. 14. The slope of the curve
increases linearly up to, approximately, 13,900 psi and a strain of 0.11, where the stress
dropped and remained relatively constant then gradually increased. Every specimen of
pure resin experienced a gradual increase in stress until failure. The point of failure is the

point of maximum stress, or ultimate stress, and averaged at 19,800 psi.
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Fig. 14—The stress-strain curve from 6 experiment runs for pure epoxy-based

resin, tested under compression until failure.

The resin specimens were clear, yellow solid cylinders, as shown in Fig. 15.
Barreling of the specimen was initiated at the yield point. It then continued to withstand
loads until the first crack propagated at the ultimate stress point. Once cracks formed, the

specimen lost its integrity and lost its ability to withstand loads resulting in the crack

pattern in Fig. 15.
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Fig. 15—A specimen of pure epoxy-based resin before and after the compression

test.

Seawater Brine
The resin was mixed with seawater for one hour, as described in the procedure
section above. Before mixing the two fluids it was obvious the fluids were not miscible,

as can be seen in the clear separation in Fig. 16.

Fig. 16—The separation of resin and seawater brine is apparent due to the fluids

being immiscible.
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After mixing the fluids for an hour and linearly increasing the temperature up from 80°F

to 200°F, the resin and brine fluids formed an emulsion as can be seen in Fig. 17.

Fig. 17—An emulsion of resin droplets in seawater brine during and after mixing

for one hour prior to curing.

Once the mixture was prepared and ready to be transferred to the oven to cure,
the fluid was distributed among the centrifuge tubes. The epoxy resin droplets began
separating out of the emulsion and a separation between the two fluids was again
appearing, but only when settled in the oven for more than 15 minutes. The separation
can be seen in Fig. 18. Over the first hour, the resin had settled at the bottom of the tubes

and continued the cure process until fully cured.
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Fig. 18—Epoxy and seawater brine mixture after being mixed for an hour then

settling for approximately 15 minutes in a 200 °F oven.

Once the samples were fully cured, the compression tests were performed as
described in the procedure section. The compression tests on samples of epoxy-resin
mixed with seawater produced a stress-strain graph of a ductile material, as shown in
Fig. 19. Initially, the slope of the curve increased linearly then decreased at the yield
point, as it did for pure epoxy resin. Similar to pure epoxy resin, the yield strength and
maximum compressive strength were two distinct points on the stress-strain graph. In
addition, the maximum compressive strength corresponded to the fracture strength of the
specimens. After the yield point, the stress dropped slightly then gradually increased.
The specimens continued to deform until fractures propagated through the samples and

resulted in the fracture pattern shown in Fig. 20.



49

Seawater

30000

20000

Stress, psi

—_

=

(=

(=3

S
1

0.60

Strain

Fig. 19—The stress-strain curve from different experiment runs for epoxy-based

resin with seawater brine, tested under compression until failure.

Fig. 20—A specimen of fully cured resin mixed with seawater brine before and

after the compression test.




50

Pipe Dope

The different types of pipe dope were mixed in with the resin as described in the
procedure section above. Initially, the pipe dope added to the solution settled at the
bottom of the beaker, due to its greater density. Through mixing and heating, the liquid
portion of the pipe dope mixed with the resin, and the solid particles were suspended in
the fluid due to the turbulence of mixing. After the preparation stage, the samples were
distributed over the centrifuge tubes and allowed to cure in the oven. By remaining
stationary in the oven, the solid particles settled to the bottom of the tubes while the

liquid portion of the pipe dope remained in the mixture.

ZN18

ZN 18 is a zinc-based nonmetal compound popular in the industry for storage
and light duty use, despite not being rated per API RP 5A3. The ZN18 thread compound,
shown in Fig. 21, is a grey compound of fine grey zinc dust held together by the organic
grease having a yellow-green appearance. The fully cured mixture in Fig. 22 shows the
zinc particles collected at the bottom of the tube while the grease component of ZN18

pipe dope remained in the mixture.
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Fig. 21—ZN18 thread compound

Fig. 22—The fully cured sample of resin mixed with ZN18 pipe dope.

Once the samples were fully cured, the compression tests were performed as
described in the procedure section. The compression tests on samples of epoxy resin
mixed with ZN18 pipe dope produced the stress-strain graph shown in Fig. 23. Initially,
the slope of the curve increased linearly then the slope decreased at the yield point. It is
important to note that, unlike the pure resin samples, these samples fractured at the yield
point, but maintained a constant stress after the yield point while the sample continued to
deform. The samples displayed the barreling effect at the yield point, which is an effect

definitive of ductile failure, and formed the fracture pattern shown in Fig. 24.
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Fig. 23—The stress-strain curve from different experiment runs for epoxy-based

resin with ZN18 pipe dope, tested under compression until failure.

Fig. 24—A specimen of fully cured resin mixed with ZN18 pipe dope before and

after the compression test
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API-Modified

API-Modified is a black-copper colored compound with powdered graphite,
copper flakes, lead powder, and zinc dust which is rated per API RP 5A3. The API-
Modified compound shown in Fig. 25 is a dark brown/copper colored compound, held
together by organic grease having a yellow-green appearance. The fully cured mixture in
Fig. 26 shows the grease component of API-Modified pipe dope mixed with the resin,

and distributed solid flakes throughout the length of the sample.

Fig. 25—API-Modified pipe dope compound

Fig. 26—The fully cured sample of resin mixed with API-Modified pipe dope.
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Once the samples were fully cured, the compression tests were performed as
described in the procedure section. The compression tests on samples of epoxy resin
mixed with API-Modified pipe dope produced the stress-strain graph shown in Fig. 27.
Initially, the slope of the curve increased linearly then the slope decreased at the yield
point. Similar to ZN18 samples, these samples fractured at the yield point and
maintained a constant stress after the yield point while the sample continued to deform.
The samples displayed the barreling effect at the yield point, which is an effect definitive

of ductile failure, and formed the fracture pattern shown in Fig. 28.
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Fig. 27—The stress-strain curve from different experiment runs for epoxy-based

resin with API-Modified pipe dope, tested under compression until failure.
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Fig. 28—A specimen of fully cured resin mixed with API-Modified pipe dope before

and after the compression test

2000

2000, rated per API RP 5A3, is a black-copper colored compound, as shown in
Fig. 29, with lime, inert nonmetallic solids, and less than 4 wt % copper. The solid
particles of 2000 compound are held together by organic grease having a yellow
appearance. The fully cured mixture in Fig. 30 shows the grease component of 2000
pipe dope mixed in with the resin and distributed black solid flakes throughout the

length of the sample.
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Fig. 29—2000 pipe dope compound

Fig. 30—The fully cured sample of resin mixed with 2000 pipe dope.

Once the samples were fully cured, the compression tests were performed. The
compression tests on samples of epoxy resin mixed with 2000 pipe dope produced the
stress-strain graph shown in Fig. 31. These samples fractured at the yield point, and
maintained a constant stress after the yield point while the sample continued to deform.
The samples displayed the barreling effect at the yield point, which is an effect definitive

of ductile failure, and formed the fracture pattern shown in Fig. 32.
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Fig. 31—The stress-strain curve from different experiment runs for epoxy-based

resin with 2000 pipe dope, tested under compression until failure.

Fig. 32—A specimen of fully cured resin mixed with 2000 pipe dope before and

after the compression test
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OCTG

OCTG, rated per API RP 5A3, is a black-copper compound, as shown in Fig. 33,
which contains zinc, graphite, copper and other nonmetallic additives. The fully cured
mixture in Fig. 34, shows the grease component of OCTG pipe dope mixed in with the
resin while solid particles in the compound settled out of solution to the bottom of the

tubes.

Fig. 33—OCTG pipe dope compound

Fig. 34—The fully cured sample of resin mixed with OCTG pipe dope.

The compression tests were performed on the fully cured samples of epoxy resin
mixed with 2000 pipe dope, and produced the stress-strain graph shown in Fig. 35.
These samples fractured at the yield point and also started barreling at the yield point.

The barreling effect and the fracture pattern on the specimen are shown in Fig. 36.
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Fig. 35—The stress-strain curve from different experiment runs for epoxy-based

resin with OCTG pipe dope, tested under compression until failure.

Fig. 36—A specimen of fully cured resin mixed with OCTG pipe dope before and

after the compression test



60

Metal Free

Metal Free, rated per API RP 5A3, is a black compound, as shown in Fig. 37,
with synthetic and amorphous graphite, Teflon”, and other nonmetallic additives. The
fully cured mixture in Fig. 38 shows the green grease component of Metal-free pipe
dope mixed in with the resin, while the fine solid particles in the compound settled out of

solution to the bottom of the tubes.

Fig. 37—Metal-free pipe dope compound

Fig. 38—The fully cured sample of resin mixed with Metal-free pipe dope.

The compression tests were performed on fully cured samples of epoxy resin
mixed with Metal-free pipe dope, and produced the stress-strain graph shown in Fig. 39.
The stress-strain graph displays a yield stress and ultimate stress, but samples were

observed to fracture at the yield point, an effect in brittle materials. The samples



61

deformed elastically by barreling at the yield point, producing the fracture pattern shown

in Fig. 44, then continued deforming and strain hardening, despite the present fractures.
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Fig. 39—The stress-strain curve from different experiment runs for epoxy-based

resin with Metal-free pipe dope, tested under compression until failure.

Fig. 40—A specimen of fully cured resin mixed with Metal-free pipe dope before

and after the compression test
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4010NM

4010NM is a gray compound, rated per API RP 5A3, containing graphite,
calcium compounds, talc, and titanium dioxide. The compound in Fig. 41 shows a grey
compound held together by the organic grease having a yellow appearance. The fully
cured mixture in Fig. 42, shows the fine particles collected at the bottom of the tube

while the grease component of 4010NM pipe dope remained in the mixture.

Fig. 41—4010NM pipe dope compound

Fig. 42—The fully cured sample of resin mixed with 4010NM pipe dope.

The compression tests we performed on fully cured samples of epoxy resin
mixed with 4010NM pipe dope, and produced the stress-strain graph shown in Fig. 43.

The samples deformed by barreling at the yield point, producing the fracture pattern
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shown in Fig. 44, then continued deforming and strain hardening, despite the present

fractures. The fracture strength in this case is at the yield point of the stress-strain graph.
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Fig. 43—The stress-strain curve from different experiment runs for epoxy-based

resin with 4010NM pipe dope, tested under compression until failure.

Fig. 44—A specimen of fully cured resin mixed with 4010NM pipe dope before and

after the compression test
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Sour Oil

Sour oil was mixed with the resin for one hour while linearly increasing the
temperature from 80 °F to 200 °F as described in the procedure section above. The resin
was miscible in oil, therefore, mixing the two fluids resulted in one homogeneous fluid
which was distributed over the centrifuge tubes and allowed to cure in the oven. The

fully cured sample was a dark brown/black opaque solid as shown in Fig. 45.

Fig. 45—The fully cured sample of resin mixed with sour oil.

Once the samples were fully cured, the compression tests were performed to
produce the stress-strain graph shown in Fig. 46. The stress-strain was similar to that of
pure resin, with distinct yield and maximum compressive strengths. In addition, the
maximum compressive strength of these mixtures corresponded to the samples’ fracture
strength. At the yield point on the stress-strain graph, the samples experienced barreling
then continued deformation while not forming any fractures. At the fracture point the

specimens developed the shape and fracture pattern shown in Fig. 47.
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Fig. 46—The stress-strain curve from different experiment runs for epoxy-based

resin with Sour Qil, tested under compression until failure.

Fig. 47—A specimen of fully cured resin mixed with oil before and after the

compression test
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Fracture Strength

The compression test results displayed a clear reduction in the yield and ultimate
compressive strengths of the resin, as a result of mixing with contaminants. While it is
typical for ductile materials to fracture at the ultimate compressive strength, the pipe
dope samples experienced fracture propagation at the yield strength. The constant stress
after the yield point, or the slight increase in stress after the yield point, is the result of
crack tolerance and the samples maintaining residual strength. The highest yield stress
was that of pure resin at 13,940 psi, as shown in Table 7, followed by the pipe dope
compositions of 2000, Metal-free, and OCTG with less than a 1% drop in yield strength
each. The pipe dope composition of 4010NM and ZN18, and sour oil resulted in a 3% to
6% drop in yield strength. While API-modified and seawater caused the largest drop in

yield strength of 10% to 11% or approximately 1,400 psi to 1,500 psi.

Table 7—AVERAGE YIELD STRENGTH
Average Yield Strength, psi % Drop

Pure 13,940 0%

2000 13,920 0%

Metal free 13,810 1%
OCTG 13,810 1%
4010NM 13,510 3%

oil 13,510 3%

ZN18 13,170 6%

API modified 12,520 10%
Seawater 12,470 11%

The majority of the samples tested had only one value that corresponded to both

the yield strength and the fracture strength. Only two mixtures, other than pure resin,
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maintained fracture strength greater than their yield strength. These mixtures were sour
oil, and seawater, as shown in Fig. 48. The pure samples, oil samples, and seawater

samples had yield strengths that were 58%, 63%, and 75% less than their ultimate

strengths, respectively.
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Fig. 48—The average fracture strengths of samples in comparison to their average

yield strengths

The average fracture strengths of the oil and seawater samples were decreased by
11% and 32%, respectively, compared to pure resin. In comparison, the fracture
strengths of the pipe dope mixtures resulted in a drop between 35% and 48% of the

fracture strength of pure resin.
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Table 8—AVERAGE FRACTURE STRESS
Average Fracture Stress, psi % Drop

Pure 24,190 0%

oil 21,500 11%

Seawater 16,550 32%
2000 15,670 35%

Metal free 13,820 43%
OCTG 13,810 43%
4010NM 13,510 44%
ZN18 13,170 46%

API modified 12,520 48%

As shown in the results above, the addition of contaminants to pure epoxy resin
reduced the maximum compressive strength and yield strength of the mixtures. The
fracture strength corresponds to the maximum compressive strength for pure epoxy
resin, the oil mixtures, and the seawater mixtures, but it corresponded to the yield
strength for all pipe dope samples. The difference in fracture strengths between the
samples tested was significantly greater than a 25% drop, while the yield strengths of all

the samples remained relatively constant with the largest drop being as little as 11%.
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CHAPTER V: EVALUATING THE EFFECT OF CONTAMINANTS ON THE

CURE PROCESS OF EPOXY RESIN

OBJECTIVE

The application discussed in this thesis requires the resin to cure in the presence
of wellbore chemicals. It is important to study the cure process of Epoxy Resin in the
presence of seawater, oil, and pipe dope to understand the changes in terms of cure time
and level of gelation relative to pure resin. During a 6 hour cure time, the criteria for
defining a significant change from the cure process of pure resin, are a difference of 2

hours in the cure time or a reduced level of gelation of 4 at 6 hours.

PROCEDURE

The experimental procedure to test the cure process included an oven to simulate
the temperature in the wellbore. The resin was cured in 10-mL or 30-mL screw-cap glass
vials, or 50-mL Ultra-High Performance Centrifuge Tubes. The experiments discussed
in this chapter were performed following the steps described below:

1. Set the oven temperature to 200°F and allow it to reach steady state.
2. Prepare the first portion of the resin formulation by thoroughly mixing

Part A resin and diluent in a beaker based on the ratios in Table 2 above.
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3. Mix in Part B of the resin formulation based on the ratios in Table 2
above.

4. Fill the glass vials with seawater brine, sour oil, or pipe dope according to
the proportions in Table 9 to create 10, 20, 30, 40, and 50 wt %
contaminant in resin mixtures.

5. Fill each of the 10-mL glass vials with resin for a total 0of4.00 g of
mixture.

6. Place the vials in the 200°F oven.

7. At 1 hour intervals, measure the level of gelation of the samples based on
the qualitative test method in Table 10 until they are fully cured.

8. Record the cure time for each sample.

Table 9—COMPOSITION OF 4.00 GRAM SAMPLES
Owt% 10wt% 20wt% 30wt% 40wt% 50wt%
Mass of Resin, g 4.00 3.60 3.20 2.80 2.40 2.00
Mass of Contaminant,g  0.00 0.40 0.80 1.20 1.60 2.00

For each experiment cycle, 44 samples were prepared: five samples of 10, 20, 30,
40, and 50 wt % seawater brine, five samples of 10, 20, 30, 40, and 50 wt % Sour Oil,
two samples for each of the 5 salts in seawater brine shown in Table 4, and 2 samples of
33 wt % of each of the 6 types of pipe dope shown in Table 3. In addition, for each run,
at least two samples of resin without any contaminants were used with each test as the
control. The samples were placed in the oven and analyzed at 1-hour intervals up to 7

hours. The experiments were repeated three times to confirm the results.
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Level of Gelation

The level of gelation was determined qualitatively by a simple 0-5 qualitative test
method. 0 indicates a resin with a water-like viscosity. 1 represents a resin with the same
viscosity as the stable unreacted Part A fluid at room temperature. A level of gelation of
2 indicates a gel that moves or shakes when the vial is tilted or agitated. At a level of
gelation of 3, the resin appears to be a solid but applying pressure on the surface when a
3-mm metal rod, shown in Fig. 49, easily penetrates the surface. At 4, the resin appears
to be solid and applying pressure on the surface with a 3-mm metal rod creates a minor
indentation but does not penetrate the surface. A level of gelation of 5 indicates a fully
cured solid with no apparent indentation caused by pressure from the metal rod. The

qualitative test method is listed in Table 10 below.

Fig. 499—The 3mm metal rod used in the qualitative level of gelation test
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Table 10—THE LEVEL OF GELATION

Level of Gelation Description
0 Water-like viscosity
1 Thick liquid
2 Gel moves
3 Visually cured but applying pressure penetrates the surface
4 Cured but applying pressure creates minor indentation
5 Fully cured with no indentation when pressure is applied

RESULTS AND DISCUSSION

Pure Epoxy-Based Resin

The pure epoxy-based resin was prepared following the procedure mentioned in
the section above to form a clear orange colored viscous liquid, as shown in Fig. 50. The
initial state of the resin was a thick liquid with a level of Gelation of 1. After the first
hour in the 200°F oven, the viscosity of the resin decreased to a level of Gelation of 0.5.
Hourly testing showed a gradual increase in the level of Gelation of the samples until

full cure at 6 hours, as shown in Fig. 51.

Fig. 50—Thick, clear, orange colored, viscous epoxy resin.
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Fig. 51—The curing trend for pure epoxy-based resin which shows a decrease in
the level of Gelation during the first hour, then a gradual increase until full cure at

6 hours.

Seawater Brine

The presence of seawater brine in the mixture increased the rate of the cure process,
starting from the first hour into the experiment. At 1 hour, the resin’s viscosity had
increased to a level of Gelation of 1.5, as opposed to the expected result of a decreased
viscosity and 0.5 level of Gelation. The samples reached full cure in as little as 3 hours,
compared to the 6 hours for pure resin. The results for the cure process tests of epoxy-

based resin cured in the presence of seawater brine are shown in Fig. 52.
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Fig. 52—The curing trend for epoxy-based resin in the presence of seawater brine

at 10, 20, 30, 40, and 50 wt % seawater.

Samples of each of the five salts of seawater brine were tested separately with
epoxy-based resin to determine the effect of each salt. The resin was allowed to cure in
the presence of ten different brines. Each salt brine was prepared with only one salt, and
for each salt, two brines were prepared with a “High” and “Low” concentration as listed

in Table 11.
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Table 11—COMPOSITION AND CONCENTRATIONS OF 5 BRINES

Salt Name Concentration, M

High 0.86
Nadl Low 0.44
CaCh a0 High 0.34
atla Low 0.14
MaCh.6H-0 High 0.25
gLl26Mz Low 0.14
High 0.35

Na,S0,
Low 0.22
High 0.60

NaHCO;
Low 0.43

Each sample was mixed in a 1:1 (by weight) ratio of brine to resin, and the cure
process was analyzed following the procedure above. The cure trend of the ten brines
followed similar trends to that of seawater brine. The cure process was accelerated for all
ten brines. All the high concentration brines were fully cured by 3 hours, similar to
seawater brine but the high concentration mixtures with NaCl were fully cured in as little
as 2 hours. For each salt solution, the high concentration mixtures showed accelerated
curing trends than the corresponding low concentrations and a shorter cure period, as

shown in Fig. 53.
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Fig. 53— The curing trend for epoxy-based resin in the presence of 50 wt % of 5

brines at 2 different concentrations.

Sour Oil

For each test run, five different mixtures of epoxy-based resin with 10, 20, 30, 40, and
50 wt % sour oil were tested. The presence of sour oil in the mixtures did not
significantly affect the rate of the cure process, compared to pure epoxy-based resin, as
shown in Fig. 54. Several samples removed from the oven at 3 hours began showing
effects of vitrification, as will be discussed in a later chapter. The phase change due to
vitrification was recognized by the sudden rise in the level of Gelation as the sample
cooled. This highlighted the importance of testing all the samples at the oven’s 200°F to

get more accurate bottomhole trends. The phase change with sour oil was accompanied
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by a change in color of the mixtures from a clear black-brown color to an opaque light

brown color as shown in Fig. 55.
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Fig. 54—The curing trend for epoxy-based resin in the presence of sour oil at 10,

20, 30, 40, and 50 wt % sour oil.

Fig. 55—The difference in color due to the phase change of resin mixed with sour-

oil caused by the change in temperature from 200 °F to room temperature.
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Pipe Dope

Separate samples were prepared for each of the 6 types of pipe dope. Pipe dope is
typically composed of organic grease and a mixture of inorganic materials. In these
experiments, the samples all remained heterogeneous, where the inorganic material
dropped out of solution and the organic material was mixed in with the resin. The
samples exhibited altered curing trends. OCTG, 2000, and API-modified exhibited
elastic properties at 4 hours, where applying pressure on the surface created an
indentation but did not penetrate the surface. At 6.5 hours, these three mixtures
maintained hard rubber properties. 4010NM, ZN18, and “Metal Free” remained at a
level of Gelation below 3 up to 4 hours and “Metal Free” displayed an increased
tackiness compared to pure resin. By 6.5 hours, the OCTG, 2000, API-modified, ZN18,
and “Metal Free” maintained a hard rubber texture, but had not fully cured. 4010NM, on
the other hand, had separated at 4 hours into 3 phases. The topmost phase was a water-
like liquid, a low viscosity resin in the middle, and the inorganic material at the bottom.
At 5 hours it remained very soft and tacky with a level of Gelation of 3, then at 6.5 it
became a soft elastic material with a level of Gelation less than 4, as shown in Fig. 56. In
less than 24 hours all samples had fully cured, but maintained heterogeneity in the

mixture which affected the mechanical strength of the sample.
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Fig. 56—The curing trend for epoxy-based resin in the presence of the 6 types of

Best-o-life pipe dopes: OCTG, 2000, API modified, 4010NM, ZN18, and Metal Free
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CHAPTER VI: EVALUATING THE USE OF SOLID EPOXY RESIN BEADS AS

A PLACEMENT METHOD

BACKGROUND

Vitrification and Gelation

A time-temperature-transformation (TTT) isothermal cure diagram, shown in
Fig. 57, can be used for understanding the cure properties of thermosetting systems
(Dawkins 1986; Gillham 1985). The main events of such a diagram include the onset of
gelation, vitrification, and full-cure. Gelation corresponds to the formation of an infinite
molecular network, according to Flory's theory of gelation (Flory 1953). Vitrification, a
completely distinct phenomenon from gelation, can occur at any stage during the
reaction to form either an ungelled glass or a gelled glass. In the glassy state, the rate of
reaction undergoes a significant decrease but is not zero. Unlike gelation, vitrification is
reversible by heating, and the cure process may be reestablished by heating to devitrify
the partially cured Epoxy (Menczel 2009).

During the cure process, the system follows the isothermal line labeled as “Cure
Process” in Fig. 57 where the resin goes through gelation, vitrification, and eventually
full cure. Interrupting the cure process at a time, ¢, by reducing the temperature of the
resin, will cause the resin to vitrify into an ungelled glass and significantly decrease the
reaction rate. The time at the point of gelation is assumed to be the cure time, then,
according to Fig. 57, the point of vitrification at T is greater than the cure time.

Assuming time ¢ is a fraction of the cure time, then time ¢ corresponds to the point at
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which the ratio of 7 to the cure time at T is equal to or greater than the ratio of the time

to vitrification over the cure time at room temperature.

Fig. 57—An isothermal time-temperature-transformation (TTT) diagram showing
the onset of gelation, vitrification, and full cure for a thermosetting epoxy (after

Gillham 1985)
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Portland Cement

Standard procedures in the oil and gas industry involve using Portland cement,
ASTM types I and 11, as the plugging material. ASTM standards define the properties of
these cement mixtures; ten such mixtures are defined in ASTM C150/C150M with
compressive strengths included and listed in Table 12 below (ASTM). The compressive
strength values defined in ASTM C150/C150M are based on uniaxial compressive tests
performed on 2-in cement cube specimens as defined in ASTM C109/C109M (ASTM).
Cube specimens are always stronger than cylinders due to cubes having an overlapped
restrained zone towards the corners while testing under uniaxial compression, hence, a

zone of triaxial compression develops.

Table 12—PORTLAND CEMENT COMPRESSIVE STRENGTHS(Data from

ASTM C150/C150M)
Cement Type Compressive Strength, psi

I 4080

IA 4080

Il 3190

A 3190
[I(MH) 4060
[I(MH)A 3190
i 3480
A 2760
v 2470

\Y 3050

OBJECTIVES

1. Determine whether the vitrification point of epoxy resins successfully allows

the formation of solid beads without gelation. Secondly, determine whether
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the vitrified solid beads can be stored for a period of time greater than double
the 6-hour cure period of the resin. Finally, determine whether the solid beads
can be devitrified at wellbore temperature and reconsolidate into one mass
and cure.

Determine if the compressive strength of the reconsolidated resin solid can be
an improvement over Portland cement, specifically creating an increase in
strength of up to 50%.

Analyze the operational cost savings by comparing the use of vitrified resin
beads to conventional cement. Determine cost savings created by reducing
the material losses due to using vitrified epoxy resin beads in place of

pumping liquid epoxy in a 7,000-ft application.

PROCEDURE

The parts of epoxy-based resin were mixed and allowed to partially cure in an

oven. Before gelation occurs at high temperature, the resin was removed and solid beads

were formed by cooling the fluid. The resin was stored then returned to the oven to

continue the curing process. The resin was prepared following the steps mentioned

1. Set the oven temperature to 200°F and allow it to reach steady state.
2. Prepare the first portion of the resin formulation by thoroughly mixing the

Part A resin and diluent in a beaker based on the ratios in Table 2 above.
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3. Mix in Part B of the resin formulation based on the ratios in Table 2
above.

4. Mix in 50% (by weight) of oil.

To be able to create vitrified solid resin beads at any time, ¢, the fluid should be
in liquid form at 200°F and in solid form at 39°F, at the same time ¢. At 200°F, the resin
must maintain a low enough viscosity to be transported with a syringe. While at 39°F,
the solid beads must be capable of maintaining their shape and must not exhibit a tacky
surface that adheres to surfaces or other beads. To test these two conditions requires the
use of two qualitative test methods that will be described below. The following list
describes the steps required to find time ¢ at which solid beads can be formed:

5. Separate the resin-oil mixture into two equal batches, called Batch A and
Batch B
6. Divide each batch into 5-mL samples over eight 10-mL glass vials.
7. Place all 16 glass vials upright in the oven at 200°F
8. At 1-hour intervals
a. Remove 1 glass vial from Batch A from the oven and allow it to
cool to room temperature. Ensure the glass vial remains upright.
b. Turn 1 glass vial from Batch B onto its side so it is lying
horizontally in the 200°F oven.

9. After 12 hours from the initiation of the experiment
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a. Measure the level of Gelation of Batch A samples based on the
qualitative test method of Table 10.
b. Classify Batch B samples based on the Sydansk qualitative test
method listed in Table 13
10. Determine time, ¢, at which the resin formulation in question can be
transformed from a liquid to a solid by a sudden drop in temperature from

200°F to 39°F.

Table 13—GEL STRENGTH CODE (Sydansk 1989)

No detectable gel formed: the bulk of the system has the same viscosity as the polymer
solution

High flow gel: slightly more viscous than the polymer solution

Flowing gel: most of the gel flows to the bottle cap upon inversion

o0 >

Moderately flowing gel: only a portion of the gel (~5-10%) does not flow to the bottle cap

m

Barely flowing gel: gel can barely flow to the bottle cap and/or a significant portion (>15%)
does not flow to the cap

m

Highly deformable nonflowing gel: gel does not flow to the cap

Moderately deformable nonflowing gel: gel deforms about half way down the bottle upon
inversion

Slightly deformable nonflowing gel: only the gel surface slightly deforms upon inversion

Rigid gel: no gel surface formation by gravity upon inversion

“|=|T| @

Ringing rigid gel: a tuning fork-like mechanical vibration can be felt upon tapping the bottle

The Sydansk test method is used to examine Batch B samples once the

experiment is over. The purpose of turning the vials on their side is to allow any liquid

resin to flow along the walls of the vial. By keeping the vials in the oven, it ensures that

the amount of resin that flowed along the walls will cure and allow the examiner to

determine the gel strength code of that specimen. An uncured sample will have the bulk

of the resin along the wall of the vial up to the lid, while a cured sampled will have the

bulk of the resin at the base of the vial with no lip on the wall.
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The resin mixture at 200°F continues to cure, as long as the temperature of the
mixture remains at 200°F. Solid beads can be formed by allowing the resin to cool to
room temperature, but quenching the mixture in 39 °F water allows a faster solidification
and ensures the curing process has been suspended. The following steps describe the
process of forming the solid beads:

11. Repeat steps 1 to 4

12. Place the mixture in the 200°F oven until time ¢.

13. Use a syringe to inject droplets of the resin mixture into 39°F water to
quench the resin and form solid beads.

14. Store the solid beads at 39°F to maintain long shelf life

When the solid beads are needed to be tested, they can be placed at 200°F, where they
liquety then continue the cure process to form one solid mass. It is important to note that
the cure process does not stop completely during storage; it is simply slowed down
significantly.

15. Place solid beads in 50-mL Ultra-High Performance Centrifuge Tubes
and place them in the 200°F oven until the beads have liquefied then fully
cured.

16. Removed the cured samples from the 50-mL Ultra-High Performance

Centrifuge Tubes.
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It is important for uniaxial compression tests to maintain a load vector parallel to
the axis of the sample being tested. As a result, the samples are required to have ends
that are parallel to each other and the surfaces of the compression machine. The ends are
also required to be square with the sides of the cylinder to ensure uniform loading and
deformation. The following list describes the steps necessary to achieve these
requirements:

1. Remove the cured solid samples from the 50-mL Ultra-High Performance
Centrifuge Tubes.

2. Use a band-saw to cut off the conical end of the sample and to cut the
samples into two 1-inch long cylinders.

3. Sand the ends of the samples on a disc sander to ensure parallel ends to
the sample as well as to smooth off the surface for an adequate
compression test surface.

4. Measure the height and average diameter of each specimen.

5. Check each sample for its conformance to the requirement of parallel top
and bottom ends. Any sample that does not meet the specifications is

unsuitable for testing.

The compression tests were run using an Instron 4206 connected to a computer
running a Labview data acquisition program. For each run, the machine was allowed to
apply a load on the sample, until the sample failed or the load reached the load limit of

30,000 psi. A sample failing is indicated by a sudden drop in the measured load. The
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following steps list the directions used to run the compression tests and collect the data

points:

10.

1.

12.

13.

14.

Turn on the Instron 4206.

On the control panel hit “Load Cal” then “Enter”

. Hit “Load Bal” then “Enter”

Hit “GL reset”

Hit “Speed” and set it to 0.2 inches per minute.

Launch the Labview program.

Start data acquisition by running the Labview program.

Hit the “Down” button to start the Instron.

Stop the machine when the sample fails or reaches the load limit of

30,000 psi.
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RESULTS AND DISCUSSION

The Batch B samples were turned on their side every hour, as mentioned above
and kept in the oven. Once the time of the experiment was completed the samples were
removed and examined. The samples from the first 4 hours, in Fig. 58, show the resin
flowed to the lid of the vials while the vials were horizontal. The black fluid at the base
of the vials in the images of this section, is the residual oil portion of the mixture, while

the brown fluid/solid is the thermosetting portion of the mixture.

Fig. 58—The 1-hour, 2-hour, 3-hour, and 4-hour samples of Batch B repositioned

and kept in the 200°F oven.

At the 5-hour sample, signs of gelation began to appear. The majority of the resin
remained at the base of the vial, but a portion created a lip halfway up to the lid of the

vial, as seen in Fig. 59.



90

Fig. 59—The 5-hour samples of Batch B repositioned and kept in the 200°F oven.

The 6-hour, 7-hour, and 8-hour samples showed no movement in the resin, as
seen in Fig. 60, indicating that the resin at this point will maintain its shape until fully

cured.

Fig. 60—The 6-hour, 7-hour, and 8-hour samples of Batch B repositioned and kept

in the 200°F oven.

One sample from Batch A was removed from the oven every 1 hour, and
allowed to cool to room temperature. Each sample was tested using the qualitative test in
Table 10 after the first 12 hours had passed. The results displayed a progressively

hardening trend, starting from the 2-hour sample at a level of gelation of 1, to the 6-hour
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sample at a level of gelation of 5. Fig. 61 shows the hardening trend of Batch A
compared to the results from Batch B. It is apparent that Batch B at 200°F, had a 2-hour
delay in the onset of gelation compared to Batch A. At 4 hours, Batch B samples
remained a flowing liquid while Batch A had a level of Gelation of 3, corresponding to a
resin that is visually cured but applying pressure penetrates the surface. Therefore, to
create the vitrified solid resin beads the time, ¢, at which the cure process should be

stopped, is 4 hours.

Fig. 61—The trends of Batch A and Batch B samples showing the effect of

temperature on gel strength

At 3.5 to 4 hours the resin can be removed from the oven at 200°F and cooled

down rapidly to 39°F to instantly form solids, shown in Fig. 62. This was done using a
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syringe to remove the resin from the vial and place it, as droplets, in ice water. Once the

droplets were solidified they would then be placed in a beaker and put in a refrigerator.

Fig. 62—Vitrified resin droplets that were formed by quenching droplets of resin in

39°F water 3.5 hours into the cure process.

Once the beads are needed, they can be placed back in the oven. The vitrified
resin beads began devitrification at approximately 130°F. Once in liquid form, the
material reconsolidated and continued the cure process in the 50-mL Ultra-High
Performance Centrifuge Tubes until fully cured. The resin mixture cured to one
consolidated solid, but bubbles were observed in the material, as seen in Fig. 63, due
mainly to the fact that when the beads liquefy, the viscosity is greater than that of the
pure liquid epoxy resin, resulting in slower bubble release and heterogeniety in the final

solid.
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Fig. 63—A specimen of fully-cured reconsolidated epoxy-resin beads before and

after the compression test

The cured solid was removed from the centrifuge tubes, machined, and sanded in
preparation for a compression test. The stress-strain curve produced from the
compression tests are shown in Fig. 64. As the load increases beyond the yield point,
pore collapse causes the strain to increase until, eventually, the specimen fractures and
fails completely. The fracture strength, in this case, has the same value as the yield
strength of the specimens. These samples did not exhibit any barreling; instead they
deformed axially then broke into several pieces as seen in Fig. 63 above. The average
fracture strength was found to be 7,717 psi, which is 89% more than the compressive
strength value of Portland cements I & II in Table 12, but also corresponds to a 45%
drop from the yield strength of pure resin. The heterogeneity in the solid is the largest
contributor to the drop in fracture strength, due to the bubbles aiding in crack initiation

and propagation.



94

Solid resin beads
30000
20000
&
wn
10000
0 T T 1
0.00 0.20 0.40 0.60
Strain

Fig. 64—The stress-strain curve for reconsolidated epoxy resin beads tested under

compression until failure.

Cost Analysis

A cost comparison between two P&A operations was performed to determine the
cost benefits to using vitrified solid resin beads over conventional Portland cement. In
the first case, with the resin beads, an offset well was drilled to a depth of 1,000-ft below
the mudline, where the beads were pumped and allowed to drop in the annulus and settle
for 6,000 ft to the top of the packer. The second case, with Portland cement, the offset
well was drilled 7,000 ft below the mudline, and cement was spotted in place. The cost

comparison for the two cases is shown in Table 14.
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Table 14—COST COMPARISON FOR P&A

Resin Beads Portland Cement
Material Cost $190,000° $23,800°
Drilling Cost $143,700° $1,005,800°
Total $333,700 $1,029,600

a) Approximated based on the cost of UltraSeal at $10,000/bbl and a plug height of 550 ft in 6-in tubing

b) Approximated based on the cost of Portland Cement at $1,250/bbl and a plug height of 550 ft in 6-in tubing

¢) Approximate drilling cost for 1,000-ft at a rate of 116 ft/min and a $400,000/day equipment cost (Kaiser M.J 2008)
d) Approximate drilling cost for 7,000-ft at a rate of 116 ft/min and a $400,000/day equipment cost (Kaiser M.J 2008)

While the cost of UltraSeal is approximately 8 times the cost of Portland cement,
the time required to drill the offset well and apply the resin beads is significantly
reduced, and subsequently the cost is reduced. There is a potential for USD 0.7 million
in savings using this system, based on the assumptions made in this section. In addition,
using resin beads reduces the amount of material loss on the walls of the well. According
to El-Mallawany, up to 32% of material can potentially adhere to the casing and not
settle on the packer (EI-Mallawany 2011). 32% of the cost of epoxy required for the
application is approximately USD 60 thousand for a 7,000-ft application with a 550-ft

plug height.



96

CHAPTER VII: CONCLUSIONS

Mixing the resin with seawater, oil, or pipe dope will reduce the ultimate strength
and fracture strengths of the mixtures compared to the strengths of pure resin.
The ultimate strength of contaminated resin will most likely drop to the value of
the yield strength, and should be designed with that in mind. The fracture
strengths of contaminated resin will experience a drop greater than a 25%
compared to pure resin, while the yield strength, on the other hand, can remain
relatively unaltered.

During a 6-hour cure, the cure process of resin mixed in with seawater can be
accelerated by more than 2 hours compared to pure resin, while oil has no
apparent effect on the cure process.

Quenching droplets of epoxy resin in 39°F diluted water before the initiation of
gelation during the cure process was found to form solid beads through the
reversible physical process of vitrification; using this effect as a plugging
application can be successful.

The average fracture strength of reconsolidated epoxy resin beads was found to
be 7,717 psi, indicating that an application utilizing solid resin beads, as
discussed in this thesis, can be up to 89% stronger than the ASTM compressive
strength values for Portland cements I & I1.

From an operational cost standpoint, using vitrified epoxy resin beads has the

potential to create up to USD 0.7 million in savings compared to conventional
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cement costs for cases similar to the one discussed herein. In Addition, using
vitrified epoxy resin beads in place of pumping liquid epoxy resin could
eliminate the 32% of material lost during settling, thus creating savings of
approximately USD 60 thousand for a 7,000-ft application with a 550-ft plug

height.
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ABSTRACT

This thesis is part of a project funded by MMS to study the use of epoxy (or any
cement alternative) to plug hurricane damaged wells. Some of the wells destroyed by
hurricanes are damaged to an extent that vertical intervention from the original wellhead
is not possible. The means to plug such wells, as sought by this project, is to drill an
offset well and intersect the original at the very top and spot some epoxy (or any suitable
non-cement plugging material) in the original well. The epoxy will then fall by gravity
all the way until it reaches the packer and then set on top of the packer to plug the

annulus of the well permanently.

One of the most important factors in this process is to be able to predict the
settling velocity of the epoxy to be able to determine the required setting time of the
epoxy so that the epoxy does not set prematurely. This thesis aims to design, build and
run an experimental setup that would help develop a model to estimate settling velocities
of different epoxies. The model itself will be part of a different dissertation. Part of this
thesis is to also investigate how much epoxy will adhere to the pipe walls to be able to
account for epoxy lost on the journey towards the packer. The thesis will also investigate
whether weighting materials such as barite would separate from the epoxy when

freefalling through water.
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1. INTRODUCTION

In the past years many oil platforms have been either completely destroyed or
extremely damaged by hurricanes. Tablel shows the number of destroyed or extremely

damaged platforms according to the MMS released documents. (Ref 1, 2, 3 & 4)

Hurricane No. No. Extremely
Destroyed Damaged
Rita & Katrina 113 144
ke & Gustav 60 31
Ilvan, Andrew & Lily 18

Tablel. Number of wells damaged or destroyed by hurricanes.

Tablel shows that the total number of destroyed or damaged platforms exceeds 350.
All these wells need to be plugged and abandoned. Some of these wells will enable
plugging by conventional means using cement. However, others will have been
destroyed to a point that reentering the well is impossible for example the casing may be
buckled at or below mudline or the wellhead might be buried with seafloor mud. This
will prevent wire line operations via tubing to set plugs near the packer or punch the
tubing to circulate cement into the casing. Cement is mixed with water and therefore is
miscible with seawater and brines which are the main packer fluids found in the Gulf of
Mexico. Long interaction with these fluids can be devastating causing dilution or
contamination of the cement mix which in turn cause it not to cure or lose its
compressive or bonding strength. Therefore, for these latter wells the use of cement is
not suitable because cement needs to be delivered to the point of application with
minimum or no interaction with water and the only way this would be possible for these
wells is that an intersection well be drilled and intersects at or near the packer meaning
that it has to be drilled to full depth. This of course would be very costly and time
consuming offsetting the competitive price advantage of cement over other plugging

materials. An alternative means to plug these wells is have an intersection well that



intersects the original wellbore at the very top through perforations between the wells.
Then epoxy would be spotted inside the original wellbore. The epoxy would then settle
by gravity all the way down to the packer. Of course, for this to work the well must not
be flowing at the time. Epoxy in this situation is an excellent choice because generally
they do not mix with water or brines and could reach the packer without being diluted or
contaminated.

This thesis is part of a project funded by MMS which aims to investigate the
applicability of epoxy or another non cement plugging material to plug hurricane
damaged wells described in the previous paragraph. The current limitations of the use of
epoxy based materials as a permanent plug is that these materials have very rarely been
used for plugging and abandonment applications and the applicability of using such
materials has not been adequately studied. The MMS project will include the following
research points.

1) Comparing epoxy-based materials against cement abandonments and other

potential plugging materials

2) Determining whether epoxy material can effectively drop 7000 feet through a

casing annuli and accumulate on top of the packer

3) Determining how long material takes to travel to the bottom of a casing annuli

and cure

4) Determining how material performs over time

5) Determining how weighting of this material with BaSO4 affects the compressive

and bond strength of the material

6) Determining whether there are other weighting materials which may perform

better than BaSO4

7) Ranking various resin and hardener chemical systems for best performance in the

field

8) Evaluating the effects of various liquids such as calcium chloride, sea water, and

formation hydrocarbons on the resin chemical systems



The work discussed in this thesis is aimed to help study points 2 & 3. It is about
designing, building and running an experimental setup that will provide experimental
data to help develop a model that could predict the time it takes for epoxy to drop a
certain distance from the injection point to the packer. The thesis will also try to
investigate how much epoxy will adhere to the walls of the pipe before it reaches the
packer so excess epoxy can be injected to overcome this. Another point that will be
discussed is whether weighting materials such as barite will be able to hold inside the

epoxy without separating during or after it falls through the wellbore.



2. LITERATURE REVIEW

Historically in the oil industry epoxy has been used for sand consolidation, resin
coated proppants, remedial casing procedures, formation plugging and many other
applications. For example US patent 5,295,541 by Ng et al discusses using epoxy to
repair corroded casing in the wellbore. The idea of this patent is that when a part of the
casing is corroded, that part gets milled off. Then an under reamer would further open
the bore to increase the epoxy’s thickness. A retrievable packer is then placed and set
right under the corroded section then epoxy is placed above the packer to fill the place of
the milled casing and any thief zones in the formation. The patent suggests that epoxy is
either placed using a dump bailer or using coiled tubing. Both these placing methods are
of course not suitable for the intended application of this thesis. The patent also
suggested some epoxy based materials namely Shell’s EPON-828 and Shell’s EPON
DPL-862 as the resin, a Sherling Berlin’s diluent 7 as a reactive diluent, fine powder
calcium carbonate or silica flour as a filler and lastly Sherling Berlin’s Euredur*® 3123
as a curing agent. The diluent’s function is to increase pot life and gel time of the resin
and decrease the epoxy’s viscosity. The filler’s function is to increase the specific
gravity of the resin so the resin does not float and stay lying on the packer. The curing
agent obviously causes the resin to cross-link and therefore harden. Figl from the patent
describes the process where epoxy is placed instead of the corroded casing and thief

zones and then drilled off.
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Figl. Epoxy used for remedial casing brocedure



An example of an epoxy used for formation plugging is discussed in SPE paper
number 7083 by Knapp and Welbourn. It discusses the use of a resin in an emulsion
where droplets are less than 1 micron in diameter to be able to seep through the pore
spaces of the formation. The method they suggested is first pumping the resin in the
formation and then pump the curing agent after it. This causes regions of high
permeability in the formation to be preferentially sealed. The application of this process
is for water or gas shut off. It is also used for controlling water in injection wells so it is
not lost in useless parts of the formation. The resin would plug areas of high
permeability and direct water injected to flow in the desired lower permeability zones of
the reservoir.

The only resin product that has been applied for an application similar to the one
we are focusing on is a product called Ultra-Seal from a company called Professional
Fluid Systems. The company has applied this resin on a few similar applications. For
example, High Island Block A330 platform was plugged and abandoned. Several years
later gas seepage from the pressure cap of the well was detected by coincidence when a
recreational driver was swimming by. The pressure cap was removed by a diamond saw.
The gas seepage was found to be coming from micro-annuli between the cement and the
casing/conductor walls. The tubing was then sealed with a CIBP and the pressure cap
was reinstalled. Then the Liquid Bridge Plug (another name for the Ultra Seal resin) was
pumped inside the micro-annuli and was waited on for 20 hours. The plug was
successful and the gas seepage was stopped. Another application for the Ultra-seal was
on Chevron’s Vermillion 31 platform. The platform had a leaking packer and wanted a
way to seal the packer without using rig equipment. The annular fluid was seawater and
was 8.6 lb. /gal. The Ultra-Seal resin was weighted up with a filler material to increase
its terminal velocity during its fall and therefore reducing the time of its travel. 168
gallons of the resin was loaded into the annulus and was allowed to fall for 14 hours and
then set on the packer for an additional 24 hours. The plug then was pressure tested at

1000 psi and no pressure loss was detected indicating the success of the seal. The Ultra-



Seal resin was also applied in another five different wells for different plugging purposes
especially hurricane damaged wells. (Ref 7)

CSI technologies did some fall tests on the Ultra-Seal but on a very small scale.
A 2 inch diameter 5 feet in length clear glass pipe was used. A copper pipe was inserted
in the first two feet of the pipe to act as a stringer. The pipe was filled with brine
weighted with calcium bromide and had a density of 10.4 Ib. /gal. Epoxy is then loaded
into the copper pipe and time is measured when the epoxy exits the copper pipe until it

reaches the capped bottom of the pipe. Fig2 shows an illustration of the experiment.

Fig2 (Ref 7). Test apparatus to measure epoxy’s settling velocity.



Time is measured at every 1 foot interval over the 3 foot interval. The Ultra-seal
was weighted with barite to a density of 16 1b. /gal. The time it took for the resin to fall
over the 3 foot interval was 5 seconds, measured visually. The experiment was repeated
3 times yielding the same 5 seconds and therefore it was concluded that the fall rate of
the resin would be 36 ft. /min. This experiment has many possible flaws. It did not study
the effect of different parameters on the fall rate such as the pipe diameter, density and
viscosity of resin and density and viscosity of annular fluid. Also the 3 foot interval is
very short. Therefore, not only resin might not reach its terminal velocity during this
interval, any small change in time would yield big changes in settling velocity. The 2”

pipe diameter is also too small compared to real life application. (Ref 7)



3. THEORETICAL BACKGROUND

The concept of settling has been studied in many applications such as settling
tank, catalytic converters, pneumatic conveying of solids, and gas migration in the oil
field. There are a few fundamental concepts behind the theory of settling objects. The
most known theory is Stokes’ law. Stokes’ law provides an equation to predict the
settling of solids or liquid droplets in a fluid, either gas or liquid. It assumes that the
settling object is a small sphere and that the difference in densities is not large. This is
because Stokes’ law takes into account only the viscous forces that cause drag and does
not account for drag due to impact forces. Therefore, Stokes’ law only applies where
Reynolds number is very low. Stokes’ law is given by the following equation (Batchelor

1967)

Where F4 is the drag force, p is the fluid’s viscosity, R is the sphere’s radius and
V is the particle’s velocity. When the settling particle reaches terminal velocity then in
that case the sum of forces must equal zero. Therefore the drag force must equal the
difference between the force due to gravity and the buoyancy force. So F4 can be written

as the following equation

F; = g TR3(Ps— PG «ovvvvvnnnn. (2)
Where g is the acceleration due to gravity, ps is the particle’s density and pr is the
fluid’s density. Now by equating equations (1) and (2) we can solve for the terminal
velocity which will lead to the following equation

_ 2R%*(ps- pr)g
V= 3)

Experimentally, it was found that at Reynolds number less than 0.1 the error is
within 1%. From Reynolds number between 0.1 and 0.5 the error is within 3% and
between 0.5 and 1 the error is within 9%. When Reynolds number is greater than 1, drag
due to impact becomes significant and Stokes’ law would lead to large errors. Reynolds

number could be computed from the following equation. (Coulson 2002)



4R3gps(ps—py)
# ............ (4)

R, =
When Reynolds number is large then impact forces become much more dominant
and viscous forces can be ignored. In that case Newtonian drag applies. Newtonian drag
identifies a parameter called the drag coefficient (Cp) that represents the ratio of the
force exerted on the particle by the fluid divided by its impact pressure. The drag

coefficient is given by. (Batchelor 1967)

Where A is the projected area of the object that is perpendicular to the direction
of flow. For example in case of a sphere the projected area in the direction of flow (or
any other direction) is a circle and therefore A == r%. For a spherical particle settling in a
fluid the terminal velocity using Newtonian drag could be obtained by equating equation

(5) with equation (2) to obtain (Batchelor 1967)

_ |4(ps=pf)ar
V= /ﬁ .......... (6)

Table2 below gives rough estimates of drag coefficients for different applications. It

must be noted that the drag coefficient varies with Reynolds number

Co Object
0.48 rough sphere (Re = 10e6)
0.005 turbulent flat plate parallel to the flow (Re = 10e6)
lowest of production cars (Mercedes-Benz E-Class
0.24 .
Coupé)
0.295 bullet
1.0-1.3 man (upright position)
1.28 flat plate perpendicular to flow
1.0-1.1 skier
1.0-1.3 wires and cables
1.1-1.3 ski jumper
0.1 smooth sphere (Re = 10e6)
0.001 laminar flat plate parallel to the flow (Re = 10e6)
1.98-2.05 flat plate perpendicular to flow (2D)

Table2 (Ref 9). Drag coefficients of different objects.
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Newtonian drag should be applied for Reynolds number above 1000. For
intermediate values of Reynolds number where both viscous and impact forces are
significant, a transitional drag regime occurs. An empirical equation was developed by

Schiller and Naumann and is given by the following (Coulson 2002)
Cp== (1+0.15R¥7). ... (7)

By using equations (4), (6) and (7) we can solve for the terminal velocity.

The equations discussed all require that the particle has a known shape and they
also are used for a particle that is in an infinite fluid. In our application however the
shape may not be known and the epoxy is falling in an annulus so the pipe walls will
definitely have an impact. This impact must be studied and its significance should be

examined.
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4. PROPOSED WORK

The experimental setup consists of a 25ft long pipe fixed on a pipe rack. The pipe
rack is designed in such a way to be able to orient the pipe from horizontal to vertical or
at any angle in between. The pipe can be full of any desired liquid that could be expected
in the wellbore such as seawater, drilling fluid or oil. The setup should allow ease of
adjustments, and services such as replacing pipe, replacing fluid in the pipe, installing
pressure transducers on pipe, cleaning pipe, retrieving epoxy after it falls etc. Different
pipe sizes and pipe materials could be used. Also two different pipe sizes can be inserted
into one another to provide an annulus of desired size. The maximum size of pipe was
chosen to be 77 diameter. Epoxy would then be dropped from the top of the pipe and the
time taken for epoxy to reach different positions of the pipe will be measured. The epoxy
is expected to be accelerating at first and then should reach a final terminal velocity.
Since the distance between the injection point of the epoxy in the wellbore and the
packer will be huge (around 7000ft), the time it takes to accelerate would be negligible
compared to the rest of the journey. Therefore, the terminal velocity of the epoxy used is
what will be sought. However, all data will be recorded in case it is needed at a later
stage of the project. At start clear PVC pipe and fresh or synthetic sea water will be used
to make measurements easier. During these starting experiments an ideal way of
measuring the fall rate in an opaque pipe or opaque liquid will be investigated like for
example a steel pipe or oil. For example, a pressure transducer could be installed to
determine if the difference in hydrostatic pressure when epoxy passes the transducer is
detectable or not. If pressure transducers fail other methods to predict fall rate in opaque
steel pipe or opaque fluid will be sought.

To study whether weighting materials such barite will not separate from the
epoxy, an epoxy that has a density less than water will be used .This epoxy will be
weighted up with desired weighting material. This epoxy will then be dropped in the
pipe until it either drops or fails to drop.
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Lastly, it is important to determine how much epoxy would adhere to the walls of
the pipe. This can be done by measuring the difference in volume between the epoxy

injected and the epoxy collected at the bottom.
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5. DESIGN AND IMPLEMENTATION
5.1 Preliminary Design

The pipe support was to be installed at the University Services Building. This
building is the University’s warehouse and each department has a plot about 75ft by
50ft. This building was chosen because its ceiling is 30ft high and therefore is the only
building on campus that can hold the pipe support in vertical position. Before discussing
the final design other alternative designs that were candidates will be introduced to show
why the final design was thought to be the best and to give it more appreciation. It was
decided that the maximum load that the pipe support would bear would be that of a 7
inch diameter steel pipe full of seawater since it is the most common packer fluid in the
Gulf of Mexico. Taking the minimum casing weight which is a 6.54 inch ID the load

would be.

7” diameter x 6.54” ID = 17.0 Ib./ft
17.01b/ft x 30ft length = 510 1b.

T ,6.54

Seawater Volume = - (?)2 x 30 = 7ft3

Seawater Weight = 7ft° x 64.3 Ib/ft = 450 Ib
Total Weight = (510 +450) x 10% safety factor = 1056 lbs

The 10% safety factor is to account for any extra fittings and/or accessories. Now
as explained in the previous section the pipe support has a few main functions. These
functions are to bear the pipe’s weight, keep it from moving during experiment and to
orient the pipe at any desired angle. Cost was also an important issue to consider since
the project has a fixed budget. The first conceptual design was as represented in Fig3

below
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ﬁ =—_— C(Cable
Pipe Support Base

Hoist

Fig3. First conceptual design.

As shown in the figure there would be a base that provides a pivot point for the pipe
support the hoist would pull the pipe support from the right end as shown in the diagram
to adjust the pipe support’s position from horizontal to vertical or any angle in between.
Now let us study the forces and moments on the pipe support. There are four forces
acting on the pipe support.

1) Base

2) Hoist

3) Pipe

4) Pipe support’s own weight

Now assuming a value of 350 Ibs for the pipe support’s weight, the load of the pipe
and pipe support’s weight can be represented as a distributed load of 46.87 1b/ft
[(1056+350)/30] of the pipe support. Fig4 shows a schematic of the force distribution on
the pipe support.

Fig4. Force distribution on first conceptual design.
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The forces are represented in lbs. Fig5 and Fig6 below show the shear force and

the moment distribution along the pipe support.

Force lbs

3500
3000
2500
2000
1500
1000

500

-500

-1000
-1500

Shear Force Distribution

0 15 20 25 30

\

——

Distance ft

Fig5. Shear force distribution of first conceptual design.
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Fig6. Bending moment diagram of first conceptual design.
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From the above charts it can be seen that the point of maximum stress is at
distance 25ft. The shear force and the bending moment at this point are 4,218 Ib. and
14,645 Ib.ft respectively. The yield strength of steel is approximately 36,000 psi. Now
we can calculate the moment of inertia (I) of the section.

[=M.y/Stress........... (8)

Where M is the moment and y is the perpendicular distance between the force
and the neutral axis. If we design at 75% of yield strength and assuming y =1 then I =
6.5 in®. Assuming there would be 2 square steel tubes so each will carry half the stress
then I = 3.25 in® per section. Therefore, the cheapest standard square steel tube that can
carry the load is a 3.5x3.5x3/16” steel tube. The y assumed in equation was 1” while it is
actually 1.75” for this specific steel tube so iteration is necessary to make sure it is safe.
But let us assume that it is safe. The price of such a section is approximately 12$/ft.
Since we will need a minimum of 60ft (30ft x 2) then the price is 720$ for just these two
members. In addition to being expensive another major disadvantage is that the hoist
will need to have a capacity of at least 40001b assuming that the angle of the cable with
the pipe support is 45 deg. What we currently have in the university is a 6501bs hoist this
means we will have to buy a new hoist which will also cost a lot of money.

Another alternative that was considered is to have the base in the middle of the structure

as shown in Fig7 below

=—— (Cable

i

Hoist

Fig7. Second conceptual design.
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Assuming everything is the same, Fig 8 shows the force distribution on the pipe support.

1406 |b

46.87 Ib/ft

N T 1 O

-

Fig8. Force distribution on second conceptual design.

The shear and moment diagram would be as shown in Fig9 and Fig10.
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Fig9. Shear force distribution on second conceptual design.
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Fig10. Bending moment diagram of second conceptual design.

The maximum shear force and bending moment are 1406 1b. and 5272.5 1b.ft

respectively. Using equation 8 and same criteria as before, we get [ = 2.343 in’,

Assuming again we will have two square steel tubes carrying the load then I = 1.2 in* per

steel tube. The cheapest square steel tube that can carry this load is a 2.5x2.5x3/16”. The

y assumed in equation was 1” while it is actually 1.25” for this specific steel tube so

iteration is necessary to make sure it is safe. But let us assume that it is safe. This tube

costs approximately 7.2$/ft giving a total cost for 60ft of 432§ which is significant

savings compared to before. Another advantage is that the winch force is almost zero; it

only needs to overcome the friction in the pivot and therefore, we could use the winch

we already have. A disadvantage of this setup is that the base will be much bigger which

might offset the savings but the main disadvantage of this setup is that the pipe will be at

15ft height when it is horizontal. This would make it very difficult to change the pipe,
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add or remove fittings, add epoxy and so on. Also the installation of such setup would be
very difficult.

This brings us to the design that has been chosen. The only way that we would
have a lower stress than the one in the previous example is by having two supports
instead of one. To achieve this then the hoist must act as a support along with the base.

This is shown in the Figl1 below

Cable ————
Hoist

Fig11. Conceptual design of current setup.

The hoist would be attached at the ceiling of the building as shown in the picture.
This would provide two support points instead of one. This should reduce the stress
dramatically as compared to the first design. Fig 12 shows the force distribution on the

pipe support for this set up.
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Fig12. Force distribution on current setup.

Now let us examine the shear force and bending moment diagrams as shown in

Fig13 and Figl4.
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Fig13. Shear force distribution on current setup.



21

Bending Moment Diagram
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Figl14. Bending moment diagram of current setup.

From the diagrams we can see that the maximum shear force and bending
moment are 878.75 1b. and 1898 1b.ft respectively. Using equation 8 and same criteria as
before, except for using a stricter 50% of yield stress compared 75% from previous
examples, we get I =1.265 in*. Assuming again we will have two square steel tubes
carrying the load then I = 0.633 in” per steel tube. The cheapest square steel tube that can
carry this load is a 2x2x3/16”. In this case y is equal 1" as assumed and no more iteration
is necessary. This tube costs approximately 5$/ft giving a total cost for 60ft of 300$
which is significant savings compared to any previous case. Another advantage of this
setup is that the base is small. The capacity of the hoist in this setup is 1240 Ibs assuming
that the cable has a 45 degree angle with the pipe support. Though the hoist we had was
only 650 lbs capacity we were still able to utilize it for this setup. This was done by
using a double line setup which will be explained in or more detail later on in this report.
The initial hand calculations concluded that using two 2x2x3/16” square steel tubes
would be sufficient for our application. However, further analysis needs to be conducted

to more accurately determine whether it is really sufficient or not. So the next step was



to create a three dimensional model of the proposed setup and then perform a finite

element analysis to determine whether the pipe support would yield or not.

5.2 Detailed Design of the Pipe Support

The three dimensional model was implemented using the famous software

Solidworks. The model consists of two main parts the pipe support and the base.

5.2.1 The Pipe Support

Fig 15 and Fig16 show the model for the pipe support.

Figl15. 2-d representation of the 3-d model of the pipe support.

Figl6. Isometric view of the 3-d model of the pipe support.

22
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The pipe support consists of two 30ft long square steel tubes with a 2x2x3/16”
section. The two 30ft steel tubes are connected with 10” long square steel tubes that have
a 1.5x1.5x3/16” section as shown in the figure above. Circles A, C and E show the pivot
link where the pipe support connects to the base through a cylindrical pin. Figl7shows a

blow out of these circles

Fig17. Detail of the pivot on the pipe support.

The pivot consists of a 2.5x2.5 square steel tube with a 2” hole. It is positioned at
8 inches above the pipe support so the maximum pipe size of 7 inches can be inserted
easily. This steel tube is connected to the pipe support through four 1.5x1.5x3/16”
square steel tubes at an angle of 45 deg. A 2” cylindrical pin would be inserted into the
2” hole shown in the figure, to connect it to the base while allowing the pipe support to
rotate around it. The 2” hole is above the pipe support to help prevent the pipe support

from tumbling over. This will become clearer when we discuss the assembly. Circles B,
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D and F highlight a steel plate at the end of the pipe support to prevent it from falling
when it is in vertical position. The steel plate is 14x9x0.25”. The steel plate is welded to
the bottom of the two 2x2x3/16” square steel tubes. It is further supported by two
1.5x1.5x3/16” square steel tubes that connect the far end of the plate to the pipe support.

Fig18 shows a blow out of these circles.

Fig18. Detail of the bottom steel plate.

The last detail in the pipe support is shown by circle G which is blown up by Fig19.
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Two Square Steel tubes
to be attached to hoist
cable via chain

| Sheetl i

DETAIL G

Fig19. Detail of the hoist cable attachment to the pipe support.

The two square steel tubes are to be attached to a chain that is attached in turn to the
cable of the hoist to lift and lower the pipe support.
Total Volume of Pipe support = 1221 in’ Total Weight = 353 Ibs.

5.2.2 Base

The base’s function is two provide support to the pipe support and provide a pivot

point for the pipe support to be able to rotate about. Fig20 shows the model for the base.
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Fig20. 2-d representation of the 3-d model of the base.

The base consists of four legs anchored to the ground. Each leg consists of a
1.5x1.5x3/16” square steel tube. The legs diverge at an angle outward to increase the
base area. This increases stability and helps prevent the structure from tumbling over.
Each two legs connect to a 2.5x2.5” square steel tube with a 2 hole. The 2” hole holds
the 2” cylindrical pin that connects it to the pipe support. The 2” hole goes all the way

through to help assembly, so the cylindrical pin can be pushed from one end and pulled
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from the other. To prevent the cylindrical pin from moving out during operation two
small bolts fit into two holes at the end of the 2.5x2.5 square steel tube. This is shown in

circle A in Fig20 and blown up in Fig21 below.

Fig21. Detail of the hole for the restricting pin.

The four legs are strengthened by three square steel tubes at the middle, two from
the side with a section of 1x1x0.125” and one from the back with a section of
1.5x1.5x3/16”. The one at the back has an additional function other than strengthening
the base, which is to prevent the pipe support from tumbling after it reaches vertical
position. It is equipped with two stops that bump into the 2 main 2x2x3/16” steel tubes
of the pipe support, if it travels beyond the vertical position. The two stops are a
1x1x0.125” square steel tube. Each of the four legs of the base have a small steel plate
with three holes as shown by circle C in Fig20 and blown up in Fig22. This is to help

anchor the base to the ground via steel bolts.
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Fig 22. Detail of how the base is anchored to the ground.

Total Volume of Base = 464 in’ Total Weight = 132.5 1bs.

5.2.3 Assembly

Fig23 and Fig24below shows the pipe support and the base assembled together.

Fig23. 3-d model of the assembly
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Fig24. The connection between the pipe support and the base.

The figure shows the base anchored to the ground, and a 2” pin connecting the
pipe support to the base and a hoist cable pulling the pipe support and causing it to rotate
around the pin connecting it to the base. Fig24 shows a zoom in on the pin connecting
the pipe support to the base.

Assembly is simply done by placing the pipe support’s 2” hole concentrically
with the base’s 2" hole and pushing the pin inside. Then finally adding the two
restricting bolts to restrict the pin from coming out. Disassembly is done by pushing the
pin from one side and pulling it out from the other.

Since the hoist’s cable can only pull the pipe support but cannot push it down, it
must be made sure that the pipe support’s weight always provides a torque in a direction
opposite to that of the cable so it can lower itself in the right direction when the cable is

slack. This is illustrated in Fig25 below
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Fig25. Assembly is designed to prevent the pipe support from tumbling over.

The figure above shows two cases. The one on the left shows the pivot point
above the pipe support similar to the actual design. The one on the right shows the pivot
point below the pipe support. For the case on the left the weights of the pipe support and
the pipe are causing a torque in an anticlockwise direction which prevents the pipe from
tumbling over and also causes the pipe support to return to its original position when the
cable is slacked. For the case on the right, the weight is causing a clockwise torque
which will cause the pipe to tumble over. Even if there are stops to prevent this, the pipe
support will not be lowered if the cable is slacked. The second feature that is clearer in
assembly is the stops. The base has two stops to prevent the pipe from tumbling after

reaching vertical position. Fig26 shows the stops in action.
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Fig26. The stops of the base in action.

In addition to the stops a limit switch should be added to stop the hoist from
pulling further once vertical position has been reached. If hoist is still pulling while the
pipe support is resting on the stop, the resulting bending moment will be too great for the
pipe support members causing it to break. The limit switch should be designed in a way
to prevent the hoist from pulling further at this position but still allow it to slack the

cable and lower the pipe support.

5.2.4 Finite Element Analysis (FEA)

Although rough hand calculations were implemented a finite element analysis
was necessary to make sure that the pipe support and the base are not over designed and
more importantly not under designed. The finite element analysis was performed using
Ansys. The three dimensional model was imported from Solidworks as an assembly into
Ansys. The pipe support was tested in two different static positions, horizontal and
vertical. These two positions represent two extremes. When in horizontal position the

bending moment is maximized on the pipe support. When in vertical position the force is
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maximized on the steel plate at the end of the pipe support. In vertical position the force
is also maximum on the pin and on the base since at this position the hoist is almost
carrying no load and all the weight is on the pin and the base. Any angle between these
two extremes would have a stress either less on the pipe support members or less on the
steel plate and pin.

The first step in the analysis is to import the geometry of the assembly from
Solidworks either in horizontal position or in vertical position. Next, contact between
parts of the assembly must be specified like for example between the pin and the base
and the pin and the pipe support. Then the next step is to define the mesh which is the
process of dividing the parts into small elements. Ansys has a very power meshing tool.
A tetrahedral element is used to divide the parts into the elements for the analysis.
Generally, the smaller the mesh size (element size) the more accurate the results are. The
drawback to that is that it would require more computation time and more computer
RAM. Time was not an issue so elements were made as small as the computer RAM
could handle. For the computer used the smallest element size that could be handled was
0.51in. Fig27 shows part of the pipe support with the meshed elements. Fig28 shows a

closer look on one of the members of the pipe support.



Fig27. The mesh for the FEA analysis.

Fig28. Closer look on the mesh.
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The element size was thought to be sufficient for this application. The next step
was to define the forces and the boundary conditions. The forces that are exerted on the
structure come from two sources. One is the weight of the pipe and the fluid inside of the
pipe on the pipe support and the second source is the weight of the pipe support and the
base on themselves. The latter is easily defined on Ansys by specifying a density for the
pipe support, the base and the pin then specifying earth gravity in the desired direction.
The weight of the pipe and the fluid were defined differently in the horizontal and
vertical positions. For the horizontal position the pipe weight was distributed on a small
area in the middle of 10” square steel tubes connecting the two 30ft square steel tubes of
the pipe support. A small area was chosen rather than a point load because there will be
small rubber pads between the pipe and the pipe support. These pads will distribute the
force exerted on them over a small area on the pipe support rather than a point load or a
line. The small area was chosen to be 0.5in” in the middle of each of the 10” square steel

tubes. There are eleven 10” square steel tubes as shown in Fig29 below.

Eleven 10"square steel tubes

T

NN N I S N S S S S S —

Fig29. Pipe support has 11, 10” long square tubes

Fig30 shows a close up to illustrate the small area on the 10” square steel tubes that the

force was distributed on.
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0.5 square inch area in the middle of each
of the 10" square tube to apply force on

Fig30. The area where the pipe is resting on the pipe support.

The force of the pipe with the fluid in it was calculated in the detailed design
section of this thesis and was concluded to be 10561bs. Now the first and last 10” square
steel tube will logically be carrying half the load of the remaining 10” square steel tubes.
So then effectively each of the 10” square steel tubes will be carrying 10% of the total
weight except the first and the last ones will be carrying 5% of the total load each. Since
the force will be distributed on an area then it should be defined as a pressure where the
pressure equals the force divided by the area. Since the area is 0.5in” then each 10”

square steel tube will have a pressure of

Pressure = 1056 x 10% /0.5 =211.2 psi

For the first and the last square steel tubes pressure is = 105.6 psi

The force in the vertical position was applied on the bottom steel plate. An area
on the plate that is equal to the pipe base area was defined and the total force of 1056lbs
described earlier was distributed on that area. The pipe has a 7’ diameter giving an area
of 38.48in”. Then the pressure that needs to be applied on that area would be the total
force of 1056lbs divided by the area, giving a pressure of 27.44psi. This model is
actually more extreme than the actual case since the pipe will be tied to the pipe support
with tow straps at horizontal. When the pipe is raised into vertical position some of the

vertical force will be carried by the tow straps through friction so not all of the vertical
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force will be on the plate. However, modeling it that way would give us a safer estimate
in case the straps were not tightened hard enough.

The next step after the forces are defined is to define restraints on the structure.
In both the vertical and horizontal cases a full restraint was applied on the bottom of
each leg of the base as they are anchored to the ground. The second restraint was added
on the knob where the hoist cable would pull the pipe support.

After defining everything previously mentioned the model will be complete and
ready to solve. Fig31 shows the stress distribution on the structure when the pipe support
is in the horizontal position. As per the analysis the maximum stress is 20,652 psi
depicted by the red color. This occurs at the position where the hoist pulls the pipe
support. This agrees with Figl2 through Figl4 where it was calculated that this point has

the maximum shear force and the highest bending moment.

Fig31. Equivalent Von-Mises stress on the assembly in horizontal position.

Fig32 shows the safety factor distribution on the structure in the same position.
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Fig32. Safety factor distribution on the assembly in horizontal position.

The minimum safety factor as per Fig32 is 1.756 assuming that the steel’s yield
strength is 36,000 psi which is the strength of the weakest steel grade. This means that
the maximum stress would be about 57% of the yield strength which gives evidence that
the design is safe and sound in that position. Fig33 shows the stress distribution in the

vertical position.
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Fig33. Equivalent Von-Mises stress on the assembly in vertical position.

In the figure it can be seen that the maximum stress is 13,932 psi. It can also be
seen from the figure that the most stressed area is the plate and the pipe support between
the plate and the pivot. This is because this area sees a large bending moment. The area
on top of the pivot only sees a small compressive stress due to the weight of the pipe
support on itself. As expected the stress is much smaller than in horizontal position
because the bending moment is smaller because the distance between the force and the
support is much smaller. However, it was important to run the analysis at vertical
position to correctly size the bottom steel plate and check if the 2” pin is strong enough.
If the plate was of lesser thickness than 0.25in the plate would have yielded. Fig34
shows a zoom in on the steel plate from the front and Fig35 shows the steel plate from

the back to show where the maximum stress occurs.



Fig34. Closer look on the equivalent Von-Mises stress on the assembly in vertical
position.

Fig35. Closer look on the equivalent Von-Mises stress on the back of the steel plate
while pipe is in vertical position.
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Fig36 through Fig38 show the safety factor distribution for Fig33 through Fig35

respectively.

Fig36. Safety factor distribution on the assembly in vertical position.

Fig37. Closer look on the safety factor distribution on the assembly in vertical position.
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Fig38. Closer look on the safety factor distribution on the back of the steel plate while
pipe is in vertical position.

As can be seen from all the previous figures the entire structure is safe and the
minimum safety factor is 1.756. This occurs at the maximum design load when the pipe
support is in the horizontal position. Static analysis was considered to be sufficient
because the travel speed of the pipe support is very low and therefore excess stresses
resulting from the movement of the pipe support could be ignored. At this step the
design was deemed safe and implementation was carried out without need for further

modifications.
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5.3 Implementation

5.3.1 Pipe Support Assembly

As discussed before the experimental setup was to be installed in the University
Services Building (aka T1 Building). The building is a huge warehouse with each
department owning a plot inside. The petroleum department owns a plot about 75ft x
50ft. This building was chosen because its ceiling just above 30ft high. The building also
has an exposed steel structure that is ideal to mount our hoist and pulleys. The building
has vertical [-beams 50ft apart in a square distribution. Resting on top of these I-beams
are horizontal I-beams connecting the vertical I-beams in one direction. In the other
direction the horizontal I-beams are connected to one another through small joists. As

Shown in Fig39

Fig39. The steel structure of the University Services Building.
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A certified structural engineer from the university’s physical plant, conducted an
analysis on the building’s structure to make sure the building can withstand the load
from the experimental setup. He was provided with the expected loads from the
experimental setup. His conclusion and instruction was that the only safe place to mount
the hoist and pulleys are very close to the vertical I-beam and that the small joists should
not bear any load. This turned to be convenient because the hoist’s remote controller is
attached to the hoist through a cable that is only 5ft long and therefore the hoist needs to
be at low level so that the remote controller can be reached. The final setup that was
decided to be implemented is schematically shown in Fig41. As previously discussed the
hoist that was available to us had a capacity of only 6501Ibs. and the maximum expected
tension in the cable was approximately 12501bs. So for the hoist to work we needed to
have a double line setup. This is shown in Fig41. The cable goes from the hoist to a
pulley (snatch block) attached to the horizontal beam at the ceiling then to another pulley
attached to the pipe support then attached back to the horizontal beam. This means that
even though the tension in the cable cannot exceed 6501bs. the setup can carry loads up
to 13001bs. There are two other advantages with this double line setup. The first is that
the speed of the pipe support will be half of the speed of the cable. This is very important
advantage because it reduces dynamic loading and enhances control of the positioning of
the pipe support. The second advantage is that this setup will decrease the load on the
building. Fig40 illustrates this.

625lbs
12501lbs 6251bs

12501bs.
6251]bs

Fig40. Forces acting on the building’s steel structure for single and double line setup.
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Fig41. Schematic of the double line setup.

After the analysis of the building was finished, 2d working drawings of the pipe
support and the base were sent to a steel fabrication shop to begin the construction.

The hoist had a 50ft cable which was not long enough for the setup shown in the
previous figure. In addition the cable had a kink in it and needed replacement anyway. A
new 100ft cable was bought with the same dimensions as the original cable which is a
3/16” 7x19. (3/16” is the diameter of the cable and 7x19 means that there are 7 strands
and each strand has 19 wires.) This cable had a strength of 840lbs which gives almost a
30% safety factor of the maximum expected load of 6501bs. A very important factor
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affecting the cable strength is the pulley. If the pulley is too small the cable carrying
capacity and life will decrease. Table3 shows the effect of the pulley diameter on the

cable strength.

Strength
Ratio "A" | Efficiency
= Pulley | Compared
DIA./Cable | to Original
DIA. Strength
In %
40 95
30 93
20 91
15 89
10 86
8 83
6 79
4 75
2 65
1 50

Table3 (Ref 11). The effect of the pulley’s diameter on the cable’s strength.

The absolute minimum ratio of the pulley diameter over the cable diameter for a
7x19 cable is 18:1 which means the minimum pulley diameter is 3.4”. (Ref 12)
Therefore, the pulley selected was 4”. To attach the pulley and the cable end to the top
horizontal beam, a beam clamp has been used of suitable capacity. This is illustrated in

Fig42.
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Fig42. The beam clamp and the first pulley.

To attach the hoist to the column a steel plate was welded to the column as per
the instruction of the physical plant. They preferred to weld the plate rather than bolt it in
the column. The plate has a seat for the hoist to be bolted on. Fig43 illustrates this.

Fig43. The hoist.
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Fig44 shows the pipe support with a pipe mounted on top. In the figure it can be
seen that the design was closely implemented. The figure shows the base, pipe support,
the bottom pulley attached to the pipe support via chain and at the far end there is
another base. The second base is to carry the pipe support after the experiment is
complete to relieve any load on the building. All steel parts were painted to minimize
rusting. Tow straps were used to hold the pipe on the pipe support. Tow straps were
compared with steel U-bolts to hold down the pipe but tow straps were preferred for
several reasons. First they follow the shape of the pipe so the load would be distributed
over an area for steel U bolts if the diameter of the pipe and the U bolt are not exactly
equal the load will be applied on a single line rather than an area. Furthermore, the tow
straps can accommodate any pipe size. Lastly, the straps will be softer on the plastic pipe
where steel U bolts if they are tightened too much, might crack the plastic pipe. Tow

straps have a 10,0001bs strength capacity which is much more than what is needed

Fig44. The pipe support assembly.



48

Rubber pads were placed between the pipe support and the pipe for the same
reasons described, to distribute the force over an area rather than a line and to be softer
on the pipe. An additional function of the rubber pads is to prevent sliding of the pipe
due to its high friction coefficient.

Fig45 shows the pipe support in vertical position.

Fig45. The pipe support assembly in vertical position.
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As described before precautions were taken to prevent the pipe support from

tumbling over. Fig46 shows the stops and part of the limit switch system.

Fig46. The limit switch mechanism at base.

The stops prevent the pipe support from travelling too much and tumbling over. The
limit switch, as seen in the figure, consists of a lever held forward with a spring and a
cable attached to the lever at one end and the built-in limit switch in the hoist. Fig47 and
Fig48 show the built-in limit switch of the hoist and the cable attached to it. The conduit
shown in the figures is to provide a guide for the cable and to anchor it to the ground to

minimize trip hazards.



50

Fig47. Limit switch handle on hoist.

Fig48. Limit switch mechanism at hoist.

Basically, when the pipe support reaches vertical position it bumps into the lever and
pushes it back. The lever in turn pulls the cable up and the cable in turn pulls the built-in
limit switch handle of the hoist down preventing further pulling of the pipe support.
Fig49 shows the pipe support pushing the limit switch lever back. Fig50 shows the limit
switch lever and the hoist relative positions to give an overview and a better

understanding of the system.

Fig49. Limit switch mechanism in action.
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Fig50. Overview of the limit switch mechanism.

The picture above also shows a boom that was laid on the ground to contain liquids in
case of a spill and prevents it from reaching the neighboring plot as was required by the

safety department.

5.3.2 Pipe

Starting at the bottom the pipe has a cap at the end that has a hole in its center which has
a valve connected to it. A hole was drilled in the bottom steel plate so the valve could be
connected to the bottom cap as seen in FigS1. The function of the valve 1 is to collect
the epoxy that has settled at the bottom and then a hose can be connected (hose 1) as

shown in the figure to guide the remaining water to the drain.
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Fig51. Pipe fittings 1.

Next comes a 3.5ft long 6 in diameter clear PVC pipe which acts as a collection
chamber for the epoxy. On top of that is a PVC tee (first tee) which 6x6x4” that connects
the 6” pipe with a 4” tee (second tee) as seen in Fig52. One side of the 4in tee is
connected to a 1 valve (valve 2) that closes and opens communication between the pipe
and hose 2. The other side of the tee is connected to a 1”” elbow that connects it to a third
tee. The third tee connects to valve 3 on one side and a pressure transducer at the other
as seen in Fig53. Valve three controls communication between the pipe and hose 3.
Hose 3 is to fill the pipe with water. Hose 2 is connected to the drain and has two
functions. One is to allow air to escape while hose 3 is filling the pipe with water. The

second function is to drain the water above it when the pipe is vertical.



Fig52. Pipe fittings 2.

Fig53. Pipe fittings 3
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Fig54. Pressure acquisition card and power supply of the transducer.

The pressure transducer connects to a data acquisition card to record the pressure to
investigate whether this can be a useful way to measure the settling velocity in an
opaque steel pipe. Fig54 shows the data acquisition card and the power source to supply
correct DC voltage to pressure transducer. DC voltage should be in the range of 10V to
50V. 25V was chosen to be in a safe range.

On top of the first tee is a 6” diameter rubber coupling as seen in Fig52 and clearer in
FigS5. The rubber coupling provides an easy way to access inside the pipe. This is
needed either for cleaning purposes or to install and remove smaller pipes inside the 6”

pipe to make epoxy flow in an annulus if desired.
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Fig5s. Pipe fittings 4.

Next comes 2 10ft long clear PVC pipes with a rigid coupling between them as can be
seen in Fig44 and Fig45. On top of those is a 6” PVC valve (valve 4). This valve is what
separates the epoxy from the water before the experiment. Attached to the handle of the
valve is a cable that allows opening the valve from the ground when the pipe is vertical.
When the valve opens epoxy is released in the water and the settling begins. Fig56

shows a picture of the valve with the cable attached to its handle.

Fig56. Pipe fittings 5.
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Next is a 3ft clear PVC pipe to hold the epoxy before it is released in the water at the end
is a 90deg elbow to enter the epoxy in the pipe. FigS7 shows this.

Fig57. Pipe fittings 6.

Hose 4 is used to clean the entire interior of the pipe by bringing the pipe to vertical and
letting water flow through it. There is a nozzle at the end of the hose to distribute the
water around the pipes circumference. During the experiment hose 4 is removed from
the elbow.

It is desired to test the settling velocity of the epoxy in an open pipe and in an
annulus. Two different pipe sizes have been used to create a small and large annulus.
The diameters of those are 1.9” and 3.5”. The smaller pipes are inserted by
disassembling the rubber coupling then inserting the smaller pipe into the 6 pipe. The
smaller pipes are capped at the top and bottom to prevent epoxy from entering them.
Holes have been drilled through their walls on the side to allow the smaller pipes to fill
with water while filling the 6” pipe otherwise the pipes would float when the pipe is
brought to vertical and would exit from the top valve when opened. The holes are made
at an angle that is in opposite direction of the falling epoxy to make sure epoxy would
not enter inside the pipes. Centralizers specially designed and fabricated for our
application has been used. Four of them are distributed throughout the pipe’s length. The

centralizers have three arms to ensure stabilization and are made to be easily assembled
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and disassembled. They are made of steel and fitted with a piece of teflon board at their
tips so when they are slid into the 6 pipe they do not scratch it and to minimize friction
to ease the sliding. The centralizers were also painted to minimize rusting. Fig58 and

Fig59 show a picture of the centralizer.

Fig58. Centralizer.

FigS9. Centralizer in pipe.
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6. THE EXPERIMENT

6.1 The Epoxy

It was desired to test an epoxy that is representative to what would be used in real
application. Professional Fluid Systems (PFS) is one of the well-known epoxy
manufacturers in the industry. They have a product called Ultraseal that has been
successfully used in similar applications to the one we are studying for, as discussed in
the introduction. So Ultraseal was the main epoxy used. Ultraseal as with most other
epoxies is a mixture of four main components, an epoxy (resin), a diluent, a hardener
and a filler material. The epoxy or the resin consists of monomers or short chain
polymers that have an epoxide group at their end. The epoxide group is a cyclic ether
that consists of three atoms that form a shape that resembles an equilateral triangle. This
shape makes the epoxide highly strained and therefore reactive. The hardener mainly
consists of polyamine monomers such as triethylenetetraamine (TETA) that readily form
stable covalent bonds with more than 1 epoxide (crosslinking) like for example TETA
can form up to four bonds. The product therefore becomes heavily crosslinked and
becomes hard and strong. The diluent is used to reduce viscosity of the epoxy to make it
easier to pump. The diluent is also used to increase pot life and gel time. (Ng 1994) The
filler is used to increase the density of the mixture. In the oil industry barite is the most
common filler material even with epoxy.

To be able to try different densities and viscosities of epoxy mixtures each
constituent was obtained separately from PFS. The constituents are then mixed at
different ratios to obtain the different densities and viscosities desired. The hardener was
not used because it was thought that it would damage the equipment by hardening on
pipe walls and may cause the valves to get stuck etc. The hardener was not used also to
be able to use the mixture more than once. So only the epoxy, the diluent and the filler

were used in the mixtures.
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6.2 Experiment Variables

1-

Epoxy Formulations
Table4 shows the properties and constituents of the three main epoxy

formulations that were used. They are classified as light, medium and heavy

representing their relative densities.

Density Viscosity Part A (epoxy) | Diluent | Barite
Formulation
ppg R3 | R6 | R100 | R200 | R300 | R600 g g g
light 115 4 7 96 192 272 >300 2819 904 1729
medium 13.2 55|11 148 294 >300 | >300 2584 829 2950
Heavy 14.7 12 | 22 | >300 | >300 | >300 | >300 2352 755 4150
Table4. Epoxy formulations.
2- Annulus

3.

Three different annuli were used to study the effect of annulus size. The outer
pipe is a 6” ID for all three. The three inner pipes are 3.5 OD 1.9”0D and no
inside pipe.

Angle

The angle is the angle of inclination of the pipe support measured from vertical.

6.3 Experimental Procedure

1)
2)
3)
4)

5)

6)

Get pipe support to horizontal position.

Make sure pipe is clean. If not see cleaning procedure.

Make sure all hoses are not kinked

Close Valve 1 (see Fig51) and make sure the 6” PVC valve (Valve 4, Fig56) is
not stuck by opening and closing a couple of times then close it.

Open Valve 2 (see Fig52). (It is very important to open valve 2 before entering
water into the pipe otherwise pressure will build up in the pipe and separate the
pipe from the rubber coupling as it is not designed to hold against pressure)

Start filling pipe with water by opening Valve 3. (see Fig52).
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7) Close Valve 3 when pipe is full. (Pipe will be full when Hose 2 (see Fig52) starts
draining water). (If there is a smaller pipe to make an annulus, make sure it is full
of water by inspecting if there are any air bubbles escaping the holes drilled at its
side.

8) Close Valve 2.

9) Make sure epoxy is well mixed. Record its density, viscosity and weight. (this
can be done before or during previous steps.

10) Remove hose 4 (see Fig57) from the elbow then pour the epoxy into the elbow.

11) Get the pipe to vertical or to desired angle.

12) Start recording data from the pressure transducer.

13) Two persons are needed starting from this step. One should be ready with a video
camera to record the experiment and the other to pull the valve handle via the
cable attached to it when the video camera starts recording.

14) Stop video recording and pressure data acquisition when all the epoxy falls to the
bottom.

15) Start draining the water in the pipe by opening valve 2.

16) Remove hose 1 (See Fig51) and start collecting the epoxy at the bottom by
opening valve 1.

17) Close valve 1 as soon as water starts to flow through the valve. (you will notice a
great change in fluid velocity due to the two orders of magnitude difference in
viscosity.)

18) Record the weight of the regained epoxy.

19) Connect hose 1 and start draining the remaining water by opening valve 1.

20) Clean (see cleaning procedure)

6.4 Cleaning Procedure

1) Get pipe support at a very small angle from horizontal where the elbow is the
high point and reachable.

2) Make sure valve 4 and valve 1 are open.



3)
4)
S)
6)
7)
8)
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Use hose 4 to flush the mud inside the elbow then insert hose 4 into the elbow.
Repeatedly close valve 4 for a while to build water behind it then open.

Close valve 4 and fill some water behind it with hose 4. Then close hose 4.
Get pipe support to vertical position.

Open valve 4.

Open hose 4 and allow enough time for water to flush entire pipe clean.



7. RESULTS AND DISCUSSION

Table5 and Table6 summarize the results.
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Experiment Epox
l\rl)umber Forr:ula{ion Annulus | Angle
1(13) Light 6"-0" 0
2(3) Medium 6"-0" 0
2'(4) Medium 6"-0" 0
3(14) Heavy 6"-0" 0
4(12) Light 6"-1.9" 0
5(11) Medium 6"-1.9" 0
6 (10) Heavy 6"-1.9" 0
7 (8) Light 6"-3.5" 0
8 (6) Medium 6" -3.5" 0
9(9) Heavy 6" -3.5" 0
10 (15) Medium 6"-0" 30
11 (16) Medium 6"-0" 45
TableS. Experiment variables.
Time at Time Tail
Time at Time at Time Time Pressure | at Pressure dp after
Experiment | Coupling Pressure Lead Tail Transducer | Transducer 100
Number (Visual) Tran'sducer (Visual) | (Visual) from from secs
(Visual) pressure pressure .
sec sec >ec sec readings readings P!
sec sec
1(13) 15 31 37 89 32 68 0.08
2(3) 12 29 35 73 - - -
2'(4) 12 29 35 76 30 68 0.12
3 (14) 10 24 29 67 24 55 0.15
4(12) 15 33 40 84 325 67 0.08
5(11) 12 29 34 75 29 59 0.115
6 (10) 8 20 24 65 20.5 56 0.17
7 (8) 14 33 40 100 335 82 0.09
8 (6) 11 28 33 75 28 68 0.175
9(9) 9 22 26 66 24 52 0.18
10 (15) 7 14 16 31 14 20 0.075
11 (16) 7 14 17 30 13.5 15.5 0.05

Table6. Epoxy settling times.
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TableS lists the experiment numbers and their corresponding variables that were
controlled before the experiment. Experiment 2 was done before the pressure transducer
was setup and therefore was repeated after it was setup. The number between brackets in
the experiment numbers represents the original experiment numbers which were ordered
by the date they were performed. They were re-numbered here by angle, annulus then
epoxy formulation in order to make results more presentable. The angle represents the
angle from vertical as previously discussed.

As can be seen in the experiment videos the epoxy does not fall as one part
instead it spreads throughout the water column and then recollects at the bottom. This is
shown in Fig60. Fig60 also shows the lead of the epoxy column. Therefore, the “Time
Lead” in Table6 refers to the time in seconds from releasing the epoxy in the water by
opening valve 4 (Fig56) to the time the lead reaches the bottom. “Time at Coupling” and
“Time at Pressure Transducer” are the times from opening the valve till the lead reaches
the coupling and the pressure transducer respectively. “Time Tail” is the time from
opening the valve until almost all the epoxy recollects at the bottom. This latter entry is
very difficult to measure and is somewhat subjective. This is because as the epoxy falls
some of the adhered epoxy to the pipe begins to break out and fall. As a result, it will be
seen that some epoxy continues to fall even several minutes after the start of the
experiment. Moreover, as the epoxy falls in the water, the water becomes muddy from
the barite and it is not clear enough to see when the epoxy fall rate actually stops or
substantially decreases. The word “visual” in the table indicates that the time was
measured visually from the experiment videos by actually seeing the epoxy through the

clear pipe reaching its target.



Fig60. The epoxy spreads in the water column.
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The times measured by the pressure transducer were obtained from plotting the
pressure readings versus time. Fig61 shows the plot for experiment 5 (11) as a typical
representation of the other experiments. The remaining plots can be found in the

appendix attached at the end of this report.

Experiment 5 (11)

8.9

8.85

8.8

8.75
= Pressure Readings

Pressure psi

——50 per. Mov Avg.
8.7

8.65

8.6

0 50 100 150

Time sec

Fig61. Pressure readings taken by pressure transducer during experiment 5 (11).

The readings were fitted with a moving average trend line that averages the
nearest 50 readings (+25) to smoothen the oscillatory readings and make them easier to
interpret. The data acquisition card takes 100 readings per second therefore the trend line
averages data over £0.25 seconds. The sharp increase at 36 seconds marks the start of
the experiment. “Time at Pressure Transducer from pressure readings” entry in Table6 is
the time from the experiment’s start till the pressure starts declining which is
approximately at 64 seconds in Fig61. This decline occurs when the epoxy passes the

perpendicular opening of the “second tee” in Fig52. As can be seen from Table6 the
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visual values are very close to the time measured by the pressure transducer which
indicates that the pressure transducer can be reliably used for this entry in case an
opaque pipe is used. “Time Tail at Pressure Transducer from pressure readings” is the
time from the experiment’s start until the sharp decline of the pressure ends which
occurs approximately at 95 seconds in the figure above. This latter entry of the table
does not give an accurate reading of the tail and therefore was omitted from further
consideration. However, the reason why it gives a false reading will be discussed later.
Finally, “dp after 100 secs” is the difference in pressure before the pressure decline and
the pressure after 100 seconds after the start of the experiment. In Fig61 this would be
the pressure at 64 seconds minus the pressure at 136 seconds which is 0.115psi. It can be
seen from Table6 that this value generally increases with density and decreases by
increasing the angle.

There are several reasons for the sharp pressure increase at the experiment’s
start. First is that when the epoxy is released it increases the total hydrostatic pressure by
about 0.1 to 0.3 psi. The second is that at the point when the pipe is being completely
filled with water, the water flows in from hose 3 and out from hose 2. (see Fig52) As
discussed before, valve 3 must be closed first then valve 2 to avoid pressure build up in
the pipe that might separate the pipes at the rubber coupling. As soon as valve 3 is closed
some water continues to exit through hose 2 due to a siphon effect which causes the
pressure at the top side of the pipe to drop below atmospheric pressure. Since the
pressure transducer reads differential pressure between the pipe and atmosphere the
pressure transducer reads a negative pressure when the pipe is still horizontal. The
longer the time lag between closing valve 3 and valve 2 the more the pressure would
decrease below atmospheric pressure. When valve 4 is opened and epoxy is released
atmospheric pressure is re-established at the top of the water column causing an increase
in pressure. A third reason is when the pipe is filled and valves are closed and then
brought from horizontal to vertical, the water column increases the pressure at the rubber
coupling. This cause the rubber coupling to bulge outwards as seen in Fig62 causing the

very small volume of trapped air to expand causing a further decrease to the pressure.
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This sharp increase in pressure is desirable because it shows the experiment’s start

clearly on the pressure plots.

Fig62. The rubber coupling bulges due to hydrostatic pressure of the water column.
It is important to discuss what the pressure transducer is actually sensing. A great

misconception would be to think that the pressure transducer is able to sense the entire

hydrostatic of the epoxy when it is inserted into the water. Consider Fig63 below.

Epoxy

iRt

Pressure Transducer

Water /
e
'\\_\__‘_K

+0

Fig63. Schematic of epoxy falling in a vertical pipe.
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The only way that the pressure transducer would read the pressure of the water column
above plus the pressure of the epoxy column is if the pressure at the water/epoxy
interface equalizes. If the pressure at the interface equalizes then the epoxy will not settle
because there would be no resultant force pushing it down so clearly this is not the case.

Consider another example shown in Fig64.

Epoxy

Water

/ Pressure
Transducer

Fig64. Schematic of epoxy falling in a large tank.

In the case above the only change the pressure transducer will sense is the pressure
change due to the increase of water height when the epoxy enters the water. If the same
volume of epoxy was replaced with water the pressure transducer would not sense the
difference. Going back to Fig63 the situation is different. The difference is that in order
for the epoxy to fall the water must be able to rise and therefore the pressure of the water
will need to rise in order to be able to break through the epoxy. The difference between
the two figures is that in Fig63 the epoxy is much more concentrated. As the epoxy falls
below the pressure transducer there is less epoxy above it and therefore less pressure is
needed to force the water through the epoxy above. This concept is what causes the
pressure to decline when the epoxy starts to fall below the pressure transducer. The

pressure continues to decline until concentration of the epoxy above the pressure
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transducer is not significant enough to inhibit the water from flowing upwards.
Therefore, the reason why the “time tail from pressure readings” in Table6 is not
accurate is because some epoxy might still be above the pressure transducer but not
causing significant pressure increase to be detected by the pressure transducer when they
fall below it.
The proof that the pressure transducer does not sense the entire hydrostatic pressure of
the epoxy comes by examining the difference in pressure when all the epoxy is above the
transducer and when all of it is below it. For example, consider a heavy formulation
falling in a 67-3.5” annulus. The volume inserted is a little more than a gallon and
therefore the height of epoxy is almost a foot in such an annulus. The hydrostatic
pressure of a foot of 14.7ppg is approximately 0.764 psi. Subtracting the hydrostatic
pressure of a foot of water that will replace it when the epoxy drops then the difference
in pressure between the epoxy above and below the transducer is 0.33 psi. The
maximum pressure drop observed with such a formulation was 0.18 psi.

Table7 below lists distances between different parts of the pipe that were used to

calculate the epoxy’s speed.

cap to bottom of valve 4 292 in
cap to top of coupling 178 in
cap to pressure transducer 54 In
cap to middle of first tee 46 In

Table7. Distances the epoxy travels during the experiment.

Based on the distances listed in Table7 and the times listed in Table6 average speed of
the epoxy can be calculated. The speeds are listed in Table8 in ft/min for visual readings
and readings from the pressure transducer. “Time Tail from pressure readings” was

neglected as discussed earlier.
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Speed
Experiment | start start fr°”.“ from start transducer
Number to to Tail coupling to by
lead - i to Iee'\d transdgcer pressure
ft/min | ft/min ft/min ft/min readings
ft/min
1(13) 39.46 | 16.40 40.45 39.68 38.44
2 (3) 41.71 | 20.00 38.70 42.41 i,
2' (4) 41.71 | 19.21 | 38.70 42.41 41.00
3(14) 50.34 | 21.79 46.84 51.25 51.25
4(12) 36.50 | 17.38 35.60 37.27 37.85
5(11) 4294 | 19.47 40.45 42.41 42.41
6 (10) 60.83 | 22.46 55.63 61.50 60.00
7 (8) 36.50 | 14.60 34.23 37.27 36.72
8 (6) 44.24 | 19.47 40.45 43,93 43.93
9(9) 56.15 | 22.12 52.35 55.91 51.25
10 (15) 91.25 | 47.10 98.89 87.86 87.86
11 (16) 85.88 | 48.67 89.00 87.86 91.11

Table8. Epoxy’s velocities.

A lot of information can be derived from Table8. First, it is clear that increasing the
density of the epoxy increases its settling velocity which is expected. Although denser
formulations are also more viscous, viscosity can only decrease settling by making it
harder for the water to flow upwards. Therefore, the major contributor to the settling
velocity is the density. The only way that the viscosity of the epoxy helps settling is by
enhancing its ability to hold onto the barite and not allow it to separate. However, this
was the case for the three formulations. Therefore this factor alone would not
differentiate a formulation from another.

Another observation found in Table8 is that experiments 10 and 11 which were
done at an angle are much faster than experiments performed vertical with the same
formulation namely experiments 2, 5 and 8. In fact their speeds are more than double of
those performed vertical which shows that this observation is neither a coincidence nor

an experimental error. At first this seems to be against logical reasoning because at an
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angle the force pulling a settling particle in a vertical pipe is more than that in an

inclined pipe as shown in Fig65.

Fig65. Forces on a settling particle in vertical and slant pipe.

Fig6S clearly shows why at an angle the force is less. Not only there is friction from the
pipe wall decreasing the resultant force but the resultant force is also multiplied by
cosine the angle of inclination. However, there is another factor that comes into play

causing this big difference in speed which is illustrated by Fig66.
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Fig66. Settling of epoxy in vertical and slant pipe.

For pipe on the left in Fig66, the water needs to rise and the epoxy needs to fall. The two
motions oppose each other and therefore hinder the settling greatly. For the pipe on the
right, the epoxy falls to the bottom side of the pipe first then starts to flow downwards.
What makes the epoxy, for the pipe on the right, faster is that now the water has a big
channel at the top side of the pipe to flow and therefore the epoxy can easily flow
downwards at the bottom side and the water can easily flow upwards at the top side of
the pipe. Another reason is as the epoxy starts to flow downwards its column gets longer
and its hydrostatic pressure is increasing only on itself and not in the water which boosts
the epoxy forward.

This latter phenomenon is caused by the placement method. Meaning, it is
caused by dumping the entire volume of epoxy all at once in the water. This increases
the concentration of epoxy in vertical pipes and inhibits the upward flow of water and
the downward flow of epoxy. As a result, it is recommended to place the epoxy in small
volume rates to prevent this phenomenon to occur in vertical pipes.

The annulus does not seem to cause any significant change in the settling
velocity sometimes it makes the settling faster and sometimes slower and in both cases

the change is not significant. It was expected that a smaller annulus would result in a
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slower settling velocity since the cross sectional area is smaller and there would be more
friction from the pipe walls which is proportional to the hydraulic perimeter of the
annulus. A possible reason why the annulus did not affect the settling velocity could also
be the placement method. Injecting epoxy in small volume rates might show otherwise.
Table8 also shows that the velocity of the epoxy is decreasing with depth for a
vertical pipe. This is seen by comparing the “speed from start to lead”” and “speed from
coupling to lead”. This is again the opposite of what is expected. It is expected that the
epoxy would accelerate at first and then reach a terminal velocity and therefore the speed
would increase and then stabilize. However, this expectation is opposite of what was
observed for a vertical pipe. A possible reason might be that at first the epoxy is
altogether and the layer of epoxy between the epoxy/water interface is seeing a big
pressure difference between the epoxy above it and the water below it and therefore
reaches a terminal velocity based on that pressure difference. As the epoxy spreads down
the column of epoxy is not as significant on the lead as at the start of the experiment.
Therefore there is a smaller pressure difference which causes the settling velocity to

decrease. For experiments done at an angle the epoxy did accelerate as expected.

. Epox Epox
Ex,\ﬁxjr:r;eernt FOFIIET:)UO;;\;OH Annulus | Angle Eni)ergd Losty percentage
g g
1(13) Light 6"-0" 0 5350 1007 18.8
2 (3) Medium 6"-0" 0 6278 1211 19.3
2'(4) Medium 6"-0" 0 6284 1029 16.4
3(14) Heavy 6"-0" 0 7170 2033 28.4
4(12) Light 6"-1.75" 0 5345 1332 24.9
5(11) Medium 6"-1.75" 0 6323 1634 25.8
6 (10) Heavy 6"-1.75" 0 7137 2242 31.4
7 (8) Light 6"-3.5" 0 5359 1390 25.9
8 (6) Medium 6"-3.5" 0 6320 1665 26.3
9(9) Heavy 6"-3.5" 0 6920 2237 323
10 (15) Medium 6"-0" 30 6323 1384 21.9
11 (16) Medium 6"-0" 45 6339 1753 27.7

Table9. Adhesion of epoxy on pipe walls.
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The epoxy entered and the epoxy lost shows how much of the epoxy entered have
adhered to the pipes while falling down. As can be seen that the amount of epoxy
adhered is quite significant. This might give an indication that for 70001t in real life
application the entire volume of epoxy will adhere to the pipe before it reaches the
bottom. However, there are very important factors that must be discussed before
jumping to conclusions. It was noticed that most of the adhered epoxy was at the top and
the adhesion decreases as the epoxy falls down. Fig67 to Fig69 show the pipe from top
to bottom respectively after the experiment is complete and the water is drained out.
These figures were taken after experiment 9 with the heavy epoxy formulation. The
heavy epoxy formulation was the most adhesive to the pipes as shown in Table9. There
are two possible explanations to why the adhesion decreases as the epoxy moves down.
The first reason is that when the valve is open all the epoxy is released at once and
therefore the concentration of epoxy at the top has more chance of bumping into the pipe
walls and adhering to it. As the epoxy spreads down the concentration decreases and
therefore has a less chance of bumping into the pipe walls. The second explanation is
that at the top the epoxy is still slow and building up speed and therefore if it bumps into
the pipe walls with no or small downward momentum it can easily stick to it. However,
as the epoxy moves downward it builds up momentum and therefore becomes more
difficult for it to adhere to the pipe walls.

From Table9 it can be seen that adhesion is increases from the light formulation
to the heavy formulation. The reason for this is not that the density has increased but is
because that the viscosity increases significantly from one formulation to the next. This
makes the epoxy has a stronger adhesion with the pipe walls and cohesion and therefore
more epoxy is lost.

Also Table9 shows that adhesion increases with increasing the inner pipe
diameter. This is perfectly logical because a smaller annulus means a smaller flow area
which means that there is more chance for the epoxy to bump into the pipe walls. In
addition, the smaller the annulus, the larger the surface area of the pipe walls which

means more area for the epoxy to adhere to.



Lastly, Table9 also shows that increasing the angle of inclination increases
adhesion. The reason for this is that the at an angle there is a smaller force pushing
adhered epoxy down as explained in Fig6S5.

A recommendation to minimize adhesion of epoxy is to inject it at low volume
rates so the concentration of epoxy relative to seawater in the pipe would be small. In
addition, if the epoxy could be injected into the pipe while having an initial downward

velocity that would also minimize adhesion.

Fig67. Adhesion of epoxy for a vertical pipe at top section.

Fig68. Adhesion of epoxy for a vertical pipe at middle section.
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Fig69. Adhesion of epoxy for a vertical pipe at bottom section.

Experiments done at an angle showed the same concept of adherence as in vertical pipe
but the difference is that almost all of the adherence took place at the bottom of the pipe.
Fig70 to Fig72 illustrates the adherence from top to bottom respectively after
experiment 11 (16).

Fig70. Adhesion of epoxy for a slant pipe at top section.
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Fig71. Adhesion of epoxy for a slant pipe at middle section.

Fig72. Adhesion of epoxy for a slant pipe at bottom section.

Taking a look back at Table6 it can be seen that there were 4 experiments that were not
reported by looking at the original experiment numbering. One of them was the first
experiment which was omitted because it was done without video recording and
therefore the timing was not recorded. It was the first experiment that led us to decide to

video record the rest of the experiments. The remaining three omitted experiments were
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done using recycled epoxy which was recovered from an experiment that was already
performed. They were omitted because their behavior was much different from the
freshly made epoxy as can be seen in the experiments videos and the pressure
recordings. There are two possible reasons for this. One when the epoxy is retrieved
after an experiment some water must come along with it. Although the contaminant
water volume is very small compared to the volume of recovered epoxy it can have
significant effect on the formulation during the mixing stage affecting its viscosity.
Another reason might be that the experiments were not performed on the same day. As a
result, the barite in the epoxy settles to the bottom and clumps together. The mixer used
might not have been strong enough to break the clumps of barite. Table10 to Table12

summarize the results for the recycled epoxies.

Experiment 12 (2)
density 10 ppg
R3 2
R6 4
R100 56
Viscosity R200 111
R300 165
above maximum
R600 (300)
Epoxy used = Recycled epoxy
Epoxy entered = 4466 g
Epoxy recovered
= 3077 g
Epoxy Lost= 1389 g
Time lead = 59 secs

Tablel0. Recycled epoxy experiment 12 (2).



Experiment 13 (5)

density 13.2 ppg
R3 3
R6 5
R100 70
Viscosity R200 140
R300 205
above maximum
R600 (300)
Epoxy used = Recycled epoxy
Epoxy entered = 4500 g
Epoxy recovered
= 2390 g
Epoxy Lost= 2110g
Time lead = 24 secs

Tablel1. Recycled epoxy experiment 13 (5).

Experiment 14 (7)

density 13.2 ppg
R3 5
R6 9
R100 140
Viscosity R200 235
above maximum
R300 (300)
above maximum
R600 (300)
Epoxy used = Recycled epoxy
Epoxy entered = 4515¢
Epoxy recovered
= 2300 g
Epoxy Lost= 2215¢g
Time lead = was not recoreded correctly

Tablel12 Recycled epoxy experiment 14 (7).

different from that of a fresh epoxy.

Fig73 shows the pressure recording for experiment 7. Clearly the pressure behavior is
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Fig73. Pressure readings for experiment 14 (7) which used recycled epoxy.

The pure epoxy that was used has a density that is less than water. Therefore, it was
important to see if the epoxy could separate from the barite and float after it settles to the
bottom. To test that, the medium formulation was kept in water after settling for a couple
of hours. No significant floating of the barite was witnessed. For the heavy formulation
it was noticed that most of the barite sags to the bottom of the epoxy column but there is
still enough barite at the top keep it from floating. This is attributed to the strong

adhesion properties of the pure epoxy.
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8. CONCLUSION

Denser formulations have a faster terminal velocity.

Experiments at an angle are much faster than experiments done at vertical
position, almost double the terminal velocity.

The annulus has no significant effect on terminal velocity for vertical pipes.
The pressure transducer is a good way to measure the time from the experiment’s
start till the lead of the epoxy passes it.

The more the viscosity of the epoxy formulation the more the adhesion to the
pipe walls.

The larger the angle of inclination the more the adhesion to the pipe walls.
The smaller the annulus size the more the adhesion to the pipe walls.
Adhesion decreases with depth.

Recycled epoxy is not suitable to represent freshly mixed epoxy.

. Although pure epoxy is less dense than water, it does not separate from the barite

it is mixed with and therefore maintains a higher density and stays at the bottom.
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APPENDIX
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FigAl. Pressure Readings for Experiment 1 (13).
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FigA2. Pressure Readings for Experiment 2’ (4).
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FigA3. Pressure Readings for Experiment 3 (14).
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FigAd. Pressure Readings for Experiment 4 (12).
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FigAS. Pressure Readings for Experiment 5 (11)
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FigA6. Pressure Readings for Experiment 6 (10).

Pressure psi

8.75

8.7

8.65

8.6

8.55

8.5

Experiment 7 (8)

e Pressure Readings

——50 per Mov Avg

50 100 150 200 250 300
Time sec

FigA7. Pressure Readings for Experiment 7 (8).
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FigA8. Pressure Readings for Experiment 8 (6)

Pressure psi

Experiment 9 (9)

9.1

9.05

o
©
x

©
[t}

== Pressure Readings
8.85

—50 per Mov Avg

8.8

8.75

8.7

0 50 100 150 200
Time sec

FigA9. Pressure Readings for Experiment 9 (9).
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FigA10. Pressure Readings for Experiment 10 (15)
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FigA11. Pressure Readings for Experiment 11 (16).
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ABSTRACT

Determining the Terminal Velocity and the Particle Size of Epoxy Based Fluids in the
Wellbore. (August 2012)
Hasan Turkmenoglu, B.S., Middle East Technical University

Chair of Advisory Committee: Dr. Jerome J. Schubert

This thesis was inspired by the project funded by Bureau of Safety and
Environment Enforcement (BSEE) to study the use of epoxy (or any cement alternative)
to plug offshore wells damaged by hurricanes. The project focuses on non-cement
materials to plug wells that are either destroyed or damaged to an extent where vertical
intervention from the original wellhead is no longer possible. The proposed solution to
this problem was to drill an offset well and intersect the original borehole at the very top
and spot epoxy (or any suitable non-cement plugging material) in the original well. The
spotted epoxy then would fall by gravitational force all the way down to the packer and
then settle on top of the packer to plug the annulus of the damaged well permanently.

This thesis mainly concentrates on the factors affecting the fall rates and how to
correlate them in order to derive an applicable test that can be conducted on the field or
lab to calculate the terminal velocity of the known epoxy composition. Determining the
settling velocity of the epoxy is crucial due to the fact that epoxy should not set
prematurely for a better seal and isolation. The terminal velocity and the recovery for

epoxy based plugging fluids were tested by using an experimental setup that was



developed for this purpose. The results were also validated by using an alternative
experiment setup designed for this purpose. Factors affecting the terminal velocity and
recovery of epoxy were studied in this research since the settling velocity of the epoxy is
crucial because epoxy should not set prematurely for a better seal and isolation. The
study was conducted by using an experiment setup that was specially developed for
terminal velocity and recovery calculations for plugging fluids. Results obtained from

the experiment setup were successfully correlated to epoxy’s composition for estimating

the terminal velocity of the mixture.
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1. INTRODUCTION

Epoxy polymer based plugging fluids are among the solutions considered for
plugging the damaged offshore wells which are not possible to plug by conventional
means using cement. These wells are destroyed to a point where re-entering the well is
impossible due to casing related (buckled casing) or seafloor related (wellhead buried
under seafloor mud) problems. This will prevent reaching a packer to set a cement plug.
Since cement is a water based fluid, it is miscible with seawater or brine which is a
common packer fluid for offshore wells. Long interaction time with these fluids can
cause contamination or dilution of the cement mix which eventually will cause the
cement to fail to thicken or fail to reach the required compressive strength. Therefore,
wells destroyed or damaged enough to prevent conventional plugging are not suitable for
plugging with cement slurry because the cement needs to be delivered to the point of
interest with minimum or no interaction with the sea-water or brine. The only way to
achieve this by conventional methods is to drill an intersection well which intersects the
damaged borehole near the packer, meaning a drilling operation close to the full depth.
This is most likely to be a very costly and time consuming operation which will probably
offset the competitive price advantage of cement on the alternative plugging materials.

An alternative way to plug these wells is to drill an intersection well that

intersects the original wellbore at the very top through perforations between the wells.

This thesis follows the style of SPE Drilling & Completion.



Then the epoxy would be injected (spotted) inside the original wellbore. From this point
to the packer, epoxy is expected to settle by gravity all the way down to the packer
assuming the well is not flowing at the time of settling. Since the epoxy in general does
not mix with water or brines, it is the best plugging fluid candidate for the proposed
operation.

In the past years many oil platforms have been either completely destroyed or
extremely damaged by hurrican@able 1 shows the number of destroyed or extremely

damaged platforms according to the BSEE released documents.

Table 1.1 Number of wells damaged or destroyed by hurricanes. (as of 2010)

No. No. Extremely
Hurricane
Destroyed Damaged
Rita & Katrina 113 144
ke & Gustav 60 31
Ivan, Andrew & Lily 18

Table 1.1 shows that the total number of destroyed or damaged platforms
exceeds 350. All these wells need to be plugged prior to abandoning.

This thesis is part of a project funded by BSEE which investigates the
applicability of epoxy based or other non-cement plugging fluid to plug hurricane

damaged wells. The applicability of epoxy based plugging materials for abandonment



and plugging operations has not been adequately studied in the industry and this research
aims to fill this gap.

The work conducted in this thesis is expected to help 2 points,

1) Determining whether epoxy material can effectively drop 7000 feet through a

casing annuli and accumulate on top of the packer

2) Determining how long it takes the material to travel to the bottom of a casing

annuli and cure.

The experiment setup designed and constructed by El-Mallawany (2010) was
used to collect data for the fall rates and the collected data was analyzed to propose an
applicable test method and correlation on estimating the fall rates for various epoxy
compositions. | also tried estimate and report the amount of epoxy that would adhere to

the walls of the pipe.



2. LITERATURE REVIEW

There are many examples of epoxy polymer used in the industry. Stabilizing
emulsions (oil based), formation plugging applications, sand consolidation, resin coated
proppants, remedial casing applications, plastic plugback applications, substituting
emulsifiers, strengthening fractured formations for wellbore stability and many other
applications.

In order to confront the more complex offshore drilling challenges, adaptation of
the drilling mud composition and properties for the advanced well conditions (high
temperature and low pressure) Audibert et al. (2004) suggested using epoxy polymers.
They named it EMUL in their work, and compared the results they obtained from the lab
work to the other commercially available systems. It is stated that the mud stability can
be achieved and formation of hydrates can be prevented by using this new system.

Bosma et al. (1998) studied the possibility of abandoning wells by a cost
effective through tubing well abandonment method. The idea was to reduce the cost by
proposing an alternative to the traditional abandonment method where the operator needs
to remove the tubing and set a mechanical barrier before the plug. The authors argued
that significant saving could be made if wells could be abandoned by a coiled tubing
operation, during which the production tubing could be left in the well. Epoxy polymer
was one of the alternatives to the regular cement along with the silicone rubber and

silicone gel. Experiment setup used in their work is show on Figure 2.1



Figure 2.1 Schematic of the experiment setup used in Bosma et al.’s work
(Bosma et al. 1998)

Nguyen et al. (2004) studied the possibility of stabilizing wellbores in
unconsolidated, clay-laden formations by using epoxy polymers while Knapp et al.
(1978) suggested that and acrylic/epoxy emulsion gel system could be used for

formation plugging in their laboratory worlkigure 2.2 shows the images obtained



before and after flooding the clay formation in Nguyen et al.’s work. A Case Study of
Plastic Plugbacks on Gravel Packed Wells in the Gulf of Mexico was presented at the
SPE Production Operations Symposium in Oklahoma City, Oklahoma by Rice (1991).
Rice argued that a special chemical mixture can be used instead of cement for wells with
a conventional screen such as gravel packs to isolate the water producing zones. He
suggested that the cement does not adequately fill the desired section thus a new
chemical mixture (containing epoxy polymer) would be more appropriate for plastic
plugback technique that was first introduced in 1988 by Carrol and Bullen. The success
rate reported in his paper was a high as 67% in isolating the water producing zones in 21

field applications conducted by Chevron USA Inc.

Figure 2.2 Epoxy flooded formations under microscope (Nguyen et al. 2004)



In one of the studies conducted by Soroush et al. (2006) epoxy polymer was
suggested as a formation consolidation chemical especially for fractured formations to
provide wellbore stability by increasing the formation strength. The term “chemical
casing” was used to identify the interval saturated thus strengthened by epoxy polymers.
Many advantages and disadvantages of using various chemicals were discussed in their
paper Investigation into Strengthening Methods for Stabilizing Wellbores in Fractured
Formations.

There is also a US patent Ng et al. (1992) that discusses using epoxy polymers to
repair corroded casing in a wellbore. It is suggested in the patent that the corroded casing
section is milled out and a retrievable packer is placed under the milled section. The
epoxy is placed above the packer to fill the milled section and any thief formation
section. The patent suggests that the epoxy is either placed using a dump bailer or using
coiled tubing.

Both of these placement methods mentioned in the patent are of course not
suitable for the intended application of this thesis. The patents also suggests some epoxy
based materials namely Shell's EPON-828 and Shell's EPON DPL-862 as the resin and
a Sherling Berlin’s diluent 7 as a reactive diluent and fine powdered calcium carbonate
or silica flour as a filler and lastly Serling Berlin’s Euredur200 3123 as a curing agent.
The diluent’s function is to increase the pot life and gel time of the resin and decrease
the epoxy’s viscosity. The filler’s function is to increase the specific gravity of the resin
so the resin does not float and start settling on the packer. The curing agent’s job is to

make the resin crosslink and therefore harden.



Figure 2.3 from the patent describes the process where epoxy is placed to repair

the corroded casing and thief zones and then drilled off.

Figure 2.3 Epoxy used for remedial casing procedure (Ng 1994)

Knapp and Welbourn (1978) discussed the possible use of epoxy for formation
plugging in their research which was also mentioned in their paper that was presented at
the fifth Symposium on Improved Method for Oil Recovery of the Society of Petroleum
Engineers of AIME held in Tulsa. It suggests the use of a resin in an emulsion where
droplets are less than 1 micron in diameter which are able to seep through the pore
spaces of the formation. They suggest pumping the resin in the formation first then pump
the curing agent after it. This causes regions of high permeability in the formation to be
preferentially sealed. The reason for this application is the cut the water or gas

production from a formation. It is also used to control water injection wells to make sure



the water is not lost in unwanted zones. The resin’s use here is to plug the areas of high
permeability and direct the injected water to flow in the desired sections of the reservoir.
The only resin product that has been applied for a similar application to the one
we are focusing on is a product called Ultra-Seal from a company named Professional
Fluid Systems. The company has applied this resin on similar applications that are
limited in number. High Island Block A330 platform that plugged and abandoned, and is
an example of these applications. Several years after abandoning, gas seepage from the
pressure cap of the well was detected by coincidence when a recreational diver was
swimming by. When the company removed the pressure cap by using a diamond saw,
they observed that the seepage was coming from the micro-annuli between the cement
and the casing walls. The tubing was then sealed with a CIBP and the pressure cap was
reinstalled. Liquid Bridge Plug (Ultra-Seal) was pumped inside the micro-annuli and
was waited on for 20 hours. The plug was tested to be successful in sealing and the gas
seepage was stopped. Another example of the application of Ultra-seal is Chevron’s
Vermillion 31 platform. When the platform had a leaking packer and the company
wanted a way to seal the packer without using the rig equipment, Ultra-seal was used.
Annular fluid in this case was 8.6 Ib/gal seawater and ultra-seal was weighted up with a
filler material to increase its terminal velocity (or settling velocity) during its fall through
the seawater thus reducing the total time required to reach the packer. A total of 168
gallons of the resin was loaded into the annulus and was allowed to fall for 14 hours and
then set on the packer for an additional 24 hours. After curing, the plug was pressure

tested at 1,000 psi and no pressure loss was detected.
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CSI technologies has some laboratory work on the Ultra-Seal fall rates but these
are very small scale compared to the experiment setup that was used in this work. A 2
inch diameter 5 feet in length clear glass pipe was used. A copper pipe was inserted in

the first two feet of the pipe to act as a stringer.

Figure 2.4 Experiment setup that was built by CSI Technologies
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The whole system was filled with brine weighted with calcium bromide and had
a density of 10.4 Ib./gal. Epoxy was then loaded into the copper pipe and time was
measured to calculate the speed of epoxy from the copper pipe to the bottom of the clear
pipe. Figure 2.4 shows the experimental setup that was used in this study.

The clear tubing shown on the Figure 2.4 was divided into 3 equal sections (1
foot each) and time was measured at every 1 foot interval as the particle fell. Barite was
used as a filler to weight the epoxy to a density of 16 Ib./gal. The time it took for the
resin to reach the bottom of the cleat tube was measured as 5 seconds. The measurement
was made visually. The experiment was repeated 3 times giving the same result of 5
second for 3 feet section. The fall rate was accepted to be 36 ft./min. Although this is a
simple and logical way to obtain the fall rate data for epoxy, this experiment has many
possible flaws. The first and most important deficiency of this experiment was that the
effects of different parameters such as pipe diameter, epoxy density and viscosity,
annular fluid density and viscosity were not taken into consideration. 3 foot interval for
terminal velocity observation is probably not long enough to claim that the fluid reached
its terminal velocity before the pipe ends. Having a small length of tube for the

observation will also yield large errors in the velocity calculation.
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3. THEORETICAL BACKGROUND ON TERMINAL VELOCITY

Determining the terminal velocity of a particle in a liquid medium has been an
issue for petroleum engineers for quite a long time. Slip velocity of particles in a drilling
mud, migration velocity of gas bubbles in a kick during well control operations, settling
particles in a tank and many other examples in the petroleum industry have the same
concept behind the working mechanism.

There are a few fundamental concepts behind the theory of settling objects. The
most famous and known theory is the Stokes’ law. Stokes’ law provides an equation to
predict the settling of solids or liquid droplets in a fluid, either gas or liquid. The law
assumes that the settling object is a small sphere and that the difference in densities is
not large. This is because Stokes’ law takes into account only the viscous forces that
cause drag and does not account for drag due to impact forces. Therefore, Stokes’ law
only applies where Reynolds number is very low. Stokes’ law is given by the following
equation (Batchelor 1967).

Fg=6muRV (D
whereFy is the drag forcqy is the fluid’s viscosityR is the sphere’s radius awds the
particle’s velocity.

When a settling particle reaches the terminal velocity, we can say that the net
forces acting on the particle are equal to zero since the particle is not accelerating

anymore. This implies that the drag force should be equal to the difference between the
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gravitational forces and buoyancy forces. Having said that, we can rearrange the formula
for drag forces as the following

4

Fo= 5 mR*(ps-pr)g (2)

whereg is the acceleration due to gravipy,is the particle’s density and is the fluid’s
density.
Now by equating equations (1) and (2) we can solve for the terminal velocity

which leads to the following equation

. 2R*(ps- ps)g
u

3)

It was found that (experimentally) the error margin is within 1% when the
Reynolds number is less than 0.1 for this equation. When the Reynolds numbers varies
between 0.1 and 0.5 then the error increases to 3% and between 0.5 and 1.0 the error
reaches to 9% margin. When the Reynolds number is greater than 1, drag due to the
impact becomes so significant that the Stoke’s law yields larges errors due to the nature

of the estimation (it neglects the drag due to impact). Reynolds number can be calculated

by using the following equation (Coulson et al. 2002).

_ 4R3gps(ps — pr)
9u?

R, (4)

When the Reynolds number is greater than 1, then the impact forces become
much more significant and dominant where viscous forces can be ignored. In this case,
Newtonian drag is the 