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Preface

Swelling elastomers are novel polymers that swell (increase in volume) when in
contact with fluids such as water, oil, or acid. They are being increasingly used in
many fields ranging from bioengineering to the oil and gas industry. In particular,
swelling elastomers are used as sealing elements in many applications in the petro-
leum industry. Pre- and post-welling material characterization and performance
analysis under varying field conditions are very important before their actual
deployment. Currently, the placement of such seals is mostly based on a few labora-
tory tests and a trial-and-error approach. It is very difficult to test all the parameters
under all field conditions experimentally. Analytical or numerical techniques are
therefore needed to predict the behavior of such elastomers and seals. No com-
prehensive investigation of this nature is currently available. The main theme of
this book is the performance analysis of swelling elastomer seals, using all three
investigation methods: experimental, numerical, and analytical. This book consists
of various integrated but independent studies.

Currently, there is no published book covering this material: applications of swelling
elastomers in the field of petroleum drilling and development; material charac-
terization and performance analysis of these elastomers and seals; and analytical,
numerical, and material modeling of these elastomers and applications. The main
theme of this book is the analytical, numerical, and experimental investigation of
swelling elastomer seals used in petroleum drilling and development applications.
This is a research monograph rather than a typical textbook. Its major contributions
and applications include insight into the behavior of swelling elastomers and an
understanding of swelling phenomenon; performance analysis and optimal selection
of swelling elastomers for a given set of field conditions; and design improvement of
swelling elastomer packers and other sealing applications.

The book is divided into the following 11 chapters: Chapter 1, “Introductory
Chapter: Swelling Elastomers in Petroleum Drilling and Development”; Chapter 2,
“Swelling Elastomer Applications in Petroleum Drilling and Development”;
Chapter 3, “Swelling Behavior of Elastomers under Water, Oil, and Acid”;
Chapter 4, “Experimental Setup for Swellable Elastomers in Cased and Open
Holes”; Chapter 5, “Long-Term Integrity Testing of Water-Swelling and Oil-
Swelling Packers”; Chapter 6, “Swelling Elastomers: Comparison of Material
Models”; Chapter 7, “Mechanical and Structural Behavior of Swelling Elastomers
under Compressive Loading”; Chapter 8, “Numerical Investigation of Elastomer
Seal Performance”; Chapter 9, “Swelling Elastomers and Tubular Expansion—
Numerical Investigation”; Chapter 10, “Analytical Model for Seal Contact
Pressure”; and Chapter 11, “New Analytical Model for Swellable Materials”

Some of the major features of this book that make it unique include the following:
Experiments are conducted to determine mechanical, structural, and chemical
properties before and after swelling for different elastomers exposed to brine
solutions of various concentrations. Experimental results are used for performance
analysis, as an input for analytical and numerical modeling, and for validation of
predicted results. Comparative evaluation of hyperelastic material models has been



conducted to identify the best available model that can be used for the simulation
of swelling elastomers. The effect of swelling on the mechanical and structural
properties of different elastomers has been investigated, both experimentally and
numerically, using the best available material model. Performance evaluation of
elastomer seals (such as determination of seal contact pressure) has been carried
out using the current best material model. As none of the existing models captures
the real behavior of swelling elastomers, a new (analytical) material model has
been developed. Apart from the hyperelastic nature of such materials, this new
model also takes into account the thermodynamics of mixing, diffusion effects, and
changes in network entropy. Compared to numerical solutions based on current
hyperelastic models, predictions from the new model are significantly closer to
experimental results.

The primary audience of this book consists of universities with Masters and

Ph.D. programs; petroleum drilling and development organizations; and research
organizations, especially in the area of rubbers and polymers, and petroleum
drilling/development applications.

The authors gratefully acknowledge the support of Sultan Qaboos University,
Petroleum Development Oman, and various other petroleum and rubber
companies.

Sayyad Zahid Qamar and Tasneem Pervez
Sultan Qaboos University,
Oman

Maaz Akhtar

N.E.D. University of Engineering and Technology,
Pakistan
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Chapter1

Introductory Chapter: Swelling
Elastomers in Petroleum Drilling
and Development

Sayyad Zahid Qamar, Maaz Akhtar and Tasneem Pervez

A man ceases to be a beginner in any given science and becomes a master in that
science when he has learned that he is going to be a beginner all his life.
Robin George Collingwood

1. Introduction

A major goal of the petroleum industry is to maximize oil production while
reducing developmental and operational costs. Maintaining the profitability of old
wells and exploiting economically inaccessible new reservoirs are some of the main
challenges of petroleum industry [1]. Also, zonal isolation and optimization of the
hole size with economic production for both conventional and deep water wells are
ongoing problems. A few critical issues such as failure of equipment or applica-
tion strategy, lack of reliability, complexity of deployment, operational issues,
and higher energy requirement for initialization, become hurdles in achieving
this target [2]. The relatively new swelling elastomer technology offers innovative
and economically viable solutions. It has been successfully tried out in a variety of
applications due to its simplicity of design, relatively inexpensive production, and
ease of installation and initialization [3]. Petroleum exploration and development
industry is witnessing a rapid growth in the use of swelling elastomers. These new
applications are aimed at improved oil recovery (IOR) and enhanced oil recovery
(and EOR) through slimming of well design, reliable zonal isolation, success-
ful water shutoff, etc. [4]. Initially developed as a mitigation strategy for repair
of damaged wells, swelling elastomers are now targeting major savings in cost
and time through reduction in borehole diameter, reduced casing clearance, and
cementless completions. Swelling elastomers are being used as sealing materials
in many applications that target continued profitability of old wells, restarting of
production from closed wells, and economic production from inaccessible new
reservoirs [5].

Study of swelling elastomers is essential in resolving both application and design
problems. Design issues involve seal material, seal geometry, seal performance, rate
of swelling, and field conditions. Proper choice of material is of great significance
in seal design, as it should possess characteristics that will allow sealing for a long
period of time without failure. Material should also be strong enough to bear all
types of loads, resist thermal conditions, and have good wear resistance against
rock formation. Seal material should also be fast-swelling so that the well can go
into production as early as possible. Rate of swelling is very important as it directly
affects production, quality, and cost [6]. Proper seal geometry should be used
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so that seal integrity and reliability can be efficiently maintained. Seal geometry
includes thickness and length of sealing elements, number of seals in a series, and
gap between sealing elements. Environmental conditions such as temperature,
pressure, swelling medium (water, oil, or acid), and formation properties are also
very important for seal design. Figure 1 illustrates the various issues that need to be
addressed regarding the use of swelling elastomers and swell packers in the oil and
gas industry.

Swell packers, also known as swellable element packers or reactive element
packers, are constructed of base pipe similar to the completion tubing in oil and gas
wells [7]. Schematic of a typical swell packer is shown in Figure 2. Manufacturing
of these packers is on a custom-build basis to suit a certain well completion strategy.
Application-specific elastomer is molded, thermally cured, and glued (vulcanized)
to the base pipe. Back-up (anti-extrusion) rings are integrated into the design in
certain cases to keep the elastomer element in place [8].

Effect of
Swelling on
Seal Material

Rate of
Swelling

Seal
Performance
and Reliability

0O

Swelling

&
Phenomenon OOoAnaIySis ISSUES

" SWELLING ELASTOMERS

Field / Operational Issues
O o
: O

Slim Well
Design

Zonal
Isolation

Alternate to
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Figure 1.
Various issues related to the use of swelling elastomers and swell packers in the oil and gas industry.
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Tubular _ Formation

ity

Figure 2.
Schematic of a typical swellable packer.
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2. Swelling elastomers

Manufacturing, transportation, communication, mega-structures, virtually
each segment of our everyday life is influenced by materials. The development of
many technologies that make complex challenging tasks easier has been intimately
associated with the accessibility of suitable materials. Advancement in the under-
standing of a material type is often the predecessor to the stepwise progression of
atechnology. Metals, ceramics, and naturally occurring polymers have been used
as engineering materials for centuries. However, since World War II, the field of
materials has been virtually revolutionized by the advent of synthetic polymers.

At room temperature, raw rubbers are amorphous and have linking of only
physical nature (entanglements). An agent is required to create a network by
producing cross-links. Elastomers are commonly cross-linked by the use of sulfur
or peroxide. An elastomer is a type of polymer that has long and flexible molecular
structure which has the ability to stretch to several times its original length. It is an
ideal material for many applications because it can withstand very large strains.
Besides elastic recovery, elastomers have special physical properties (such as
flexibility, extensibility, resilience, and durability), which are unmatched by other
types of materials.

Swelling elastomer is a new breed of advanced polymer which swells when it
interacts with fluids like water, oil, or acid. It is also sometimes referred to as a
‘gel’ which is an aggregate form of elastomer swollen by immersion into a solvent.
Addition of hydrophilic fillers (usually sodium polyacrylate and polyethylene
glycol) is needed to make inert elastomers swellable. Examples of some swelling
elastomers used in the field are ehtylene propylene rubbers (EPDM), flouroelas-
tomers (AFLAS), hydrogenated nitrile rubbers (HNBR), etc. Karmanova et al.

[9] discussed the technology of producing water-swellable elastomers to be used

in packer seals for the oil production industry. They used mathematical modeling
techniques to predict the effect of hydrophilic additives on the degree of swelling of
ethylene-propylene based elastomers.

Swelling results in change in volume, thickness, density, hardness, and other
material properties [10-15]. Water-swelling elastomers swell through absorption of
saline water through the mechanism of osmosis [16]. To induce swelling in water-
based elastomers, large chemical potential gradient is required. Osmotic pressure
rises when two solutions of different concentrations are separated by a semi-perme-
able membrane. When salt dissolved in water becomes mobilized, solute particles
collide with the elastomer and transfer momentum, thus generating pressure. This
osmotic pressure causes water to flow into the elastomer. Solvent molecules in dilute
phase have higher chemical potential than those in concentrated phase; hence this

Low concentration
High potential

High concentration
Low potential

Phasel | Phase2 * Phase1 | Phase2
Solvent
Membrane

Figure 3.
Fluid influx into the elastomer causes swelling.
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concentration gradient (difference in chemical potential) causes solvent flow from
solution to elastomer; Figure 3.

Swelling in oil-based elastomers takes place by absorption of hydrocarbons
through the process of diffusion [16]. Molecules intermingle due to their kinetic
energy of random motion. In general, oil-swelling elastomers swell more at higher
temperatures and in lighter hydrocarbons. Increase in temperature raises the kinetic
energy and decreases the viscosity, resulting in higher swelling rates. For both
water-swellable and oil-swellable elastomers, swelling rate depends on temperature,
pressure, type of elastomer, and composition of liquid.

3. Brief discussion of applications

Due to the capability of changing properties while interacting with different
fluids, swelling elastomers (or gels) are used in a variety of applications in bio-
engineering, micro fluidics, and petroleum industry. Biocompatible materials or
biosensors that respond to particular molecules (glucose or antigens) are used in
drug delivery [17-19]. Figure 4 schematically shows drug delivery in a bio-respon-
sive gel. Lenses and diapers are other examples of gels [20-22]. Lenses are made of
polymers that are hard when dry but readily absorb water and become soft when
hydrated. Diapers are superabsorbent materials, absorbing large amounts of liquid
but remaining almost dry.

Some researchers and practitioners mathematically and chemically describe a
swelling elastomer as agel, because of the rubber consistency after it has absorbed
a significant amount of water or other liquid. There are many applications of gels in
which volume change takes place. Disposable diapers, human tissues, microfluidic
actuators or valves, seals used in different petroleum applications, are some exam-
ples. Different biomaterials such as articular cartilage, meniscus, tendons and liga-
ments, etc. have solid collagen fibrillar network, a fluid phase composed of water,
and an ionic phase similar to gels [23]. Soft hydrated tissues swell due to the flow of
water and charged ions. Spine consists of intervertebral disc having cartilaginous
tissue that connects the vertebral body and allows spine movement. Mechanism
of back pain can be understood by studying the mechanics of load transfer in the
spine (intervertebral disc), which is affected by swelling of the cartilaginous tissues
[24]. One such application, microfluidic valves with fluid-structure interaction, has
been described by Zhang et al. [25]. Solid polymeric gel is placed in the fluid flow;
volume of the gel starts to increase due to swelling, resulting in closure of the area.
Figure 4 gives a schematic representation of a valve in microfluidics.

Swelling elastomer seals are used in different petroleum applications such
as zonal isolation, enhanced oil recovery, water production management, sand

—— ) (@) (@) e

Figure 4.
Drug delivery of bio-responsive gel (left); a microfluidics valve (right).
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control, reservoir compartmentalization, production separation, inflow profile
control, condensate banking, well completion, slim well technology, intelligent
wells, open-hole completions, cased-hole completions, horizontal wells, alternate
to cementing, well stimulation, multistage fracturing, etc. More detailed account
of the use of swelling elastomers in different petroleum applications is given in
Chapter 2.

4. Motivation and significance

Before using a swelling elastomer for any application, its response under differ-
ent fluids and with different geometries should be taken into account. Erroneous
estimation of the elastomer’s behavior can result in huge loss of resources and time.
Major topic of the current book is performance analysis of swelling elastomer seals
and packers for the petroleum drilling and development industry. This assessment
can be done through experimental work, numerical simulation, and analytical
modeling. All three types of investigations are described in different chapters.

One segment of the current book describes different sets of experiments that
will help field engineers choose the correct type and geometry of elastomer seal
to be used before deployment in an actual well. Various water-swelling and oil-
swelling elastomers are allowed to swell for long periods in salt-water solutions of
different salinities and crude oils of different viscosities. Periodic measurements are
made for the amount of swelling, density, hardness, tensile properties, compres-
sion and bulk properties, etc. Tests are carried out on laboratory scale elastomer
samples, and on actual swell packers.

It is sometimes very difficult to test all the parameters experimentally, especially
under varying sets of field conditions. On the other hand, a hit-and-trial approach is
neither reliable nor efficient, since making a well ready for production needs highly
complex, time consuming, and expensive processes. Numerical techniques can be then
used to predict the behavior. Appropriate simulations allow us to recreate the physi-
cal reality on a computer, and to virtually work out the solutions to these problems.
Another section of the book illustrates the use of the finite element method (FEM)
to simulate different experiments and seal behavior. This can also help engineers and
developers in designing and optimizing the seal geometry for different applications.

Numerical simulation, especially with the proper choice of a material model,
can be a powerful tool for performance analysis of swelling elastomers in oil and
gas wells. However, a new simulation has to be carried out for every change of
rubber or formation material, well type and conditions, etc. This can lead to very
high computational costs and time delays. A closed-form solution that predicts the
amount of swelling and changes in elastomer properties can be a far more efficient
tool for design and development of swelling elastomer applications. One chapter of
the book discusses the development of an analytical model for assessment of seal
integrity by predicting the seal contact pressure under different conditions and for
different seal parameters.

Finite element (FE) analysis requires a suitable material model, a geometrical
model of the seal, and proper boundary conditions and applied loads depicting the
actual field conditions. Some hyperelastic material models are available for rubber-
like materials, and FE simulations using these material models give reasonably
accurate results. However, no material model is currently available that mimics the
actual behavior of swelling elastomers. FE analysis of higher accuracy is not pos-
sible without a more accurate material model. The last chapter of the book takes us
through the development of a new material model that can capture the behavior of
swelling elastomers more closely, and can be used in future FE simulations.
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5. Synopsis of the book

As the title suggests, this book describes applications, performance analysis,
and material modeling for swelling elastomers used in petroleum drilling and
development. Different sections of the book are dedicated to experimental,
numerical, and analytical investigation of swelling elastomer applications in
oil and gas wells. Some of the salient features of this research monograph are
listed below.

* A thorough literature review has been conducted covering different areas such
as applications of inert and swelling elastomer seals and associated technolo-
gies, experimental and numerical studies related to swelling elastomers and
their applications, material models for hyperelastic and other rubber-like
materials, etc.

* Experimental facilities have been designed and constructed, and a variety of
experiments have been conducted to understand the effect of various param-
eters on material properties and behavior of swelling elastomers.

* Three sets of experiments are conducted to determine swelling behavior
(change in volume, thickness, hardness, and density), compression proper-
ties (stress—strain patterns, elastic modulus, etc), and bulk properties (bulk
modulus, Poisson’s ratio, etc). These material characterization tests are carried
out before swelling and at various stages of swelling. Test parameters (from
actual oilfields) include swelling media (water, oil, acid), elastomer materials,
water salinities, test temperatures, swelling periods, etc.

* Some of the experimental results are used to determine different structural
properties of elastomers such as chain density, and number-average chain
molecular weight. Experiments are also conducted to determine the viscosity
and density of saline water at particular temperatures. These properties, along
with structural properties and specific volume of elastomer, molar volume of
liquid, etc. are used to determine the polymer interaction parameter. This is
later used in the newly developed material model for parameterization of free
swelling.

* Lab tests are conducted on small elastomer samples. No one knows what really
happens to sealing elements and swell packers in actual wells. A testing-cum-
demonstration unit has been designed and constructed for visualization of
the swelling phenomenon, and its effect on swell packers in cased and open
holes. Different packers of inert and swelling elastomers are placed in actual
petroleum tubulars, and against a concrete wall having sections of different
roughnesses, replicating an actual rock formation.

¢ All tests on swelling elastomers reported in published literature are conducted
for a maximum period of a few weeks. However, over long periods of time,
even very good elastomers may experience serious material degradation and
loss of properties. Durability, integrity, and effectiveness of elastomer seals
and packers over long periods is an uncharted area. To address these never-
tacked issues, a full-scale longevity test setup has been designed and conducted
for actual swell packers of different water-swelling and oil-swelling elasto-
mers, different diametral sizes, maintained at different temperatures over a
five-year test period.
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* Existing material models that describe the behavior of rubbers and elastomers
(hyperelastic materials) are investigated and compared. Compression and
bulk experiments are simulated using existing material models and results are
compared against empirical data from actual swelling elastomers, before and
after different stages of swelling. Material model that gives the closest predic-
tions is selected for further work.

* Numerical modeling and simulation of swelling elastomer seals has been
conducted using the best existing material model available in the commercial
(nonlinear) finite element package ABAQUS. A large number of simulations
are carried out to investigate sealing behavior against different types of elasto-
mer material, field conditions, water salinity, swelling time, seal length, seal
thickness, compression ratio, and wall type (rock formation or steel casing).
Recommendations are made about the suitability of certain seals for field
conditions and parameters in actual oilfields.

* Though numerical simulations can do reasonably accurate performance evalu-
ation, computational time and cost can be large. Mathematical modeling of
the behavior of swell packers can be really challenging. However, an analytical
model, if developed, can be very time-wise efficient. A closed-form solution
has been developed for performance assessment of elastomer packers, espe-
cially in terms of the seal contact pressure under different conditions and for
different seal parameters.

* A new material model has been developed to closely capture the swelling phe-

nomenon in elastomers, including parameters that were not considered in any
of the existing models. This new model is based on the mechanics of swelling,

An Overview of Methodology

Analytical Work

Experimental Work Numerical Work

Model for packer
performance

Comparison of

Swelling properties !
i material models

New material model for
swelling elastomers

Mechanical Simulation of
properties compression tests

Code for evaluation
of model

Structural and Simulation of bulk
chemical properties tests

Simulation of seal

performance Model validation

Analysis of results

Analysis of results Analysis of results

Figures.
An overview of methodology for the various studies (experimental, numerical, and analytical) presented in
the book.
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and it can be used to determine the volume, thickness, etc. after swelling. This
model can take actual field conditions as inputs (such as water salinity, operat-
ing temperature, mechanical properties, swelling time, etc). Model validation
is done using different experimental results.

An overview of methodology for the various modules and studies presented in
the book is shown in Figure 5.

6. Chapter-wise summary

Chapter-1 introduces the book, and its various sections and chapters. Chapter-2
reviews swelling elastomers and their uses in different petroleum applications.
Chapter-3 describes experimental work conducted to investigate the swelling
behavior of different elastomers under water, oil, and acid. Chapter-4 describes
the design and construction of a demonstration-cum-experimental setup for swell
packers in cased and open holes. Chapter-5 discusses longevity testing of water-
swelling and oil-swelling packers at different temperatures and pressures, over a
five-year period. Chapter-6 presents a comparison of different existing material
models (for hyperelastic materials) that can be used to simulate the behavior of
swelling elastomers. Chapter-7 explains the determination of different mechanical
and structural properties of swelling elastomers under compression, needed for
extraction of parameters for numerical simulations. Chapter-8 covers performance
evaluation of elastomer seals used in petroleum applications, using FE simulations.
Chapter-9 discusses numerical investigation (FEA) of swelling elastomer seals
used in conjunction with solid expandable tubulars (SETs). Chapter-10 presents an
analytical model for performance evaluation of swell packers in terms of the seal
contact pressure. Chapter-11 describes the development of a new material model
for swelling elastomers, incorporating mechanics of swelling, thermodynamics of
mixing, Gaussian statistics, and other concepts.
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Chapter2

Swelling Elastomer Applications
in Petroleum Drilling and
Development

Sayyad Zahid Qamar, Maaz Akhtar and Tasneem Pervez

My powers are ordinary. Only my application brings me success.
Sir Isaac Newton.

Abstract

Oil and gas drilling and development is witnessing new and inventive techniques
targeted at increased production from difficult and aging wells. As depth of an oil
or gas well increases, higher temperatures and harsher environments are encoun-
tered. Suitable elastomers can provide good sealing as they possess good resistance
to heat and chemical attack, and as they are widely availability at low cost. In
comparison with metals, elastomers are lighter in weight and lesser in stiffness and
hardness, swell more with increasing temperature, and are usually better in corro-
sion resistance. Other reasons for their preference include excellent damping and
energy absorption, more flexibility and longer life; good sealing even with mois-
ture, heat, and pressure; negligible toxicity; good moldability; and flexible stiffness.
As mentioned in chapter-1, swelling elastomers or gels have found extensive use in
different applications including drug delivery, microfluidics, biomedical devices,
scaffolds for tissue engineering, biosensors, etc. As the main focus of this book
is the oil and gas industry, implementation of swelling elastomer technology and
deployment in different petroleum applications are discussed below.

Keywords: Swelling elastomers, field applications, oil and gas, drilling and
development

1. Introduction

Oil and gas drilling and development is witnessing new and inventive techniques
targeted at increased production from difficult and aging wells. As depth of an oil or
gas well increases, higher temperatures and harsher environments are encountered.
Suitable elastomers can provide good sealing as they possess good resistance to heat
and chemical attack, and as they are widely availability at low cost. In comparison
with metals, elastomers are lighter in weight and lesser in stiffness and hardness,
swell more with increasing temperature, and are usually better in corrosion resis-
tance. Other reasons for their preference include excellent damping and energy
absorption, more flexibility and longer life; good sealing even with moisture, heat,
and pressure; negligible toxicity; good moldability; and flexible stiffness [1, 2].
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As mentioned in chapter-1, swelling elastomers or gels have found extensive use
in different applications including drug delivery, microfluidics, biomedical devices,
scaffolds for tissue engineering, biosensors, etc. [3-8]. As the main focus of this
book is the oil and gas industry, implementation of swelling elastomer technology
and deployment in different petroleum applications are discussed below.

2. Swelling elastomer

Elastomers are increasingly being used for sealing and other applications in the
oil and gas industry. Specifically developed elastomers possess durable proper-
ties and have the ability to withstand detrimental effects of heat, chemicals, and
harsh environments. Of special interest is the class known as swelling elastomers.
Swelling elastomers are advanced polymers that swell naturally by absorption
when exposed to the appropriate swelling agent (oil and/or water). They can be
mounted as seals/gaskets directly on to the steel pipe for petroleum piping applica-
tions. When in contact with well fluids, they exhibit significant swelling, providing
improved sealing against outer tubulars or borehole wall [9, 10].

In conventional drilling, the initial hole has a large diameter, and casing pipe
(steel) is run into this hole. Cement is poured in the borehole-casing gap, known as
the annulus, to act as a structural support for the well, and to prevent any flow from
the formation into the wellbore. Each new pipe should pass through the previous one.
Each new casing string thus causes an approximately 20% reduction in the borehole
diameter. Any deep well requires multiple casing strings. Because of the “telescoping
effect,” the well has to begin with a very large-diameter surface casing and finish with
a substantially small-diameter production casing. This not only leads to very high
costs, but also restricts the exploration and production of oil and gas [11, 12].

Solid expandable tubular (SET) technology has been successfully employed to
overcome some of these problems. In SET technology, a conical mandrel is pushed
(or pulled) through a solid steel tubular, expanding it to a predetermined size.

The most common and valuable application of SET is zonal isolation and water
shutoff, preventing fluid cross-flow between geological layers, and reducing the
amount of produced water. Together with SET technology, swelling elastomers
seals have been used successfully in both open and cased holes. These seals contain
several sections of swelling elastomer material mounted on steel pipes or joints.
Connecting these joints together can yield seals of any required length. Over time
(few days to several weeks), the rubber elements swell considerably, providing
avery good sealing. This extremely useful application is also quite low-cost [13].

A crucial brown field was successfully redeveloped in Oman, requiring difficult
drilling across fractured carbonate sections, through the use of swelling elastomer
seals for zonal isolation [14].

Swellable elastomer is a novel type of unconventional polymer; it increases
in volume when exposed to water, oil, or acid. This swelling causes changes
in geometry, together with variations in density, hardness and other material
properties [15-18]. The mechanism of osmosis is the basis for swelling in water-
swell elastomers. On the other hand, volume-change in oil-swell elastomers
occurs due to a diffusion action, resulting in the absorption of hydrocarbons into
the elastomer material [19, 20]. Rate of swelling is a function of temperature,
pressure, elastomer type, and composition of the fluid medium. For applica-
tions such as zonal isolation and water shutoff, swelling elastomers are now the
inevitable choice. Figure 1 schematically illustrates the construction of a stan-
dard swell packer. There are many applications of swelling elastomers, including

12
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Figure 1.
Arrangement of inner steel tubular, elastomer, and outer casing or rock formation in a typical swellable packer.

profitable production from old wells, restarting of production from discarded
wells, and production from difficult-to-access new reservoirs [21, 22].

One of the earliest uses of swelling elastomers in conjunction with an SET system
was by Shell in July 2002, known as an open-hole clad (OHC). This was followed by
various successful deployments of swell packers in fields requiring zonal isolation in
Brunei, Malaysia, Gabon, Nigeria, and the United Kingdom [23]. X-ZIP and E-ZIP solu-
tions (swellable elastomer sections mounted on expandable and standard pipes, respec-
tively) have been success stories in open-hole clads and liners in Oman. Addressing
the problems of water shutoff and fracture, these techniques provide new methods
for increased oil recovery [24]. Expandable sand screen technology is another good
example of the use of swelling elastomers [25, 26]. In recent years, swelling elastomers
have become an essential element in many oil well completions since they provide new
solutions for zonal isolation and inflow control in horizontal and vertical wells.

3. Applications of swellable elastomers

Many published case studies about swell packers discuss only a few of the
related applications. This chapter adopts a more holistic approach, describing
most of the key applications of swelling elastomers in the oil and gas industry. For
instance, zonal isolation techniques are used to separate undesirable zones from
production zones. Safeguarding production lines from water incursion is known as
water shutoff [27]. Protection of the wellbore from sand invasion is known as sand
control: sand screens provide protection against plugging and wear of well equip-
ment. A well becomes ready to produce through a series of steps collectively known
as well completion, cementing being the most critical stage. When existing pas-
sages are enlarged or new ones are formed to improve the production the process is
called well stimulation [28]. Swelling elastomers have been effectively used in all of
these applications, as an integral part of improved oil recovery (IOR) or enhanced
oil recovery (EOR), providing low-cost manner and long-term solutions.

Swelling elastomers are generally self-healing, paving the way for easy instal-
lation and execution of swell packers, and saving a large amount of rig time and
related costs. More relevant case studies about deployment of swell packers and
seals in the development of oil and gas fields are presented in the following sections.
This brief overview can be beneficial for petroleum students, field practitioners,
researchers, and application designers.
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3.1 Zonal isolation

Techniques used to stop or reduce the mixing of redundant fluids (from undesir-
able regions) with production fluids are known as zonal isolation. Conventionally,
zonal isolation in a well bore is carried out by cementing the production string in place,
and by appropriate use of casing plugs and packers. Swelling elastomer seals used
for active zonal isolation are shown in Figure 2. Asab field in Abu Dhabi is a mature
carbonate reservoir and was drilled in 1985 and horizontally sidetracked in 1999.

By the year 2005, water cut increased from 14-25%, considerably reducing the oil
production [29]. Water was coming from the fractures due to the failure in the place-
ment of cement plugs at the toe. Deployment of swell packers successfully isolated

the unwanted zones, bringing down water cut from 25% to 0.3%. By using swelling
elastomers in Malaysia South Furious field, water cut was significantly reduced, and
production started within a day, even before complete swelling of the elastomer [23].
Other valuable applications of swelling elastomers for zonal isolation include water
production management, reservoir compartmentalization, sand control, inflow profile
control, production separation, and control of condensate banking.

3.2 Well completion

As mentioned above, all tasks that are carried out to make the well ready for
production are jointly known as well completion. These operations include drilling
of the hole, running of the casing and cementing, further drilling of the hole until
reaching the desired depth, perforation of the steel casing, and stimulation of the
cement and formation. Cementing is a critical stage, hydraulically sealing the casing
from the formation, thereby isolating individual zones and preventing annular flow.
Swellable packers offer cost-effective and more efficient alternatives to traditional
cementing and mechanical packer methods. As described above, they consist of
polymer segments that swell proportionally when immersed in well fluids. They
contain no mechanical parts, and are easy to operate, thereby minimizing cost and
time requirements. Swell packers used in well completion are shown in Figure 3.

Intelligent well is a unique well type targeting maximum hydrocarbon recovery.
Special completion and monitoring tools are installed that can be adjusted either
automatically or through human intervention. Use of swelling elastomers in intel-
ligent well completions significantly reduces the development costs and improves
the production. Such an optimum zonal isolation cannot be realized in conventional
perforating and cementing methods. The offshore Al-Khalij field in Qatar is a success
story where corroded and damaged tubulars were remediated by using the intelligent
well approach [30]. Using an alternative packer design was tried out before attempt-
ing the recompletion. This dependable hydraulic sealing mechanism makes the

‘ Swelling Elastomr i

Figure 2.
Schematic of a typical swellable packer used for isolation of water producing zone (left); use of swell packers
for zonal isolation in a horizontal well (right).
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Before Swelling

After Swelling

Figure 3.
Elements (and working principle) of a typical swell packer used in well completion operations.

‘Water Trucked & Pumped

Bl 7 — Res =

Figure 4.
Two of the more common stimulation opevations: Hydraulic fractruring (left), and well acidizing (vight).

work-over task technically and economically feasible, especially in the case of mature
reservoirs. Use of swell packers guarantees the extension of well life and enhances the
oil recovery. Swelling elastomers can also be used as a completion tool in conjunction
with open and cased holes, horizontal wells, and SET technology [9, 31].

3.3 Stimulation operations

It is sometimes required to enlarge old channels or create new ones in the production
zone of a well. This is accomplished by the methods of acidizing, formation fracturing,
etc. and the process is called stimulation [32]; Figure 4. The stimulation technique of
fracturing consists of opening of new flow channels in the rock formation surrounding
a producing well. This increases the surface area through which formation fluids can
flow into the well, and also extends beyond possible fractures close to the wellbore. The
in-situ well conditions can pose challenges in the use of swell packers in stimulation
operations. These include local temperature and pressure, and shrinkage forces of the
tubular. Moreover, certain thermal effects can result in contraction of the seal: owing
to temperature drop because of contact with stimulation fluid. Successful results were
reported by an operator in USA in stimulation efforts in horizontal open-hole comple-
tions. Technologies used were expandable liner hanger, swelling elastomer packers, and
ball drop sleeves [33]. Some other successful applications of swellables in stimulation
operations are hydraulic fracturing, multi-stage fracturing, and matrix acidization.
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3.4 Underbalanced drilling

It is a conventional practice to go for overbalancing in well drilling. In this
method, a column of fluid of preselected density is maintained in the hole to serve
as the primary well-control mechanism. By design, pressure at well bottom is kept
higher than the formation pressure. During underbalanced drilling (UBD) of oil and
gas wells, a lighter fluid replaces the fluid column, and the pressure on the bottom
of the well is designed on-purpose to be lower than the pressure in the formation;
Figure 5. This is done to allow formation fluids to rise to the surface while drilling,
preventing damage to the formation being drilled. The hydrostatic head of the fluid
may naturally be less than the formation pressure, or it can be induced by adding
different substances to the liquid phase of the drilling fluid, such as natural gas,
nitrogen, or air [34].

One use of underbalanced drilling is to find out probable thief zones for proper
placement of swell packers [35]. Effective zonal isolation can be achieved through a
judicious combination of UBD and swellable elastomers. This can lead to maximiza-
tion of well performance and significantly improved hydrocarbon recovery. In the
case of underbalanced drilling in Nimr reservoir in Oman [36], it was concluded
from data extracted by UBD that rogue fractures and thief zones are important fac-
tors in the movement of water. Swell packers were then deployed for water shutoff
in zones detected by UBD.

3.5 Enhanced oil recovery

Any technique used to increase the amount of oil that can be recovered from a
reservoir is known as enhanced oil recovery (EOR). This is generally achieved by
injecting a suitable material into an existing well, increasing the pressure and reducing
the oil viscosity. EOR is a thermal or compositional transformation of either the hydro-
carbons or reservoir rock to aid in the recovery of additional volumes. EOR helps to
maximize the oil reserves recovered, extend the life of fields, and increase the recovery
factor. EOR techniques can be used for higher recovery from dwindling old reservoirs
or difficult new ones. An openhole packer system is shown in Figure 6, for effective
zonal isolation in complex offshore deep water wells, unconventional completions,
and mature oil field locations.

By combining swellable elastomers and primary cementing, it is possible to
successfully isolate oil (or gas) and water. Employing miscible gas injection, the

Formation pressure
5,000 psi

Fermation pressure
5,000 psi

Annulus pressure | ———— Annulus pressure
5,500 psi 4,500 psi

Figures.
Schematic illustration of conventional overbalanced drilling (left), and an underbalanced drilled well (right).
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Figure 6.
Openhole packer system for EOR applications requiring maximum isolation efficiency in difficult wells.

first EOR scheme in southern Oman was implemented by Petroleum Development
Oman (PDO) in the Harweel Cluster. Efficient zonal isolation was a prerequisite

for enhanced hydrocarbon recovery. As cementing was unsuccessful in many

cases, swellable elastomers were used and produced very positive results [37].
Durongwattana et al. [38] declare that quite a few EOR based well technologies have
matured to a level that they can be considered to be field proven and cost effective.
They particularly mention the use of expandable clads and swellable elastomers

in applications such as shutoff of high permeable zones and fractures, and well
segmentation as a remediation action after breakthrough of water or gas in the
segment.

3.6 Evaluation of swellable packers

As swelling elastomer seals are relatively new in the oil and gas industry, reliable
performance assessment is critical. One method used to evaluate if swell packers
have effectively achieved zonal isolation is wireline ultrasonic measurements.
Herold et al. [19] describe conventional and new ultrasonic tools for the evaluation
of zonal isolation through swelling elastomers. Perhaps the most promising ultra-
sonic technique is the third interface echo (TIE) method, ensuring good hydraulic
seal and isolation of zones through swellable elastomers [39]. Some other studies
have been carried out for performance assessment of swellable packers and seals in
petroleum drilling using experimental, analytical, and numerical methods [40-42].

4, Future trends

Already showing major successes, new swelling elastomers and applications
are still being developed. As with every new technology, there are many challenges
that need to be addressed. Use of swell packers in the extreme conditions of high-
pressure and high-temperature (HPHT) wells is uncertain. Reservoirs that are
more chemically aggressive (highly acidic, for instance) are also uncharted waters.
Controlling the speed and amount of swelling, and activation of swelling in espe-
cially targeted settings, are also areas where more work is required. Development
of new swelling-elastomer materials and designing of improved and innovative
applications is a need of the moment for the working envelope of HPHT and aggres-
sive reservoirs [43, 44].
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5. Chapter summary

Swelling packers and seals offer promising unconventional solutions in well
completion, repair of damaged wells, water shutoff and zonal isolation, and other
downbhole applications. Apart from functional performance, swellables are also
more cost effective and economical in terms of rig time. As they offer improved
production volume and higher rate of hydrocarbon recovery, they are further
attractive due to lower environmental impact. In the case of failure of tubular
or cementing, or in situations of high water-cut, swelling elastomers have been
successfully and efficiently used for well remediation and recompletion. However,
the technology has great potential, and should be introduced (if expedient) during
the well design phase rather than as only a remediation method. This can save a
lot of time and cost spent in firefighting after well damage or shutoff. The review
presented above can assist field engineers in the selection of suitable swellable
elastomer devices, and can be useful to research and development (R&D) engineers
in the design of new downhole applications.
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Chapter 3

Swelling Behavior of Elastomers
under Water, Oil, and Acid

Sayyad Zahid Qamar, Maaz Akhtar and Tasneem Pervez

There are three principal means of acquiring knowledge: observation of nature,
reflection, and experimentation. Observation collects facts; reflection combines
them; experimentation verifies the result of that combination.

Denis Diderot

Abstract

It is very important to determine the behavior of elastomer materials under
realistic well conditions in order to select appropriate swelling elastomers for a
particular set of field conditions, for successful modeling and simulation of various
downhole processes, and for design improvement of swell packers and other sealing
applications. In collaboration with national and regional petroleum development
and rubber engineering companies, a series of experimental studies were therefore
conducted at Sultan Qaboos University for characterization of swelling related
material behavior of different elastomers. Results from some of these investigations
(studies A, B, and C) are reported and discussed in this chapter.

Keywords: swelling behavior, water-swelling, oil-swelling, acid induction

1. Introduction

It is very important to determine the behavior of elastomer materials under
realistic well conditions in order to select appropriate swelling elastomers for a
particular set of field conditions, for successful modeling and simulation of various
downhole processes, and for design improvement of swell packers and other sealing
applications [1]. In collaboration with national and regional petroleum develop-
ment and rubber engineering companies, a series of experimental studies were
therefore conducted at Sultan Qaboos University for characterization of swelling
related material behavior of different elastomers. Results from some of these inves-
tigations (studies A, B, and C) are reported and discussed in this chapter.

2. Experimental setup
There are standard procedures for conducting most of the tests on rubber
materials. It is important to follow these procedures carefully in conducting the tests

in order to obtain consistent results. Methodology of the swelling test was devel-
oped in consultation with petroleum engineers and rubber manufacturers. Other
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experiments were designed and performed in line with standard ASTM test meth-
ods. Apart from regularly available testing equipment, some simple test rigs and
fixtures were designed and fabricated. The tests include swelling behavior (volume,
thickness, and hardness change), compression set, tensile set, and tensile proper-
ties. Values of test temperature, water salinity, oil viscosity, and acid concentration
were selected to emulate actual well conditions in different local oilfields.

2.1 Sample types

Plate samples are used to mimic the actual response of a swell packer (rubber
element vulcanized onto a petroleum casing). These generally consist of 6 mm thick
elastomer mounted on approximately 50 x 50 x 2.5 mm steel plates. As a basis for
comparison, disc samples (28 mm diameter, 12 mm thickness) are used to assess the
behavior if the elastomer is allowed to swell freely in all directions. It is very dif-
ficult to prepare standard dumbbell shape tensile specimens from elastomer sheet
material, as the material is really flexible and not firm. It is far easier to perform
tension test using ring samples, in accordance with ASTM standards. All sample
elastomer materials are provided by different regional oilfield operators and rubber
companies.

The three sample geometries are shown in Figure 1. Disc samples represent free
swelling, and are used to measure compression set, swelling volume and thick-
ness, hardness, and compression and bulk properties. Plate samples characterize
restricted swelling (to replicate actual seal behavior; elastomer mounted on pipe);
and are used to measure swelling volume, thickness, and hardness. Ring samples are
used to measure tensile set, and tensile properties.

2.2 Sample preparation

Elastomer samples (in finished form) are sometimes supplied directly by rubber
manufacturers, but are mostly prepared in-house. If swell packers (elastomer
mounted on a base pipe) are provided, pipe is cut into sections on a lathe machine,
and pipe sections are cut into desired plate samples using milling or saw cutting
machine. To get disc and ring samples, elastomer is removed from the packer, and
surface grinding is done on these sheets to smooth out the roughness, and to get
the required thickness. If the elastomer is supplied as sheets, square or rectangular
pieces of requisite size are cut, and then mounting/vulcanizing on pre-cut steel
plates is done using specific glues. Disc and ring samples are cut directly from the
sheet. Figure 2 shows the various steps involved in sample preparation.

Figure 1.
The three sample geometries used for elastomer testing: Disc, plate, and ring.
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Figure 2.
Different stages in sample preparation: Cutting sections from packer, and plate samples from sections; removing
elastomer from pipe; surface grinding; cutting discs and rings using die-and-punch set.

2.3 Swelling medium

For water-swelling elastomers, salt-water solutions of different concentrations
are prepared inhouse. For oil-swelling elastomers, actual crude oil from regional
oilfields is procured from petroleum companies. For acid testing, HCl solutions of
requisite concentration are prepared inhouse. Total testing time varies from one to
three months. Swelling measurements are taken at different intervals, such as on
day-zero (before swelling), and after 1, 3, 4, 7, 15, and 31 days of swelling.

2.4 Hardness test

An instrument called a durometer is used to determined hardness of rubbers
and elastomers; Figure 3. A blunt indenter point is pressed into the sample surface
(without causing any puncturing), and the instrument measures the resistance
to penetration through the action of a spring. In analog models, movement of
a pointer across a scale to indicates the resistance to penetration. The Shore
Durometer is scaled from 0 to 100, higher numbers representing higher hardness.
The two commonly used scales are “A” for soft rubbers and “D” for harder materi-
als. Applicable test standard is ASTM D2240 [2]. Room temperature hardness
values reported here are average of five readings taken at different locations on the
same each sample.
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Figure 3.
Durometer for hardness testing.

2.5 Compression set test

Compression set is a measure of the ability of a rubber or elastomer to retain
elastic properties after prolonged action of compressive stress. The test is run for
either 22 hours or 70 hours. The height that is not recovered represents the com-
pression set, reported as a fraction (percentage) of the amount by which a standard
test sample fails to return to its original thickness when acted upon by a standard
compressive force/deflection for a predetermined time period at a specific tempera-
ture. Following ASTM guidelines (ASTM D395, method B) [3], a dedicated fixture
was designed and fabricated in-house for the compression set test of disc-type elas-
tomer specimens (13 mm diameter, 6 mm thickness); Figure 4. Each test is carried

Nat
- -~ =
Spacer -
S ™a o UpperPlate
Bkt ‘__\\ ~a ~a
| — Lower Plate o
Figure 4.

Test fixture for compression-set test, fabricated in-house.
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out at a specified temperature. Samples are then removed to room temperature and
allowed to cool for 30 minutes before thickness measurements. Rubbers having god
resistance to compression set recover significantly upon releasing the load. 100%
recovery is not necessary for an elastomer to work as an effective and repeatable
seal. Moreover, if there is a constant compression on the seal, material recovery is
not very important.

2.6 Tensile set test

When a specimen is stretched to twice its original size (100% stretch) for a
stipulated time, then allowed to recover for the same time at room temperature, the
remaining amount of extension determines the tensile set value. A special tensile
fixture was designed and fabricated (in line with ASTM guidelines) for this test;
Figure 5. Applicable standard is ASTM D412 [4].

2.7 Tensile properties test

This test is used to quantify elastomer behavior under axial tensile loading
at room temperature. After the resulting data is plotted as a stress—strain graph,
tensile properties can be evaluated; such as modulus of elasticity, tensile strength,
and % elongation (or % area reduction). Apparatus used is a universal testing
machine fitted with a small load cell for rubbers and elastomeric materials, spe-
cially designed and fabricated hook-type grips to hold ring samples (in line with
ASTM guidelines), data acquisition and recording system, and ring-type elastomer
specimens (16 mm inside diameter and 3 mm thickness); Figure 6.

The following test procedure is carried out. Universal testing machine is care-
fully calibrated. Elastomer ring is mounted into the universal testing machine,
using hook-type fixture. As specified in ASTM D412 [4] test standard, machine is
set for a speed of 500 + 50 mm /min. Values of the applied force and consequent
elongation are recorded. Average readings from three samples are tabulated, and
converted to stress—strain plots. From the data and graphs, tensile properties are
calculated.

2.8 Swelling test
The objective of the test is to find the amount of progressive swelling (volume

and thickness) and density change in an elastomer for a specified test period, and
at different temperatures. Water-swelling elastomers are exposed to salt solutions

Figures.
Test fixture for tensile-set test, fabricated in-house.
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Figure 6.
Apparatus for tensile testing: Universal testing machine with data acquisition system, and hook type fixture for
ring samples.

of different concentrations (ranging from 6,000 ppm or 0.6%, to 200,000 ppm or
20%), while oil-swelling elastomers are immersed in crude oils of different viscosi-
ties. Disc samples are used to study the swelling response of free (unconfined)
elastomer, while plate samples (elastomer vulcanized onto steel plate) are used to
replicate the sealing behavior of elastomer mounted on a pipe. Samples are placed
in temperature-resistant sealable glass jars containing proper swelling medium
(brine, oil, acid), utilized to maintain constant concentration even at higher
temperatures. Each jar is identified by mnemonic code name. Jars are placed inside
servo-controlled ovens maintained at prescribed temperatures throughout the test
period. Thickness, volume, and mass (density = mass / volume) of each specimen
are measured before swelling, and periodically after swelling under different
conditions. Based on the displacement method, a special apparatus was designed
and fabricated (consisting of glass beakers and graduated cylinders) for accurate
volume measurements. Digital Vernier calipers are used for thickness measure-
ments, while mass is recorded using a digital balance. Due to the toxic nature of
crude oil, special care has to be taken in handling and ventilating the test area in
the case of oil based elastomers. Various components of the swelling test setup are
shown in Figure 7.

3. Study-A: Inert vs. swelling elastomer

This study is based on experiments conducted on mechanical testing and
characterization of an inert (non-swelling) and a water-swelling elastomer (both
belonging to the EPDM family) used for sealing purposes by a local petroleum
development firm. The experiments are designed to study the effect of brine
concentration, operating temperature, and sheet thickness on swelling and other
properties of the elastomer. Tests were conducted to evaluate hardness, compres-
sion set (different temperatures and time periods), tensile set (different time
periods), tensile properties (strength at fracture, % elongation), and swelling
behavior. Swelling tests were conducted on different sample geometries, for both
free and plate-mounted samples, in brine solutions of varying concentrations and at
different temperatures. Total test duration was 1000 hours (about 45 days).

3.1 Experimental work
Both EPDM-type elastomers (water-swelling EPDM1, and inert EPDM2) were

provided by a local petroleum development firm in the form swell packers: specified
lengths of 5% mm thickness mounted on steel pipe. Some of the elastomer sheets
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Figure7.
Different components of the swelling test apparatus.

were cautiously peeled off from the pipes. Thickness reduction for the elastomer
sheets and the mounted elastomer was carried out on lathe machine and surface
grinder, to match the required sample thickness. Saw-cutting and milling machines
were then used to cut the mounted and free samples to requisite dimensions.
Though ASTM standard sets forth a sample thickness of 6 mm, a thickness of 5 mm
had to be used as the sheets had a pre-grinding thickness of 5%2 mm. A dedicated
die-and-punch set was used to cut the disc and ring samples. ASTM suggests rings
of 18 mm OD and 1% mm thickness; however, rings of 13 mm ID and 19 mm OD
were used owing to the available punch sizes.

As discussed in published literature [5, 6] about the use of standard test meth-
ods, standards are set forth to ensure uniformity of test conditions in different
locations. However, sample geometries are not always 100% binding, and a little
leeway in dimensions is allowed if repeated results are consistent. Especially in the
case of tensile/compressive testing, minor variations in sample dimensions do not
cause any significant problems as stress is calculated per unit cross-sectional area.
Forces causing the same amount of deformations are somewhat different due to
the slightly different dimensions, but so is the area; net result of force per unit area
(stress) remains the same. Moreover, at least three tests in each case also take care of
the repeatability issue.

Reported hardness value in this work is the average of readings taken at five
different locations on each sample. For the compression set test, test temperatures
were room temperature (~25°C), 50°C and 80°C. For the tensile set test, ASTM
standard test time is 10 min, but 10 hours and 20 hours were included to study
variation of behavior more thoroughly. For tensile set and tensile properties test,
ring samples were used (3 mm thickness, 3 mm width, and inside diameter of
13 mm). Disc samples (5 mm thickness, 13 mm diameter) were used for the com-
pression set test. Hardness tests were done on 25 mm x 25 mm square samples of
5 mm thickness. Testing times were 1,000 hours (roughly 45 days) for swelling test;
10 min, 10 hours, and 20 hours for tensile set test; and 22 hours and 70 hours for
compression set test.
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For the swelling test, the objective was to find the volume or thickness change
in salt solutions of two different concentrations (0.6%, and 20%), samples kept as
three temperatures (room temperature, 50°C, and 80°C). Two types of test speci-
mens were used. As unconfined samples (25 x 25 mm, 5 mm thickness; labeled 5 U)
are not attached to any plate, and are free to swell on all sides, they give the swelling
performance of free elastomer. On the other hand, samples mounted on steel plate
(25 x 25 mm, 4 mm and 5 mm thickness, labeled 4 M and 5 M) are used to imitate
sealing behavior of elastomer mounted on a pipe.

3.2 Results and discussion
3.2.1 Havdness

Measured hardness values (durometer Shore-A scale) ranged from 50 to 52 for
the swelling elastomer EPDM1 (average 51.3) and from 59 to 62 for the inert elasto-
mer EPDM2 (average 60.3). One reason for the slight variations in hardness values
could be the peeling-off of elastomer sheets and subsequent grinding operations,
giving rise to some non-uniformities. A swelling elastomer must be softer than a
non-swelling elastomer (to allow water to seep in and make it swell), as confirmed
by the measured hardness values.

3.2.2 Compression set

Figure 8 shows an increase in compression set CS (%) values with testing time
and temperature. CS for EPDM1 (swelling type) is notably higher than that for the
inert EPDM2, difference being more pronounced for longer test period and higher
temperature. For the same elastomer material, 70-hour test values are higher than
the 22-hour test. For EPDMI, CS values are not very different for room temperature
and 50°C, but significantly higher for 80°C. We can infer from these values that
permanent set would be large when the elastomer is compressed for a longer time at
a higher temperature.
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Figure 8.
Variation of compression set with testing time and tempevature.
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3.2.3 Tensile set

Figure 9 shows summarized values for the tensile set TS (%). As anticipated,
TS values increase for longer testing time. This increase is more acute for the
swelling elastomer EPDM1 than for the inert rubber EPDM2, as expected. ASTM
test standard recommends a 10-min period for the tensile set test of rubbers. This
appears to be too short for these much softer elastomers. Websites of many rubber
vendors and manufacturers report the same testing time for both compression set
and tensile set tests (22 hrs). Our in-house experiments were therefore conducted
for test durations 10 min, 10 hour, and 20 hour, to have a better idea of how the
behavior changes with time.

3.2.4 Tensile properties

Data from room-temperature tensile tests for both elastomer materials were
converted into stress—strain diagrams; Figure 10. It is interesting to note that
graphs for all three samples of EPDM1 nearly identical, and all curves are almost
linear. This linearity makes the calculation of the slope much easier. We know that
normal rubbers (like EPDM2) usually exhibit a nonlinear-elastic tensile behavior.
The reason for the almost linear graphs for EPDM1 may be that swelling elastomers
do not behave like normal rubbers due to their atypical cross-linking and special
filler materials. For EPDM1 and EPDM2, average values of fracture stress (c¢) were
36 MPa and 171 MPa, and of percent elongation (ef) were 265% and 371% respec-
tively. Elastic modulus (E) for EPDM1 was 14.4 MPa, while it was not measured
for the inert EPDM2 as the curve was nonlinear. Variation in readings for the three
samples was 7%, 5% and 5% for oy, &¢, and E respectively. Naturally, fracture stress
and % elongation values for the far softer swelling elastomer EPDM1 are signifi-
cantly lower than the inert elastomer EPDM2.

Tensile Set

/ +— EPDMI
- EPDM2
1 /

10min 10hr 20hr

Figure 9.
Variation of room-temperature tensile set with testing time.
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Figure 10.
Stress—strain plot from tensile test of three samples; both elastomers.
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3.2.5 Swelling behavior

The most important test was of course about the swelling behavior of the elas-
tomers. The inert elastomer (EPDM2) was of course a non-swelling type, and did
not exhibit any notable changes in volume or thickness with time, as it was exposed
to different saline solutions and temperatures. Graphs discussed here are therefore
only for EPDM1, showing plots of swelling magnitude against time, expressed as
volume change (AV%) and thickness change (At%). Other parameters of interest
are sample type and dimensions, salt concentration, and testing temperature. A
systematic scheme is followed for the taxonomy (naming scheme). For example,
(0.6%-80C) denotes solution of 0.6% salt concentration kept at 80°C temperature,
while (4 M-50C) stands for a 4 mm-thick mounted sample tested at 50°C.

3.2.5.1 Volume change

All of the tests show that amount of swelling (in terms of % volume change)
increases with increasing time. This is as expected; however, this increase is not con-
tinuous but behaves more like a step-curve: volume increases then remains constant
for some time, then increases again; and so on. It is known that salt is one of the con-
stituent materials for the swelling elastomer. As the elastomer samples are immersed
in brine solutions, some salt enters into the elastomer body as water is absorbed. At
the same time, small amounts of salt may also break away from the elastomer material
and go into the salt solution. This two-way transport of salt means that swelling does
not happen in a consistently increasing manner, but stops or even goes down for short
periods of time before increasing again. Apart from the constituent materials (such as
salt and other additives), one more very relevant factor in swelling elastomers is the
cross-link chain density. With the breaking away of salt, some of the cross-links may
be disturbed. This breaking and subsequent re-forming of cross-link chains in the
elastomer may be another reason for the fluctuations in the amount of swelling [7].

If salinity value and temperature are the same, for instance 0.6% concentra-
tion and 80°C temperature (Figure 11), unconfined samples (5 U) exhibit higher
swelling than plate-mounted samples (4 M and 5 M). It is clear that unconfined/un-
mounted samples are free to swell on all sides, while mounted pieces cannot swell
on the surface that is restricted by the metal. If sample thickness is higher, it will
obviously swell more. This is confirmed experimentally; 5 M samples show slightly
more swelling than 4 M samples.

For same temperature and same sample type (eg. 4 M samples at 50°C; Figure 11),
exposure to lower salt concentration (0.6%) generally yields higher swelling amount
(volume increase). The is again an expected trend, since more concentrated and
thicker solutions will not seep as much into the elastomer compare to the more dilute
solutions. This will be true whether the swelling mechanism is diffusion or osmosis.

If salt concentration and sample configuration are the same (eg. 5 U samples in
20% solution; Figure 11), more swelling is observed at higher temperatures. This
is also a natural behavior; more material expansion (swelling) and higher diffusion
rates at higher temperatures.

3.2.5.2 Thickness change

Consistent with volume change behavior, it can be seen in all the graphs that sample
thickness increases with swelling time. Once again, this increase is step-wise, though
the fluctuation is smaller than for volume change. If salt concentration and tempera-
ture are kept constant (eg. 0.6% concentration and 50°C temperature; Figure11), 5 M
curve is higher than the 4 M curve, and the 5 U curve is noticeably higher than both
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Figure 11.

Vo%ume swelling of different sample configurations in 0.6% brine at 80°C (top left), of 4 M samples at 50°C

in different salinities (top right), and of 5 U samples in 20% salinity at diffevent temperatures (middle left).
Thickness swelling of various sample geometries in 0.6% brine at 50°C (middle right), of 4 M samples at 50°C
in various salinities (bottom left), and of 4 M samples in 0.6% salinity at various temperatures (bottom right).

4 M and 5M curves. As discussed above, it is more probable that there will be larger
amount of swelling (thickness change) for thicker samples, and for free (unconfined)
samples as compared to the plate-mounted confined samples. When temperature and
sample type are the same (eg. 4 M samples at 50°C; Figure 11), lower concentration
(0.6%) solution yields larger thickness change. This is also natural and explained
above; more swelling in dilute (less thick) solutions.

For the same salt concentration and sample configuration (eg. 4 M samples in
0.6% solution; Figure 11), we observe higher swelling curves for elevated tem-
peratures, as expected. In one or two cases however, thickness seems to decrease
with time. This may be some experimental error, as the general pattern is thickness
increase with swelling time.

One important observation is that the total swelling amount (thickness or
volume change) after the complete 45-day test period is surprisingly quite low.
These samples were cut from swell packers used by the petroleum industry (elasto-
mer sheets mounted on steel pipes). These packers were stocked in open yards for
quite some time before being brought in for testing. It is well known that polymer
properties are seriously affected by exposure to sun and moisture. This effect would
be more prominent in the case of softer swelling elastomers. This will be discussed
in more detail in Study-B.
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Response of disc samples can serve as a reference, to assess the behavior of unconfined
(free) elastomer. Plate samples vepresent the actual material vesponse when elastomers
sections ave vulcanized onto steel pipes, and used as sealing elements in downhole
applications. Similarly, volume swelling can be seen as a veference pattern for the swell-
ing effect. In actual petroleum applications, thickness swelling is of actual intevest as it
divectly velates to the sealing off of the gap between a tubular and a casing (or between a
pipe and the rock formation,).

3.3 Conclusions study-A

This study was primarily conducted to compare the material response of a swell-
ing and an inert elastomer, both of EPDM type. Test plan and experimental strategy
were carefully designed. Standard testing equipment was used for some of the
tests, while test rigs and fixtures were designed and fabricated in-house for some
other tests. All tests (except swelling behavior) were conducted in line with ASTM
test standards. Inert elastomer EPDM?2 was considerably harder than the swelling
elastomer EPDM1 (in terms of shore-A hardness). As expected, compression set
was higher for higher temperatures and longer testing times, more so for EPDM1
than for EPDM2. Room-temperature tensile set values were found to increase with
testing time, again more noticeably for swelling (EPDM1) than for inert (EPDM2)
elastomer. Tensile test data were converted into stress—strain graphs. Properties
such as elastic modulus, tensile strength, and % elongation were extracted from the
graphs. Values of fracture stress and percent elongation came out to be significantly
lower for EPDM1.

Swelling tests were conducted on different sample types (unconfined and
plate-mounted) for a total period of about 45 days, in brine solutions of different
concentrations, and at different temperatures. In line with its inert nature, almost
no swelling effect (volume or thickness change) was observed for EPDM2. For the
swelling elastomer (EPDM1), volume and thickness swelling increase with increas-
ing test temperature and decreasing salt concentration in a step-wise fluctuating
fashion. Inert elastomer (EPDM2) is stronger than swelling elastomer (EPDM1),
and one would assume that the sealing will last longer. However, in the case of water
incursion, swelling elastomer will swell by a considerable amount, increasing the
sealing pressure and providing a much better seal. All the applications of swellables
in the petroleum industry (discussed in Chapter 2) are based on this novel swelling
property of EDDM1 type of elastomers.

4. Study-B: Fresh vs. exposed elastomer

Zonal isolation packers and other forms of elastomer-mounted tubulars are
often stacked in open yards for a long time before their deployment in wells.
Elastomer properties may significantly change due to exposure (to air, sunlight, and
humidity). Elastomer segments are generally covered by protective sheets; however,
this wrapping can be damaged in places, exposing the elastomer to air, moisture
and sunlight for long durations [8]. Some results from a comparative study of the
behavior of fresh and exposed samples of an EPDM-type water-swelling elastomer
are reported in this chapter.

Exposed elastomer material was provided by a local petroleum development
firm, already mounted on steel pipes, ready for use as a swelling packer. Samples of
fresh elastomer were supplied by a rubber development company working closely
with the oilfield industry. Exposed samples are identified as EPDM1 while fresh
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samples are labeled as EPDM2. Chemical composition of the elastomer cannot be
disclosed due to proprietary rights.

4.1 Experimental work

Elastomer properties investigated are hardness, compression set, tensile set,
tensile properties, and swelling behavior. To allow for a reasonably long swelling
period, the swelling test was carried out for 1,000 hours (roughly 45 days). For
tensile set, test durations of 10 min, 10 hours and 20 hours were used. Compression
set test was conducted for 22-hour and 70-hour periods. Test procedures and
methodology has been described in detail in Section 3.1 above.

Test conditions were carefully chosen to reflect actual well environment in
shallow aquifers and slightly deeper wells in regional oilfields: three temperatures
(room/ambient, 50°C, and 80°C), and two salt concentrations representing low
and high salinities (6,000 ppm or 0.6%; and 200,000 ppm or 20%). Two sample
geometries were used for the swelling test: disc samples (25 mm diameter, 6 mm
thickness), and plate samples (elastomer vulcanized on 25 mm x 25 mm steel
plates). Tensile set and tensile properties tests required ring samples (3 mm thick-
ness, 1.5 mm radial width, inside and outside diameters of 16 mm and 19 mm). Disc
samples were used for compression set and hardness tests.

4.2 Results and discussion
4.2.1 Hardness

Average hardness value for the exposed elastomer (EPDM1) was 51.3 on the
Shore-A scale, while that for fresh samples (EPDM2) was 57.3. This is a significant
difference, indicating that hardness of a water-swelling elastomer would increase
by exposure to the elements. Increased hardness (or loss of flexibility) should gen-
erally result in lower amounts of swelling. Later results corroborate this conclusion.

4.2.2 Compression set

Plots of compression set CS (%) against temperature are shown in Figure 12 for
the two test durations of 22 hr. and 70 hr. As expected, compression set increases
with temperature, the increase being sharper at higher temperatures. Also, as
expected, CS curve for the longer test duration is higher than that for the shorter
one. This means that if the elastomer is compressed for a longer time, or at a higher
temperature (or both), the amount of permanent set would be larger. As far as the
comparison goes, CS values for EPDM1 are much higher than those for EPDM2.
This implies that the elastomer loses elasticity due to exposure (also indicated by the
hardness results), producing higher permanent set due to compression, or relative
lack of springback after the release of compressive force.

4.2.3 Tensile set

Standard test duration for tensile set (TS %) test reccommended by ASTM is
10 min. However, 10 hr. and 20 hr. tests were added for comparison with material
data available at some of the rubber manufacturers’ sites, and to study the variation
pattern more thoroughly. As shown in Figure 13, room-temperature TS increases
with increasing test period. For the 10-min test, exposed and fresh samples yield
almost the same TS value. For longer testing times, curve for EPDM1 is higher than
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Figure 12.
Variation of compression-set with testing time and temperature.
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Figure 13.
Variation of room-temperature tensile set with testing time.

EPDM2, and increase in TS with time is also sharper for EPDM1. Higher permanent
set under tensile loading again indicates loss of elastic recovery due to exposure.

4.2.4 Tensile properties

Figure 14 presents results of the tensile properties test for the two elastomers in
the form of stress—strain graphs. As pointed out in Study-A, it is rather surprising to
see that the entire stress—strain curve is almost linear for both EPDM1 and EPDM2.
This would imply that the special filler materials and cross-linking used to produce
swelling elastomers make them behave differently under tension as compared to
normal elastomers. The fact that curves for the three samples of each elastomer
are almost identical, together with the near-linearity of the curves makes it very
convenient to calculate tensile properties, especially the elastic modulus (slope).

As summarized in Table 1, average fracture stress and elastic modulus for
exposed samples are significantly higher than that for fresh ones. Percent elonga-
tion shows an opposite trend. This reinforces the previous results; exposure reduces

the softness of the elastomer, resulting in lower flexibility (percent elongation) and
higher fracture stress.

4.2.5 Swelling behavior
Being a water-swelling elastomer, the most crucial test was the determination
of swelling response when the elastomer is immersed in saline water at different

temperatures. In Figures 15-18, amount of swelling (volume change AV % and
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Figure 14.
Stress—strain plots from tensile test of three samples of fresh and exposed elastomer before swelling.

Elastomer type Fracture stress Percent elongation Elastic modulus (MPa)
(MPa) (%)
EPDMI1 (Exposed) 35.96 264.47 14.40
EPDM2 (Fresh) 11.09 359.23 3.22
Table 1.

Average tensile properties of exposed and fresh elastomer.
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Figure 15.
Volume swelling of plate samples; low and high salinities; diffevent temperatures.

thickness change At %) is plotted against time for different sample types and test
conditions.

4.2.5.1 Plate samples

Figures 15 and 16 show the variation of swelling with time for plate samples.
It is clear from all of the graphs that more swelling occurs when samples are kept
under water for longer duration, as expected. As observed in Study-A, this increase
in volume (or thickness) with time does not progress smoothly, but happensina
fluctuating manner. Swelling increases, then remains constant for some time, then
increases again, and even decreases a bit at times. Possible reasons (buildup/reduc-
tion of salt content, and changes in cross-link structure) are the same.

37



Swelling Elastomers in Petroleum Drilling and Development - Applications, Performance...

Thickness Swelling - Plate Tickness Swelling - Plate
EPDM1 - 0.6% EPDM2 - 0.6%
5 S0
4 — 40 J o
= 3 v T 0
§ H)_._-/._._',- —=25°C § - —=25°C
a2 3 0 ’
L Tae|| #55 o
o lan 20°C - 80°C
0O 4 8 12 16 20 24 28 31 36 40 4 1] 7 14 n 8 35 a2 a9
Time [Days) Time (Days)
Thickness Swelling - Plate Tickness Swelling - Plate
EPDM1 -20% EPDM2 - 20%

at (%)
Bt (%)
=

+n-n-nw . F
—+—25% e —+=25%
/ / 6
I || ,._/::/_::{/‘\\' S
° o 80°C o ol -30°C

0 4 8 12 16 0 24 28 32 36 40 a3 ] 7 14 n 18 I a2 8

Time (Days) Time (Days)

Figure 16.
Thickness swelling of plate samples; low and high salinities; different temperatures.
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Volume swelling of disc samples; low and high salinities; different temperatures.

Maximum swelling (volume or thickness) occurs for both elastomer types ata
temperature of 80°C and under 0.6% salt concentration. Obviously, like most of the
other materials, elastomers expand more with increasing temperature. Expanded
pores allow more water to soak into the material, resulting in higher swelling. It
is also natural that an elastomer would swell more in diluted solutions than in
higher-concentration solutions, whether swelling happens due to diffusion or due
to osmosis.

Volume swelling percentage is evidently much higher than thickness swelling;
thickness change represents swelling in only one direction, while volume change
corresponds to swelling from all exposed surfaces. Under the same conditions of salt
concentration and temperature, fresh samples show substantially higher swelling
than exposed ones (200% volume change compared to only 40% for 0.6%-80°C
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Figure 18.
Thickness swelling of disc samples; low and high salinities; different temperatures.

condition, for instance). This is in line with all earlier observations; extended
exposure to sun, wind and moisture reduces elastomer flexibility and increases its
hardness; harder and less elastic material naturally exhibits reduced amounts of
swelling,

4.2.5.2 Disc samples

Volume and thickness swelling of disc samples is plotted against swelling-time in
Figures 17 and 18. Like plate samples, discs also demonstrate the fluctuating swell-
ing pattern. Also, in a similar manner, maximum swelling is observed at the highest
temperature and the lowest salt concentration. As before, amount of volume swell-
ing is far higher than thickness swelling. Most importantly, once again, fresh samples
undergo noticeably higher swelling than exposed ones (900% volume change
compared to only 55% under the 0.6%-80°C condition). Reasons for these observa-
tions for disc samples are the same as those described above for plate samples.

If we compare the swelling response of disc samples against plate samples, we
notice a huge difference (for example, 900% volume change as against 200%,
or 130% thickness change in comparison with 48%, under the same salinity and
temperature conditions of 0.6% and 80°C). As explained earlier, disc samples are
free to swell from all sides, while swelling of plate samples is restricted from one
major surface; thus the sizeable difference.

4.3 Conclusions study-B

Comparison between material response of two sample sets of an EPDM-type
water-swelling elastomer has been carried out through material characterization
experiments, in particular the study of swelling behavior. One set of samples was
cut from fresh elastomer, and the other from elastomer exposed to air, moisture,
and sunlight. Shore-A hardness of exposed elastomer samples (EPDM1) was
notably higher than that of fresh samples (EPDM2), indicating loss of flexibility
with exposure. Compression set was found to increase with increasing temperature
and testing time, CS values of exposed samples being significantly higher than fresh
ones. Room-temperature tensile set values of the two sample types were almost the
same for short-duration test (10 min), but were considerably higher for exposed
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elastomer after longer-duration tests. Both compression set and tensile set values
suggest that permanent set (or lack of springback) increases with exposure to the
elements. Tensile properties test data surprisingly yielded almost linear stress—
strain graphs for both sample sets, as against highly nonlinear graphs for most
rubber-like materials. Average values of fracture stress and elastic modulus for the
exposed elastomer were clearly higher, while percent elongation was lower, again
implying that exposure reduces softness and flexibility of the elastomer. Rather
than increasing steadily with time, swelling response showed a fluctuating trend for
both elastomers. Higher amount of swelling is generally observed for higher tem-
peratures and lower salt concentrations. Under the same conditions of temperature
and salinity, fresh elastomer samples exhibited far more swelling (percent volume
or thickness change) than the exposed samples. This strengthens the observation
that elastomers lose suppleness if exposed to sun and moisture, etc. for extended
periods of time.

5. Study-C: Swelling under water, oil, and acid

Well stimulation is the name given to techniques that are performed to increase
or restore production. If a well initially exhibits low permeability, stimulation
is used to start production from the reservoir. In other cases, stimulation is used
to improve permeability and flow from an already existing well that has become
under-productive. Acid induction, or acidizing, is used to either stimulate a well
to improve flow or to remove damage. In matrix acidizing, acid is injected into
the well, penetrating the rock pores at pressures below fracture pressure. The acid
dissolves the sediments and mud solids within the pores that are inhibiting the
permeability of the rock, thereby enlarging the natural pores of the reservoir and
stimulating the flow of hydrocarbons, but this acid does not react with the
hydrocarbons [9, 10].

Swelling beahavior of inert and swelling elastomers, and fresh and exposed elas-
tomers was discussed in study-A and study-B above. Results from an experimental
investigation are presented in this section about the behavior of two commercial
elastomers, one water-swelling and one oil-swelling, with and without one-day
acid exposure. Out of the one-month total testing time, one set of samples (for each
elastomer type) was tested under acid for one day, and the other set without any
acid exposure. Changes in volume swelling, thickness swelling, and hardness of
elastomer samples were recorded at various prescribed times during a one-month
swelling period. Selection of test parameters such as water salinity, temperature,
acid concentration, and type of crude oil was based on actual field conditions in
target regional oil wells.

5.1 Experimental work

Two sample geometries (disc and plate) were used for the two elastomer
materials (one water-swelling, and one oil-swelling). All samples were provided
by a regional oilfield operator, name and number of the elastomer not to be dis-
closed due to confidentiality reasons. Salt-water solutions of 35000 ppm (3.5%)
and 85000 ppm (8.5%) strength were used to test the water-swelling elastomer,
while crude oil from the field was used to swell the oil-based elastomer. The oil is
classified as ‘light crude oil, which is a liquid hydrocarbon that may contain up to
0.6 vol% benzene and other light aromatics and 0.8-1.5 wt% sulfur compounds,
and has a viscosity of 200-450 cp. Same test temperature of 60°C was employed
for both elastomers. To replicate conditions of acid induction in the actual wells,
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samples were removed from water or oil after 3 days of swelling, and placed in
15% HCl solution for one day. They were then returned back to swell in water or
oil. Measurements were taken on day-zero (no swelling) and after 1, 3, 4, 7, 15, and
31 days of swelling.

All reported results are average of readings from 3 samples; Figure 19. After
measurements, plates and discs were returned back to their jars. In earlier studies,
hardness samples were discarded after each measurement and were not placed
back into brine or oil. There was a concern that small puncture marks made on
the surface by the durometer indenter may affect future swelling to some degree.
However, this necessitated a very large number of samples. For the current study,
the rubber company opted for a limited number of samples, each one to be re-used
after hardness measurements. This may result in minor deviations from expected
swelling behavior.

5.2 Results and discussion

Results are presented in graphical format and behavior patterns are analyzed
for swelling under water, under oil, and under water or oil with intermediate acid
exposure for one day. Variations discussed are changes in volume and thickness
swelling, and in hardness values. To have a general idea about the variation in data,
all swelling related graphs include error bars based on a 95% confidence interval.
Though results for all cases were carefully tabulated in detail and behavior patterns
plotted, only a few are presented here for illustration. Figure 20 shows physical
exhibits of the amount of swelling (volume change, thickness change) and surface
texture of swollen elastomer in some cases.

5.2.1 Volume change

Percentage change in volume due to swelling of disc samples against swelling
time (number of days) in 35000 ppm and 85000 ppm brine solutions is shown
Figure 21, with and without acid exposure. As expected, and as found in earlier
studies [7, 8, 11], amount of swelling is higher in lower-strength brine than in higher
higher-concentration one. Effect of acid exposure on swelling performance is not so
straightforward. In 8.5% brine, swelling slows down during day-4 (when samples
were removed from water and put into HCl solution), but does not do so in 3.5% salt
solution. After this one-day acid induction, swelling amount steadily increases in
both cases when the elastomer samples are placed back into the brine. Total acid-
affected volume swelling at the end of the one-month period is almost the same
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Figure 19.
A 3-sample graph of volume swelling against time for disc samples in 35000 ppm saline water.
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Figure 20.
Progressive swelling and surface texture of disc and plate samples in 35000 ppm saline water (above) and oil
(below).

(with and without acid introduction) in 3.5% solution, but significantly higher in
8.5% solution. Plate samples of water-based elastomer exhibit similar behavior.

Volume change with swelling time for plate samples of the oil-based elastomer
is shown in Figure 21 (bottom). As for the water-swellable elastomer, samples keep
up the swelling trend after the one-day acid exposure. Swelling goes down during
acid-induction (day-4), but shows a somewhat erratic trend (increasing, decreas-
ing, and increasing again) for the no-acid-exposure case. Total volume swelling
after acid induction is significantly higher. Disc specimens also show similar
swelling trend, though less irregular than plate samples. Higher amount of post-
acid swelling for both water and oil-based elastomers hints at extra softening of the
elastomer during acid exposure.

5.2.2 Thickness change

Variation of thickness for plate samples against swelling time (number of
days) in 35000 ppm and 85000 ppm salt solutions is shown in Figure 22, with and
without acid induction. As observed earlier, higher salt concentration leads to lower
amount of thickness swelling. Total thickness change (one month swelling time)
with acid exposure is a little higher in both cases. Change in thickness swelling
against number of days for plate samples of the oil-swelling elastomer is shown in
Figure 22 (bottom). End-of-month thickness swelling is significantly higher in the
case of acid exposure. Also, thickness swelling increases more rapidly after the one-
day acid induction. Disc samples behave in a similar manner. Significantly higher
amount of post-acid volume and thickness change indicates that there is more
softening due to acid exposure in oil-swelling elastomer than in the water-swelling
material. This observation is confirmed by the hardness results presented later.

5.2.2.1 Mechanism of swelling
Oil swelling elastomers are predominantly based on EPDM (ethylene propylene

diene monomer, M-class) type of rubbers. Rubbers that have a saturated chain of
the polymethylene type are categorized as M-class according to ASTM standard
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Figure 21.
Volume change (%) against swelling time, with and without acid exposure; disc samples in 3.5% and 8.5% brine
solutions (top and middle); plate samples in oil (bottom).

D-1418. Materials with similar values of solubility parameter are likely to be mis-
cible. Both EPDM and petroleum are nonpolar molecules, and are miscible together.
It should be pointed out however that oil swelling in elastomers is not a process of
dissolving the rubber. For instance, solubility parameter of diesel fuel is the 7.5-8.5
range, while that of EPDM is around 8.0 [12]. That is why uncured EPDM can be
dissolved, while cured EPDM swells in crude oils. On the other hand, solubility
parameter of NBR (nitrile-butadiene rubber) is about 9-10.5. Because of this sig-
nificant dissimilarity, NBR swells very little in a hydrocarbon. Another important
factor is the polymer-solvent interaction parameter [13] used by Flory and Huggins
to represent the change of Gibbs free energy. Value of this interaction parameter
for cross-linked EPDM and hydrocarbon is slightly greater than 0.5. EPDM type
elastomers therefore swell rather than dissolve in crude oils. Interaction parameter
value for oil swelling depends on various factors such as type of base elastomer,
cross-linking density, type of oil, viscosity of oil, and operating temperature [14].
Water swelling elastomers are mainly compounded from nitrile or hydrogenated
nitrile rubbers [15]. Super absorbent polymers (SAP), organic/inorganic salts,
and/or any saline materials are a vital ingredient to boost the absorption of water
into the rubber matrix to cause swelling. As an example, sodium polyacrylate is a
polyelectrolyte SAP (widely used in disposable diapers) and swells due to osmotic
pressure effects [16]. The anionic charge on the pendant groups of the polymer
chain needs to be balanced by cationic counter ions (Na+). To equalize the chemical
potentials of the counter ions (or to maintain thermodynamic equilibrium), water
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Thickness change (%) against swelling time, with and without acid exposure; plate samples in 3.5% and 8.5%
brine solution (top and middle); disc samples in oil (bottom).

migrates into the elastomeric matrix, leading to its swelling. The amount of swelling
of the elastomeric matrix depends on the balance between the stretchability of the
polymer network and the osmotic pressure effects of the counter ions. Elastomer
stretchability is a function of cross-linking density, physical properties of the
elastomer, and environmental temperature. Osmotic pressure depends on tempera-
ture, and the diffusion rate therefore increases with temperature, due to the higher
movement of molecules in general [14].

5.2.3 Disc vs. plate samples

Amount of volume or thickness swelling for disc samples is significantly higher
than that for plate samples in all cases (3.5% brine, 8.5% brine, oil), with and with-
out acid exposure. This is both intuitively expected and borne out by earlier studies.
Due to gluing/vulcanizing of the elastomer onto a metal base, plate samples are not
free to swell on one major surface; disc samples have no such restrictions. Percentage
change in swelling is therefore much lower for plate samples in comparison with disc
samples.

5.2.4 Water-swelling vs. oil-swelling elastomer

Percent change in volume and thickness for water-swelling elastomer is
generally far higher than that for oil-swelling elastomer. However, in one case,
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oil-swelling elastomer shows an outlier behavior: higher volume swelling for disc

in oil as compared to disc in water (for acid-affected samples). Field engineers can
use this general trend to form an important operational policy: to generate the desired
sealing pressure, annular separation between the packer and the casing (or forma-

tion) for oil-swelling elastomers needs to be much smaller than that for water-swelling
elastomers.

5.2.4.1 Outlier behavior

The general pattern observed in all graphs is that swelling increases with longer
exposure to the swelling medium, but the increase is not always uniform. This is in
line with earlier works by the authors and by other researchers. However, in one or
two instances (such as in Figure 21), swelling stops at a certain level, or goes down
a bit, before increasing again. Water transport is a two-way mechanism; from the
brine into the elastomer, and back from the swollen elastomer into the salt solution.
In general, due to the prevalent concentration difference, there is a net movement of
water into the elastomer, causing increase of swelling with longer exposure to water.
Under certain conditions, and for brief intervals of time, the process can reverse (as
in Figure 21), causing de-swelling of the elastomer. Very rarely, the contacting fluid
might also leach out soluble constituents of the elastomer’s recipe, to reduce test
sample dimensions [17].

5.2.5 Hardness change

Reduction in hardness of an elastomer due to progressive swelling after pro-
longed exposure can significantly affect seal integrity. Variation in hardness against
swelling time for disc samples in salt solutions of 3.5% and 8.5% concentration is
plotted in Figure 23, with and without exposure to acid. Durometer hardness of
original elastomer samples was around 53-55 on the Shore-A scale. Within 3 days
of swelling, hardness sharply drops down to around 30, and then decreases more
gradually with further swelling. Final hardness after one-month exposure is almost
the same in both 3.5% and 8.5% brine, with and without acid induction. Figure 23
(bottom) summarizes the hardness behavior against number of days of swelling for
plate samples of oil-based elastomer. Hardness of the unswelled samples was about
58 Shore-A. In this case, it takes much longer for a significant decrease in hardness;
one to two weeks of swelling. Also, acid injection reduces the hardness value signifi-
cantly. Lower hardness values and larger amounts of volume and thickness change
are consistent with each other. Acid exposure results in more softening of oil-based
elastomer, which leads to higher amounts of swelling.

5.2.5.1 Drop in hardness and seal integrity

It can be easily observed that hardness behavior of both water-swelling and
oil-swelling elastomers is quite similar, showing almost similar and significant
hardness reduction the first few days (with and without acid). Large amount of
swelling (as reported above for volume and thickness change) is good as it generates
large sealing pressure. However, a practical question about long-term integrity is
very important. How will the elastomer seal (with relatively soft swollen elastomer
elements) perform over extended periods of time if subjected to high pressure dif-
ferential? Reports from oilfields using swelling elastomer applications are encourag-
ing in general. Enough sealing pressure is generated by the large amount of swelling
to offset weakening of the material due to softening. Most of the applications work
satisfactorily for at least a few years. However, it is rather impossible to arrive at
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Effect of swelling on hardness, with and without acid exposure; disc samples in 3.5% and 8.5% salt solutions
(top and middle); plate samples in oil (bottom).

any reliable conclusion without actual long-duration tests under different condi-
tions (temperature and pressure) and in different swelling media (saline water,

oil, acid). An experimental facility for longevity testing of different water and
oil-swelling elastomers has been designed and constructed by the authors at Sultan
Qaboos University, Muscat, Oman [18]. Testing is in its fifth and final year by now.
Conclusions from this one-of-a-kind ongoing study will be quite illuminating.

5.3 Conclusions study-C

A series of experiments was designed and carried out to investigate the effect
of swelling on material response of a water-swelling and an oil-swelling elastomer,
with and without acid exposure. Three swelling media were used: salt solutions
of 35000 ppm and 85000 ppm concentration, crude oil, and 15% HCI. Testing
temperature was 60°C in all cases. One set of elastomer samples (both water and
oil-swelling) was placed into acid solution for one day after 3 days in the original
medium (brine or oil), and was then put back into the same medium for the
remainder of the one-month period. Measurements for volume, thickness, and
hardness were done before swelling, and after 1, 3, 4, 7, 15, and 31 days of swell-
ing. All readings were recorded for three samples and averaged out. As expected,
lower concentration brine leads to higher amount of swelling. Being free to swell in
all directions, changes in volume and thickness due to swelling are higher for disc
samples as compared to plate samples, in water and in oil. For the one-day when
samples are exposed to acid, amount of swelling generally goes down a little, before
picking up again on exposure to the original media. Both elastomer types exhibit
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a sharp decrease in hardness during the first few days of swelling, and then hard-
ness gradually becomes stable for the rest of the swelling period. Acid exposure
leads to higher amount of swelling and lower hardness values for both water and

oil based elastomers during the remaining post-acid swelling time. Results from
this investigation can be used by engineers and practitioners in oil and gas fields for
pre-qualification and appropriate selection of swelling elastomers to suit targeted
field conditions. These results can also be used as input parameters for modeling
and simulation of swelling elastomer seal performance, leading to improvements in
design and manufacturing of swell packers.
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Chapter 4

Experimental Setup for Swellable

Elastomers in Cased and Open
Holes

Sayyad Zahid Qamar, Maaz Akhtar and Tasneem Pervez

It is an essential chavacteristic of experimentation that it is carried out with limited
resources, and an essential part of the subject of experimental design is to ascertain
how these should be best applied; ov, in particular, to which causes of disturbance
care should be given, and which ought to be deliberately ignored.

Sir Ronald A Fisher

Abstract

A full scale experimental setup was designed and commissioned for testing of
swelling elastomer seals against a casing (cased hole) and formation (open hole).
Actual replicate of wellbore was designed with varying inside diameters and rough-
ness to reproduce the effect of actual formation. The Dynaset packer mounted on
a 7-inch tubular was allowed to swell against a 9-5/8-inch casing, while the fast
swell packer mounted on a 9-5/8-inch tubular was allowed to swell against the
12-1/4-inch replicated well bore. This one-of-its-kind test setup can demonstrate
the way the elastomers swell out and fill the asperities against smooth outer casing
(cased hole) or against rough wellbore surface (open hole). Dismantling of the test
setup midway through the testing scheme revealed a severely dimpled surface of the
swelled elastomer.

Keywords: demonstration setup, elastomer swelling, cased hole, open hole

1. Introduction

In the petroleum industry, packers refer to the components/products which are
used to isolate one section in a formation from others, or to isolate the outer section
of a production tubing from the inner section, which may be a casing or liner or
well-bore itself [1]. They are also called mechanical packers because they remain in
an oil well during its production life, and are set by some form of tubing movement.
In a typical well, a packer is installed close to the bottom end of the production
line, just above the top perforations [2]. If a well is connected to multiple reservoir
zones, then it is also used to isolate the perforations for each zone. It may also be
used to isolate sections of corroded casing, casing perforations, casing protection
from undesirable fluids, and complete shut-off of high water cut-off zones. These
production packers are further classified into permanent or retrievable packers [3].
Permanent packers are low in cost and provide better seal, while retrievable packers
are expensive but re-usable after repair, and have lower sealing capability [4, 5].
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Temperature and pressure can cause changes in the expansion rate of production
tubing and packer leading to the development of tensile or compressive or no force
conditions [6].

Till the innovative use of swellable elastomers, the most commonly used packers
were the ones mentioned above. A swellable packer is much simpler than a mechani-
cal packer because there are no moving parts and it requires no special services. Like
a casing, the swellable packers are lowered to the desired depth and allowed to swell
before production or injection operations begin [7]. These elastomers swell when
they come in contact with different types of fluids and are categorized based on the
fluid, such as oil-based swellable elastomer, saline-water based swellable elastomer,
etc. The swelling amount of such elastomer depends on the fluid chemistry and the
temperature at swell. Typically, the elastomers are vulcanized on a pipe to make a
swellable packer. When it comes in contact with a fluid, it starts to swell. The swell-
ing continues until the internal stresses inside the elastomer reach equilibrium, and
creates a differentially sealing annular barrier, hence completing the sealing [8].

In field applications, different types of swellable elastomers are used at differ-
ent depths of the same well, or in different wells. Extensive amount of research
has been carried out for material and mechanical characterization of swellable
elastomers in its virgin or vulcanized form as well as in bore-hole conditions. The
characterizations had been done for some of the elastomers under different condi-
tions of temperature and salinity, using laboratory-size elastomer samples [9-12].
However, the uncertainty remains about the effectiveness of actual sealing done by
the swellable packers. Is the packer really effective in terms of providing the needed
pressure to keep the unwanted fluid away from seeping into the production tub-
ing? Do these swellables completely cover the random profile of formation in open
bore-holes or the roughness of a casing in cased holes? However, no tests have been
carried out yet in a replication of the real oilfield scenario: elastomer seals mounted
on tubulars in cased or open holes, with or without cementing. This chapter
explains the performance of a mix of swellables under these scenarios through the
development of an experimental demonstration unit.

This demonstration unit is designed and fabricated using inert and swelling
elastomer seals mounted on actual petroleum pipes/tubulars, and housed in a con-
crete block replicating the open-hole and a casing replicating the cased-hole. The
inner-most pipe is a swell packer comprising inert and swelling elastomer segments
sealing against a casing pipe, which in turn uses another set of swelling elastomers
to seal against the formation, in the form of a concrete block with layers of varying
roughness as would be the case in a real formation [13].

The main objectives of this demonstration-cum-test unit were:

a.Life-size demonstration of how a swelling elastomer packer provides sealing
against the formation in a well hole.

b.Life-size demonstration of how a swelling elastomer packer provides sealing
against a casing in a well hole.

c. Testing the actual behavior of fast-swell elastomer (E1) in near-ambient
conditions in a shallow aquifer.

d.Testing the actual behavior of a swell packer elastomer (E2) in near ambient
conditions in a shallow aquifer.

e. Testing and demonstration of whether swelling elastomers completely seal off
irregular boreholes and geometrical aberrations.
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2. Design of experimental unit

Many possible designs were considered for this experimental unit. The following
set of criteria reduced the possible designs to only a few:

a. The experimental unit must replicate the formation roughness of typical
on-shore oil-field as closely as possible.

b.The casing, production tubing, and swell packers (along with the spacing
between these) had to be the same as used in an actual oil-well.

c. The spacing between open-hole and packer, and cased-hole and packer must be
filled with fluids that are compatible to specifications of the swellable elasto-
mers used.

d.Swelling behavior of the elastomer must be clearly visible and recordable
during the swelling process.

e. The experimental unit must be able to de-swell the elastomer after complete
swelling and re-swell again to see the effect of the swell/de-swell/re-swell cycle.

Based on the above criteria, the final design consisted of a half (cutaway)
concrete block replicating the formation. Symmetrically cutaway sections of two
concentric swell packers were housed inside this concrete half-block. The sealing
elements between the two packers and between the outer casing and formation
(concrete) were actual inert and swelling elastomers. The semi-circular cavity in the
concrete block was to have slight variations in diameter and roughness to reproduce
realistic formation conditions. The setup was to be enclosed from the top and

i
L}

8080 80 8080 8(

(40rnmx 10

) 80 80

0 80 8t

gl

"

Figure 1.
Concrete block with layers of different roughness to veplicate formation geometry.
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front with high-strength plexi-glass, to be able to withstand high pressures, and to
provide a clear view of the internal arrangement and swelling behavior. The final
configuration of the experimental unit is shown in Figures 1 and 2.

Major specifications of the final design include the following: Concrete half-
block: height 1280 mm; width 827 mm; thickness 427 mm. Semicircular hole in con-
crete half-block consisting of 80 mm deep sections of varying roughness. Diameter
of semicircular hole varying from 311 to 320 mm as per an actual oil-well. Inside
packer consisted of two elastomer segments of inert and swellable type; elastomer
on 177.8 mm tubular swells against 244.475 mm casing. Outside packer consisted of
fast-swell elastomer mounted on 244.475 mm casing that swells against 311.5 mm
formation (concrete block). Test conditions included fresh water with almost no
salinity, ambient temperature of about 20-degree Celsius, and atmospheric pressure
(representing shallow aquifers in actual oil wells).
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Figure 2.
Different diameters and roughnesses to replicate varviations in the drilled formation.
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3. Fabrication/assembly of experimental unit

In consultation with oilfield engineers, and following the recommendations of
concrete requirement for oil-well cementing jobs, a special concrete mixture was
prepared to provide sufficient strength, durability and relatively quick curing time.
In order to develop different inside diameters and sections of varying roughness,
polystyrene layer of sufficient thickness was mounted on a cylindrical column of
a wood pattern. The varying diameters and surface roughness for each diameter
were carefully generated on the polystyrene using a long-bed lathe machine.

This wood-polystyrene unit was then cut longitudinally into two parts. With this
half-cylinder forming a core, the concrete half-block was formed by pouring the
special concrete mixture into an already prepared large wooden pattern. After
proper curing of the concrete, the wooden pattern was disassembled, the poly-
styrene core was completely removed, and the block was carefully cleaned. The
process is summarized in Figures 3 and 4. A close-up view showing the variation
of diameter and roughness in the concrete half-block are presented in Figure 5.
The inside and outside packers were also precision-cut into two longitudinal halves
as shown in Figures 6 and 7. The tubulars and packers were carefully positioned
and fitted inside the concrete half-block, and the assembly was then fitted with
plexi-glass front and top walls. A hook-type lifting mechanism was fixed onto the
top (Figures 8 and 9) to move the full assembly from one place to the other, using
overhead crane or other moving/lifting equipment.

The most challenging design task of this experimental unit was to make it leak-
proof. Although many common techniques were available, it had to be guaranteed
that it will remain leak-proof even after substantial swelling of elastomers, which
can exert enormous pressures. A detailed comparative study was carried out about
all available varieties of weather-shield paints, and their merits and demerits,
but all had to be discarded due to pressure sustainability requirements. Finally, a
carefully selected epoxy coating was smeared onto the walls before the plexi-glass
sheets were bolted into position. The torque applied on to the bolts fastening the

Figure 3.
Concreting of the half-block with polystyrene half-cylinder cavefully placed inside; and curing of the assembly.
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Figure 4.
Removing of polystyrene core (left); final shape of the setup with varying roughness and hole diameter (right).

Figures.
Close-up showing variation of diameter and roughness in the concrete half-block.
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40

Figure 6.
Dimensions and cut-away sections of the swell packer.

Figure7.
Half portions of inside swell packer and pipe (left); inside and outside swell packers fitted on respective pipes
(right).

plexi-glass and concrete block were calculated using standard procedure outlined
in design of fasteners [14]. Similarly, to make it water proof, a combination of
Tank Guard 1 and 2 paints from Jotun Marine Paints Division was used so that the
concrete half-block could remain water-proof even when submerged with water
from the inside for years of use.

At the end, designed-for-purpose screw was removed from the top, unit was filled
up with water through a small funnel, and the screws were retightened. An automatic
camera was set up on a tripod, focusing on the swelling elastomer region to periodically

57



Swelling Elastomers in Petroleum Drilling and Development - Applications, Performance...

Figure 8.
Fitting of the tubular in the concrete block, together with the lifting arrangement (left); fixing of the plexi-glass
front wall (right).

Figure 9.
Assembled setup with inner and outer packers, plexi-glass front and top walls, and lifting arrangement.

record the swelling process using its advanced time-step programming module.
Manual photographic and video recording was also done at fixed time intervals.

4, Results and discussion

After observing and monitoring the swelling behavior of the packers for a
few days, it was found that the steel tubulars and screws/bolts exposed to water
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had started to corrode. This would have only a minor effect on swelling, but the
rust particles diffused into the water and visibility reduced drastically after more
corrosion took place as shown in Figure 10. To remedy this problem, the water

was siphoned off using a portable pump, and the rust stains and particles were
vigorously cleaned. This flushing-cleaning of the unit improved the visibility
significantly (Figure 11). Under actual shallow-aquifer field conditions of around
50 degrees Celsius temperature and 0.5% salinity, 70% swelling had been predicted
for the outer packer (elastomer E1) in six hours during swelling tests conducted on
laboratory size samples [9, 10], confirming its fast swell character. Fresh water used
in test unit behaves almost the same in terms of salinity as the 0.5% brine solution,
so this field condition was almost replicated. However, the unit being kept in an
air-conditioned lab meant that the test temperature was nearly 20 degrees Celsius,
alarge difference from the field temperature, which definitely reduced the swell-
ing rate of the elastomer by a significant percent. Also, the packer in the test unit
could swell only in the outward direction, and was swelling against a concrete hole
of varying diameter and roughness, markedly different from lab-size elastomer
samples swelling freely on all sides. It was thus no surprise that it took more than

10 days for the elastomer to fill the irregular cavities in the concrete half-block.

The inside swell packer (E2) was intended for an application with salinity
ranging from 12-18%, and working temperature environment of 40 degrees to 90
degrees Celsius environments. This test unit could be classified as a low-salinity and
medium-temperature setting. According to earlier lab tests [9, 10], it was estimated
to reach 70% swelling in 3 to 4 weeks. This was not too far off as it took the inner
swell packer almost 5 weeks to swell against the casing, even though the salinity and
temperature conditions were different. There was apprehension about the behavior
of this elastomer under fresh water. However, it remained glued firmly to the tubular.
Figures 12 and 13 give an idea of the behavior of fast-swell and inside swell packers
before exposure to water, and at different stages after being in contact with water.

There were intermittent leakages from the sides or the bottom, particularly at
the interface between plexi-glass and the concrete block or casing or production

Figure 10.
Assembled unit after initial water fill-up (left); rust stains after 8 days of water exposure (right).
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Figure 11.
Flushing and cleaning of the unit (left); water fill-up after flushing (right).

Figure 12.
Elastomer seals before exposure to water (left), and after near-complete swelling of the outer packer (right);
inner packer has only partially expanded.

tubing. Most of these leakages were completely stopped by applying more torque
on the bolts, thus increasing the tightness between the front-end plexi-glass to the
concrete block. Also, tubulars and bolts started to rust again after a few weeks,
reducing the visibility once more. Periodic flushing-cleaning would not be a good
solution if the unit were to be used for long-term duration. It was thus decided to
dismantle the entire system for a major unit overhaul.
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Figure 13.
Near-complete swelling of the outer elastomer seals against cavities of varying diameter and roughness.

Figure 14.
Demonstration-test unit after disassembly, flushing and cleaning, repainting of different components, and
reassembly; partial de-swelling can be observed.

Before disassembling the unit, research was again conducted about the most
suitable water-shield paints for steels. Water was drained out from the unit, and it was
moved back to the laboratory as quickly as possible, to maintain the same environment
as before in order to avoid significant de-swelling of the elastomers. The complete unit
was disassembled and thoroughly cleaned using wipes and different grades of sand
and emery paper. Some steel bolts were replaced by non-corroding brass ones. Insides
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Figure 15.
Re-swelling of the elastomer seals after disassembly, reassembly and water re-fill.

Figure 16.
Experimental unit after one year of ve-swell showing the swelling durability.
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Figure 17.
Pictures of the elastomer surface that swells against formation (concrete block), after swelling and partial
de-swelling.

of the concrete block were repainted with appropriate layers of tank-guard protection.
Tubulars and exposed bolts were painted with red oxide primer and weather-shield
coatings of different colors, for rust-protection as well as improved identification of
different parts. Fresh epoxy coating was applied to the concrete front-wall before
fixing the plexi-glass sheets. However, with all such measures, a small amount of de-
swelling had taken place during the overhaul process of the experimental unit.

Once assembled and filled again with water, the two swell packers started
to swell again as shown in Figures 14 and 15. Long-term contact of packers and
concrete and metal elements to standing water without any flushing could pose
another serious problem. Algae and other biological growth can crop up in the
water over time. This can have unseen effects on the swelling setup, and can again
reduce the visibility to very low levels. In order to alleviate this problem, a chemical
was identified that inhibits bacterial and other biological growth in standing water.
When water was filled into the reassembled unit, this chemical was added to the
water in measured quantity. With the help of these modifications/improvements,
the system exhibited improved visibility and no leakage even after several months
of continuous water exposure as shown in Figure 16.

Dismantling the system gave a great unexpected benefit. Generally, no one hasa
clear idea of how the elastomer looks after swelling against the casing or the formation.
However, as the system was disassembled, there was a chance to have a close look at
the elastomer surface that was swelling against the concrete block. Figure 17 displays
extremely interesting and unique photographs of the almost brain-like elastomer sur-
face that is pressed against the concrete block due to swelling. Further investigation of
this behavior could reveal interesting physical phenomena responsible for this pattern
after swelling and partial de-swelling of elastomers in general, and of these specific
types of elastomers in particular.

5. Conclusions

An experimental-cum-demonstration unit was designed, fabricated and assem-
bled for testing of swelling elastomer seals against a casing (cased hole), and against
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the rock formation (open hole). A concrete half-block with a semicircular hole was
designed and fabricated with varying inside diameters and surface roughness to
reproduce the effect of actual formation, with front and top walls made of plexi-
glass for clear visibility. Smaller packer on 177.8 mm inner diameter steel tubular
had to swell against a 244.475 mm casing, while the larger diameter swell packer
(fast swell elastomer) on the casing had to swell on 311.15 diameter of formation
represented by the concrete block. Given the difference in field and test conditions
(0.5% salinity water at 50 degrees Celsius, against fresh water at 20 degrees’ Celsius
ambient temperature), 70% swelling results were very reasonable. The fast swell
packer took about 10 days, while the other swell packer took around 5 weeks to
completely fill all irregular surfaces. Modifications and improvements were carried
out on the unit to make it reliably water-proof and leak-proof, and to improve and
maintain the visibility. This experimental unit also a one of its kind demonstra-
tion unit, reproducing the behavior of swell packers in cased and open holes, and
providing visual confirmation to the field engineers of the swelling of elastomer
seals against casing and formation.
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Chapter 5

Long-Term Integrity Testing of
Water-Swelling and Oil-Swelling
Packers

Sayyad Zahid Qamar, Maaz Akhtar and Tasneem Pervez

An experiment is never a failure solely because it fails to achieve predicted results.
An experiment is a failure only when it also fails adequately to test the hypothesis in
question, when the data it produces do not prove anything one way or another.

Robert Pirsig

Abstract

As easy oil in many fields is dwindling, there is increasing stress worldwide on
innovative enhanced oil recovery (EOR) techniques. One forward-looking EOR
approach is the workover method. It tries to convert currently weak horizontal wells
to maximum reservoir contact (MRC) wells, or abandoned vertical wells to hori-
zontal ones or power water injectors. Where conventional techniques fail, swelling
elastomer seals and packers provide effective water shutoff and zonal isolation in
even very complex environments, resulting in significant savings in rig time and
development cost. One major issue of interest is the service life of elastomer seals
and packers. It can be attempted to predict the probable working life based on the
theory of accelerated testing. However, this forecast will not be very dependable
for swelling elastomers as the material performance is substantially different from
other rubber-type polymers. A full-scale test rig (one of its kind in the world) was
therefore designed and fabricated at Sultan Qaboos University (SQU), in collabora-
tion with a regional petroleum development company, for long-term service life
assessment of actual full-size water-swelling and oil-swelling packers.

Keywords: Swell packers, in-situ longevity testing, water-swelling, oil-swelling

1. Introduction

As easy oil in many fields is dwindling, there is increasing stress worldwide
on innovative enhanced oil recovery (EOR) techniques [1-6]. One forward-
looking EOR approach is the workover method. It tries to convert currently weak
horizontal wells to maximum reservoir contact (MRC) wells, or abandoned
vertical wells to horizontal ones or power water injectors [7, 8]. This is done to
maximize well production and to achieve total oil recovery. This requires the
placement of smart systems in the well for controlling of flow from each lateral.
This type of zonal isolation is built around expandable liners and swell packers.
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Intelligent and multilateral wells form another strategy for maximum hydrocarbon
recovery. Efficient zonal isolation and reservoir compartmentalization are the keys
to success for these well systems. Where conventional techniques fail, swelling
elastomer seals and packers provide effective water shutoff and zonal isolation in
even very complex environments, resulting in significant savings in rig time and
development cost [9]. One major issue of interest is the service life of elastomer
seals and packers [10, 11]. As yet, no data is available from service providers,
designers, or manufacturers about the durability or long-term endurance of swell
packers under actual well conditions. It can be attempted to predict the probable
working life based on the theory of accelerated testing [12]. However, this forecast
will not be very dependable for swelling elastomers as the material performance is
substantially different from other rubber-type polymers. A full-scale test rig (one
of its kind in the world) was therefore designed and fabricated at Sultan Qaboos
University (SQU), in collaboration with a regional petroleum development com-
pany, for long-term service life assessment of actual full-size water-swelling and
oil-swelling packers [13].

These packers are of different elastomer materials, kept in crude oil and saline
solutions at different temperatures, and exposed to high pressures. The design
process went through the typical stages of specifications development, concept
design and evaluation, detail design, and assessment for reliability and manufactur-
ability. The test setup was built around some important modules: thermal system
with capability of maintaining elevated temperatures continuously over a 5-year
period; recirculation system to keep salinity at the requisite level; arrangement to
pressurize the packers after sealing has been achieved through elastomer swelling,
and maintaining it for several years; and a complex system for temperature and
pressure measurement on both upstream and downstream sections in all packers.
This unique long-term reliability assessment study is expected to provide helpful
pointers to field engineers and application designers in appropriate selection of
swell packers and in packer design enhancement.

2. Specifications

Published literature and information from vendor websites were critically
reviewed. Focus was on works related to deployment of water-swelling and oil-
swelling elastomers in oil and gas wells, new development and remediation efforts,
and relevant well conditions (salt concentration of brine, type of crude oil, and in-
situ temperature and pressure). After a series of discussions with local and regional
field engineers, proposal for a test setup for long-term durability assessment of
swell packers was agreed upon. Following were the key specifications. There will be
ten units, including nine actual packers placed inside actual steel casings (as in real
wells). One display unit will have a transparent Perspex outer pipe, so that internal
details could be clearly seen which are not visible in the actual units because of the
outer steel casings. Outer casings will be real 7-in steel tubulars. Packer nominal
diameter will be 3%-in for four tubes, and 4V2-in for the other five. Six units will
have water-swelling elastomers, and 3 units will be of the oil-swelling type. Salt
water solutions will be of two concentrations: 0.5% in two units, as in low-salinity
wells; and 12% in four tubes, to represent high-salinity wells. Oil-swell packers will
have actual crude oil from two different regional wells. Two test temperatures will
be maintained: room temperature to typify shallow-aquifer type wells; and 50°C
representing medium-depth wells. After sealing, four packers will be subjected to a
pressure of 1000 psi, characteristic pressure range in many of the well types being
studied. Tests will continue for a 5-year duration.
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3. Test rig design

Several feasible concepts were developed, followed by thorough design evalu-
ation. Significant features of the selected design are described in this section. A
circulation system was needed to maintain water salinity at required levels; without
it, salt would precipitate out and salinity would go down. Its main components were
water heaters and containers, circulation pumps with control units, and circula-
tion pipes. A thermal system was necessary to continually heat selected packers to
50°C for five years. It consisted of thermal blankets, insulation, control system, and
temperature gauges. A pressurizing unit was needed to apply and maintain high
pressure in the packers after sealing was achieved through swelling. Its critical com-
ponents were a pressure-manifold (connected to all packers), high-pressure source,
high-pressure pipes and connections, and pressure gauges. A monitoring system
was required to observe temperatures and pressures in all units, between the packer
and the casing, and inside the inner tube. A detection system had to be there to sig-
nal the completion of sealing in each packer, achieved by swelling of the elastomer
against the outer casing. A second detection system was needed to indicate any seal
failure (after seal completion). A sturdy frame was required as a support and hous-
ing for all the test and demo units. Concept evaluation was done using Pugh’s basic
decision matrix method. Overriding criteria were safety, reliability, and a minimum
of 5-year service life. All components (including valves, fittings, and welded joints)
were required to have a minimum rating of 100 bar pressure, to provide a safety
blanket for the design pressure of 70 bar (about 1000 psi).

Figure 1 schematically shows the arrangement of the different test units.

An identification number is assigned to each unit, and brief descriptions are

OO
OO

Pers

IO
&

Figure 1.
Layout of the longevity test setup.

Unit# Elastomer Swelling Temperature Unit#  Elastomer Swelling Temperature
Type Medium Type Medium
3Y2-in swell packer inside 7-in casing 4Y2-in swell packer inside 7-in casing
1 W2 12% brine Room temp 5 W2 12% brine Room temp
2 o1 Crude oil Room temp 6 o1 Crude oil Room temp
3 W2 12% brine 50°C 7 W2 12% brine 50°C
4 o1 Crude oil 50°C 8 w1 0.5% brine Room temp
Perspex demonstration unit 9 w1 0.5% brine 50°C
10 W1 — Room temp
Table 1.

Elements of the longevity test setup.
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Figure 2.
Schematic diagram of the test facility showing test and demonstration units; circulation system (tanks, pipes,
pumps, and controllers); thermal system and controllers; top and bottom drain systems.

Figure 3.

Scl%ematic assembly drawing of the longevity test setup. 1. Pressure manifold; 2. Drain system; 3. Pressure
gauges; 4. Nuts and bolts; 5. Flanges; 6. Temperature gauges; 7. Casing tubulays; 8. Bottom plates; 9. Base
frame; 10. Elbow joints; 11. Circulation pipes; 12. Circulation pump controllers; 13. Circulation pumps; 14.
Water heaters/tanks; 15. Temperature controllers; 16. High pressure system; 17. Perspex demonstration unit.

summarized in Table 1. Figures 2 and 3 are schematic drawings describing configu-
ration and layout of all components of the test rig.

4. Fabrication and assembly

Swelling elastomer pipes and outer steel casings were provided by a regional
petroleum development company. Elastomer sections were mounted on steel tubu-
lars, different ones for low-salinity and high-salinity water, and crude oil; Figure 4.
Sections of one-meter length were cut out from these tubulars, followed by sizing
and trimming to get the swell packers and outer casings. Beveling was required for
welding operations to be carried out at one end of the packers, and both ends on the
casings; Figure 4.

Flanges, blind flanges, and bottom end plates were fabricated for the packers
and the casings. Pitch circle bolt-holes (8 in number) had to be drilled in the flanges
for joining the casings to the packers. Drilling of corner holes (4 in number) in the
bottom plates was needed to fasten the casings to the base frame. Threaded holes
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Figure 4.
Full-length elastomer tubulars (left); sizing and beveling of elastomer packers (vight).

06012010 1880

Figures.
Fabrication of flanges (left); welding of flanges and bottom plates to packers and casings.

Figure 6.
Fixing of drain valves to bottom plates (left); base frame to hold the test units (vight).

Figure 7.
Fixing of casings to base frame (left); placement of packers inside casings (vight).
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(6 in number) with proper spacing were drilled in the top flanges to house the pres-
sure and temperature gauges; Figure 5. Welding of top flanges and bottom plates to
packers and casings completed this step of the assembly; Figure 5.

Each bottom plate had a single hole drilled in the center, to attach the drain
valve. Drainage lines were fixed at the bottom of each unit, with stainless steel (SS)

Figure 8.
Thermal system components (left); winding of thermal blankets on casings (right).

Figure 9.
High temperature—pressure gaskets (left); joining of packer and casing flanges, and fixing of pressure and
temperature gauges (vight).

Figure 10.
High-pressure manifold with connections to test un its (left); pressure vegulator to control high pressure flow
into the test units (right).
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ball valves and plugs; Figure 6. Upper drainage lines were also fitted through the top
flange of each of the ten units, together with SS high-pressure (100-bar) ball valves
and pressure gauges. A base-frame was fabricated from steel channels etc. to provide
housing and support to all packer units; Figure 6. Casings were attached to the base
frame using bolts, and packers were fitted inside the outer casings; Figure7.

Thermal blanket system was imported from a company that specialized in
custom-designed heating units. Assembly was done in-house and the thermal units
were installed on four high-temperature packers; Figure 8. Joining of packers to
casings was done flange-to-flange, with custom-built pressure seals in between.
Pressure gauges were fitted on top of the upper flanges for all units, and tempera-
ture gauges for the four 50°C units; Figure 9.

Figure 11.
Perspex demonstration unit showing internal construction of other test units.
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Figure 12.
Ambient and hot water civculation system (left); complete assembly of the longevity test setup.

A manifold system was fabricated and installed, using special valves, to apply
and maintain high pressure when needed; Figure 10. Main part of this manifold
system was a SS pipe that was to be later connected to a high-pressure nitrogen
gas cylinder. It had nine specially-fabricated outlets, hooked up to the test units,
containing SS high-pressure (100-bar) needle valves and pressure gauges. High-
pressure multistage gas regulator and related fittings were affixed to the nitrogen
cylinder, to control the flow pressure in the manifold and the packer units;

Figure 10.

Detail and assembly drawings for the demonstration unit were sent to a special-
ist facility for fabrication, the outer casing and the blind flange to be made of trans-
parent Perspex. This see-through unit had all the components and was assembled to
exactly match the other functional test units; Figure 11.

A circulation system was fabricated and installed on the four water-swelling
packers, to maintain the salt concentration. It consisted of two water heaters (50-
Itrs), three circulating pumps, and four each of pressure controllers, non-return
valves, filling ports with valves, air vents, and running-time meters. All of these
were connected together through copper lines; Figure 12.

Dedicated units were installed on all nine packers to carry out salt-water and
crude-oil filling, and to check whether swell packers had sealed against the outer
casing or not. This system included special SS ball valves at inlet and outlet ports.

All the components and sub-assemblies were finally assembled together;
Figure 12. Cutting, trimming, beveling, drilling, threading, bending, and welding
were some of the major fabrication operations. SS and PVC pipes, flexible hoses,
valves, pressure and temperature gages, circulation and heating system, etc.
were fitted at required locations. Forty sets of M16 x 100 and 80 sets of M16 x 80
hexagonal bolts (together with nuts, washers, and spring washers) were employed
for different types of connections: packer blind flanges to flanges on outer casings;
bottom end plates on casings to base frame; etc.

5. Commissioning and preliminary testing

Various stages of the fabrication, construction, subassembly and assembly work
were described above. After that, pilot tests were run for working inspection of
the water circulation system, the thermal blanket system, and the high-pressure
manifold system. After several rounds of these trial runs, the longevity test rig was
ready for commissioning.
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Approximately 25-Itr of saline water was required to fill out each packer unit:
complete filling inside the swell packer, and then up to a requisite height above
the elastomer section in the annular space between the packer and the outer cas-
ing. This necessitated the preparation of a very large amount of distilled water: 25
liters per unit for six water-swelling units. This was done with the help of the water
purification setup in the Environment Lab of the College of Engineering. Using this
distilled water, salt solutions of 0.5% and 12% salinity were prepared, in enough
quantity to be stored in 25-Itr storage canisters for initial filling of the tubes, and
for intermittent later re-fillings due to possible leakages etc. Proper packaging and
transportation to the test rig of a large quantity of crude oil (25-Itr for each of the
three oil-swelling units) from two local oilfields was also a formidable task. An
important requirement was that testing had to begin simultaneously for all water-
swelling and oil-swelling packers, to have the same swelling time. Full commission-
ing and testing were the next steps.

6. Initial problems

Certain unique problems were encountered in the first couple of weeks of
commissioning of the test facility, and were successfully resolved, before the system
could be declared fully functional.

6.1 Water filling

Four tubes were to be filled with 12% brine solution, and two units with 0.5%
saline water. Manual filling was initially attempted, but proved to be very time
consuming. In case the filling took a few days, elastomer seals in some tubes would
swell and seal before the other units. Suitable pumps were therefore utilized to
accelerate the process and achieve simultaneous filling of all water-swell units.

6.2 Oil filling

It was almost impossible to do oil filling manually, as the viscosity of the crude
oil was too high to easily pass through the filling ports under normal pressure. Use
of regular water-type pumps could not work easily for pumping of such extra-thick
crude oil. It was required to repeatedly re-prime and re-fill the pumps throughout
the operation. Not only was the filling process slowed down, but three pumps were
burnt out before oil filling could be completed.

6.3 Circulation system problems

As mentioned above, a circulation system was needed to maintain salt-con-
centration in the 4 high-salinity (12%) units. Small leakages repeatedly occurred
in various portions of the circulation system, causing salt deposits on pipes and
fittings. Water leakage and salt deposition also caused rusting of the tubes, flanges,
and other fittings; Figure 13. The system had to be monitored on a daily basis, and
clean-up, re-tightening and re-sealing operations had to be frequently carried out.
Salt leakage also meant that water salinity would change. So salinity checks and
refilling of tubes was also needed occasionally.

Intermittent shutting down of circulation pumps was another problem, caused
by the formation of air gaps in the system due to small leakages. Urgent refilling and
bleeding were needed to solve this problem, to avoid any notable downtime in the
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Figure 13.
Salt deposition on pipes, fittings, and pump units due to water leakage (top); corrosion of pipes and fasteners
due to water leakage and salt deposition (bottom).

circulation system; otherwise salinity levels could not be maintained. Careful daily
monitoring of the test rig was therefore kept up.

6.4 Maintaining temperature

The thermal blanket system was fitted with automatic control units to keep tem-
perature in hot tubes at a constant value of 50°C. However, because of small thermal
leakages to the base frame and the surroundings, temperature in some tubes dropped
a little from time to time. Close scrutiny of the temperature gauges was required (on
a daily basis), together with minor adjustments of the temperature-setting dial.

7. Testing and monitoring

Detailed log of temperature and pressure readings on all tubes, and of any
uncommon occurrences was maintained throughout the five-year test period.
This was done on a daily basis initially, then every two days, and then once
per week.

7.1 Seal check

Initially, daily checks were carried out to see if any tube had sealed. Based on
previous experience of material-testing for a variety of swelling elastomers, earlier
sealing was expected in low-salinity water, then in high-salinity water, and then
in oil. Also, faster sealing was expected for the higher temperature units [10, 11].
After some time, when quick sealing was not observed, the seal-check duration was
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changed to two days. Circulation pump would automatically stop for a tube once it
was sealed; seal check was therefore carried out every time a pump stopped. When
it was found that sealing was not complete, and the pump had stopped only because
of an air gap, refilling and bleeding were carried out to re-start the pump.

7.2 High-pressure testing

The initial plan was to pressurize all four high-pressure tubes to 1000 psi
simultaneously. However, it was observed that some of the tubes did not seal even
after a few months. A decision was thus taken to pressurize each of these tubes
as they sealed. This required connecting a high-pressure nitrogen cylinder to the
pressure-manifold. Seal integrity was re-checked for the tube to be pressurized. If
found intact, the high-pressure inlet valve on the manifold for this tube was opened
and pressure was carefully increased in steps of 10 bar, as a safeguard against
possible sudden seal failure. After reaching the full pressure of 70 bar, the tube
was observed for about 20 min before the manifold valve was closed and the unit
was disconnected from the nitrogen source. Pressure maintenance in this unit was
guaranteed by the one-way valve. A drop in pressure of 10 to 20 bar was observed
in the pressurized packers over the next few days. Re-pressurization to 1000 psi
was then carried out. Absorption of some nitrogen into the salt solution (or into the
elastomer material) may have caused this pressure reduction.

8. Results, observations and discussion

Some notable observations during the first few months, and through the 5-year
test period, are mentioned below. It should be noted that “W7’ is a low-salinity fast-
swelling water-based elastomer, “W2’ is a high-salinity medium-swelling water-
based elastomer, and ‘O7’ is an oil-based elastomer. The gap between elastomer and
the 7-in outer-casing is larger for the 3%:-inch packer as compared to the 4%2-inch
packer; elastomer would have to swell an extra half-inch for sealing to be completed
in the 3%:-inch units.

8.1 Sealing time

Sealing times, in sequence, for the nine test tubes (swell packers) are summa-
rized in Table 2. Of special interest is tube-5 (W2 elastomer; 4Y2-inch packer; 12%
salt solution; room temperature) which sealed in 134 days, de-sealed after roughly
6 months, and re-sealed sometime after draining and re-filling of the brine solution.

8.1.1 Discussion

Let us recall some major findings from earlier studies [14-17] on swelling elas-
tomer testing and characterization, and performance evaluation of elastomer seals
and packers, conducted by the authors. Elastomers swell more in low-salinity brine
than in salt solution of higher salinity. Water-swelling elastomers swell more and at
a faster rate than oil-swelling elastomers. Higher amount of swelling takes place at
higher temperatures. Elastomers developed for lower salinity may not perform well
in higher salinity environment. If packers were stacked in open yards for long time,
their performance seriously went down due to exposure in comparison with fresh
packers; smaller amount of total swelling, and at a much slower rate.

In view of these earlier experimental conclusions, most of the observa-
tions listed in Table 2 are as expected, and have rational explanations. Tube-9;
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Tube Number Sealing Time (Days)

9 8

8 43

3 62

7 115

5 Sealed in 134 days; de-sealed after 6 months; re-sealed after some time

4 166

1 178

2 206

6 Did not seal
Table 2.

Sealing times for the nine test tubes (swell packers).

fast-swelling elastomer (W1), low-salinity brine (0.5%), small elastomer-casing
gap (4¥2-inch packer), and higher-temperature (50°C). Naturally, it was the first

to seal (8 days). Tube-8; fast-swelling elastomer (W1), low-salinity brine (0.5%),
small gap (4%2-inch packer), room-temperature; second in seal completion

(43 days), as expected. Tube-3; medium-swelling elastomer (W2), low-salinity
brine (0.5%), larger gap (3%-inch packer), higher-temperature (50°C); third to
seal (62 days). Though gap was larger, low-salinity and high-temperature combined
to yield faster swelling. Tube-7; medium-swelling elastomer (W2), high-salinity
brine (12%), small gap (4%2-inch packer), higher-temperature (50°C); fourth to
seal (115 days). While the gap was smaller than tube-3, much higher salinity (12%
compared to 0.5%) resulted in slower swelling rate. Tube-5; medium-swelling
elastomer (W?2), high-salinity brine (12%), small gap (4Y2-inch packer), room-
temperature; fifth in sealing (134 days). As expected; slower swelling rate for
combination of higher salinity and lower temperature. Tube-4; oil-swelling elasto-
mer (O1), crude oil, large gap (3%2-inch packer), high temperature (50°C); sixth in
sealing (166 days). Predictable; oil-swelling elastomer sealed later than both water-
swelling elastomers, but before other oil-swelling units due to higher temperature.
Tube-1; medium-swelling elastomer (W2), high-salinity brine (12%), large gap
(3v4-inch packer), room-temperature; seventh in sealing (178 days). Important to
note; medium-swelling elastomer seals later than oil-based elastomer if all other
conditions are unfavorable (higher salinity, larger gap, lower temperature). Tube-2;
oil-swelling elastomer (O1), crude oil, large gap (3%-inch packer), room tempera-
ture; eighth to seal (206 days). As expected; longest sealing time for combination
of all unfavorable factors: oil-based elastomer, large gap, and lower temperature.
Tube-6; oil-swelling elastomer (O1), crude oil, small gap (4¥2-inch packer), room
temperature; did not seal. Unexpected behavior; should have sealed before tube-2;
all other parameters were same while gap was smaller. Either elastomer material on
this packer segment was sub-standard from the beginning (small manufacturing
defects do happen in the best of products), or material degradation due to exposure
was much more severe on this segment in comparison with others.

8.1.1.1 Note-1: Long sealing time

One serious anomaly appears to be common in all of the above cases. Except
for tube-9 that sealed in a reasonable time (8 days), all other tubes took much
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longer than expected to swell out and complete the seal. Wells are designed and
developed with the target of going into production as fast as possible; production
delays translate into significant losses. In an earlier study [17], effect of exposure (to
sun and other atmospheric elements) on performance of swelling elastomers was
studied. It was found that performance of packers which were stacked in open yards for
several months seriously went down in comparison with fresh packers; smaller amount of
swelling, and at a much slower rate. Packers included in the current longevity study
had the same problem; they had been stacked in open yards for very long periods;
thus the much slower swelling rate, leading to very long sealing time. This can be
the source of a very useful advice to field engineers and procurement personnel.
There should be maximum effort and planning to use almost fresh swell packers. Care
must be taken not to order too many packers than actually expected, as old ones will not
perform as well. If stacking must be done (to avoid procurement delays), packers should
be kept in covered yards, to minimize exposure to the sun and the elements.

8.1.1.2 Note-2: Multi-segment packer design

In an actual application such as zonal isolation or water-shutoff, there may be
water incursion in which water-swellable elastomer would be needed. There can
also be oil exposure, needing oil-swelling elastomer. Alternate segments of water and
oil-swell elastomers are therefore used in practical design [18], as shown in Figure 14.
Also, if one segment (or more) does not perform satisfactorily due to any material
issue, the series of seal segments guarantees that the vegion still remains isolated. Under-
performance (no sealing) of tube-6 would not be critical if such multiple-segment
design is employed. However, in the case of single-packer system, operational issues
would arise if the packer material misbehaves and does not achieve sealing.

8.1.1.3 Note-3: De-sealing

Tube-5 had sealed after 134 days (42 months). Roughly 5% months after
sealing, it de-sealed (almost one year of exposure). After replenishing the saline
water, the tube re-sealed in a couple of weeks. One reason for this outlier behavior
(de-swelling) may be the loss of water through evaporation from minor leakages,
or adsorption of water into the elastomer and gradual water loss from elastomer
into air. Another reason, as pointed out in chapter-3, may be the two-way transport
of salt and water in an elastomer-brine system, or the breaking and re-forming of
polymer crosslink chains. Swelling sometimes decreases a little before building up
again. However, from a seal performance viewpoint, it is good to know that after
de-sealing, the elastomer eventually ve-seals if exposure to water continues. Also, as

Building towards box end

@8 & 8§ & 8 & 8 88—

Pin end Box end

. Qil/Gas Swellable Rubber

. ‘Water Swellable Rubber

[] steel Tubular

Figure 14.
Hybrid swell packer design; alternate water-swellable and oil-swellable segments on the same steel tubular.
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mentioned above, multi-segment approach is a good fail-safe design as it will cover for
underperformance of any one elastomer segment.

8.2 Behavior after pressurizing

As described above, four tubes (2, 3, 7, and 8) were gradually pressurized to
1000 psi after they sealed. This was done after a significant post-sealing time in
each case, to make sure that the seals were fully intact before pressurizing. Tube-8
was pressurized first, as it was the first one to seal. After observing it under pressure
for about 2 weeks, tubes 2, 3, and 7 were also pressurized. By design, pressurization
was done on tubes representing all the different test parameters: two packer sizes
(32” and 4Y2”); three elastomer types (W1, W2, and O1); three swelling media
(low and high-salinity water, and oil), and two temperatures (room, and 50°C).

Tube-7 de-sealed within a day of pressurizing to 1000 psi. Pressure was removed
from the manifold side. About 2-3 weeks later, the tube re-sealed under atmo-
spheric pressure. After two weeks of resealing, it was pressurized again to 1000 psi.
The seal broke again. Later on, after resealing again, it was pressurized to a lower
value of 600 psi (40 bar). The tube de-sealed once again. It was not re-pressurized
during the remaining test period.

Seals in the other three tubes (2, 3, 8) remained intact after pressurizing to
1000 psi. As mentioned above, a 10-20 bar pressure drop was observed in these
tubes within a few days of pressurizing. They were re-pressurized to 1000 psi. The
process had to be repeated from time to time.

After about two years of pressurizing, all three tubes de-sealed one after the
other. Pressure was initially removed until the tubes re-sealed (about three weeks).
When manifold-side pressure was gradually increased, it was found that the sealing
withstood a pressure of about 40 bar (600 psi), but not more than that. After about
ayear (total three years of pressurizing), the seals broke even at this pressure. After
another round of de-pressurizing and re-sealing, sealing in tube-2 and tube-3
remained intact at a pressure of about 20 bar (300 psi), but tube-8 de-sealed even at
this low pressure. However, it re-sealed once pressure was removed.

8.2.1 Discussion

Performance of tubes 2, 3, and 8 is encouraging for deployment in actual small-
to-medium-depth wells, where differential pressure does not exceed 1000 psi.
Packers 2 and 3 remained sealed under the full pressure of 1000 psi for two years,
then again at 600 psi for one more year, and finally at 300 psi during the last year.
Packer-8 performed similarly except for the last year, when its seal broke under
pressure. However, it re-sealed when pressure was removed; healthy performance
overall.

Behavior of tube-7 was disappointing; it de-sealed every time it was pressur-
ized, even to lower values. Material and condition wise, tubes 3 and 7 were almost
similar: W2 rubber, 12% salt solution, 50°C temperature. Tube-7 was a 42" packer,
so the packer-casing gap was smaller, and the seal pressure generated should be
higher than tube-3, which was a 3%2” packer. All other parameters being the same,
if any tube were to de-seal under pressure, it should be tube-3. This anomalous
behavior re-strengthens the observation that one individual elastomer segment
(of the same material) may underperform due to an outlier issue such as material
inconsistency, manufacturing flaw, vulcanizing defect, or some other reason. This
also endorses the multi-segment design approach mentioned above; even if one
elastomer segment underperforms for any reason, a serial arrangement of elastomer
segments ensures overall sealing.

80



Long-Term Integrity Testing of Water-Swelling and Oil-Swelling Packers
DOI: http://dx.doi.org/10.5772/intechopen.94724

9. Chapter summary

This chapter reports the design, fabrication, and commissioning of a test setup
for damage assessment and longevity testing (over a 5-year period) of water-swell-
ing and oil-swelling elastomers being used in regional oilfields. Sections of actual
packer were placed inside actual steel casings. Sealing performance under low and
high-salinity brine and crude oil was investigated at two temperatures, mimicking
in-situ conditions in shallow-aquifer type wells and medium-depth wells in the
region. Out of ten units in the test facility, nine were actual swell packers inside
actual casings, and one transparent Perspex unit was for demonstration purpose.
Tube diameter was 3%-in in four 4%-in in five packers. Outer casings were 7-in
diameter steel tubulars in all units. Six of the units had water-swelling elastomers,
and three had oil-swelling ones. Water-based units were filled with salt-water
solutions of low and medium-high salinity (0.5%, and 12%), while the remaining
tubes had actual crude oil. The rubber elements in the packers were built up of two
different water-swelling elastomers and one oil-swelling elastomer. High pressure
(1000 psi) testing was carried in four selected packers, to replicate medium-high
well pressures.

Regular log of readings was maintained over the five-year study period. Packers
exposed to low salinity and higher temperatures sealed earlier. Water-swelling
elastomers sealed faster than oil-swelling ones. Pressurized tubes either retained
sealing the whole time, or re-sealed after removing of pressure or reducing it to a
lower value. Results obtained are generally in line with swelling elastomer behavior
observed in earlier studies. Some failures that have occurred can provide helpful
pointers to field engineers and application designers.
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Chapter 6

Swelling Elastomers: Comparison
of Material Models

Sayyad Zahid Qamar, Maaz Akhtar and Tasneem Pervez

I think all literature should be read as comparative literature.

And I think we should write out of what we know, but in the expectation that
we can be changed at any moment by something we have yet to discover.
Margo Jefferson

Abstract

Little data is available about the material properties and swelling response of the
elsatomers used in swell packers. This information is necessary for modeling and
simulation of these elastomers in different petroleum applications. An experimental
setup was therefore designed and implemented at Sultan Qaboos University (SQU)
to investigate the material behavior of these elastomers under tension and com-
pression, so that these properties could be used for different simulations. Before
developing a finite element model (FEM) of elastomer seal performance, it was felt
that a thorough evaluation needs to be carried out to decide which of the currently
available material models is most suitable for swelling elastomers. This comparison
translates into the selection of the correct strain energy function for accurate deter-
mination of material coefficients. Different hyperelastic material models are com-
pared here. Experimental investigations under tensile and compressive loads, along
with their numerical analysis are presented in detail in this chapter.

Keywords: Swelling elastomer, finite element simulation, material model,
model comparison

1. Introduction

Metallic and rubber seals have been used for quite some time in oilfield devel-
opment. However, the advent of swelling elastomer seals has revolutionized the
technology. Deployment of swelling elastomers in a variety of petroleum applica-
tions are discussed in detail in Chapter 2. Before using swelling elastomers for any
application, behavior under different fluids and environmental conditions should
be known to predict the actual response. It can be done experimentally, analytically,
or through numerical simulations. Though it would be most efficient time-wise, no
analytical work is available that entirely explains the behavior of these materials. On
the other hand, it is difficult, costly, and time-consuming (and at times even
impossible) to perform experiments for all the possible conditions. Hence, a robust
numerical simulation strategy, validated against experimental results, can be used
to predict the behavior of swelling elastomers.

Little data is available (about their material properties and swelling response),
which is needed for modeling and simulation of these elastomers in different
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petroleum applications. An experimental setup was therefore designed and
implemented at Sultan Qaboos University (SQU) to investigate the material
behavior of these elastomers under tension and compression, so that these proper-
ties could be used for different simulations. Before developing a finite element
model (FEM) of elastomer seal performance, it was felt that a thorough evaluation
needs to be carried out to decide which of the currently available material models is
most suitable for swelling elastomers. This comparison translates into the selection
of the correct strain energy function for accurate determination of material coeffi-
cients. Different hyperelastic material models are compared here. Experimental
investigations under tensile and compressive loads, along with their numerical
analysis are presented in detail in this chapter.

2. Models for rubberlike materials

Rubber elasticity theory explains the mechanical properties of a rubber in terms
of its molecular constitution. This approach involves two essentially separate issues.
First is the treatment of the statistical properties of a single long-chain molecule in
terms of its geometrical structure. Second comes the application of this treatment to
the problem of the network of long-chain molecules corresponding to a cross-linked
or vulcanized rubber.

First statistical mechanics approach to describe the force on a deforming elasto-
mer network was based on Gaussian statistics. The basic assumption in this theory is
that a chain never approaches its fully extended length. The problem was initially
attempted by Kuhn and Grun [1] who derived a relation between elastic modulus
and molecular weight. More precise treatment leading to explicit forms of stress—
strain curves valid for large strains were developed by Wall [2], Flory and Rehner
[3, 4], and, James and Guth [5]. Results show that these models fail to capture large
and even moderate stretches. Hence many constitutive models were developed in
an attempt to predict the behavior not only for small stretch levels but also for
medium and large stretches.

Other researchers followed non-Gaussian statistics. These are physical models
based on an explanation of a molecular chain network, phenomenological invariant-
based and stretch-based continuum mechanics approach. The distinctive feature of
non-Gaussian approach is that it presumes that a chain can attain its fully extended
length. Phenomenological approach is used to relate empirical findings of certain
phenomena in such a way that it is consistent with fundamental theory, but is not
directly derived from theory. This approach is further divided into stretch-based and
invariant-based models. Invariants are basically defined by principal stretches.
Models in which stretches can be written in terms of invariants are classified as
invariant-based models, while models that cannot be converted into invariants are
known as stretch-based models. Micromechanical models describe a material as a
three-dimensional network and consider statistical mechanics arguments on net-
works of cross-linked long-chain molecules. A hyperelastic material model is a type of
constitutive relation for rubberlike materials in which the stress—strain relationship is
developed from a function. Most continuum mechanics treatment of rubber elasticity
begins with assuming rubbers to be hyperelastic and isotropic in nature. Figure 1
gives a broad classification of different types of hyperelastic material models.

2.1 Micromechanical models

These models assume a unit cell which deforms in a principal-stretch space to
relate individual chain stretch to applied deformation. Wang and Guth [6] proposed
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Figure 1.
General classification of different hyperelastic material models.

a three-chain model in which chains are located along the axes of cube. The chains
deform affinely with the cell, and stretch of each chain corresponds to the principal
stretch value. The strain energy function is given by

NET
3

W3 —Chain =

i) o i) ()

p;=L1 <\/;ﬁ>z =1,2,3. M

Here, £ is the inverse Langevin, N is the chain density, k is the Boltzman
constant, T is the absolute temperature, # is the length of chain, and J; are the
principal stretches. Three-chain model closely follows experimental data only for
uniaxial case, and only for small deformations under shear. Flory and Rehner [3, 4]
developed a four-chain tetrahedral model. Later, Treloar [7] attempted to deter-
mine the entropy of deformation using numerical method of computation, in which
four chains are linked together at the center of a regular tetrahedron. Tetrahedron
deforms according to the applied deformation and chains deform in un-affine
manner. Four chain (tetrahedral) model gives good match with experimental data
for uniaxial and shear cases, but extrapolates beyond the actual stretch region. For
biaxial data, three-chain and four-chain models do not yield convincing results.
Relationship between the stretches of individual chain to the applied stretch for the
four-chain model is determined by an iterative method, hence expression for strain
energy function is not provided here.
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Arruda and Boyce [8] proposed an eight-chain model in which chains align along
diagonals of a unit cell. Due to the symmetry of chain structure, the interior junc-
tion point remains at the center throughout the deformation. Strain energy function
is given by

NET ,
Ws_Chgin = —— /1 {khmﬁc;lm ++vnln <ﬁChﬂm>]

3 sinh feyain
_1{ Achai
— 1 [ Achain
ﬁcham ( \/h‘ )

1 1/2
P [5 (242 + zg)} @)

where, and, A4, is the chain stretch. Eight-chain model makes good predictions
for large strain behavior under different states of deformation, but diverges beyond
the actual stretch region for biaxial and shear cases.

Wu and Giessen [9] suggested a full network chain model in which chains are
randomly distributed and deform in an affine manner. Strain energy response is
determined by overall integration which is computationally intensive; expression
for strain energy is therefore reproduced here. To develop constitutive relations,
work done by the stresses is established in terms of strain energy function. Strain
energy function must depend on the amount of stretch via invariants of the stretch
tensor. The coefficients in these functions should be determined by uniaxial, biax-
ial, and shear test data. The essential problem is to determine the strain energy
function for providing good fit with a number of sets of experimental data.

2.2 Phenomenological invariant-based models

One of the first attempts at a hyperelastic material model based on the phenom-
enological invariant-based approach was made independently by the two scientists
Mooney [10] and Rivlin [11]. Due to the assumption of incompressibility, the third
invariant is not considered, yielding the following expression for strain energy
function:

Whinin =, Cj(Iy = 3)' (I, — 3)’ 3)
i+=1

By keeping only the second term of this expression, we get the famous Mooney-
Rivlin model for elastomer deformation

WMooneyfRivlin = Cl(Il - 3) + CZ(IZ - 3) (4)

Mooney-Rivlin model makes passable predictions for uniaxial and shear cases in
the low-stretch region, but does not yield good predictions for equibiaxial case and
uniaxial and shear cases in the large-stretch region. As reported by Treloar [12] and
Boyce and Arruda [13], when only the first term of Mooney-Rivlin strain energy
function is retained, it becomes the neo-Hookean model:

WneofHookmn = Cyo (Il - 3) (5)

Kilian [14] explains that van der Waal hyperelastic material model gives the
mathematical relation in terms of the initial shear stress ‘u,’, global interaction
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parameter ‘a’, effective invariant I = (1 — ,)I; + 8,I, and the parameter 1, =

5 B, is known as the invariant mixture parameter:
m

W=us{—('13n—3)[1"(1—'7u)+'1v]—§ﬂ<I;3>Z} ©

Gent [15] proposed a new constitutive relation for strain energy function which

is given by the expression
W:—%Jmln [1— (J—lﬂ @)

m

where J; = (I; — 3), and J,,, is the maximum value for J;.
The Yeoh model [16] is derived from Rivlin strain energy function by expanding
only the first three terms, and neglecting the second invariant, yielding;

Wyeon = Cio(I1 — 3) + Cao(I1 — 3)* + Cao(I1 — 3)° (8)

The Marlow hyperelastic material model [17] is another variation of this
approach:

W =C(}f+ 4 +43) = C(lh) 9

Here, C is a material parameter, and A is the principal stretch.

2.3 Phenomenological stretch-based models

Ogden model [18] proposes a strain energy function based on the principal
stretches for incompressible materials. Principal stretches are directly measurable
quantities and it is one obvious advantage of using them. Ogden strain energy
function is given by

Q
W= z_;fx‘— (A9 + 28 4 % — 3) (10)

n

where y, and @, are material constants. Nonlinear least square optimization
technique is used by Twizell and Ogden [19] to determine the stable constants for
the above strain energy function and to find an improve fit to the data when %’
increases. This model can be more accurate if data from multiple experiments are
available.

There are various other forms of strain energy potentials (Figure 1) for model-
ing hyperelastic isotropic elastomers, such as the ones reported by Ali et al. [20],
Hossain and Steinmann [21], and Steinmann et al. [22]. However, these functions
seldom describe the complete behavior of these swellable materials, especially for
different loading conditions.

2.4 Other models

Some researchers have attempted to develop material models which explain the
stress-stretch behavior of an elastomer after swelling to a particular level. As
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described by Treloar [23], Gauss model follows a molecular approach and involves
swelling ratio v,

NET
W =20 (i + A% + 257 - 3) (11)

Increasing discrepancies between Gaussian theory and experiments have been
recognized when moving from small to large stretch levels. This discrepancy is
amplified when the effect of swelling is included. Flory and Erman [24] model
predicts the swelling behavior reasonably well only for small to moderate stretches.
Arruda-Boyce model (for stress-stretch behavior coupled with elastomer swelling)
is based on a simplified representation of eight chains lying along the diagonal of a
cubic cell. The Cauchy stress for Arruda-Boyce model [25] is given by the following

relation:
_ GNERT i | (o5 ([, 1
G—US3T /IC L [( ﬁ)(i —Z (12)

This model, when used for predicting swelling behavior of elastomers, gives
close results only for large stretch. They later attempted to combine their model
with Flory-Erman model. This hybrid model is supposed to take into account the
actual effect of swelling for small to large stretches. However, even this hybrid
model fails to replicate the actual behavior of swelling elastomers.

A few models have been proposed by authors such as Wagner [26]. These are
basically hyperelastic models that also include swelling ratio, but fail to give rea-
sonable predictions. There is hence a need for a model that predicts the actual
behavior, and includes factors such as energy of mixing, and effect of diffusion,
together with hyperelastic effect.

2.5 Energy-diffusion models

Other authors have suggested more realistic constitutive models for
elastomers subjected to swelling, in which changes due to configuration entropy
are considered along with energy of mixing and diffusion. According to
Flory-Rehner theory [3, 4], free energy density can be written as the sum of strain
energy density function due to thermodynamics of mixing and configuration
entropy of polymer network. A number of authors use this concept to develop a
relation for the prediction of swelling, such as Han et al. [27], Cai and Suo [28],
Chester and Anand [29], Drozdov and Christiansen [30], Hong et al. [31], and
Lucantonio et al. [32].

Flory-Huggins theory, proposed by Flory [33] and Huggins [34], considers the
changes in entropy due to mixing. Changes due to configuration entropy are added
by considering different available hyperelastic material models as discussed above.
As explained by Lucantonio [32], Hong et al. [35], and Kang and Huang [36],
solvent influx in swelling elastomer follows the diffusion phenomenon. A few
authors, such as Biot [37], Cai et al. [38], Lucantonio and Nardinocchi [39], and
Tomari and Doi [40], use the concept of porous media and assume swelling
elastomer or gel to be poro-elastic. A porous material is made up of pores and its
permeability is related to the pore size. Major portion of a swollen elastomer con-
tains solvent which resists when under the influence of force. That is why models
based on poro-elastic concept do not predict good swelling results in general as
discussed by Hong et al. [31].
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Most of the chemo-mechanical models use Gaussian-chain model for mechanical
configuration changes that consider small stretching of chains, and use Fick’s law to
define fluid influx. Again, they give reasonable results only at small swelling levels.
Material models for predicting swelling in polymer networks are discussed below.

2.5.1 Poroelastic models

Biot [37] used Darcy’s law along with thermodynamics of mixing to model fluid
influx into a porous medium (soil), the approach being known as poro-elasticity
theory. This theory is used in a variety of applications to study porous materials
from soils to tissues. Tomari and Doi [40] used the concept of poro-elasticity to
develop a model for swelling dynamics. They assumed swelling time to be propor-
tional to gel size, frictional constant, and changes in stresses. Barriére and Leibler
[41] proposed a swelling model that is based on a porous media concept and
includes frictional effect between elastomer and fluid. To describe fluid influx they
use the dependence of coefficient of diffusion on concentration, and do not use
Fick’s law (as according to them it does not predict good behavior at large swelling).
Cai et al. [38] performed experiments on swollen gel that is compressed between
two plates. They developed a model using linear poro-elasticity for the experiments
performed. Variational approach is employed by Baek and Pence [42] to investigate
gels in equilibrium, subjected to loading on surface. They do not take into account
the relationship for dynamical processes (like diffusion) prior to equilibrium.
Lucantonio and Nardinocchi [39] describe bending due to swelling in a gel consid-
ering poro-elastic linear theory. Lucantonio et al. [32] investigated the stability
between linear poro-elastic and nonlinear theory approaches assuming Gaussian
statistics and homogenous configuration. Instead of considering dry state as refer-
ence configuration (like other models), they assume initially swollen elastomer as a
reference state. Constitutive relations are derived using weak-form variational for-
mulation. Bouklas and Huang [43] present a comparison of linear poro-elasticity
and nonlinear Gaussian based (chemo-mechanical) theories. Both theories give
similar results at small swelling ratios, but for higher swelling ratios linear theory
fails and gives large errors as compared to nonlinear theory.

2.5.2 Chemo-mechanical models

Durning and Morman [44] use phantom network model along with Bastide’s
scaling model for taking into account the entropy changes due to configuration.
Fick’s law is used for describing fluid influx. Inconsistencies are present due to the
use of Fick’s law, as it does not provide a solution for nonlocal effects. Chemo-
mechanical theory for hydrogels was developed by Dolbow et al. [45] and extended
finite element method was implemented to study swelling. Continuum based sharp
interface model and swelling kinetics for temperature sensitive stimulus responsive
hydrogels was developed by Ji et al. [46]. Hong et al. [31] assume short and long
range migration of solvent inside the polymer. Developed theory is based on non-
equilibrium thermodynamics and considers free energy and kinetics to be material
specific. They use Flory-Huggins theory to describe changes in free energy, while
Gaussian approach is used for defining changes in entropy due to network configu-
ration. They use the diffusion equation for fluid inflow of Feynman et al. [47], in
which flux is proportional to gradient of chemical potential. Hong et al. [35] devel-
oped an equilibrium theory using Gibb’s approach. Legendre transformation is used
to represent the field in gel, analogous to compressible hyperelastic solid. Developed
model is used on kinetics of fluid influx and Gaussian approach. User-defined
subroutine (UHYPER) in ABAQUS is also developed for the model. Duda et al. [48]
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follow Gibb’ idea of multi-component solid for the development of an expression
for swelling equilibrium. Theory is based on mechanics (macro) and chemistry
(micro) of mixing of solid and fluid. They consider Gaussian neo-Hookean model
for changes in configuration entropy of the elastomer. Development of the model
assumes that the body is not fully immersed into the fluid. Kang and Huang [36]
formulated a model based on variational approach to set governing equations com-
bining chemical and mechanical conditions. They used similar approach as Hong
et al. [31], following Gaussian-chain model for configuration entropy and Flory-
Huggins equation for energy of mixing. They also develop an explicit formulation
for tangent modulus and true stress. User-defined subroutine (UMAT) in ABAQUS
is also developed for numerical investigation and comparison is done with user
subroutine developed by Hong et al. [35].

A continuum mechanical theory along with fluid imbibition was developed by
Chester and Anand [29]. They first use Gaussian approach to develop a model for
swelling phenomenon. Fluid influx is taken into account using Darcy’s law. Then
they use micro mechanical non-Gaussian based approach for model improvement.
As a further extension to their work, they include thermal effect and develop
coupled equation for stretching, fluid influx, and heat transfer. Cai and Suo [28] use
Flory-Rehner model to describe the changes in entropy due to stretching, but ignore
the changes in entropy due to mixing of fluid and polymer. They develop an
equation of state based on Gaussian-chain model considering stretching only. Yan
and Jin [49] take into account the entanglements of chains, by using hybrid free
energy function based on Edwards-Vilgis slip-link model and Flory-Huggins theory.
Drozdov and Christiansen [30] propose a swelling model based on viscoelasticity
and viscoplasticity. They study hydrogels, under both tensile and compressive
loads, to investigate the effect of strain rate on elastic properties. Constitutive
relations are based on viscoelasticity of gels.

All of the above models generally give reasonable results only for small swelling.
For large swelling (as in the case of swelling elastomers), most of these models do
not give close approximation to actual data.

3. Material models for swelling elastomers

None of the existing material models accurately represent the behavior of swell-
ing elastomers. Different types of models for rubberlike materials were briefly
described above. Major material models that can be used to represent stretchable
elastomers, though not very accurately, are discussed in more detail in this section.
As mentioned above, a swelling elastomer can be treated as a hyperelastic material,
commonly modeled as an incompressible, homogeneous, isotropic, and nonlinear
elastic solid. Due to its long and flexible structure, an elastomer has the ability to
stretch to several times its initial length. Elastomers at small strains (up to 10%)
have linear stress strain relation, and behave like other elastic materials [15]. In case
of applications where large deformations exist, theory of large elastic deformation
should be considered. Several theories for large elastic deformation have been
developed for hyperelastic materials based on strain energy density functions.
These models are based on phenomenological based continuum mechanics
approach and micromechanically motivated network approach [20, 21]. Phenome-
nological models contain invariant-based or principal stretch-based approach usu-
ally containing polynomial functions. Micromechanical models typically have terms
for cross-linked long-chain molecules [3, 4, 6, 8, 50]. Selection of appropriate strain
energy potentials and correct determination of material coefficients are the main
factors for modeling and simulation.
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3.1 Gaussian Hyperelastic material models

One major approach used to define the deformations in elastomer chains follows
Gaussian statistics, Neo-Hookean model being a good example. In Gaussian
statistics, a chain never approaches the maximum stretch; rather, it is limited to
small-to-moderate stretches. For a three dimensional polymer, due to its large chain
density, probability distribution for any event x approaches a Gaussian distribution,
given by

1 2
p(x) = Wor exp (— %) (13)

Standard deviation in terms of chain density (IN) and distance between the chain
ends (r) is given by Treloar [23] as

- =—. (14)

Probabilities in x, y and z-directions are given by p(x), p(y) and p(z), repectively.
Knowing that

p(v) = p(x)p()p(2),

and assigning b* = (52.,), we get the following relation

2Nr?
b 20,2 2 2 b’ 22
p(v):mexp{—b (x*+y +z)}:mexp(—b1’). (15)

Here, (x0, y0, 20) is the initial (unstretched) location, while (x,y, 2) are the final
coordinates in the stretched condition, and (obviously), x? + y? + 2% = 72,
According to Boltzmann general principle of thermodynamics, entropy is propor-
tional to the logarithm of the possible configurations corresponding to a specified
state. For small volume (dxdydz), probability can be used to define entropy (s) as

follows:

3
s=kIn % exp (—b272)dxdydz

3

b
=s=k|Iln i b*? + In (dxdydz)

= ,s = constant — kb*? (16)

where % is the Boltzmann constant. Taking change in unstretched end-to-end
distance of chain (x,2 + ygz + 2,2 = 7,%), and on simplification we get the change in
entropy

As = kb*{x,* (M2 = 1) +,% (2% — 1) +2,° (15> — 1) }. (17)

Taking summation for all chains, substituting > x,2 = > y,2 = > 2,2 = Y_7,°/3
into Eq. (17), and on simplification we get

As = kb? {x?4> — x> +,22> = y,> + 2,°43> — 25" }
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2
= As= —kbz%{/hz + 4457 = 3)
j.ZAs:f%N(Afong—a) (18)

Shear modulus for rubbers and elastomers is given by G=NkT. Helmholtz free
energy is given by W = —TAs, hence Eq. (18) can be written as

G
W= > (I, - 3), (19)
where I; is the first invariant of stretch. Eq. (19) gives the strain energy function
for neo-Hookean model [13, 23]. As it is derived using Gaussian statistics, it gives
linear response for material where elastomer chain undergoes only small to
moderate stretches.

3.2 Non-Gaussian Hyperelastic material models

Hyperelastic material models that follow non-Gaussian statistics consider that
chains can stretch to reach maximum extensibility. Many models are formulated
based on this approach, such as Mooney-Rivlin [10], Yeoh [16], Arruda-Boyce [8],
Ogden [18], Gent [15], etc. Mooney-Rivlin model follows Valanis and Landel theory
[51] according to which strain energy function for an isotropic material in finite
deformation is of the form

W =f(4) +f(42) +f(4). (20)
Invariants based on principal stretches are given by

L =22+ 2° + 3%
L = 0% + 22437 + 2 A3?,

and
I3 = A124,%232. (21)

For an incompressible isotropic material, third invariant vanishes and strain
energy becomes a function of I; and I, only:

1 1 1
W(l1,42,43) = C1(M* + 2>+ 23 = 3) + G, (2+2 +=5- 3)
/11 /11 /11

W = Cy(I; — 3) + Co(I, — 3). (22)

Eq. (22) gives the strain energy function for Mooney-Rivlin model, where C;
and C, are material constants. According to this theory, stress—strain behavior

depends upon the partial derivatives (% , %). Characterization of elastic

properties of a polymer consists of determining these partial differentials

through experimental measurements. These partial differentials cannot be deter-
mined from experiments with only one deformation mode. Preferred methods are
generally biaxial extension where stretches in both directions vary independently.
Yeoh assumed that 9W/dl; is much larger than W /dl5, so the second partial
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derivative can be neglected. Strain energy function for Rivlin [11] can then be
written as

oo

W= Cj(lh—3)'(l, - 3)

i+j=1
=, W= Cy(l; - 3) (23)
=1

where index % will always be zero. If the series is truncated after three terms, we
get the expression for strain energy function for Yeoh model [16]:

W = Cio(l1 — 3) + Cao(l1 — 3)* + Cao(I1 — 3)° (24)

where Cyp, Cy9 and Csg are material coefficients determined by fitting experi-
mental data. If Eq. (23) is expanded only for % = 1’, we get the Neo-Hookean strain
energy function, in which Cyo = G/2.

Another stretch based non-Gaussian phenomenological strain energy function
for hyperelastic materials was proposed by Ogden [18]. This model is given by the
following relation in terms of principal stretches:

Q
W= B iy gy - 3). (25)

n=1""

Here, ‘y,” and ‘a,’ are material constants that are determined by fitting the

experimental data, and ‘Q’ is a positive definite integer. Material constants are
related to shear modulus (G) by the following relation:

Q

>t =2G. 26)
n=1

Second degree Ogden strain energy function is given by expanding Eq. (24) for
‘Q=2"
— & 51 1 a /’2 a [¢5) O
W ="2 (A0 428 + 25 —3) + == (A7 + 43 + 13 - 3),
a1 a
w1 + uon = 2G. 27)

It is interesting to note that if Ogden model Eq. (24) is expanded for ‘Q = 2’ and
for oy = 2, @y = —2, it gives an expression similar to the Mooney-Rivlin model:

W:%(/ﬁ+i§+i§73) f%(ﬂ{2+/1;2+/1;2—3)
:.W:%(Il—3)—%(lz—3) (28)

Also, if Ogden model is expanded for ‘Q =1’ with &y = 2, a; = 0, it reduces to
the neo-Hooken model:

W= (2 B 3-3) = -3), (29)

Arruda-Boyce model [8] uses the statistical mechanics approach followed by
many researchers [3, 4, 6, 50]. Instead of the 3-chain [6] and 4-chain models [3, 4]
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of earlier researchers, Arruda-Boyce proposed a more accurate 8-chain approach,
yielding the following strain energy function:

W= NkT\/ﬁ |:ﬂchainllchain + \/7;11‘1 (M>:| . (30)

sinh ﬁchm’n

Here, f,, = £ (M%) is the inverse Langevin, N is the chain density, & is the

n
Boltzman constant, T is the temperature, # is the chain length, and 4., is the chain
stretch. Also, G = NkT is the effective shear modulus.
Since L(x) = coth(x) — 2, and coth(x) = 2 +1x — Lx® + Z=x---, we can get

1 1x3 2x5
37 45 945

Also,

2 x
5 175

and

1 1 1
sinh (x) = x + —x° + —x° /

6~ T20° " 5040" (31)

By showing that the expression for chain stretch reduces to a function of the first

stretch invariant, Ay, = v/I1/3, and using Egs. 4.30 and 4.31, the final expression
for Arruda-Boyce strain energy function becomes

19

1 1
W=G|>(; -3)+——(,2-9 -
2(1 )+ (I*—9) + + 23008

3_
20N (" —27)

— 4b— cee
10507 (I* —81) + -+ |.

(32)

Gent [15] proposed an empirical constitutive relation using only two constants
for the entire range of strains for hyperelastic materials. In statistical mechanics
approach, when a chain reaches the fully stretched state, it is known as locking
stretch. Gent describes this stretch as a maximum value of J; denoted by J,,, so that
the strain energy function is given by the following relation:

W:fgjmln [1(}1—;” (33)

Boyce [52] performed a comparison between Gent and Arruda-Boyce eight
chain models. As J; = (I; — 3) and I; = 22 + 43 + /3, Gent model can be expanded
using natural logarithm.

YA YIAY 1 I\
) )

E 1 1
:>W=g[(11—3)4‘%([1—3)2‘*‘?#(11—3)34'“}

E
W==
I

= W=> G(-3) (34)
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Similarly, Arruda-Boyce model can be re-written in terms of general invariant
based form as follows

W=>» G5 -3). (35)

oo
i=1

Egs. 4.34 and 4.35 can be used to predict large stretch deformations.

There are many hyperelastic material models available. Some of them are
presented in this section, while others were discussed in the previous section.
Models such as Van der Waal and Marlow models have not been presented here
because they do not show good convergence for swelling elastomers. Next section
gives the comparison of different hyperelastic material models against experimental
results from uniaxial tensile tests.

4. Comparison of material models under tensile loading

As none of the available material models accurately represents swelling
elastomers, modeling of these elastomers based on current models can yield only
approximate results. Before this, no evaluation of material models for prediction of
swelling elastomer behavior could be found in published literature. This study was
therefore conducted to have a comparative assessment of current hyperelastic
material models; how closely they predict the actual behavior under tension. Two
water swelling elastomers are used for experimental and numerical investigation
under tension (material-TA and material-TB). Tests are carried out in accordance
with ASTM-D412 standard test method [53]. Tensile tests are also simulated, using
the commercial finite element package ABAQUS [54]. Simulations are done using
different hyperelastic material models available in the ABAQUS materials library.
Material coefficients for each model are determined from experimental results
using the curve fitting procedure of ABAQUS.

4.1 Experimental work

The main objective of the experimental work is to provide actual tensile test data
to extract parameters for the material models, and then to compare predicted
behavior from each model against the actual tensile behavior. A large number of
samples of two different water-swelling elastomers were allowed to swell for 8 days
in saline water of 40,000 ppm (4%) concentration at a temperature of 60°C (actual
field conditions in a regional oil-well). Tensile tests were carried out on ring samples
before and after swelling, reported values being average of readings from three
samples. As expected, the material expands due to swelling. Dimensions of the ring
samples before and after swelling are shown in Figure 2.

1.50 mm 1.60 mm 1.65 mm
1.80 mm 1.95 mm 1.90 mm
A — ; |
(a) (k) {c)
Figure 2.

Samples before and after swelling: (a) before swelling, (b) material TA after swelling, (c) material TB after
swelling.
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4.1.1 Sample preparation

Ring samples were cut in line with ASTM-D412, using a die-and-punch set;
outside diameter (d,) 19 mm, inside diameter (d;) 16 mm, radial width (w) 1.5 mm,
and thickness (¢) 1.8 mm. Actual identification numbers of the two swelling-
elastomer materials are not mentioned here due to reasons of confidentiality; they
are simply referred to as material TA and material TB.

4.1.2 Test procedure

Width, thickness, and flattened length of all ring samples (before and after
swelling) are recorded prior to conducting the tensile test, to be used later for stress
and strain measurements. Specially fabricated (in-house) hook-type fixtures (in
accordance with ASTM D412) are used to grip the ring samples. A small pre-tension
is applied on each sample to get the flattened length as shown in Figure 3. A loading
rate of 500 mm/min is used until the sample ruptures. Force-elongation and stress—
strain readings are automatically recorded by the machine.

4.2 Numerical Modeling and simulation

Tensile tests are modeled and simulated using the commercial finite element
package ABAQUS. Standard dumbbell shaped tensile specimen is used for simula-
tion because of its symmetric nature, allowing modeling of only one-quarter of the
sample; Figure 4. Load application is also simplified because of this sample geom-
etry, yielding proper uni-axial tension. Swelling elastomer specimen is modeled as a
hyperelastic body using 8-noded linear brick element with reduced integration
(C3D8R). Deformed specimen is also shown in Figure 4. Minor inconsistencies
between experimental and simulated results can be expected, as the sample
geometries (ring-type and dumbbell-type) are different.

Four well-known material models (Ogden, Yeoh, Arruda-Boyce, and neo-
Hookean) are selected from the pool of hyperelastic models available in ABAQUS.
These are known to show convergence and good agreement with experimental data for
elastomeric materials under tension. Coefficients for each model are extracted from
the uniaxial tensile test data (experimental) using curve fitting techniques. Poisson’s
ratio for these elastomers has been taken as v = 0.495, while density values (from
actual experiments) for un-swelled (US) and swelled (S) specimens of materials TA
and TB are pys_ta = 1170 kg/m?, pyg_1g = 1187 kg/m?, pg_1, = 1282 kg/m?, and
ps_tp = 1293 kg/m?3, respectively.

Figure 3.
Tensile test setup using elastomer ving samples; different stages of testing.
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Figure 4.
Finite element model, and deformed shape, of dumbbell type test specimen.
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Figure 5.
Stress—strain curves for experimental and FE simulation results for material TA; before swelling (left); after
8 days of swelling (right).

4.3 Results and discussion

For both materials, finite element simulation of uni-axial tensile test is done
using the four most popular material models for the un-swelled and 8-day swelled
conditions. Stress—strain curves from simulations, using the selected material
models, are compared with experimental results. Results are plotted separately for
materials TA and TB. During the tensile tests, elastomer TB exhibited more stiff-
ness, fracturing at much lower strains than elastomer TA.

Figure 5 shows comparison of stress—strain curves for experimental and FE
simulation data for un-swelled and swelled (8 days) conditions for material TA. In
the unswelled condition, at small deformations, all models predict almost the same
behavior, Ogden model giving minimum error. For small to medium deformation,
Arruda-Boyce model gives minimum error. For large deformations, Ogden model
gives minimum error. After 8 days of swelling, for small deformations, all the
models again predict almost the same behavior, Arruda-Boyce and neo-Hookean
models yielding minimum error. For small to medium deformations, Neo-Hookean
model gives the closest results. For large deformations, Ogden model again yields
minimum error, Neo-Hookean model giving much larger error.

For material TB, experimental and simulated stress—strain curves for un-swelled
and 8-day-swelled samples are shown in Figure 6. Before swelling, and at small
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Figure 6.
Stress—strain curves for experimental and FE simulation results for material TB; before swelling (left); after
8 days of swelling (right).

deformations, all models are very close to each other, Arruda-Boyce giving the best
fit. The trend remains the same for small to medium deformations. For large
deformations, Yeoh model gives the closest results. After swelling for 8 days,
Arruda-Boyce model shows the closest fit to actual data for small deformations, the
other models giving slightly higher error. The trend continues for small to medium
deformations. For large deformations, Arruda-Boyce curve starts to diverge away
from experimental results while Ogden and Yeoh models show converging
tendency, Ogden model yielding the minimum error.

Based on results of the current study, the neo-Hookean model appears to be the
best suited for both un-swelled and swelled (small to medium stretch) conditions
under tensile loads, but it starts diverging away from experimental results for very
large strains. For large strains (which is the case in real-world use of swelling elasto-
mer seals), Ogden model is consistently better than the others. However, it can be
seen that no material model predicts results close to the experimental values. The
reason might be that energy and diffusion effects are not considered in these models.

5. Comparison of material models under compressive loading

Petroleum industry uses swelling elastomers in a variety of applications as
discussed in detail in Chapter 2. Being primarily used as a sealing element, swelling
elastomers generally experience compressive loads. Hence, investigation of such
elastomers under compression is very important. A comparison of currently avail-
able hyperelastic material models is presented in this section against experimental
results for two swelling elastomers (A and B) under compressive loading, before
and after different stages of swelling. Just as for tensile loading, such an evaluation
of material models for swelling elastomers under compression was not available in
published literature before this study. Tests are carried out using disc samples in
accordance with ASTM-D575 standard test method [55]. Compression tests are also
simulated using the different material models available in the commercial finite
element package ABAQUS [54]. Material coefficients for each model are deter-
mined from experimental stress—strain data using the curve fitting procedure of
ABAQUS.

5.1 Experimental work

To replicate actual field conditions in many regional oil wells, Qamar et al.
[56, 57] used samples of two types of water-swelling elastomers in various
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petroleum development applications were subjected to swelling in saline water of
0.6% (6,000 ppm) and 12% (120,000 ppm) concentrations maintained at a tem-
perature of 50°C. To investigate the effect of swelling, samples were taken out for
mechanical testing after 1, 2, 4, 7, 10, 16, 23, and 30 days of swelling. The elastomers
were of a fast-swell type, so readings were initially taken after almost each day, and
on a weekly basis later on.

5.1.1 Sample preparation

Disc samples were cut using a die-and-punch set, with some surface grinding
needed for final trimming. As prescribed by ASTM-D575, disc dimensions for
compression testing are 28.5 mm diameter and 12.5 mm thickness. Due to reasons of
confidentiality, actual identification number of swelling-elastomer materials is not
mentioned here.

5.1.2 Test procedure

Compression tests are performed on a Tinius Olsen universal testing machine in
the compression mode, using a 50-kN load cell; Figure 7. Disc specimen is placed on
a fixed bottom plate while the top plate applies a compressive load on the specimen.
Elastomer sample is free to expand in the radial direction. Top surface of the disc
moves downward with the compression load, while bottom surface is not allowed to
move in the axial direction. Load is applied at a rate of 12 mm/min (ASTM-D575)
until the specimen thickness is compressed to 10 mm. Force-deformation and
stress-strain data are recorded. A small barreling effect can be observed in the
compressed sample.

5.2 Numerical Modeling and simulation

Finite element analysis for predicting the deformation behavior of swelling
elastomers under compression for both the materials in two salinities solutions are
performed using commercial finite element analysis package ABAQUS [54]. Swell-
ing elastomer specimen is modeled using 8-noded linear brick element with reduced
integration (C3D8R). Stress-strain data obtained from experiments are used to
extract coefficients that define the constitutive relation in finite element analysis.
Material parameters such as Poisson’s ratio and density at each condition with
swelling for different days are also determined experimentally. ASTM standard disc

L

Figure 7.
Setup for compression testing, using disc samples.
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geometry is modeled for simulation of compression tests. Compressive loads and
boundary conditions are in line with experimental values. Simulations are
conducted before swelling and after each swelling period for a total of one month
period under both salinities. Figure 8 shows the deformed and undeformed
specimens.

5.3 Results and discussion

Finite element simulations of compression experiments are carried out for com-
parison of the five most suitable hyperelastic material models, including Ogden
model with both first and second strain energy functions. Stress—strain curves
obtained through simulations (for both the materials) are compared against exper-
imental results after each swelling period.

Experimental and numerical stress—strain curves are compared in Figure 9, for
material A in high salinity solution after 23 days of swelling. Apart from the five
models shown in the figure, other material models failed to converge. For small
deformations (10-15%), all models give quite good prediction. However, for
medium to large deformations, none of the models is even remotely close to exper-
imental results. Compared to the others, Yeoh and Ogden model with second strain
energy function (N = 2) are relatively closer to the experimental curve, Ogden being
the better one.

Experimental stress—strain curves for material B are compared with simulation
results in Figure 10 for low salinity solution after 30 days of swelling. Arruda-Boyce
model failed to converge. Neo-Hookean and Ogden (with first strain energy poten-
tial) models are nowhere close to the experimental results. Yeoh and Ogden (strain
energy potential of second degree) models give somewhat better results for small to
moderate deformations. None of the models is good at large strains.

Experimental investigation of performance of swelling elastomer seals (such as
sealing pressure at various stages of swelling) is highly difficult and very costly.
Numerical simulations, if yielding reasonable predictions, can be a much better
alternative. If we want to conduct numerical studies of elastomer seal performance,
Ogden model with second-degree strain energy function will have to be used as it
gives overall best results both under tensile and compressive loads. This best avail-
able current hyperelastic model (Ogden-2) has been later used to study the
mechanical and structural behavior of swelling elastomers under compressive

Undeformed

Deformed

Figure 8.
Specimen (FE simulation) before and after deformation.
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Figure 9.
Comparison of experimental and simulated (different hyperelastic material models) stress—strain behavior
under compression for material A in high salinity after 23 days of swelling.
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Figure 10.
Comparison of experimental and simulated (different hyperelastic material models) stress—strain behavior
under compression for material B in low salinity after 30 days of swelling.

loading in Chapter 7, and to evaluate the performance of swelling elastomer seals in
Chapter 8.

To more accurately predict the behavior of swelling elastomers, thermodynam-
ics of mixing and the phenomenon of diffusion should also be considered. Starting
with the Ogden model, this approach for mechanics of swelling is followed in
Chapter-6 to develop a new material model for swelling elastomers.

6. Conclusions

Simulations have been carried out to compare different hyperelastic material
models against experimental results for swelling elastomers subjected to tensile and
compressive loading, including Arruda-Boyce, Ogden (N = 1), Ogden (N = 2),
Yeoh, and neo-Hookean models. Following ASTM standards, experiments were
conducted on ring samples (for tensile tests) and disc samples (for compression
tests), before swelling, and after 8 days of swelling, using two swelling elastomer
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materials. Simulations were performed using the FEA package ABAQUS. For tensile
loads, most of the models give reasonable predictions for small deformations. For
medium to large deformations, Ogden model with second strain energy function
(Ogden-2) gives best results. For simulations under compression, many models do
not give good predictions even for small loads. Ogden-2 again yields overall mini-
mum error. Hyperelastic models can be used for FE analysis of swellables, giving
reasonably acceptable approximations. However, a new material model is definitely
needed to capture the material behavior of swelling elastomers more accurately.
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Chapter 7

Mechanical and Structural
Behavior of Swelling Elastomers
under Compressive Loading

Sayyad Zahid Qamar, Maaz Akhtar and Tasneem Pervez

The history of science shows that theories are perishable. With every new truth that
is revealed we get a better understanding of Nature and our conceptions and views
are modified.

Nikola Tesla

Abstract

Swelling elastomers are a new breed of advanced polymers, and found
increasing use in drilling of difficult oil and gas wells. It is important to know how
an elastomer will behave under a given set of well conditions, especially after the
initial quick-swell period. Good design depends on appropriate material selection.
Results are presented in this chapter from experimental and numerical studies
conducted to analyze how compressive and bulk behavior of actual oilfield elasto-
mers changes due to swelling. Six key attributes of swelling elastomers needed for
design improvement and performance analysis of elastomer seals are discussed: four
mechanical properties (elastic modulus E, bulk modulus K, shear modulus G, and
Poisson’s ratio v), and two polymer structure characteristics (cross-link chain den-
sity N¢, and average molecular weight M(). These parameters were experimentally
determined before and after various stages of swelling for two different swelling
elastomers being currently used by the regional petroleum industry, in low and high
salinity brines. To strengthen the experimental results, and to be able to forecast for
other elastomer materials and well conditions, tests were also simulated using the
commercial FEM package ABAQUS, using the best available hyperelastic material
models.

Keywords: swelling elastomer, compressive loading, mechanical testing,
elastomer structure

1. Introduction

As discussed earlier, swelling elastomers are a new breed of advanced polymers
[1]. Over the last two decades, they have found increasing use in drilling of difficult
oil and gas wells, remediation of damaged wells, and renewal of production from
abandoned wells [2-8]. It is important to know whether an elastomer type or a
certain seal design will function properly and reliably under a given set of well
conditions [9]. Investigation of the swelling and mechanical behavior of these
elastomers is essential in resolving application and design issues. When an
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elastomer seal is positioned in the well, environmental conditions initiate the swell-
ing. The material may continue to swell throughout its life, though very slowly after
the initial quick-swell period [10, 11]. Swelling results in changes in its mechanical
properties and sealing response. If elastomer seals are put into use without thor-
oughly studying these changes, seal failure can happen in certain cases, causing loss
of time, money, and other resources. Rework is not only time consuming but at
times not possible at all. Failures may even cause the production from the well to
stop.

One critical aspect of good design is appropriate material selection. This cannot
be done without reliable knowledge of how the material will behave when exposed
to different loads, temperatures, and other environmental conditions. As swelling
elastomers are basically used as sealing elements in petroleum applications, and as
seals are mostly under compressive loading, investigation of the mechanical behav-
ior of elastomers under compression is very important. Contemporary elastomer
seal design is usually based on laboratory tests and trial-and-error method. Testing
under all possible combinations of field parameters (elastomer material, water
salinity, oil type, temperature, pressure, etc) in the laboratory is almost impossible,
especially for extended swelling periods. Numerical modeling and simulation of seal
design, validated by experimental results, may provide answers for possible sce-
narios, which cannot be attempted experimentally. Numerical simulations can
shorten the lead time for development of robust sealing applications in difficult or
new oil and gas wells, offering an accurate and cost effective alternative to exten-
sive testing.

Results are presented in this chapter from experimental and numerical studies
conducted to analyze how compressive and bulk behavior of actual oilfield elasto-
mers changes due to swelling. Six key attributes of swelling elastomers needed for
design improvement and performance analysis of elastomer seals are discussed: four
mechanical properties (elastic modulus E, bulk modulus K, shear modulus G, and
Poisson’s ratio v), and two polymer structure characteristics (cross-link chain den-
sity N¢, and average molecular weight M(). These parameters were experimentally
determined before and after various stages of swelling for two different swelling
elastomers being currently used by the regional petroleum industry, in low and high
salinity brines. To strengthen the experimental results, and to be able to forecast for
other elastomer materials and well conditions, tests were also simulated [12] using
the commercial FEM package ABAQUS [13], using the best available hyperelastic
material models.

2. Mathematical background

As stated above, this chapter describes the effect of swelling on mechanical
properties (macro-level behavior) and polymer structure (micro-level characteris-
tics) of two elastomers under compressive loading. Brief theoretical background
and inter-relationships of these quantities are presented in this section.

2.1 Macroscopic behavior: isotropic relationships

The elastic behavior of any isotropic material is completely described by Hooke’s
law [14]:

1
o= Lo~ vlo, + 02)
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g = % [ay —v(o; + ox)]
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where o is the engineering stress and ¢ is the strain. Being in the elastic region,
engineering shear strain (y) is obviously proportional to shear stress (z):

1 1 1

Vyz GTyz’ Vax = Efzx’ Vxy = Efxy (2)

Figure 1 shows a body under a state of pure shear and its Mohr circle represen-
tation giving the principal stresses.

01 =Ty, 03=—Ty, 03=0,7p=0 (3)
We can use Hooke’s law Eq. (1) to find the principal strains:

Ty (1+ v T (1 + v
81:¥,52:—¥. (4)

Shear strain y,, can also be expressed in terms of the principal strains:

27, (1 4+ v
ny:«&’l*«‘?z:% (5)

Comparing Egs. (2) and (5), shear modulus becomes:

E

=3t ©)

Bulk modulus (K) is related to volume dilatation (volumetric strain) § = AV/V
and hydrostatic pressurep = 1 (ox + 0, + 03):

§=-—*%. )

T
— . /1 Tyy
2 Txy 02 a1
-,

Figure 1.
A body under state of pure shear and its Mohr circle representation.
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av
7 = dgx —+ d&'y +d£2" (8)

Combining Egs. (7) and (8), volume dilatation can be expressed as

b=¢+eg+e. 9)

Comparing this result with Eq. (1), and simplifying, we get

1-2v

5= (T) (Gx +0y + 02). (10)

Recalling the definition of hydrostatic pressure p, and comparing with Eq. (7),
the relationship between bulk modulus and Poisson’s ratio comes out to be

E

Once the values of E and K are established experimentally, shear modulus (G)
and Poisson’s ratio (v) can be determined using the isotropic relations Egs. (6)
and (11).

2.2 Structural behavior

Chemical and physical structure of a polymer is modified at different stages of
swelling. The resulting changes in structural behavior affect the performance of
swelling elastomer seals. It is important, therefore, to understand the factors that
can affect swelling elastomer structure and, hence, its properties. Current section
discusses the method of determining major structural properties.

2.2.1 Chain density

For any rubber-like material, network strands are formed both by cross-linking
and by molecular entanglement. As the degree of cross-linking increases, the cross-
link chain density increases, making the elastomer more rigid, thus giving higher
values of stiffness and shear modulus G [16]. Chain density can therefore be used as
a measure of the swelling capability of an elastomer. For elastomers subjected to
small strains, shear modulus is directly related to the number of cross-link chains
per unit volume N, [17]:

G = N, kT, (12)

where k is the Boltzmann’s constant, and T is the temperature in Kelvins.

2.2.2 Number average chain molecular weight

Length of the network chain decreases due to an increase in the degree of cross-
linking. In any polymer, chain density is closely related to the average molecular
weight, and this property can also be used to explain the mechanics of swelling [17].
Multiplying and dividing Eq. (12) by Avogadro’s number N4, and recalling that
R = N4k, we can obtain
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N.RT
G=——. 1
o 13)
If n is the number of chains, Avogadro’s number can also be written as
Ny =nM,/m. (14)

Combining the definition of chain density (N, = n/V) with Eq. (14) yields
N;/Ns = p/M,. (15)

Comparing this result with Eq. (13), we can get the expression for the number
average chain molecular weight

M, = pRT/G. (16)

Once the value of shear modulus G is determined, these structural properties of
the elastomer (N, and M¢) can be easily evaluated using Egs. (12) and (16).

3. Experimental work

Various researchers have investigated the behavior of rubber-like materials
under compression [16], but not for swelling elastomers. The main objective of
experiments described here is to obtain swelling behavior, stress—strain, and
pressure-volumetric strain curves. Curve fitting on the linear portions of these
graphs determines the values of elastic and bulk moduli. These curves are also used
to extract material coefficients for the hyperelastic models used for numerical
simulations.

Samples of two different water-swelling elastomers were allowed to swell for a
one month period in saline water of 6,000 ppm (0.6%) and 120,000 ppm (12%)
concentrations at 50°C; actual field conditions in regional oil-wells. Samples were
placed in sealable glass jars containing the swelling medium and identified by
mnemonic code names. Jars were placed inside servo-controlled ovens maintained
at 50°C temperature throughout the thirty days test period. Compression and bulk
tests were carried out on disc samples before swelling and after 1, 2, 4, 7, 10, 16, 23,
and 30 days of swelling. To ensure repeatability and consistency, all reported values
are average of readings from three samples.

3.1 Swelling tests

Cutting of disc samples and preparation of salt solutions has been described in
detail in Chapter 3. Procedure for swelling tests is given below.

3.1.1 Test procedure

Samples were placed in sealable glass jars containing proper swelling medium
and identified by mnemonic codenames. Jars were placed inside servo-controlled
ovens maintained at 50°C temperature throughout the 30-day test period. Volume,
thickness, mass, and hardness of each sample was measured before swelling and
after different days of swelling. Test setup has been described in Chapter 3. Mass
was measured using a digital balance. Volume measurements were done by a spe-
cially constructed (in-house) graduated beaker-cylinder arrangement based on the
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Piston

Elastomer D

Top Plate

Figure 2.
Designed and fabricated test rig for bulk experiments.

displacement method. Thickness measurements were carried out using digital
Vernier calipers. Hardness readings were taken using a scale-A durometer.

3.2 Compression testing

Compression tests are performed in accordance with ASTM-D575 standard test
method [18] as described in detail in Chapter 6.

3.3 Bulk testing

No standard is available for bulk testing of elastomers. A special test rig was
therefore designed and fabricated in-house for bulk experiments; Figure 2. The rig
was designed in such a way that under compressive loading the specimen is
constrained to move only in the axial direction and radial expansion is not allowed.
To match with compression testing, load is applied at the rate of 12 mm/min until
the specimen fails. Force-deformation results are recorded and later converted into
pressure-volumetric strain data.

4. Numerical investigation

Just as in experiments, simulations are run before swelling and after every
swelling period. Using the commercial finite element package ABAQUS, swelling
elastomer specimen is modeled using 8-noded linear brick element with reduced
integration (C3D8R). As mentioned in Chapter 3, Ogden hyper-elastic material
model with second strain energy potential [19] is used for all simulations since it
gives the best results [20]. Coefficients for the Ogden model are extracted from the
experimental stress—strain data.

4.1 Simulation of compression test

Simulations for compression experiments are discussed in detail in Chapter 3.
Stress—strain curves from these simulations are used here to determine the values of
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Young’s modulus. Simulations are conducted before swelling and after each swelling
period (total one month period) under both salinity conditions, and for both mate-
rials. Specimen geometry before and after deformations is shown in Figure 3.

4.2 Simulation of bulk test

For bulk testing, elastomer disc is still under compression but restricted from
any transverse deformations. Only the top surface can move downward (z-axis)
under the compressive load as shown in the test setup in Figure 2. Simulation
results are used to plot graphs of pressure against volumetric strain, for determina-
tion of bulk modulus through curve fitting. Deformed and undeformed specimens
from bulk test simulation are shown in Figure 4.

5. Results and discussion: experimental

Results of the experimental investigation (mechanical and structural response of
the elastomer to swelling) are discussed in this section. Variations in properties
(volume, thickness, hardness, and density) due to swelling are discussed first.
Later, results from compression and bulk experiments are presented and analyzed.

5.1 Swelling behavior

Effect of swelling on volume, thickness, hardness, and density of the two types
of elastomer samples under different salinities is discussed below.

Figure 3.
Finite element model of compression test specimen; undeformed and deformed states.

Figure 4.
Finite element model of bulk test specimen; undeformed and deformed states.
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5.1.1 Volume change

Figure 5 shows the change in volume against days of swelling in 6000 ppm
(0.6%) and 120,000 ppm (12%) brine solutions at 50°C for materials A and B. Both
elastomers are of the fast-swell type, so increase in volume is very quick in the
beginning, which can be observed in the first five days (reaching to almost one-
third of total volume increase). More gradual increase was observed for the
remaining one month period. As observed in earlier studies, swelling in lower-
concentration salt-solution is higher than in higher-concentration brine due to
existence of higher chemical potential gradient.

5.1.2 Thickness change

Figure 6 shows thickness change against swelling time for both materials. Fast
swelling nature of the elastomer (materials A and B) results in more thickness
increase in the beginning, and slower increase later on. Again, as expected, thick-
ness swelling is higher for lower salt concentration.

5.1.3 Hardness change

Hardness keeps on decreasing as the elastomer swells more. Figure 7 summa-
rizes the change in hardness as samples for both materials swell in 0.6% and 12%
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Figure 5.

Volume change in both materials in 0.6% and 12% salinity at 50°C.
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Figure 6.

Thickness change in both materials in 0.6% and 12% salinity at 50°C.
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Figure 7.

Hardness change in both materials for 0.6% and 12% salinity at 50°C.

salt solutions, at 50°C. It is interesting to observe that within the first week of
swelling, hardness drastically drops down, and then remains almost constant.
Material B is harder in nature (unswelled hardness of about 75 shore-A as compared
to 62 shore-A for material A). Hardness drop after swelling is more under 0.6%
salinity solution for both materials.

In all of the above graphs, the overall trend is the same; very high swelling rate
in the beginning, then a slow gradual change. This leads to a sharp initial drop in
hardness, followed by almost no change for longer swelling periods. The slight
fluctuating pattern may have roots in the nature of the swelling process [11, 21, 22].
Salt is one of the constituents of any swelling elastomer. When exposed to saline
water, some salt can enter into the elastomer material (together with absorbed
water), while some salt can break away from the elastomer and go into the salt
solution. Rather than a consistent increase, this two-way salt transport cause slight
fluctuations in the amount of swelling. Another important factor in swelling of such
elastomers is the density of cross-link chains. Salt addition and breakaway can
produce breaking and later re-forming of cross-link chains, causing increase or
decrease of swelling at a particular time. As both these mechanisms are dependent
on salt transport, fluctuation is more significant in higher concentration brine. After
some time, a sort of equilibrium is reached, inflow and outflow of salt almost
balancing out, and swelling starts to show a near steady-state behavior.

5.1.4 Density change

Density drops down considerably in the first few days for both materials and
salinities, as can be seen in Figure 8. With more swelling, it increases a little before
gradually dropping down to almost the same value as at the end of the first week.
Due to the two-way water and salt transport during swelling of these elastomers,
both volume and mass change at different rates; thus the slightly zigzag pattern of
density variation.

5.2 Behavior under compressive loading

As an example, Figure 9 shows 3-sample compressive stress—strain graphs for
materials A and B in high salinity solution after four days of swelling. It can be seen
that stress—strain behavior is non-linear in nature, as expected. It can also be
observed that material B is more rigid than material A; thus the higher stresses and
lower strains.
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Density variation in both materials for 0.6% and 12% salinity at 50°C.
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Figure 9.
Stress—strain graphs for both materials at 4 days of swelling; 3 samples.

Three-sample pressure-volumetric strain graphs for both elastomer types under
high salinity after 23 days of swelling are shown in Figure 10. Though the overall
behavior is still nonlinear, as expected for rubbers and elastomers, there is a signif-
icant linear portion. Bulk modulus is determined by fitting a straight line to the
linear portion of these pressure-volumetric strain curves.

5.2.1 Mechanical and structural properties

At small strains (up to 10%), elastomers exhibit almost a linear stress—strain
relationship and behave like other elastic materials [23]. Hence, for the extraction of
Young’s modulus, curve fitting is done on the initial 10% portion of the compressive
stress—strain curve. For the determination of bulk modulus, some initial pressure-
strain data is discarded before curve fitting. Elastomer disc does not touch the walls
of the test cylinder at all points at the beginning of the test. As pressure is applied
and the disc expands, it starts to fill this gap. Actual bulk test starts at the end of this
gap-filling stage. Samples of linear curve fitting for extraction of elastic and bulk
moduli (E and K) are shown in Figure 11. A very high goodness of fit of more than
99% is quite reassuring. Based on these values of E and K, shear modulus and
Poisson’s ratio are calculated using isotropic relations for elastic materials Egs. (6)
and (11). Chain density and average molecular weight are determined through
polymer structure relations Egs. (12) and (16).
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Three-sample pressure-strain (volumetric) curves for both materials for bulk test; 12% salinity; 23 days of
swelling.

Linear Fit for Elastic Modulus Linear Fit for Bulk Modulus
Material-B (Low Salinity) a Material-A (High Salinty)

€12 0.1 -0L.08 006 .04 0.2 [ 25

==Experimental

-=Experimental —Linear Fit . )
—Linear Fit

¥ =625.68% - 8.5026
R? = 0.9976

Pressure (MPa)

Stress (MPa)

¥=12741x - 0.0257

-0.16 oos 0.025 0.025 D.D45 OS5 D.065
R'=0.9973

.18 Volumetric Strain

Figure 11.
Linear curve fitting to experimental stress—strain data for determination of Young’s modulus (left), and
pressure-volumetric strain for determination of bulk modulus (right).

5.2.2 Effect of swelling time

Compressive stress-strain behavior at different stages during the one month
swelling period for materials A and B in high salinity brine is shown in Figure 12.
Within a day of swelling, stress values drop by about 80-90% in both high and low
salinities. Stress—strain curves after that are close to each other, the difference
between curves for day-1 and day-30 not being very high. Lower stresses can be
observed in low salinity solution for both materials, as expected; this is because high
swelling is taking place in low salinity medium (as reported above), leading to
softer samples. Also, strains after longer swelling periods are much larger. With
more swelling, elastomer becomes softer, giving large strains at small loads,
resulting in the trend shown in Figures 9 and 10.

Pressure-volumetric strain curves for one month period for both materials in low
salinity are shown in Figure 13. A trend similar to the compression curves can be seen
in these pressure-strain graphs also; larger drop in bulk modulus during the first few
days of swelling, then more gradual. Reasons are the same as discussed above.

5.2.3 Variation of elastic Modulus

Variation of Young’s modulus (E) under compression for materials A and B
under both salinities is shown in Figure 14. E-value decreases sharply in the first
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Figure 12.
Compressive stress—strain curves for both materials in high salinity for one month period.
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Figure 13.
Pressure-volumetric strain behavior before swelling and after 7 and 30 days of swelling in low salinity brine.
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few days (by almost 90%) and then becomes almost constant. This overall decreas-
ing trend and slight fluctuation is due to the nature of swelling elastomers, as
explained above. Modulus values for 12% salinity are slightly higher, as these
samples are somewhat stiffer than the lower-salinity ones.
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5.2.4 Variation of bulk Modulus

Variation of bulk modulus (K) over the 30-day swelling period for materials A
and B under 0.6% and 12% salinities is shown in Figure 15. There is a notable
fluctuation in the variation of K-value especially for material B; a sharp initial
decrease, then a small increase, followed by a more gradual decrease to almost a
constant value at the end of the one-month swelling period. Apart from the reasons
for fluctuation discussed above, significant oscillation in K-value may also be ratio-
nalized from another perspective. During the compression test, sample elastomer
disc is compressed in the axial direction, but is free to expand in the radial direction.
However, in the bulk test, the disc specimen is constrained inside a cylinder so that
there is uniaxial compression and no radial expansion. In effect, this violation of
volume constancy means that the elastomer behavior changes from incompressible
(compression test) to compressible (bulk test). This may lead to notable deviation
from regular trends. As for salinity, the behavior is similar to that under compres-
sion; higher salinity gives larger values of bulk modulus.

5.2.5 Variation of Poisson’s ratio

Variations of Poisson’s ratio (v) for both materials and both salinities exhibits a
mirror behavior in comparison with elastic modulus, as shown in Figure 16.
Poisson’s ratio increases sharply in the first few days, and then becomes almost
constant for the remaining swelling period. Again, lower salinity is giving higher
values, as expected. For material B, there is some fluctuation during days 2 to 7
under 12% salinity. This variation pattern is similar to that of Young’s modulus
(Figure 14). As v is dependent on E (isotropic relation), this fluctuation is expected.
Moreover, it is interesting to note that v approaches the limiting value of 0.5 within
the first 10 days of swelling. This means that the assumption of incompressibility
used in most analytical and numerical models of rubber-like materials is also justi-
fied for swelling elastomers, given a reasonably large swelling period.

5.2.6 Variation of shear Modulus

Variation of shear modulus (G) for both materials under low and high salinities
is shown in Figure 17. Just like Young’s modulus, value of shear modulus drops by
more than 90% in the first 5 to 6 days, and then remains practically constant during
the rest of the swelling period. Except for the first few days, both salinities show the
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Figure 15.
Experimental vesults for bulk modulus for both materials.
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Experimental vesults for Poison’s ratio for both materials.
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Experimental vesults for shear modulus for both materials.
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Experimental vesults for average chain density for both materials.

same values. Some fluctuations for material B under 12% salinity can be observed
during days 2 to 7. As G is related isotropically to E, it exhibits similar behavior as

observed in Young’s modulus.
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Experimental vesults for number-average chain molecular weight for both materials.

5.2.7 Variation of chain density

Variation in cross-link chain density (IV) against amount of swelling is plotted in
Figure 18 for materials A and B in both salinities. Chain density drops drastically
during the first few days, and then becomes nearly steady. During days 2 to 7,
values are higher for material B in higher-salinity solution, otherwise response
under both salinities is almost the same. As explained above, decrease in number of
chains or cross-linking density occurs due to swelling, which makes the elastomer
softer [11, 21, 22], thereby contributing to a decrease in stiffness, elastic modulus,
and rigidity (shear modulus). This change in polymer structure due to swelling is a
direct explanation of the variation pattern observed in the mechanical properties.

5.2.8 Variation of molecular weight

Figure 19 shows the variation in number-average chain molecular weight (M)
against swelling time over the 30-day test period for materials A and B in both
salinities. There is an overall increasing behavior with higher swelling amount, but
with a somewhat fluctuating pattern, material A exhibiting higher fluctuations. The
various reasons discussed above (including two-way transport of salt, forming and
breaking of cross-link chains, etc) are equally applicable in explanation of the
observed variation in average molecular weight. On top of that, M, is related to
both density and shear modulus, so it is exhibiting the combined effect of two
fluctuations.

Slight fluctuations during the first week of swelling in the values of material and
structural properties studied are due to this two-pronged variation in swelling
amount. Compared to bulk tests, fluctuation is almost insignificant in compression
tests due to the simple uniaxial nature of the load applied. As significant variation
in material properties occurs only in the first 10 days, these values can serve as
reasonable design properties for future applications, removing the need for
material testing beyond 10 days of swelling.

6. Results and discussion: numerical

Stress—strain curves under compressive loading, and pressure-strain curves for
bulk testing are also produced through numerical simulation, using Ogden
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hyperelastic material model with second-degree strain energy function (N = 2).
Graphs for variation of mechanical properties against swelling are generated from
the numerical results. This work has been done for both materials under both
salinities for the entire one-month swelling period. However, only a few represen-

tative graphs are presented below for comparison of experimental and numerical
results.

6.1 Behavior under compressive loading

Stress—strain plots in the 10% strain region for experimental and numerical
results of compression test for material B under 12% salinity are shown in
Figure 20, before swelling, and after one day of swelling. Variation of pressure
against volumetric strain (experimental and numerical) from bulk test results of
material B under 0.6% salinity is given in Figure 21. Though variation trends are

roughly the same, there is considerable difference between experimental and
numerical curves in general.
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Figure 20.

Comparison of experimental and numerical (Ogden; N = 2) results for compression test for both materials,
before swelling (day zero) and after one-day of swelling.
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Comparison of experimental and numerical (Ogden; N = 2) results for bulk test for material B in low salinity
after 4 days of swelling.
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6.1.1 Mechanical properties

Variation of Young’s modulus, Poisson’s ratio, and shear modulus for the two
materials under 0.6% and 12% salinity over the 30-day swelling period is shown in
Figures 22-24. A reasonable match between experimental and simulation results
can be observed. There are notable differences during days 2 to 7, especially in the
case of higher salinity (12%), but the curves come close to each other upon further
swelling.

Comparison between experimental and numerical results for bulk tests is given
in Figures 25 and 26, for materials A and B respectively. Numerical results are
seriously different from experimental ones in all cases over the 30-day swelling
period. Even in the experimental results, there is serious fluctuation in bulk modu-
lus, as observed and discussed earlier in Section 4. On top of that, it is well known
that the available hyperelastic models are based on shear deformation theory, and
do not include the effect of bulk deformation. This would obviously imply a notable
difference in experimental and simulation results of bulk behavior.

6.1.2 Note

As discussed in detail in Chapter 6, Ogden model (N = 2) is the best one among
the available hyperelastic models for representation of swelling elastomers.
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Comparison of experimental and numerical results for variation of Young’s modulus.
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Comparison of experimental and numerical results for variation of Poisson’s ratio.
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Comparison of experimental and numerical results for variation of shear modulus.
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Comparison of experimental and numerical results for variation of bulk modulus for material A.
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Comparison of experimental and numerical results for variation of bulk modulus for material B.

However, as most of the graphs in this section show, even the Ogden model does
not yield results that follow experimental ones closely. In the absence of any other
model, this may be the only choice for numerical simulation, but it is not good
enough. This highlights the need for a new material model that can more closely
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capture the actual behavior of swelling elastomers. As described later in Chapter 11,
this new model should include continuum mechanics, diffusion, and thermody-
namics of mixing to account for large deformations in the case of swelling.

7. Conclusions

Experimental and numerical investigation of changes in compressive and bulk
behavior of two water-swelling elastomers has been presented. Tests were carried
out on standard compression and bulk samples (following ASTM standards) before
swelling and after different swelling periods. Elastic modulus and bulk modulus
were experimentally determined under different swelling conditions. Shear modu-
lus and Poisson’s ratio were estimated using isotropic relations. Cross-link chain
density and number average molecular weight were obtained using predictive
equations of polymer structure. Mechanical testing was also modeled and simulated
using the nonlinear finite element package ABAQUS, using Ogden hyperelastic
model with second strain energy potential. Simulation results are somewhat close to
experimental ones in most of the cases. However, there are significant differences in
various other situations. This strengthens the need for a new material model to
more effectively represent the behavior of swelling elastomers.
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Chapter 8

Numerical Investigation of
Elastomer Seal Performance

Sayyad Zahid Qamar, Maaz Akhtar and Tasneem Pervez

The important thing in science is not so much to obtain new facts as to discover new
ways of thinking about them.
Sir William Bragg

Abstract

Analytical models for swelling of rubberlike materials are difficult to formulate,
and restricted in actual application due to their need for simplifying assumptions.
Tests conducted on laboratory size samples of swelling elastomers cannot reproduce
actual oil well conditions, and cannot cover all possible variations of testing param-
eters. However, these laboratory tests do provide useful information about material
response of swellable elastomers in various conditions, serving as a basis for ana-
lytical and numerical modeling. Properly developed and robust numerical models
can be used to predict near-actual performance of elastomeric seals. The current
chapter describes the use of numerical (finite element) simulation to investigate
swelling elastomer seal behavior in downhole petroleum applications. Variations
in sealing (contact) pressure are studied for seal length, seal thickness, compres-
sion ratio, water salinity, swelling time, and type of well completion (open-hole or
cased-hole). Month-long swelling experiments on samples of two actual elastomers
(Chapters 3 and 7) provide input to the numerical model in terms of real material
and deformation data. On the basis of these results, petroleum engineers can make
informed decisions about the selection of elastomer material and seal geometry
appropriate for the well type and conditions encountered. Application developers
and researchers can also find this investigation useful in performance analysis and
design of swelling elastomer seals.

Keywords: swelling elastomer seal, numerical simulation, seal contact pressure,
different sealing parameters

1. Introduction

Effect of swelling on mechanical and structural properties of some elastomeric
materials was investigated in the last chapter. How swelling elastomers behave
when they are used as sealing elements in downhole applications is covered in this
chapter. Swelling under actual well conditions is a complex and highly non-linear
problem. It is important to know how the elastomer actually swells in a particular
well, how much time is required to achieve sealing, and what sealing pressure is
generated. As mentioned earlier, design and development of swelling elastomer
seals is mostly based on hit-and-trial method and some laboratory tests. Analytical

131 IntechOpen



Swelling Elastomers in Petroleum Drilling and Development - Applications, Performance...

models for swelling of rubberlike materials are difficult to formulate, and restricted
in actual application due to their need for simplifying assumptions [1-3]. Tests
conducted on laboratory size samples of swelling elastomers cannot reproduce
actual oil well conditions, and cannot cover all possible variations of testing param-
eters. However, these laboratory tests do provide useful information about mate-
rial response of swellable elastomers in various conditions, serving as a basis for
analytical and numerical modeling [4, 5]. Though time-consuming to run under all
possible conditions, properly developed and robust numerical models can be used
to predict near-actual performance of elastomeric seals.

Before this study, almost no published work is available that numerically investi-
gates seal performance based on actual material properties and actual compression
data at various stages of swelling. The current chapter describes the use of numeri-
cal (finite element) simulation to investigate swelling elastomer seal behavior in
downbhole petroleum applications [6]. Variations in sealing (contact) pressure are
studied for seal length, seal thickness, compression ratio, water salinity, swelling
time, and type of well completion (open-hole or cased-hole). Month-long swelling
experiments on samples of two actual elastomers (Chapters 3 and 7) provide input
to the numerical model in terms of real material and deformation data. On the
basis of these results, petroleum engineers can make informed decisions about the
selection of elastomer material and seal geometry appropriate for the well type and
conditions encountered. Application developers and researchers can also find this
investigation useful in performance analysis and design of swelling elastomer seals.

2. Mechanism of sealing

In oil wells, swelling elastomer seal is placed in the drilled hole with a certain
gap between the seal and the outer casing (or formation), to ensure easy placement.
With exposure to swelling fluid, the elastomer swells freely, the only driving force
being dynamic swelling; through osmosis for water swellables [7], and through
diffusion for oil swellables [8]. It first fills the gap between the tubular and forma-
tion; this may take a few hours to a few days depending on the elastomer type
Further swelling (after filling up of the gap) generates pressure at the interface.
Sealing is effective when contact pressure generated by swelling is greater than the
differential fluid pressure across the seal ends in the well [9]. Swelling elastomers
may be deployed in either open-hole or cased-hole completions. In open-hole
configuration, the elastomer is in direct contact with the formation, while in cased-
hole completions, the elastomer makes contact with the outer tubular or casing. It
was concluded in Chapter 6 that among the existing hyperelastic material models,
Ogden model with second degree strain energy function [10] most closely repre-
sents the behavior of swelling elastomers. Ogden-2 is therefore used in this chapter
for numerical simulation of seal performance.

3. Material behavior: experimental work

As described in previous chapters, experiments were designed and conducted
to find out material properties and coefficients needed for numerical simulation of
swelling elastomer seal behavior. Disc samples of two elastomer types (designated
as material-A and material-B) were allowed to swell for a 30-day test period in
salt-water solutions of two different concentrations (6,000 and 120,000 ppm),
maintained at a temperature of 50°C. Test temperature and salinities were selected
to emulate medium-depth wells in the region. Swelling measurements included
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variations in volume, thickness, hardness, and density. Compression and bulk
tests were performed to determine mechanical properties (elastic modulus, bulk
modulus, Poisson’s ratio, etc). Due to the quick-swelling nature of the elastomers,
readings were initially taken after each day, and with increasing time periods later
on (after 1, 2, 4, 7, 10, 16, 23, and 30 days of swelling).

To get the properties of the steel tubular on which the elastomer sections were
mounted, strips were cut along the length of the tubular. Milling and grinding
machines were then used to prepare tensile samples in line with ASTM E8M [11]. An
Instron universal testing machine (150 kN) was used to conduct the tests. For the
numerical simulation, coefficients for respective material models were extracted by
curve fitting of the test results: stress—strain data from compression tests and pressure-
strain data from bulk tests conducted on elastomer materials, and stress—strain data
from tensile tests on tubular steel material. For full details of the experimental work,
please refer to Chapter 7.

4. Numerical modeling and simulation

Modeling of the compression of an elastomer seal against an outer casing or
arock formation is treated as a static problem. Arrangement of the steel tubular,
elastomer seal segment, and casing/formation in the pre-compression stage is
shown schematically in Figure 1. An axi-symmetric model is used, and all materi-
als are considered to be deformable. FE modeling is done on the software package
ABAQUS [12]; CAX4RH element (4-node bilinear axi-symmetric quadrilateral
hybrid) with reduced integration is used to represent the elastomer seal; and the
steel tubular and rock formation are modeled using the CAX4R element (4-node
bilinear axi-symmetric quadrilateral) is used to represent. In actual packers,
elastomer seal element is vulcanized onto the tubular, therefore tubular and
elastomer are treated as perfectly bonded in the model. Interaction forces at the

Figure 1.
Schematic diagram of model with tubulay, elastomer, and formation (left); and axi-symmetric numerical
model with boundary conditions (vight).
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elastomer-formation contact surface are split into tangential and normal compo-
nents. Coulomb law is used to describe friction, with a friction coefficient of 0.4
in the tangential direction, and hard contact in the normal direction. If there is an
outer casing in place of the rock formation (cased-hole), coefficient of friction is
reduced to 0.1 because of the improved surface finish.

Tubular thickness and length are 7.5 mm and 800 mm respectively, elastic
modulus is 210 GPa, and Poisson’s ratio is 0.3. Elastomer seal is 29 mm thick and
400 mm long (same as actual swellable packer), while length variation of 100
600 mm is used to study the effect of seal length. Coefficients of Ogden hyperelastic
material model are evaluated using experimental results from Chapter 6. Based on
actual properties in a regional oil well, formation is modeled using Mohr Coulomb
plasticity having following values: friction angle of 18°, dilatation angle of 15°, and
cohesion yield strength of 7.515 GPa. For the outer steel casing, Young’s modulus of
207 GPa and Poisson’s ratio of 0.3 have been used.

Figure 1 also shows the ABAQUS model with all boundary conditions. Tubular
is restricted to move in the vertical direction, while displacement is applied to
the inner surface in the horizontal direction. When exposed to water or oil, the
elastomer swells freely (in the thickness direction) until it fills the gap and comes
in contact with the formation (or outer casing). Applied displacement amount is
the difference between maximum free swelling in the thickness direction (from
experiments) and the gap. Formation is fixed on all surfaces except the elastomer-
formation contact surface.

After the gap is filled, the elastomer touches the formation and starts generat-
ing pressure. This contact pressure will develop the seal between elastomer and
formation. Upper half of undeformed and deformed ABAQUS model is shown
in Figure 2. It can be seen that after pressurization, the elastomer slides along
the formation; this phenomenon occurs at the lower end also (not shown in the
figure). The retaining end rings in an actual packer support the elastomer and do
not allow it to slide along the gap in this way.

Figure 2.
Elastomer seal before (left) and after deformation (right).
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5. Results and discussion

As discussed earlier, there are two factors that are necessary for superior sealing:
higher value of contact pressure at the elastomer-casing interface; and good integ-
rity and reliability of the elastomer material under the given conditions. Extended
exposure to saltwater (or other medium) makes the elastomer softer (decreased
hardness). Effective service life of the elastomer seal in the face of this softening
effect is an important issue. Longevity investigation over a 5-year test period for
a variety of water-type and oil-type swell packers has already been presented in
Chapter 5.

Effect of the elastomer seal material and geometry, and the testing parameters,
on seal contact pressure is presented graphically and discussed in the following
sections. An expected, and notable, variation pattern can be observed in all the
graphs. Seal pressure is lowest at the two ends of the rubber element, and increases
nonlinearly to a maximum value near the central location.

5.1 Effect of swelling period

Figure 3 shows variation of seal contact pressure over the seal length after
different swelling periods for two elastomer materials in low salinity brine. As
observed for laboratory samples (Chapter 3), longer exposure results in larger
amount of swelling. More swelling (increased seal thickness) generates more seal
compression against outer casing or formation; increasing the contact pressure. As
mentioned above, these elastomers are fast-swell type: most of the swelling occurs
in the initial days, and the swelling rate goes down afterwards. Because of this, the
well can become operational earlier, a highly sought-after outcome in petroleum
engineering because of financial considerations. Faster swelling rate generates
higher sealing pressure in the earlier days, and slower swelling for longer periods
leads to lower increase in seal pressure later on.

More swelling leads to higher contact pressure, increasing the strength of the
seal. Figure 4 shows the variation in seal contact pressure for both materials in high
salinity brines for the entire one month period. Progressive swelling increases the
sealing contact pressure and strengthens the seal. Maximum pressure attained in
each case (at the middle of the sealing element) is used for this plot. As observed
and explained above, large increase in contact pressure occurs only in the first seven
days; then the pressure increase becomes more gradual. A little fluctuation in the
swelling pattern can be observed for material-B near the end of the first week. A
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Figure 3.
Seal pressure variation for both materials at the end of different swelling periods under low salinity.
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Effect of swelling on sealing pressure for the entire period; both materials; high salinity.

rationale for this slight irregularity, especially for swelling under higher-salinity
brine, has been presented in some earlier works by the authors [5, 13, 14]: two-way
transport of salt between elastomer and salt solution, and breaking and re-forming
of polymer cross-link chains. As far as choice of elastomer type goes, both materials
show almost the same seal pressure performance in the case of higher-salinity wells.

5.2 Effect of water salinity

Figure 5 shows sealing pressure curves for low and high water salinity after
seven days of swelling for material-A, and after thirty days of swelling for material-
B. Pressure curve for lower salinity is higher for both materials, as expected. It was
found in Chapters 3, 6, and 7 that larger amount of swelling (thickness increase)
takes place in lower-salinity water; this will generate larger compression ratio and
thus higher contact pressure. The reason is that higher chemical potential gradient
is present in the case of low-salinity solution, giving rise to more fluid influx into
the elastomer at a higher rate, as explained earlier.

5.3 Pressure variation pattern

Variation trend of sealing pressure against swelling rate is shown in Figure 6, for
the two salt concentrations. The technique is to tag the center point of the elastomer,
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Figure 5.

Effect of salinity on seal contact pressure; material-A, 7 days of swelling; material-B, 30 days of swelling.
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Figure 6.
Pressure variation pattern for material-A; low and high salinities.

where maximum pressure occurs, and then record the change in pressure as the
amount of swelling increases. As mentioned earlier, the elastomer keeps on swell-
ing until it just touches the formation; further swelling causes it to exert increasing
pressure because of the compression. This increase in pressure is faster at first, and
then drops down to a more gradual change. Elastomer swelling is higher in low salin-
ity brine, and therefore has the higher pressure curve. For both salinities, pressure
variation pattern is similar, but there are obvious differences in the magnitude of
contact pressure generated.

5.4 Effect of seal length

In order to investigate the effect of length of sealing element on contact pres-
sure, simulations are run for lengths of 100 mm, 200 mm, 300 mm, 400 mm,
500 mm and 600 mm with same set of boundary conditions. Maximum pressure
obtained from each simulation is plotted in Figure 7; after three days of swelling for
material-A, and after seven days of swelling for material-B in high salinity solu-
tion. Increase in seal length gives higher contact pressure. As expected, for a fixed
amount of seal compression, larger contact area between elastomer seal and outer
casing yields higher sealing pressure. As for the slight fluctuation of contact pres-
sure for material-B (under high salinity), it may be due to the factors related to the
nature of swelling described above.

5.5 Effect of seal thickness

How thick the elastomer seal element should be is an important decision in
downhole petroleum applications. Based on actual field data, different thick-
nesses (10 mm to 29 mm) are used to investigate the effect of seal thickness on
contact pressure. As an example, Figure 8 shows simulation results for different
seal thickness for both materials under low salinity after seven days of swelling.
One observation appears to be counter-intuitive: pressure is higher for smaller
seal thickness. The reason is the way the simulation is conducted: magnitude of
seal compression is kept constant, while simulation is run for different values
of seal thickness. Compression ratio (seal compression  divided by seal thick-
nesst) is therefore larger for thinner seals; thus the observed behavior. This
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Figure 7.
Effect of seal length on seal contact pressure; high salinity; material-A, 3 days of swelling; material-B, 7 days of
swelling.
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Figure 8.

Effect of seal thickness on sealing pressure; both materials; low salinity; 7 days of swelling.

misperception can be avoided by using the expression compression ratio instead of
seal compression; as done in the following sub-section.

5.6 Effect of compression ratio

Figure 9 shows the variation of maximum sealing pressure versus compression
ratio in for both materials in low salinity solution after seven days of swelling. As
expected, sealing pressure is higher when larger compression ratio is larger. In
actual downhole operations, higher value of seal pressure is naturally preferred, as
it represents better seal performance. In applications where swellable elastomers
and solid expandable tubulars (SET) are used conjointly, compression ratio is a
result of elastomer swelling, or tubular expansion (larger expansion ratio), or a
combination of the two [15, 16].

5.7 Effect of well completion type
As explained in Chapter 2, swelling elastomers are used in many applications
for remediation as well as new installations using both open-hole and cased-hole

completion strategies [17-19]. In selecting a suitable swell packer, it is important to
consider the effect of well completion type on contact pressure. Figure 10 shows
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Effect of compression ratio on seal contact pressure; both materials; low salinity; 7 days of swelling.
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Effect of well completion type on seal contact pressure; material-A, high salinity, 16 days of swelling;
material-B, low salinity, 9 days of swelling.

this in a graphical format for material-A after 16 days of swelling in saltwater of
higher concentration, and for material-B in low concentration solution after 9 days
of swelling. These simulation results are in good agreement with actual behavior

in oil wells. In open-hole configuration, when elastomer is in direct contact with
rock formation, there is higher contact friction due to larger surface roughness of
the formation; sealing pressure is therefore higher. For cased-hole completions, the
elastomer seal makes contact with the outer casing, which is smooth and has much
better surface finish compared to the formation. The lower friction coefficient
yields lower sealing contact pressure.

5.8 Selection of appropriate seal

Three factors are critical in proper selection of swell packer or elastomer type
in actual oil or gas wells: rate of swelling, as it influences how early full sealing is
achieved and the well goes into production; magnitude of seal contact pressure, as
it is needed to withstand the differential pressure in the well; and durability (long-
term integrity) of the elastomer seal. On the basis of the various simulation results
described above, some significant observations can be made about the proper
choice of elastomer seals for actual oil well conditions: (a) If the well is a higher-
salinity type, magnitude of swelling would be small, and ensuing seal pressure
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would be low. This seal will not be effective against large differential pressures.
Furthermore, rate of swelling will be low, requiring longer well completion time,
leading to time and cost overruns. (b) It appears that larger seal length yields higher
sealing pressure. However, very large seal length is not practical: longer packers will
be more costly, and their deployment in the wells would be more difficult. A much
better design would be to have a series of well-spaced elastomer sections on the steel
tubular rather than a single-element seal of very large length. (c) Seals of larger
thickness will naturally generate larger pressures as they will fill the small annular
gap quickly. Nevertheless, deploying a large-thickness packer to the target location
in the well can cause obstruction related problems. A minimum amount of annular
clearance has to be kept to insert measurement and remediation tools when needed.
If quick water shutoff is required, fast swelling elastomer under the given tempera-
ture and salinity conditions should be used with an optimally large seal thickness.
Optimum packer design needs a judicious balance of elastomer type (fast-swelling)
and a seal thickness that is not too large. (d) In the case of an open-hole completion,
roughness of the rock formation helps generate higher contact pressure; elastomers
that are not fast-swelling may be used to good effect.

6. Conclusions

Finite element simulations have been carried out to investigate sealing perfor-
mance of downhole applications, for two different swelling elastomer materials
that are kept in low and high salinity brine solutions. Required experimental data
about swelling and compression tests is reported in Chapters 3 and 7. Finite element
simulations are conducted to study the performance of elastomer seals (contact
pressure) under different parameters such as well completion type (open-hole or
cased-hole), seal configuration (length, thickness), downhole conditions (saltwater
concentration, temperature, differential pressure), swelling time, and compression
ratio. Contact pressure increases with the amount of swelling (or swelling time),
at a faster rate in the first few days, and more gradually later on. Pressure curves
are higher for low-concentration brine. Seals of larger length yield higher contact
pressure. Larger values of compression ratio (not necessarily thicker seals) generate
higher sealing pressure. Higher pressures are observed in the case of the elastomer
seal swelling against rock formation (open hole) rather than an outer steel casing
(closed hole).

This investigation can benefit petroleum engineers in proper selection of
elastomer type and seal geometry for existing conditions in an oilfield. Reported
results can also help in performance assessment and design improvement of swell-
ing elastomer seals and packers.
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Chapter 9

Swelling Elastomers and
Tubular Expansion—Numerical
Investigation

Sayyad Zahid Qamar, Maaz Akhtar and Tasneem Pervez

Although this may seem a paradox, all exact science is dominated by the idea
of approximation. When a man tells you that he knows the exact truth about
anything, you are safe in inferring that he is an inexact man.

Bertrand Russell

Abstract

Swell packers were initially used for repair of old and damaged wells, but they
are now increasingly used for higher productivity and profitability through devel-
opments like slim well design and reduced-cement or cementless completions.
Solid expandable tubular (SET) technology has gained popularity in the petroleum
development industry as it can reduce well costs and improve well performance. A
conical mandrel is pushed or pulled through a petroleum tubular, either hydrauli-
cally or mechanically, to expand it (in-situ) to the desired diameter. In SET applica-
tions such as water shutoff and zonal isolation, swelling elastomers are an obvious
choice as a sealing material. For proper downhole deployment of swell packers in
SET applications, it is important to have a good idea about their behavior under a
given set of field conditions. Design and manufacturing of SET applications using
swelling elastomers as sealing elements also needs some sort of seal performance
analysis.

Keywords: solid tubular expansion, swell packers, seal performance, finite element
analysis

1. Introduction

Swell packers were initially used for repair of old and damaged wells, but
they are now increasingly used for higher productivity and profitability through
developments like slim well design [1] and reduced-cement or cementless comple-
tions [2]. Solid expandable tubular (SET) technology has gained popularity in
the petroleum development industry as it can reduce well costs and improve well
performance [3, 4]. A conical mandrel is pushed or pulled through a petroleum
tubular, either hydraulically or mechanically, to expand it (in-situ) to the desired
diameter [5-7]. In SET applications such as water shutoff and zonal isolation,
swelling elastomers are an obvious choice as a sealing material [8, 9]. For proper
downhole deployment of swell packers in SET applications, it is important to have a
good idea about their behavior under a given set of field conditions [10]. Design and
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manufacturing of SET applications using swelling elastomers as sealing elements
also needs some sort of seal performance analysis.

Schematic layout of tubular expansion against rock formation or outer steel
casing, together with swelling elastomer seals, is shown in Figure 1. Compression of
elastomer against the formation provides the required sealing [11]. This compres-
sion can be achieved through expansion of the inner tubular, by swelling of the
elastomer element against the formation [12], or through a combination of the two.
In the usual case, when one end of the SET is anchored and the other is free, the
expansion process is known as fixed-free. In the rare occurrence when both ends
are fixed, due to some aberrations in the expansion process (such as sticking of the
tubular to the formation at some point), the condition is termed as fixed-fixed.

This chapter reports results of numerical (finite element) simulation used to
investigate the effect of various field conditions on the sealing or contact pressure
generated between the elastomer element and the rock formation [13]. This is the
first study of its kind, investigating seal behavior based on material properties of
expandable tubular and different swelling elastomers used in actual oil wells. These
parameters include elastomer seal material, seal thickness, SET expansion ratio,
elastomer compression ratio, formation type (rigid, elastic, elastic-plastic), and
SET boundary conditions (fixed-free or fixed-fixed). Results of this work could be
used by field engineers, application developers, and researchers for performance
analysis and design improvement of solid expandable tubulars and swelling
elastomer applications, and for proper selection of packers for a given set of field
conditions.

1.1 Elastomer seal material
Various swelling elastomers have been developed to suit different types of
well conditions (water salinity, temperature, differential pressure, etc). Choice

of elastomeric material will definitely have an impact on seal performance. Based
on experimental studies conducted by the authors on material characterization of

Faormation or Casing

Elastomer Seals -1

Expandable tubular =

tMandrel used to expand the tubular

Fluid driving the mandrel

Before Expansion After Expansion

Figure 1.
Schematic illustration of tubular expansion with swelling elastomer seals.
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swelling elastomers used in the regional oil fields [14, 15], five elastomer materi-
als are used in this study. These seal materials are referred to as elastomer-1 (E1),
elastomer-2 (E2), etc. Average values from three samples of each elastomer are
used as input for the numerical model. A typical three-sample stress-strain curve
for one of the elastomers is shown in Figure 2. Averaging out the three curves for
each elastomer, Figure 3 shows the representative stress-strain behavior for the five
elastomer materials used in the study.

1.2 Expansion ratio (ER) and compression ratio (CR)

By using mandrels of different size, different expansion ratios can be achieved
for a tubular of the same initial diameter [16]. Expansion ratio (ER) describes the
percentage increase in tube diameter due to the expansion process

:M*mo, 1)
ID

t

ER

OD,, is the outer diameter of the mandrel (cone), and ID; is the inner diameter
of the pre-expanded tubular (SET). More important in terms of the seal contact
pressure generated is the elastomer compression ratio (CR) that describes the
amount of compression of the seal. This is the combined effect of expansion of the
steel tubular, and swelling of the elastomer seal when exposed to a swelling
medium.

_ER*R -G

CR 100. )

This can also be expressed in terms of the amount of expansion of the tubular as

(OR, -IR,)-G
CR BE— 100. (3)
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Figure 2.
Three-sample stress-strain graph for elastomer-3.
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Figure 3.
Average stress-strain curves for the five elastomeric seal materials (right).

OR_, is the outer radius of the mandrel, IR, is the inner radius of the SET before
expansion, G is the initial radial gap between the elastomer seal and formation, and
t is the seal thickness.

2. Numerical modeling

Compression of the SET elastomer seal against rock formation is modeled
and simulated using the commercial finite element package ABAQUS; Figure 4.
Based on the geometric layout of the problem, an axisymmetric model is used.

The mandrel is moved through the tubular, expanding it and thus compressing the
elastomer seal against the formation. Arruda-Boyce hyperelastic model is chosen
to represent the material behavior of the elastomer. Elastomer is assumed to be
perfectly bonded to the tubular. Coulomb friction model is used to represent the
mandrel-tubular and seal-formation surface interactions. Formation is modeled as
rigid, elastic, or elastic plastic. Seal length is varied from 50 mm to 400 mm, as seal
lengths below 50 mm are not economically viable for either the manufacturers or
the operators. Based on actual swell packer data, elastomer seal thickness of 5, 7, or
9 mm is modeled.

The expansion cone (mandrel) is made of hardened, heat-treated tool steel. It
is therefore modeled as a rigid body. The tubular is modeled using 4-node bilinear
axisymmetric quadrilateral elements with reduced integration. Dimensions of an
actual 7%-inch solid expandable tubular are used; inner diameter of 174.625 mm
and thickness of 9.525 mm. Material properties are obtained from tensile test data
for actual unexpanded SET samples. Compared to normal steels, this expandable
steel has an unusual elastic modulus of around 78 GPa. Poisson’s ratio is taken
tobe 0.3.

Element type used for the elastomer seal is 4-node bilinear axisymmetric
quadrilateral with hybrid formulation. Material coefficients for the Arruda-Boyce
hyperelastic model for each elastomer are extracted from stress-strain data obtained
from tensile tests conducted on the unswelled elastomers; Figure 3. As described
above, the rock formation is modeled as rigid, elastic, and elastic-plastic. Formation
properties are obtained from an actual oil field in the region. Variable mesh refine-
ment is used in areas of large deformation for the tubular and elastomer seal;
Figure 4.
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Figure 4.
Finite element model of SET expansion with swelling elastomer seal (left); meshing of the model, with enlarged
view of central contact area between elastomer and formation (right).

3. Results and discussion

FE simulations have been run to study variations in seal contact pressure for
different elastomer materials, expansion ratios, compression ratios, seal thickness,
formation type, and tubular end conditions.

3.1 Elastomer material

Figure 5 shows the effect of using different swelling elastomers on sealing pres-
sure along the seal length. Except near the ends of the sealing element, there is no sig-
nificant pressure variation along the length of the seal. The ends have more freedom
to deform, while the rest of the elastomer (along the entire seal length) is perfectly
bonded to the steel tubular, so this observation is as expected. Elastomer E5 generates
the highest contact pressure, while E3 yields the lowest. This result is in line with the
fact that elastomer-5 has the highest modulus of elasticity, and the stiffer material
produces larger forces. It is important to note that these results are based on elastomer
properties in the un-swelled condition. When the elastomers swell, sealing pressure
will be higher due to the combined effect of tubular expansion and elastomer swell-
ing. Selection of the elastomer type for a particular SET application will depend on
the actual field conditions such as temperature, water salinity, formation type, etc.
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Figure 5.
Contact/sealing pressure along the seal length for different elastomer materials.
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3.2 Expansion ratio

Effect of tubular expansion ratio on contact pressure along the length of the seal
is shown in Figure 6. Obviously, larger amount of tubular expansion (higher value
of ER) pushes the elastomer more against the formation, generating higher sealing
pressure. Behavior along the seal length is interesting; contact pressure at the two
ends is much higher, then drops down sharply and remains almost constant along
the middle portion of the seal. The mandrel is conical in shape. Pressure starts to
build up as the mandrel comes in contact with the tubular, and builds up sharply as
the rest of the conical surface pushes against the tubular. After this initial build-up,
the pressure drops down to almost a steady-state value. Mostly dependent on the
variation in frictional forces (sticking to sliding), this initial rise and drop in pres-
sure (known as upsetting) is typical of the process of extrusion, which is very similar
to tubular expansion. Near the end of the seal, when the conical mandrel starts to
lose contact with the tubular, a mirror behavior can be clearly observed.

3.3 Seal thickness

Effect of seal thickness on sealing contact pressure can be seen in Figure 7.
Pressure curve for the thickest seal (9 mm) is the highest. Obviously, as the thick-
ness increases, the compression ratio increases, generating higher contact pressure.
In reality, this does not translate into the simplistic rule of larger seal thickness for
higher seal pressure. Larger thickness of sealing elements will result in larger con-
sumption of swelling elastomer, adding to both cost and weight. More thickness
can also cause clearance issues for in-situ measurement devices. Moreover, too
much sealing pressure can cause undesirable distortions. Optimum seal thickness
will depend on the specific field conditions, elastomer material being used, and the
amount of tubular expansion.

3.4 Formation type

Variation in sealing pressure along the seal length for different types of forma-
tion is shown in Figure 8. Highest contact pressure can be observed in the case
when the formation is assumed to behave as a rigid material, and the lowest for
elastic-plastic behavior. These observations are in line with intuitive reasoning. In
the case of elastic and elastic-plastic formations, some amount of energy will be
spent in elastic or plastic deformation of the formation. However, all energy will be
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Figure 6.
Contact pressure along the seal length for different tubular expansion ratios.
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Contact pressure along the seal length for different formation types.

used up for elastomer compression when we have a rigid formation, thus generating
maximum contact pressure.

4, Conclusions

Behavior of swelling elastomer seals, when used in conjunction with solid
expandable tubulars, has been simulated using the finite element package ABAQUS.
Seal performance (in terms of contact pressure generated) was studied for varia-
tions in parameters such as elastomer material, tubular expansion ratio, seal thick-
ness, tubular end conditions, and formation type. It was found that seal material
can be a major factor contributing to sealing pressure. In addition, high contact
pressures are observed for higher expansion ratios, larger seal thickness, and rigid
formation type. This type of work on evaluation of seal performance, using mate-
rial response of solid expandable tubulars and swelling elastomers actually being
used in petroleum development operations, cannot be found in earlier published
literature. Results from this study are useful both for proper selection and for design
improvement of swell packers in SET applications.
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Chapter 10

Analytical Model for Seal Contact
Pressure

Sayyad Zahid Qamar, Maaz Akhtar and Tasneem Pervez

As far as the laws of mathematics vefer to veality, they are not certain;
and as far as they are certain, they do not refer to reality.
Albert Einstein

Abstract

Swellable elastomers are used for zonal isolation and as an alternate to
cementing is a new approach, resulting in significant reduction in time, cost, and
weight. Very large strains, flexibility, resilience, and durability are their special
features. Performance analysis is important design improvement and appropriate
selection of swell packers. Experimental evaluation of swelling-elastomer seal per-
formance can be very costly, and is not even possible in many cases. Numerical
simulations (Chapters 8 and 9) can be more convenient, but computational effort
and cost can be high. Development of closed-form (analytical) solutions is
presented in this chapter to estimate the variation of contact pressure along the
length of the elastomer seal. Major relevant parameters are properties of the mate-
rial elastomer, seal configuration and size, magnitude of seal compression, and
differential pressure across the seal. Numerical (finite element) modeling and sim-
ulation is also performed. There was good conformity between analytical and sim-
ulation results, validating the soundness of the analytical solution, and providing
assurance that it can reliably predict the sealing response of the elastomer. A com-
prehensive parametric study is then conducted to assess seal performance while
varying different key factors. Properties of the elastomer material (as it swells with
exposure time) are required to run the analytical and the FE models. A large set of
experiments were therefore designed and conducted to evaluate mechanical prop-
erties (E, G, K, and v) of the elastomer with gradual swelling (Chapters 3 and 7).

Keywords: Swelling elastomers, seal contact pressure, contact friction,
analytical model

1. Introduction

In petroleum drilling and development, cementing is an established method
used to hydraulically seal the steel casing from the rock formation (open hole), or
the inside casing from the outside casing (closed hole). It serves the function of
isolating certain zones and of preventing flow in the annular region [1]. Design and
implementation of a cement job is a complex process, and many factors must be
considered for its successful completion. Using swellable elastomers as a full or
partial alternate to cementing is a new approach, resulting in significant reduction
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in time, cost, and weight [2]. Elastomers can withstand very large strains without
any permanent deformation [3]. Flexibility, extensibility, resilience, and durability
are the special additional features that elastomers offer [4, 5]. Without some sort of
performance analysis, one cannot proceed with appropriate selection of a swell
packer for a given set of field conditions, improvement of sealing design, assess-
ment of seal integrity, etc. [6-8].

Main motivation for this work is the need for performance evaluation of swell-
ing (and inert) elastomer seals used in petroleum applications. Experimental evalu-
ation of swelling-elastomer seal performance can be very costly, and is not even
possible in many cases [9]. Numerical simulations (Chapters 8 and 9), if validated,
can be more convenient, but computational effort and cost can be high as simula-
tions have to be run for each set of conditions [10, 11]. A well-founded analytical
approach not only gives an elegant closed-form solution, but can give reasonably
accurate and much faster prediction of elastomer performance under various actual
oil and gas field conditions [12].

Development of closed-form (analytical) solutions is presented in this chapter to
estimate the variation of contact pressure along the length of the elastomer seal.
Major relevant parameters are properties of the material elastomer, seal configura-
tion and size, magnitude of seal compression, and differential pressure across the
seal [13]. Numerical (finite element) modeling and simulation is also performed.
There was good conformity between analytical and simulation results, validating
the soundness of the analytical solution, and providing assurance that it can reliably
predict the sealing response of the elastomer. A comprehensive parametric study is
then conducted to assess seal performance while varying different key factors.
Properties of the elastomer material (as it swells with exposure time) are required to
run the analytical and the FE models. A large set of experiments were therefore
designed and conducted to evaluate mechanical properties (E, G, K, and v) of the
elastomer with gradual swelling (Chapters 3 and 7).

2. Rubber block under compressive loading

Various researchers have studied how an elastic rubber block behaves when
subjected to transverse loading. Typically, a rubber block is in contact with two rigid
plates, one above it, and one below it; Figure 1. Contact between the plates and the
rubber block is full bonding or friction type [14, 15]. There will be a symmetric bulge
in the central region of the rubber block if there is perfect bonding on both sides, or if
the friction coefficient (sliding) on both contacting surfaces is the same. Bulging will
be asymmetric otherwise. If friction is higher, amount of sliding will of course be
lower. In the ideal case of frictionless contact (zero coefficient of friction), sliding will
be maximum. In the extreme opposite case of bonded contact (infinite coefficient of
friction), there will be no sliding. Published studies consistently show that the
behavior is significantly different for rigid plates bonded above and below to an
elastic layer, as compared with unbonded elastic layer [16, 17].

Majority of previous reports are based on the assumption that the strains are
very small, so that problem can be modeled as a linear one. Some studies allow a
little variation in friction at the contact surface, the treatment being somewhat
closer to the actual case of elastomer seals in swellable packers. However, all these
models have the symmetrical condition of full bonding or frictional contact on both
sides. The few studies that address the more realistic case of bonding on one side
and frictional contact on the other, treat the rubber material as incompressible,
adopt an energy approach, and use a linear elastic model based on only the elastic
modulus (E) of the seal material.
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Figure 1.
Schematic diagram of deformation of elastic rubber block under transverse compressive loading; (a) before
loading; (b) after loading.

2.1 Current work

None of the published studies faithfully represent the real case of inert or
swelling elastomer packers used in petroleum engineering. The representative
salient features that differentiate the current approach (this chapter) from all of the
earlier studies are listed below.

a. Elastomer material is considered as compressible, a major shift in comparison
with all earlier studies based on incompressibility (single value of Poisson’s
ratio: 0.5).

b. Rather than the simple geometry of flat plates, elastomer seal has a cylindrical
contact on both sides, as in the real downhole situation of elastomer mounted
on a steel tubular and sealing against an outer steel casing or rock formation.

c. On one side, the elastomer is fully bonded (inner steel pipe), while on the
other side it has frictional contact (with outer steel casing or formation).

d. A volume-change approach is used in contrast to the typical energy-method.

e. A more robust and realistic model is used, incorporating both elastic and bulk
behavior of the elastomer material (E and K).

All of the above more realistic conditions form the basis of a closed form ana-
lytical model to describe the behavior of elastomer seals in the form of contact
pressure variation along the seal length, when the seal is subjected to differential
fluid pressure. Numerical modeling and simulation of the same problem is also
carried out. Conducting experiments on actual swell packers under a variety of oil
well conditions is time and cost wise prohibitive, if not practically impossible.
Good agreement between the two approaches therefore serves as a good form of
validation of the analytical model. A parametric study is then conducted to assess
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how seal performance is affected by changes in seal design parameters and well
conditions (seal geometry, seal compression, differential pressure, and elastomer
material) on.

3. Analytical model

When a swell packer comes in contact with a swelling medium (generally water
or oil), the elastomer swells primarily in the radial direction. The annular gap is
sealed when the elastomer touches the outer casing (or formation). As the rubber
swells further, more and more compressive force is generated against the outer
casing, causing sealing pressure to increase; Figure 2. Normal contact stress is a
function of friction at the contact surface. To derive a closed form solution for
sealing pressure, a step-wise approach is used. For the initial case of fully bonded
contact, the friction coefficient (4) approaches infinity, resulting in no sliding. In a
real well, this can happen when roughness of the rock formation is high enough to
prevent sliding. The second scenario is the extreme opposite case of free-sliding
contact (zero friction). These two extreme conditions form the basis for the seal
pressure model for the more complex but realistic case of frictional contact.

Casing/
formation

Figure 2.

Geometrical parameters of elastomer seal.
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Some of the more fundamental assumptions, closely representing the case of
swelling elastomer seals in petroleum drilling operations, are listed below.

a. Elastomer material is homogenous, isotropic, and linear elastic.

b. After deformation, the rubber seal takes on a parabolic shape. In the
analytical models developed by Gent and Lindley [16], and Yeoh et al. [17], it
is shown that the deformed shape (under compression) does become
parabolic.

c. Compression along the circumference of the elastomer seal is uniform. This is
necessary to get a valid approximate solution.

d. There is perfect bonding between the steel tubular and the elastomer
segment.

e. Friction at the contact surface between the elastomer and the outer casing (or
rock formation) follows Coulomb’s law.

3.1 Case-1: bonded contact

Forces on an elastomer element, and the change in geometry of this element are
shown in Figure 3, where / is half seal length, Z is location of differential element
along seal axis, dZ is length of differential element, p, is fluid pressure above the seal
(top region), and pj, is fluid pressure below the seal (bottom region). General
equation of deformed shape of the seal in the case of the bonded (non-sliding)
contact is

4 (2)

ZZ

w(R,Z) = — (R = Ri)’ ~E(R ~ Ry)|, (1)

where R is seal radius, Z is location of differential element along seal axis, ¢ is seal
thickness, R is inner radius of the seal, 7 is compressed seal thickness, and ¢(Z)
represents the maximum deflection of the compressed seal in the Z-direction. From
basic mechanics, the general stress—strain relationships in cylindrical coordinate
system are [18].

I
| T~ 3 .
| \'J e
i L

Z+dZ i .
! 2
| Ry8

72z (R, Z) rs(R,~6.7) LR —

i R
| L]
‘ R, M Rps§

Figure 3.
Forces on an elastomer element (left), and geometry of the volume change element (vight).
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B 3v
oz = (1+U)EZ+(1+U)]), (e)
trz = Gygpz = — 4G§2(Z) 2(R—Ry) —1] (f)

Here, €g, €2, Yrz, Or> 0z, and 7z are the radial, longitudinal and shear compo-
nents of strain and stress and respectively, while p is the hydrostatic pressure on the
seal ends, and & is the amount of seal compression. Also, E, K, v, and G are the
elastic modulus, bulk modulus, Poisson’s ratio, and shear modulus of the elasto-
meric material respectively. This set of equations (a to f) will be referred to as
Eq. (2). The main objective of the new model is to find the stress in the radial
direction (og), which is the sealing pressure created by rubber swelling against
outer tubular or formation.

We now apply static force equilibrium (}_Fz = 0) on the small axi-symmetric
elastomer element described in Figure 3.
Ry—5
7| (Ry —8)* — Rﬂ J (6z +doz — 067)dR
R
+27R1dZ7Rz(R1,Z) — 27(Ry — 8)dZtrz(Ry — 8,Z) = 0

(3

Here, R; is the outer radius of the seal after swelling.
Considering seal length to be much larger than its thickness (H> > t), a very
realistic assumption, and simplifying, we get

dp  (4Eq(Z)\ _
dZJr( 30t =0

(4)

Determination of ¢(Z) is first required to evaluate the pressure p(Z). Using the
standard bulk modulus relationship AV/V; = —p/K as the starting point, we consider
the initial volume (V;) and the change in volume (AV) of the differential element,
and allow AZ — 0. As we know that R, = R; + (1/2)t, we can obtain.

iZ ~mi  arik '@ )

Eq. (4) now becomes

—711 ])(Z) = —1, (6)

t(Ry+R1)E
where 1,2 = (24;1)) and o = 208
o' RK
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Solving the above differential equation, we get
p(Z) = Asinh (141Z) + Bcosh (1Z) + a1/41%. 7)

A and B are arbitrary constants determined from boundary conditions. Applica-
tion of the boundary conditions [p(Z = k) = p,and p(Z = -h) = p;,] and simplification
results in the following relations for pressure distribution and normal contact stress
in the non-sliding (NS) case:

_ b —p .
p2) = (2s1nh(/1ih)) sinh (11.2)+

2611

Potpy,— 53 (8)
A a1
Jcosh (k) cosh (147) + 2
E ¢ 3
orns(Z) = A+0)r A+o) "
P =Py :
(2 sinh (/111’1)) sinh (h2) 9)
20!1
p,tp,— 7 o
Jcosh (uh) cosh (1417) + 2

3.2 Case-2: free sliding

A mirror opposite of the first one, the second case represents free sliding or
frictionless contact at the elastomer-formation boundary. This translates into zero
shear strain (and shear stress) at the contact surface. We again start with force
equilibrium, follow a similar series of steps, and use the substitution
R, =Ry + (5/8)f in Eq. (5) to get.

P
d—sz —(2) = —a (10)

In the above equation,

Rit(R R\)E
12 = 1£(Ry + R1) ), and
ZZ)(RZ —5+R1)RJ K

RiR,6E
) = -
v(Ry — 6+ Ry)Rd

Further simplification yields the contact pressure and normal stress distribution
for the free sliding (S) case:

p(2) = <M) sinh (1,Z)+

2 sinh (42h)
20
pitp,— 722 @ (11)
Jeosh (oh) cosh (1,Z) + P

161



Swelling Elastomers in Petroleum Drilling and Development - Applications, Performance...

E §+ 3v .
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(M> sinh (1,2)

GR_S(Z) =
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P41y — 2
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A A
3 cosh (k) cosh (1,Z) + W

3.3 Case-3: frictional contact

The last and final case is the more realistic one of frictional contact at the
elastomer-formation boundary; somewhere in between the two extreme cases of
bonded contact and free-sliding. Frictional contact is defined at a cylindrical surface
rather than a flat surface. If the rubber is vulcanized to the inner casing (fully
bonded on one side), and contact on the other side (formation or outer casing) is
frictional in nature, there will be a non-symmetrical bulging in the middle. Its
magnitude is dictated by friction at outer contact surface; as friction coefficient (u)
increases, the amount of sliding decreases. To derive the normal contact stress
distribution, we consider a weighted sum of the two extreme cases described above.

or F(Z) = (1-u)lor s(Z) + (u)[or ns(Z)] (13)

Expanded form of this equation is shown below.

by — 2
PPy : ! b /122 (l_2
(z sinh (zﬂ)) sinh (22) + | 5o Gan) | 0P R+ 5
_ Pt py— 23 |
_ P — Py : ¢ b j'22 ()(_2
ors(Z) = (2 sinh (xzh)) sinh (822) + | 5 cosh () | OB 2) + 2
_ 3vp
(1+v) b +p, — 20
PPy : ! b j'12 ﬂ
(z sinh (ﬂlh)> sinh (12) + | 5o | SOt ) + 3
(14)

Figure 4 shows the variation of contact pressure along the seal length for the
three cases, described by this last Eq. (14). Making intuitive sense, pressure curve
for this frictional contact lies between the previous two extreme cases of full bond-
ing and free sliding. Also, higher friction generates higher sealing pressure. As can
be seen in Figure 4, location of maximum pressure is at the seal center. This value
can be determined by putting Z = 0 in Eq. (14), yielding the following equation.

- + @ -
Py TPy — 222 a
, 2 cosh (1h) 2
_ _ P tp,— ﬁ a 3vu
orr(Z=0)= (Zcosh (A2h) + LA (1+v) 204 (15)

Py tPy— ﬁ o

- 4 Iy %

2 cosh (417) R
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Figure 4.

Normal contact stress distribution along the elastomer seal for the three cases (sliding, no-sliding, frictional);
E = 0.20 MPa, p, = 1 MPa, py, = 1 MPa, t = 20 mm, H = 400 mm, R, = 100.33 mm, & = 1 mm.

4, Numerical model

Numerical modeling and simulation of swelling-elastomer seal has been done

here using the commercial finite element analysis (FEA) package ABAQUS. An
axisymmetric model was deemed sufficient as both loads and geometry are

OD of tubular Formation/ casing

Elastomer szal

Boundary conditions

Figure 5.

Finite element model showing the elastomer seal and boundary conditions.
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symmetric. The rubber element is treated as a deformable material, and in compar-
ison the outer casing or formation is treated as a rigid body. Using an actual regional
oilfield as a base, numerical model was developed for a seal length (H) of 400 mm;
a steel tubular having an outer radius of (R;) of 100.33 mm, same as the seal inner
radius; and an elastomer seal having a thickness (¢) of 20 mm. By using a Poisson’s
ratio (v) value of 0.4999, the seal material was rendered almost incompressible for
bulk deformation. The neo-Hookean hyperelastic material model was used to rep-
resent the elastomer material. Actual data sets from compression experiments
conducted on laboratory size elastomer samples at various swelling intervals were
used to extract the model coefficients. Figure 5 is a depiction of the FE model with
axisymmetric boundary conditions, while Figure 6 shows the simulation results for
variation of sealing pressure along the length of the seal.

Analytical and FEA results for seal pressure variation over the seal length are
compared against each other in Figure 7 for two values of y. Simulated and theo-
retical results were plotted for many other conditions also, but are not shown here
due to space limitation. All the comparative graphs exhibit a close agreement

%, Pressure
(Avg: 75%0)
+1.113e+07
B [ 1023e+07
+9.34F7e+0606
+82.457e+06
+F7.567e+06
+5.677F7e+006
+5.788e+06
+4.898e+ 0606
+4.008e+06
+3.118e+06
+2.228e+006
E +1.338e+06
+4.485e+05

Figure 6.
Finite element simulation of variation of sealing pressure along the elastomer seal.
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Figure 7.
Comparison of analytical and numerical vesults for sealing pressure distribution for u = 0.2 (left) and p = 0.4
(right); E = 0.20 MPa, p, = 1 MPa, py, = 1 MPa, t; = 20 mm, H = 400 mm, R, = 100.33 mm, & = 1 mm.

between FE and analytical results. However, it is noteworthy that the analytical
model gives a slightly higher sealing pressure than the FE model in all cases. A
probable explanation is that the numerical model also includes material nonlinearity
(neo-Hookean hyperelastic material model), while the analytical model considers
the rubber to be a linear elastic material.

5. Results and discussion

The last Eq. (15) describes the contact pressure generated by the elastomer seal
as a function of seal compression, seal length, seal thickness, and elastomer material
properties. Given below is a parametric study of how the maximum sealing pressure
behaves as different seal parameters are varied.

Maximum contact pressure (p,,,.) is plotted as a function of seal length (H) for
different values of seal compression (6) in Figure 8. Sealing pressure distribution
along the seal is not constant but varies nonlinearly depending on seal parameters
and loading conditions, with maximum sealing pressure occurring at the center of
the seal length. In all cases, there is an initial sharp increase in sealing pressure for
increasing seal length, which gradually becomes almost constant once the seal
length crosses a value of 40 cm. This observation has a major practical and eco-
nomic bearing for field engineers. A seal length of more than 40 cm is impractical;
it will not generate higher seal pressure. Limiting length of individual rubber
elements to 40 cm can vesult in major cost and weight savings. To be practically
more effective, several 40-cm seal elements can be mounted in series for more
effective zonal isolation.

It can be observed from Figure 8 that larger amount of seal compression pro-
duces higher pressure curves. Again, this is as expected; more compression gener-
ates higher sealing pressure. Elastomer can be compressed by a larger amount by
using a material that swells more under the given conditions, or by using swell
packers together with solid expandable tubular (SET) technology. In an SET appli-
cation, a petroleum tubular (with elastomer seal mounted on it) is expanded
downhole by forcing a conical mandrel through it, thus blocking the perforations
and shutting off an unwanted zone.

Variation of maximum seal pressure as a function of seal length can be seen in
Figure 9 for different values of seal thickness. The apparently counter-intuitive
observation, that sealing pressure decreases with increasing seal thickness, needs a
little explanation. As explained earlier in Chapter-7, this happens because seal
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pressurization is modeled here (numerically) in the form of a fixed amount of
displacement, while seal thickness is changed. At the beginning, the elastomer seal
is just touching the casing wall. As the displacement (5) is now applied, the elasto-
mer undergoes compression. If the seal is thin, the compression ratio (6 divided by
seal thickness ¢) is much larger, thus the behavior seen in Figure 9. It is therefore
better to use the term “compression ratio” rather than “seal compression.” Sealing

pressure increases (almost proportionately) as compression ratio is increased, as

expected; Figure 10.
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Figure 8.
Maximum seal pressure as a function of seal length for different values of seal compression; E = 0.33 MPa,

Pt = 1 MPa, p, = 0 MPa, t = 20 mm.
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Figure 9.
Maximum seal pressure as a function of seal length for different values of seal thickness; E = 0.33 MPa,
pt = 2 MPa, p, = 0 MPa, H = 400 mm, R, = 100.33 mm, p = 0.2.
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Figure 10.
Maximum sealing pressure is directly proportional to seal compression for constant seal thickness;
E = 0.33 MPa, p, = 1 MPa, py, = 0 MPa, t = 20 mm, H = 400 mm, R, = 100.33 mm, and p = 0.2.

6. Conclusions

An analytical (mathematical) model has been developed to quantify the pressure
distribution along an elastomer seal as a function of seal geometry (thickness,
length, etc.), material properties of rubber and steel pipe (E, G, K, and v), friction at
the contact surface, and differential pressure across the seal in an oil well. This
approach of using actual swelling elastomer seals and packers as a base makes this
model significantly different from previous studies. On the inner side, the elastomer
is bonded (vulcanized) to a petroleum tubular, and on the outer side it has a
frictional contact with an outer casing or rock formation. Instead of considering
only the elastic modulus of the material, the model uses both E and K values of the
elastomer material. Rather than assuming the elastomer to be incompressible, the
value of Poisson’s ratio is taken to be different from 0.5. As opposed to the
conventional energy-method, a volume-change approach is adopted.

The problem is also modeled and simulated numerically. Results from numerical
simulations and analytical model are quite close to each other, confirming that the
mathematical model gives good prediction of sealing behavior of the elastomer.
Variation of sealing pressure along the seal is nonlinearly in nature, and depends on
seal parameters and well conditions. It reaches a maximum value at the center of the
seal. Very longer seals are impractical; after a seal length of 40 cm, sealing pressure
does not increase much. Larger compression ratio generates higher sealing pressure.
More seal compression can be achieved by using an elastomer that swells more, or
by using swelling elastomers together with SET expansion. If the applied seal
compression is kept constant, thinner seal yields higher compression ratio; this
generates higher sealing pressure.

This analytical model is a major improvement on previous models, saves a lot of
computational time in comparison with numerical models, and gives reasonably
accurate prediction of elastomer seal performance under various actual oil and gas
field conditions. The obtained results are of major interest for academics and
researchers, petroleum engineers, and swell packer designers and manufacturers.
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Chapter 11

New Analytical Model for
Swellable Materials

Sayyad Zahid Qamar, Maaz Akhtar and Tasneem Pervez

The history of science shows that theories are perishable. With every new truth that
is revealed we get a better understanding of Nature, and our conceptions and views
are modified.

Nikola Tesla

Abstract

As discussed in Chapter 6, numerical prediction of swelling can be attempted
using existing hyperelastic material models available in commercial finite element
(FE) packages. However, none of these models can accurately represent the behav-
ior of swelling elastomers. The major shortcoming of currently available swelling
models is that they consider Gaussian statistics for mechanical contribution of
configuration entropy, which is based on chains having limited extensibility. Some
later models (not yet incorporated into commercial FE packages) can give a rea-
sonable account of certain behavior patterns in swelling elastomers, but do not
explain other aspects well. One of the new approaches is to treat swelling elastomers
as gels. As described earlier, gels are mostly liquid, yet they behave like solids due to
a three-dimensional cross-linked network within the liquid. Many authors consider
gel as poro-elastic or porous and use Darcy’s law to model the amount of fluid
influx. However, a swollen elastomer mostly consists of the solvent. When an
external load is applied, maximum resistance comes from the solvent molecules as
in diffusion. Also, most of the new models are quite complex in concept and
formulation, and there is a serious need for a scientifically simpler model.

Keywords: swelling elastomer, new material model, continuum mechanics,
non-Gaussian statistics

1. Introduction

As discussed in Chapter 6, numerical prediction of swelling can be attempted using
existing hyperelastic material models available in commercial finite element (FE)
packages. However, none of these models can accurately represent the behavior of
swelling elastomers [1]. The major shortcoming of currently available swelling models
is that they consider Gaussian statistics for mechanical contribution of configuration
entropy, which is based on chains having limited extensibility [2]. These models
assume small stretch of elastomer chains, while swelling elastomers experience much
larger stretches. That is why they show only modest agreement with experimental data.

Some later models (not yet incorporated into commercial FE packages) can give
a reasonable account of certain behavior patterns in swelling elastomers, but do not
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explain other aspects well [3]. One of the new approaches is to treat swelling
elastomers as gels. As described earlier, gels are mostly liquid, yet they behave like
solids due to a three-dimensional cross-linked network within the liquid. Many
authors consider gel as poro-elastic or porous and use Darcy’s law to model the
amount of fluid influx. However, a swollen elastomer mostly consists of the solvent.
When an external load is applied, maximum resistance comes from the solvent
molecules as in diffusion. Also, most of the new models are quite complex in
concept and formulation, and there is a serious need for a scientifically simpler
model.

2. Proposed model: salient features

Presented below is the development of a new material model for the prediction
of swelling in elastomeric materials, using a continuum mechanics approach. To
account for the changes in configuration entropy of the elastomer chains due to
swelling, almost all available models [4-7] use classical Gaussian-statistics in which
chains are considered to have limited extensibility [8]. Swelling elastomers undergo
large deformations as the chain network stretches more. More realistic non-
Gaussian statistics is therefore used for model development here, to account for
large mechanical stretches, in terms of mechanical contribution of configuration
entropy.

It was concluded in Chapter 6 that Ogden model gives the closest predictions for
swelling elastomers [1]. The hyperelastic portion of the new model is therefore
based on the phenomenological stretch-based Ogden model. This second-order
non-Gaussian strain energy function is used to define changes due to configuration
entropy [9]. Rather than treating swelling as an osmosis problem, diffusion is
considered to be the mechanism responsible for fluid influx. Flory-Huggins theory
is used for incorporating the thermodynamics of mixing of polymer and solvent
(absorption of fluid into the elastomer). Unlike other models, which consider only
some of the pertinent parameters, proposed model includes most of the relevant
material and structural properties of the elastomer, and environmental conditions
(temperature, water salinity, coefficient of diffusion, polymer-solvent interaction
parameter, etc).

The formulation is based on thermodynamically consistent diffusion-
deformation theory for elastomer gels considering the interaction and mixing of
polymer and solvent. Solid and liquid like chemical species are considered as a single
homogenized continuum [7, 10]. It is assumed that Helmholtz free energy can be
divided into network stretching and Fluid-polymer mixing [11]. Flory-Huggins
theory is used to describe the changes in entropy due to solid-fluid mixing.

Fluid imbibition in swelling elastomers follows the mechanism of diffusion
[4, 12]. Diffusion equations are formulated through suitable balance laws for fluid
content. Coefficient of diffusion (D) for fluid molecules is assumed to be isotropic
and independent of deformation gradient. As fluid molecules form a majority por-
tion of the swollen elastomer, this simplification seems quite realistic. Deformation
due to swelling may occur in two ways, short range or long range, as shown in
Figure 1. Initially, the solvent molecules diffuse and re-arrange so that shape
changes but volume remains constant. In long-range motion, gel changes shape as
well as volume. It is assumed in developing the model that amount of solvent only
transports when change of volume occurs, and it remains constant when elastomer
undergoes only change of shape.

Swelling elastomers are assumed to be incompressible because they possesses
high bulk modulus and low shear modulus [13]. Change in volume is negligible as
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&@

Figure 1.
Deformation under long and short range motion of gel.

Solvent

Polymer

Figure 2.
Imbibition of solvent and stretching of chain.

compared to shape change. Gels are soft materials that can deform easily and can
undergo volume changes equal to several times its initial volume. This change in
volume occurs only as a result of imbibition of solvent molecules. It should be noted
that volume of swollen elastomer is the state bounded by material points that
deform with the elastomer chains. Swelling of gel actually means deformation of the
elastomer network. When a swellable elastomer is placed in a solvent, it absorbs it,
resulting in stretching of chains with increase in volume; Figure 2. This unique
feature necessitates the consideration of large deformation and helps in developing
the mathematical basis for mechanics of swelling. Mathematical structure used to
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derive deformation of elastomer network due to swelling is similar to the approach
used in rubber elasticity. Rubber can be treated as a special case of swelling elasto-
mer with no fluid. Succeeding sections describe the continuum mechanics theory
for swelling elastomers.

3. Proposed model: mathematical formulation

The new model for swelling in elastomers is developed in this section, describing
the relevant contributions of kinematics, force equilibrium, solvent equilibrium,
system free energy, kinematic constraint for network incompressibility, kinetics,
and thermodynamics of mixing.

3.1 Kinematics

Polymer-fluid mixture is considered to be a single homogenized continuum
body permitting diffusion of solvent. Reference configuration is a three dimensional
dry state of elastomer represented by £y contained within a surface denoted by S,.
Current configuration represents the deformed swollen state of elastomer network.
Intermediate or auxiliary state is the local distortion of elastomer because of volume
increase only. Later rotation and stretching of swollen elastomer gives the mechan-
ical elastic deformation in final configuration.

Consider a particle A labeled by its position X in the reference state. Deforma-
tion of entire material is described by motion and solvent concentration with
smooth mapping of all material particles to the final state. After deformation,
particle A attains a new position x in current configuration as shown in Figure 3.
Similarly, each particle is deformed and attains a new position in the final sate.

Analytical description of the deformation of a continuum can follow either
Eulerian (spatial) or Lagrangian (material) descriptions. In Eulerian approach,
deformation is referred to the current state, while in Lagrangian description defor-
mation is referred to reference configuration [14]. In continuum mechanics of solid
bodies, spatial description is less beneficial since current configuration is not
known. Consider particles A and B in Ref. configuration represented by positions
X4 and X, respectively. Elemental vector is given by

dX =Xz — X,. (1)

Current
state

Reference
state

Figure 3.
Schematic of the veference (dry), intermediate (swollen), and current (deformed) configurations.
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After deformation at time (t), particles occupy spatial positions x4 and x in
current configuration, having elemental vector given by

dx = xg — xj,. (2)
Displacement of the particles A and B is given by
up = x5 — Xa, ug = xg — Xg. 3)
Displacement attained by material in the current configuration can be written as
uX,t) =x-X. 4)

Relationship between current and reference state (before and after deformation)
is expressed by the deformation gradient tensor F(X), expressed as [14].

dx =F-dX =dX -FT
_ [ox - ox(X,0) (5)
F_<6X)0rF”_7an .

A crucial kinematic constituent of the current model is the multiplicative
decomposition of the deformation gradient into swelling and mechanical elastic
parts as suggested by Flory [11]. Local distortion of the material at X due to swelling
is given by F°(X), while rotation and stretching of swollen network is specified by
F¢(X). Hence, deformation gradient can be written as

F = F'F’. (6)

Jacobian J is the determinant of deformation gradient such that

J = detF > 0. -
J¢ = detF® and J® = detF®
Using Eq. (6) and definition of Jacobin from Eq. (7), we can write
J=JT. (8)

3.2 Force equilibrium

The principle of virtual work is considered to be a fundamental law in continuum
mechanics [15]. It states that the magnitude of virtual work for the forces acting on a
particle in equilibrium is zero for any arbitrary virtual motion. The balance of body
forces (b) per unit volume at equilibrium in reference configuration is given by

divs+b =0, 9

where s is a statically admissible stress field that holds true for any test function &.
Multiplying Eq. (9) by this test function and integrating with respect to volume gives

J (divs + b)édV = 0
\'

(10)
:,J édivst+J b &V = 0.
174 \%
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We know that
div(Ae) = e divAT + tr(A grade),and tr(ATB) =A:B.

Eq. (10) thus becomes
J (div(st) — s : grad(€) + b - £}V = 0. (11)
1%

Applying Gauss divergence theorem to first term of Eq. (11) transforms the
behavior from inside the body to the vector field (n) through the surface,

J div(s€)dV = J snédA.. (12)
v s

Cauchy’s law states that a stress tensor exists which maps the normal to a surface
into traction vector acting on the surface. When applied on Eq. (12) traction
boundary loads (t) per unit area are added to the equation. Rearranging the terms
gives the statement for principle of virtual work:

J Sii:%dv = J b;&; dV + J t;& dA = 0. (13)
v j 4 S

3.3 Solvent equilibrium

Changes in solvent concentration for any material are typically explained
through diffusion across the boundary. Let C(X,¢) denote the concentration of
solvent molecules absorbed by the polymer per unit volume of reference configu-
ration, with the assumption that no chemical reactions occur. Solvent flux (¢) per
unit area represents the amount of solvent particles entering through the boundary
per unit time. For all the particles, conservation of solvent molecules takes the
following form [10].

JVCdV = —L¢ -mdA. (14)

Applying the divergence theorem to Eq. (14), and rearranging the terms, yields
the following balance law for solvent content

JV(C + divg)dV = 0. (15)

For this equation to hold, we must have

C = —divg
oC(X,t) d;(X,t) (16)
r o + an =0.

The equation for solvent diffusion at the rate () across the boundary at flux (¢)
is formulated through the law of balance law [5] given by

y=—¢-m

= —¢;(X,0)m;(X,t) = y(X,1). (17)
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Multiplying Eq. (16) with an arbitrary test function ¢ and integraing with
respect to volume gives

aC a¢j _
JVECdV + JV()X]'CdV =0. (18)

Similarly, multiplying Eq. (17) with the same arbitrary test function (¢), and
integrating with respect to area, we get

_L¢ mCdA = Ly/CdA. (19)

Applying divergence theorem on Eq. (18), putting Eq. (19) in the resultant, and
on simplification we get

e o
—dV = —dV dA. 20
JV s Jvdb] 4+ sz (20)

Chemical potential gradient is required to induce swelling in the polymer. Solvent
molecules in dilute phase have higher chemical potential than those in concentrated
phase. This difference in potential causes solvent flow from solution to polymer.
Chemical potential () is characterized by the energy flow(®) due to solvent trans-
port across the boundary as discussed by Gurtin et al. [16], and is given by

0= —J nop -mdA

S 1)

=0 = —J JydA.
s

3.4 Free energy of the system

Free energy density is a function of concentration and deformation gradient. For
an element of volume 4V, Helmholtz free energy of the swelling elastomer in the
current configuration is denoted by WdV. When equilibrium is attained between
the fluid and the swollen elastomer, chemical potential becomes homogenous both
inside the elastomer and in the surrounding solvent. Small changes 5C in the fluid
concentration and 6F in the deformation gradient of the elastomer causes changes in
the free-energy density 6W.

sw — WEC) o IW(E,C)

- o oC. (22)

At equilibrium, free energy of the system is the amount of work done by all the
loads and due to solvent transport. For small changes, rate of change of free energy
of the system (A) is given by

oA oW ox ox
o Jvﬁdv _ vagdv - Lt§dA _ LWdA. (23)

Replacing test function with (6x/6t) in Eq. (13), we get
ox ox 0 (ox oF
Pavi [ tZaa = s Z (Z)av = | s(Z )av. 24
va Std +Lt5td JVSdX <5t)d va<5t>d @9
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Dividing Eq. (22) by 6t and placing in Eq. (20), we get the following equation:

oW oW (6F ow d
=58 (o) 5 ([ pagev + [vaa) )

Substituting Eqs. (24) and (25) in Eq. (23) and rearranging the terms, we get

SA oW SF oW 0 [(OW
5= JV <6_F_ s) ngJsz (E—ﬂ> wdA +JV¢()_X (ﬁ>dV. (26)

According to Clausius-Duhem inequality [17], free energy of a system that is
thermodynamically consistent should always decrease or be equal to zero (5A/6t <0).
This condition must apply to any random value of ¢, y and (6x/6t). Accordingly, all
of the above terms should be less than or equal to zero. Short-range motion is much
faster than long-range transport of the solvent. Relocations occurring locally in short-
range motion are assumed to be instantaneous, hence first integrand in Eq. (26)
should be zero. This gives

OW(F, C)

oF (27)

Sij:
i

When equilibrium in the elastomer is reached between fluid transport
and mechanical loads, chemical potential becomes uniform. This can be
achieved by equating the second integrand of Eq. (26) to zero, giving the
following relation

JW(F,C
W)

c (28)

When free energy density W(F, C) for a system is known, and assumption of
local equilibrium is applied, (27) and (28) become the equations of state for the
system. At equilibrium, stress (s;) is a derivative of free-energy function with
respect to deformation gradient, and chemical potential (i) is defined as a deriva-
tive of free-energy with respect to concentration. Extended motion of polymer
when volume change occurs due to fluid transport can be explained through kinet-
ics, laying the foundation to develop an expression for flux due to gradient of
chemical potential.

3.5 Kinematic constraint for network incompressibility

As explained earlier, elastomeric materials have larger values of bulk modulus as
compared to shear modulus. They can therefore be considered as almost incom-
pressible. Fluid transporting through the elastomer is assumed to be incompressible
as well. Hence, overall response of swollen elastomer can be considered as incom-
pressible. Jacobian can be defined as [6]:

M
(29)

\
J = det(F) = MAohs = VS

[
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Stretch is the ratio of initial and final linear dimensions that change due to
deformation (A = l¢/lo =ts/to = hy/ho). This definition in terms of stretches is
based on invariants. Total volume is the sum of volume of dry polymer and volume
of solvent molecules absorbed in the gel. Multiplying and dividing the resulting
equation by number of solvent molecules, constraint for incompressibility can be
determined as follows [18]:

Vs Vs Ng
=14+-—=1
det(F) =1 V. +Ns V.
where det(F) =1+ voC. (30)

In order to embed incompressibility, an integral should be added to the free-
energy density function. Using Lagrange multiplier (p) to optimize the functions,
applying the constraint [5] of Eq. (30), we get

szpg+oc—®amwv. (31)
14

Differentiating Eq. (31) with respect to F and C, and using the identity
odet(F)/oF = F~Tdet(F) [14], equations of state can be rewritten as follows:

oK

- = -T
F pF~" det(F) -
ac I
Stress and chemical potential can now be defined as
s= IW(E, C) — pF Tdet(F)
oF (33)
and pu= IW(F, C) +
F="c TP

3.6 Kinetics

The only driving force causing swelling of the elastomer is the amount of fluid
transport into the network, resulting in swelling and stretching of networks. This is
the reason that kinetics needs to describe the fluid motion in terms of flux and
gradient of chemical potential. Some authors consider gel as poro-elastic or porous
and use Darcy’s law to model the amount of fluid influx [10, 19]. In porous media, a
body is considered to be made up of pores such that permeability is related to the
square of pore size. But in a swollen elastomer, major portion of the body is
comprised of solvent and when load is applied on it, maximum resistance comes
from the solvent molecules as in diffusion. Kinetic theory has also been developed
by Tanaka and Fillmore [20] by considering friction with rate-dependent swelling.
This theory has limited applicability as it does not consider large deformations.
Other authors define a kinetic law based on diffusion mechanism for solvent
migrations in elastic material [4-6]. Mobility tensor should be dependent on defor-
mation gradient and solvent concentration. For defining mobility tensor, we use the
relations similar to Chester and Anand [10] and Hong et al. [5]:

¢, = _MKMm~ (34)
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Mobility tensor is positive definite and symmetric. Feynman et al. [21] derived
an expression for diffusion in which flux is proportional to gradient of chemical
potential. It explains the interrelationship of flux, fluid concentration, diffusion,
and gradient of chemical potential in terms of true quantities:

¢D ou

¢i:_ﬁ ox (35)

In engineering applications, a property based on its original or initial value is
termed as nominal quantity. On the other hand, true quantities are based on instan-
taneous properties. For example, a structural member under the influence of load
deforms, resulting in reduction of cross-sectional area. In nominal stresses, the cross-
sectional area is assumed constant during the deformation and stress is determined,
known as nominal or engineering stress. While in true stress, force is divided by the
instantaneous area. True concentration and flux can be converted to nominal values
through the relationships ¢ = C/det(F) and ¢ = F¢p/det(F), respectively. Also, using
partial derivative chain rule, we can express gradient of chemical potential as

o
0XM - dxi

9
—ﬂFiM~ (36)

Replacing true concentration and true flux in Eq. (5) by their nominal values,
we get

Frx , C D op

det(F)¢ " det(F) kT ox; (37)

P

Substituting Eqgs. (34) and (36), along with the incompressibility condition from
Eq. (30), into Eq. (37), relation for mobility tensor can be obtained:
Fz’K M aﬂ - C Ba_ﬂ
det(F)" "MoXy  det(F) kT ox;

(38)
D
= Mgm = MF;(TF;MT{det(F) —1}.

3.7 Thermodynamics of mixing

Thermodynamics involved in polymer and solvent mixing is very important in
the development of an analytical model for polymer swelling. The theoretical basis
for understanding the behavior of polymer solutions was established independently
by Huggins [22] and Flory [23]. Flory-Huggins theory gives the energy of mixing
for a pure polymer with a pure solvent in terms of enthalpy and entropy of mixing.
Figure 4 presents the lattice model for mixing of polymer and solvent.

Statistical explanation of entropy is used to determine the number of probable
positions that the polymer can attain in the solution. Before mixing, both polymer
and solvent have no unique state. After mixing, many probable states can be
attained, given by

N!

Q=—"
N,INp!

(39)

Entropy for free energy of mixing can be specified according to Boltzmann
expression as follows:
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Figure 4.

Lattice model for mixing of polymer and solvent.

AS=Fkln Q, (40)

where k is the Boltzmann constant. Using logarithmic principles and Sterling’s

approximation, Eq. (40) can be rewritten in terms of volume fraction of polymer
(®p) and solvent (ds) as follows:

AS = —k(NSlndbs + Npln (I)p). (41)

Enthalpy of mixing is defined in terms of a dimensionless entity known as
polymer-solvent interaction parameter (x). It measures the degree of interaction
between polymer and solvent as well as polymer and polymer:

AH = ykTN,®p. (42)

For a closed system at constant pressure and temperature, Gibbs free energy can
be defined as

AG = AH — TAS. (43)
Putting Eqgs. (41) and (42) in Eq. (43), we get the expression
AG = kT(NSID(DS —+ Np h‘l q?p +}{N5(Dp) (44)

Noting that (&g + ®p = 1), and using Eq. (30), we get

1
Bs=1-®p=1-7
(45)
S oo oC
$T110C

Substituting Egs. (45) into Eq. (44), and neglecting the middle term as it is very
small compared to the remaining terms, the strain energy density function for
mixing (W,, = AG/V,) can be expressed as:

kT oC 1
— 2 (N1 N, ——
W = V,,( "Trec S1+0C>

(46)
W, = kDT(l)Cln vC vC >

1+ oC 41 +0C
A similar expression has also been used by Chester and Anand [10] Duda et al.

[24] and Kang and Huang [6]. Equation developed by Hong et al. [5] for strain
energy density of mixing is different by only a constant value as compared to the
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above expression, which is negligible in deformation due to swelling. Flory and
Rehner [25] postulated that for gels, free energy density is a combination of strain
energy density function due to thermodynamics of mixing and stretching of poly-
mer networks:

W(F, C) = W,,(C) + Ws(F). (47)

Strain energy density function for stretching deformation can be based on either
Gaussian or non-Gaussian theory. As described earlier, Gaussian theory mainly deals
with the scenarios where short stretching of polymer chains is considered, so these
models work well only for small deformations and are unable to match the deforma-
tion patterns at large strains. Most of the swelling models currently available use
Gaussian statistics [8], and are therefore unable to give reasonable predictions for
large swelling. Proposed analytical model is based on non-Gaussian theory, while
Ogden strain energy function [9] is used to account for the limited extensibility.
Ogden model is given by the following relation in terms of principal stretches:

Q
Wo = Er (g + 25 425 - 3). (48)
n

n=1

Here, u, and a, are material constants that are determined by fitting the
experimental data, and Q is a positive definite integer. These material constants are
related to shear modulus (G):

Q
> Hyan = 2G. (49)
n=1

For the proposed model, second degree Ogden strain energy function is used as
it gives the closest prediction (as explained in Chapter 6). Expand Eq. (48) for
second degree, and simplifying, we get the following relation:

K1 /e a o K2 (e a a
Ws =22 (20 423 429 —3) + 2 (202 422 +29 -3
S al(1 2 3 ) a2(1 2 3 ) (50)

= o+ uay = 2G.

Putting Eqgs. (46) and (50) into (47), we get the following strain energy density
function:

W(F,C) = ’i (A% 4 48 4 % —3) + Z—z (A2 4 % 4 2% — 3)

KT oem G, OC oy
o 1+oC *140C

Knowing that deformation gradient can be represented as F = AI [13, 7], and
differentiating Eq. (51) with respect to A, we get

oW oW v o
OF g A A (52)

Differentiation of Eq. (50) with respect to fluid concentration results in the
following expression:

oW oC 1 1

e kT ln1+oC+1+uC+X(1+0c)2 . (53)
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Substituting the expressions for 0W/dF from Eq. (52), and 0W/dC from
Eq. (53), into Eq. (33), and using (29), equations of state can be converted into the
following form:

= A+ A = pAi adads

vC 1 1 (54)

d pu=kT|1 .
e # n1—|—0C+1—|—0C+X(1—|—DC)2 e

Eq. (54) can be expanded for the three nominal stresses as follows:

= A A = phad
2 = U A+ A — phads (55)
3= U A3+ Ay — phida.

On the other hand, the two equations in (54) can be combined to obtain a
constitutive relationship for modeling of swelling phenomenon:

pTdm S 1, 1
# 1+0C  1+0C (11 oC)

(56)

27 104
s = ”1/1?171 +ﬂ2/1;l271 - 11) S

Eq. (56) provides a non-linear model for the phenomenon of swelling in elasto-
meric materials, considering non-Gaussian theory of polymer network stretching.
This model takes mechanical as well as solvent properties as input, along with
environmental conditions such as temperature, water salinity, swelling medium’s
coefficient of diffusion, polymer-solvent interaction parameter, etc.

In order to solve the equations of state, a case of free equilibrium swelling is
considered. It is assumed that when dry elastomer is immersed in a solvent, it
swells, and equilibrium is achieved after some time. At equilibrium between elasto-
mer and diffusing solvent, chemical potential is negligible. Swelling is considered to
be homogenous throughout the elastomer, making stretches equal in all directions.
Replacing principal stretches with equivalent swelling stretch (As), and setting up
chemical potential equal to zero in Eq. (56), we get

- Y oC 1 1
Si = pyAg! 1L oS 1 —&-;SkT In 1+0C+ 1+0C+X(1+0C)2 (57)
Using the identity of Eq. (30), we can write 1 +0C = A2 and vC = A3 — 1.
Replacing in Eq. (57), and simplifying,
A 1y, 1 1
_ -1 -1, s
Si = PAS T 4 A +;kT In (1 ¥ ) +}\3 —H(}»_g . (58)

The elastomer is considered to be under no constraint. Application of this no-
constraint condition on the elastomer results in no stress. Hence Eq. (58) can be
transformed by embedding stress value equals to zero:

kT 1 +1+ 1
}\‘ }\S)(S

B A+ — =0. (59)
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4. Model validation

Validation of the model developed above requires the comparison of model pre-
dictions against experimental results. For this purpose, a series of experiments were
performed under specific conditions. Some experimental results are used as input to
the model (for evaluation of parameters), while other results are used for model
validation. Logical flow of activities for model validation is shown in Figure 5.
Swelling related experiments are discussed in detail in Chapters 3 and 7. Experi-
mental work required to determine diffusion coefficients and the polymer-solvent
interaction parameter and is explained below.

4.1 Experimental investigation

Experiments were conducted (already described in Chapter 7) on disc samples
of two different water swelling elastomers, in salt solutions of low and high salin-
ities (0.6% and 12%), at room temperature and 50°C. During the one-month swell-
ing period, readings (volume, thickness, mass, and hardness) were taken before
swelling and after 1, 2, 4, 7, 10, 16, 23, and 30 days of swelling. Stres-strain relations
from compression and bulk tests were used to determine values of bulk modulus,
and different structural properties. Evaluation of other solvent and polymer prop-
erties (diffusion coefficient, polymer-solvent interaction parameter, and molar vol-
ume of swelling solvent) is discussed below.
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. MODEL INPUT EXPERIMENTAL
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MODEL (@ s v, 1) (a-z curve, v, p,
¢l |lt! L] Mc’ vs)
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EXPERIMENTAL
WORK
¥ (Waler Salinity,
Temperaiore,
Elustymer Material
MODEL OUTPUT Swelling Time)
(2, V.. G)
EXPERIMENTAL
VALIDATION ouTPUT -
S - (V.1 (3)
-
Yes
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Figure 5.
Flow diagram of activities required for model validation.
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4.1.1 Diffusion coefficient

When a dry polymer is immersed into water of a specific salinity, solvent starts
diffusing into the polymer due to chemical potential gradient. Diffusion coefficients
for low and high salinity solutions should be known in order to correctly predict the
amount of swelling. Stokes-Einstein formula [26] is used here to evaluate the
diffusion coefficients for low and high salinity solutions.

For a fluid with no flow separation, the drag force is given by

We know that Reynold’s number and cross-sectional area are given by
Re = Dvp/n and A = nD?/4 respectively. Therefore,

Fp = 6nRnv. (61)
It is known that drag force can also be represented as
Fp = (v, (62)
where { is Stoke’s friction factor, and can be written as
¢ = 6nRn. (63)
The diffusion coefficient (D) is given by Einstein’s equation as

kT

D (64)
¢
Using Stoke’s friction factor, this becomes
kT
~ 6nRy’ (65)

Here, k is the Boltzmann constant, T is the absolute temperature, R is the radius
of solvent particle, and # is the viscosity.

In order to determine diffusion coefficient, viscosity and density of water at low
and high salinities are required for all test conditions. To determine the viscosity,
Cannon-Fenske [27] apparatus (Figure 6) of size 50 is used. Liquid (whose viscos-
ity is to be determined) is filled in the apparatus slightly above the top-bulb. Fluid is
then allowed to flow downwards, pass through the tube, and collect at the bigger
bulb at the bottom. Time is recorded for fluid to cross two marks at the top and
bottom of the second bulb. Readings are taken at the same temperature at which all
swelling related experiments are conducted.

Density of elastomer samples is calculated by determining their mass and vol-
ume after each swelling period, for both salinities and at both temperatures. Mass of
the elastomer is increased by inflow of salt water into the material. At the same
time, volume is increased through swelling. As both mass and volume increase
almost proportionally, density does not change too much. Calculated density values
are 0.967 g/cm® and 1.016 g/cm? for low salinity water at room temperature and 50°C,
and 1.05 g/cm? and 1.0898 g/cm? for high salinity water at the two temperatures
respectively.
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Figure 6.
Cannon-Fenske apparatus used for viscosity measurement.

Mean time for low and high salinity water to pass from the first to the second
mark in Cannon-Fenske apparatus was recorded as 157 and 170 sec for 50°C, and
219 and 260 sec at room temperature, respectively. Multiplying by the apparatus
factor of 0.004, we get viscosity (centistokes) values of 0.628 and 0.68 at 50°C, and
0.876 and 0.1.04 at room temperature, for low and high salinities respectively.
Multiplying this dynamic viscosity with density yields the kinematic viscosity in
Pascal-second units. Substituting these values into Eq. (65) gives the required value
of diffusion coefficient for each condition. These experimentally determined values
of viscosity and diffusion coefficient are summarized in Table 1.

It can be seen that the diffusion coefficient has higher value in low salinity water
as compared to high salinity water, for both room and 50°C temperatures. This
higher diffusion amount causes faster swelling rate when the elastomer is kept in
low salinity solutions. For same salinity, diffusion coefficient has higher values for

Viscosity (Pa-s x1073) Temperature
Low (room) High (50 °C)
Salinity Low (0.6%) 0.89 0.607
High (12%) 11334 0.714
Diffusion coefficient(m?/s x101°) Temperature
Low (room) High (50 °C)
Salinity Low (0.6%) 8.22 11.65
High (12%) 6.46 9.9
Table 1.

Viscosity and diffusion coefficient at two salinities and two temperatures.
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higher temperatures, again matching the observed trend for higher amount of
elastomer swelling at higher temperature.

Though the mechanism of swelling has been discussed earlier (Chapters 3 and
7), let us revisit the issue in the context of diffusion. When sodium chloride dis-
solves in water, crystalline structure of sodium and chlorine transform into positive
and negative ions surrounded by water molecules. Water molecules close to the ions
have strong attraction. When polymer is exposed to brine solution, water molecules
diffuse into the empty spaces and begin to fill the voids, resulting in swelling. Ions
surrounded by water molecules also enter the polymer but somewhat slowly due to
stronger attraction. Ultimately, the polymer is filled by water molecules and ions.
Low salinity solution has less number of ions, hence water fills the spaces more
quickly as compared to high salinity solution. That is why diffusion takes place at a
slower rate in high salinity salt solution.

4.1.2 Polymer-solvent interaction parameter

Polymer-solvent interaction parameter (y), also known as Flory-Huggins interac-
tion parameter, is an important dimensionless temperature-based property of a poly-
mer which controls the amount of swelling. If y increases, liquid seepage takes place
leading to de-swelling or contraction of the elastomer. A decrease in y-value leads to
swelling of the elastomer (volume increase). Different experimental studies are
available in published literature which discuss methods of determining y. Orwoll and
Arnold [28] use inverse gas chromatography. Papageorgiou et al. [29] apply differ-
ential scanning calorimetry. Silva et al. [30] use measurement of melting temperature
of the polymer blend. Clarke et al. [31] use micelle spacings with secondary ion mass
spectroscopy, contact angle of blend droplet, and neutron reflectometry. In all
experimental methods, the polymer needs to dissociate in order to determine y for a
particular polymer-solvent mixture. Both elastomer materials used in swelling exper-
iments were found to be insoluble in all solvents available (polar as well non-polar
solvents). An in-depth search was carried out to find a method for determination of y
that does not require elastomer dissociation. Treloar [8] gives a relationship between
molecular mass and volume swelling ratio, density of polymer, molar volume of
swelling liquid, and polymer-solvent interaction parameter:

PV (s Y _ 2 _
M (vs 2) +[In(1—v;) +vs+ )] =0
1 [pV (66)
v,
= a= o R (57 -5) + ) 4o

The above Eq. (66) is used in this work to determine the value of y for each data
set. Molecular mass (M,) is already determined using experiments described in
Chapter 7. This unique method for the determination of the interaction parameter
(%), using mechanical and structural properties of a polymer, has not been used in
any of the published works. Molar volume (V1) of water is 0.00018 m?. Values of
density of elastomer after different swelling periods are given above. Table 2 lists
the experimentally determined values of volume swelling ratio (v,), which is the
ratio of initial to swelled volume.

Figure 7 shows the variation of y against swelling time (days) for both materials
in low and high salinity brine. For all the cases, ) values tend to decrease with
swelling time, following the default trend [13]. It can also be seen that  values drop
more in low salinity brine, in line with the earlier observation that these elastomers
swell more in brines of lower concentration. Initially faster and then more gradual
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Days of Swelling Volume Swelling Ratio (vy)
Material-A Material-B
Low-Salinity High-Salinity Low-Salinity High-Salinity
1 0.455 0.543 0.494 0.646
3 0.392 0.505 0.403 0.525
6 0.323 0.465 0.318 0.474
9 0.291 0.431 0.292 0.442
15 0.245 0.365 0.264 0.438
22 0.234 0.347 0.249 0.389
30 0.234 0.338 0.232 0.376
Table 2.

Volume swelling ratio for materials A and B.
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Figure 7.

Variation of polymer-solvent interaction parameter () against swelling time; materials A and B; low and high
salinity.

decrease in y also matches the behavior of these quick-swelling elastomers. Slight
fluctuation of y variation for material-B is also consistent with earlier observations
about swelling behavior.

4.2 Computational code

For the solution of the final Eq. (59) of the developed model, and to extract
different values required for analysis, a MATLAB code is written. This requires inputs
such as material coefficients, temperature, volume per solvent molecule, interaction
parameter, etc. Logical sequence of different steps involved are shown in Figure 8.
Using all the input values, and going through the various steps of the iterative scheme,
the code estimates the magnitudes of swelling stretches after each swelling period
(days) and for each material and each salinity (low and high). Comparison of differ-
ent outcomes of the model with experimental results is discussed in next section.

5. Analysis of results

New model starts with Ogden-2 as its basis, but is changed into a totally new
relationship (Eq. 59) by the introduction of terms for diffusion and
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CASES
I=1to 4
MATERIALS A & B AT LOW AND HIGH SALINITIES AND GIVEN
TEMPERATURE

'

DAYS
J=1TO 30 -—
DAYS OF SWELLING AT DIFFERENT CONDITIONS

'

READ NEW MODEL
PROPOSED MODEL FOR SWELLING ELASTOMER.

Y
READ PARAMETERS

POLYMER-SOLVENT INTERACTION, MATERIAL COEFFICIENTS, etc

'

SOLUTION
APPLYING ITERATIVE SCHEME TO SOLVE MODEL

v
WRITE RESULTS
STRETCH, FINAL VOLUME, FINAL THICKNESS, SHEAR MODULUS

YES

IF J < 30

YES

Figure 8.
Logical sequence of steps involved in the MATLAB code.

thermodynamics of mixing. Material coefficients for Ogden model (1, pt12, a1, a2)
are determined from experimental stress—strain curves and Poisson’s ratio (v).
Polymer-solvent interaction parameter (y) is determined from mechanical, struc-
tural, and chemical properties: density (p) and chain molecular mass (M,) of the
elastomer, molar volume of water (V;), and volume swelling ratio (v,). Other input
parameters needed are temperature (T'), Boltzmann constant (k), and swelled vol-
ume per solvent molecule (v). Through an iterative solution, major output from the
new model is the value of swelling stretch (1) at each stage of swelling, from which
the amount of volume and thickness change and the shear modulus (G) are
calculated.
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5.1 Elastomer stretch

Figure 9 gives the variation of stretch for materials A and B under both salin-
ities. Results show an increase in stretch throughout the swelling period for both the
materials, sharply in the beginning, then more slowly. This result is in good agree-
ment with the fact that swelling leads to volume increase, which is represented by
an increase in the stretch value. Higher stretch values are observed in low salinity
solvent, in line with the actual behavior of swelling elastomers which swell more in
low salinity due to higher chemical potential gradient and higher diffusion coeffi-
cient. Minor fluctuations in the variation of amount of stretch are also similar to
the fluctuations in volume and thickness swelling reported and analyzed in
Chapters 3 and 7.

5.2 Volume swelling

Volume after swelling can be calculated from the amount of stretch determined
from the model:

VModet = /183 * V. (67)

Figures 10 and 11 show the comparison between experimental and model-
predicted volume at various stages of swelling for materials A and B under the two

Material-A Material-B
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Figure 9.
Amount of stretch vs. swelling time for materials A and B; both salinities.
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Model-predicted and experimental results for volume swelling; material-A; both salinities.
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Model-predicted and experimental vesults for volume swelling; material-B; both salinities.

salinities. Following the pattern of experimental results, predicted amount of elas-
tomer volume increases with swelling time (days). Slight fluctuations in volume
swelling are also in line with experimental results, and due to reasons explained
earlier. There is a small difference between experimental and model results, the
model consistently underestimating the value of volume swelling. This underesti-
mation gives a more conservative estimate of swelling amount, which is better and
safer in terms of seal design and development.

5.3 Thickness swelling

Final thickness after each swelling stage can be calculated using swelling stretch
as follows:

tModel = As * Lo. (68)

Comparison between experimental and predicted values of thickness at various
stages of swelling is shown in Figures 12 and 13 for materials A and B in both
salinities. There is a gradual increase in the amount of thickness with more days of
swelling, with a reasonably good agreement between predicted values and experi-
mental results. As observed earlier, there is more thickness swelling under lower
salinity brine.

Material-A Material-A
{Low Salinity) {High Salinity)
30 -<Model -=Experimental 5 <Model -#Experimental
25 — —
E £ il ——
£
E = W
a é 15
g 15 §
= o
'.‘E’ £ 10
= 10 =
5
5
[l 0
o 5 10 15 20 25 30 0 5 10 15 20 25 30
Days of Swelling Days of Swelling
Figure 12.

Model-predicted and experimental vesults for thickness swelling; material-A; both salinities.
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Model-predicted and experimental vesults for thickness swelling; material-B; both salinities.

5.4 Shear modulus

Amount of stretch predicted from the model can be used to determine the value
of shear modulus using the following relationship:

Noo (287 + 128 3)
1 1 1]
[ (1-4) + 3+ 2]

GModel = - (69)

Predicted and experimental values of shear modulus are plotted against swelling
time in Figures 14 and 15 for the two materials and salinities. For further compar-
ison, variation of shear modulus through numerical simulation (Chapter 7) using
the best available hyperelastic material model (Ogden-2) is also shown. It is
reassuring to observe that theve is a very good agreement between values predicted
by the new model and experimental results, even in portions where there are major
fluctuations. Also, predictions from the new model are much closer than numerical
simulations using the best hyperelastic material model. Even though hyperelastic
material models are based on the theory of shear, simulated values of G using the
current best model (Ogden-2) show notable variations from the experimental
values. As discussed at the end of Chapter 6, hyperelastic models can be used to
predict the behavior of swelling elastomers only as a last resort, with some errors.
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Variation of shear modulus against swelling time from new model, experiments, and FE simulation (Ogden-2);
material-A; both salinities.
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Variation of shear modulus against swelling time from new model, experiments, and FE simulation (Ogden-2);
material-B; both salinities.

This is mainly because these models do not include the effect of diffusion and
thermodynamics of mixing. As the new model includes all these effects, its pre-
dictions are much closer to the actual values.

This new model is not material-specific, and can be applied to any situation
where swelling is taking place. As the use of swelling elastomers in the petroleum
industry is a major category of such applications, these results are used here to
validate the model predictions. However, the same model can be used to predict the
behavior of other soft materials under swelling such as tissue, cartilage, and other
biological materials.

6. Conclusions

A new analytical model has been developed for predicting the behavior of
swelling elastomers, based on nonlinear and non-Gaussian continuum mechanics,
different balance laws for forces and solvent (including diffusion), and the ther-
modynamics of mixing. Including energy, diffusion, and hyperelastic terms, this
new model can be used for both constrained and free swelling. Boundary conditions
for free swelling are incorporated into the model. A MATLAB code is then devel-
oped for model solution. New experiments have been performed to determine input
values such as viscosity of swelling medium and polymer-solvent interaction
parameter. Stretch values predicted by the model are used to determine volume and
thickness swelling, and variation of shear modulus. Model predictions have good
agreement with experimental results, much closer than numerical simulation based
on best existing hyperelastic material model.
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Swelling elastomers are being increasingly used as sealing elements in many
applications in the petroleum industry. Pre- and post-swelling material
characterization and performance analysis under actual field conditions are very
important before the actual deployment of swell packers. The main theme of this
research monograph is the performance analysis of swelling elastomer seals used
in petroleum drilling and development applications, using all three investigation
methods: experimental, numerical, and analytical. The major contributions and
applications of this work include insight into the behavior of swelling elastomers
and understanding of the swelling phenomenon, performance analysis and optimal
selection of swelling elastomers for a given set of field conditions, and design
improvement of swelling elastomer packers and other sealing applications.
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