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ABSTRACT

Xanthan gum (XG) and partially hydrolyzed polyacrylamide (PHPA) are used
extensively as viscosifiers in the oil industry for different applications due to their unique
rheological properties. An experimental study has been conducted to investigate

formation damage characteristics of XG and PHPA based fluids.

Formation of internal cake due to the invasion of reservoir rock by drilling, completion,
and fracturing fluids is one of the major causes of productivity reduction. A detailed
investigation of the role of the rheology of viscoelastic fluids on the formation of

“internal cake” has, therefore, been conducted in this study.

Extensional and shear viscosity measurements, and API filtration tests have been
conducted by using fluids of 3 different XG and PHPA concentrations (0.5, 1.5, and 3.0

Ib/bbl).

A series of core flow experiments have been conducted by using XG and PHPA solutions
to investigate the effects of polymer concentration, fluid extensional and shear viscosity,

and filtration loss characteristics on the original permeability of the porous media.
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NOMENCLATURE

cross-sectional area of porous medium, m?

mass velocity, gram-cm2-sec’!

k  permeability, m* (1Darcy = 1um?)
K  consistency index, dynes-sec”-cm™
L length of porous medium, m

n  flow behavior index

AP  pressure difference, Pa

q  volumetric flow rate, m*/s
€ extensional rate, 1/sec

¢  void fraction
Y shear rate, sec™

Yo  wall shear rate, sec’!

p  fluid viscosity, cp

p  fluid density, gr/cc

T shear stress, Pa

n  shear viscosity, cp

Me extensional viscosity, cp

o1 stress in the axial direction, Pa

o33 stress in radial direction, Pa
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CHAPTER 1

INTRODUCTION

1.1 Overview

Formation damage is defined as any type of a process, which results in a reduction of the
flow capacity of an oil, water or gas bearing formation. Formation damage has long been
recognized as a source of substantial productivity reductions in many oil and gas

reservoirs and as a cause of water injectivity problems in many waterflood projects.

Most hydrocarbon reservoirs are exposed to multiple forms of formation damage
including sand and fines migration, clay swelling, organic precipitation, scale and

formation alteration caused by thermal recovery methods.

Optimizing production in field with multiple formation damage mechanisms can be an
enormously expensive task. There are many factors to be considered including proper
identification of the damage mechanisms, remedial testing and design, data interpretation,

and implementation of preventive measures.

The economic impact of poor productivity of open-hole wells has pushed operators,
service companies, and other research institutions towards spending significant research
efforts in recent years to investigate drilling, completion and stimulation induced

formation damage [1].

Development of meaningful laboratory testing and data interpretation techniques for
assessment of the formation damage potential of petroleum bearing formations under
actual scenarios of field operations, and for evaluations of techniques for restoration and
stimulation of damaged formations are essential for exploitation of petroleum reservoirs

economically [2].

Correct fluid composition, bridging material selection, and good maintenance of the

wellbore fluid systems are the keys to success for better productivity [3].
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Despite all the efforts, questidns still remain regarding the formulation of optimum fluid
composition to minimize, if not eliminate completely, productivity impairment due to

formation damage.

1.2 Statement of The Problem

The pressure of the fluid column in the wellbore is usually higher than the formation pore
fluid pressure and, therefore, some filtration of the wellbore fluid into the formation is

always anticipated.

The rate of fluid filtration into the reservoir rock (leak-off rate) is one of the most critical
parameters that needs to be controlled carefully during drilling, completion and
stimulation operations. A strict control of fluid filtration characteristics is required to
limit borehole instability, excessive torque and drag, pressure differential Sticking and
formation damage [4]. The problem becomes even more critical when drilling/completing
horizontal wells with water based fluids where the fluids remain in contact with the pay

zone for a long period.

Fluid loss control is generally achieved by; increasing the viscosity of the fluid [5-6] and
developing internal/external filter cake using fluid loss control additives [7]. If the
viscosifiers and fluid loss control additives are not selected properly, both mechanisms

may lead to significant reduction of permeability {4, 8].

The rheology of drilling, completion and fracturing fluids is complex. These fluids must
have the right yield stress in order to suspend cuttings without impeding flow. They must
be shear thinning (viscosity decreases with shear rate) when pumped down the well and
through the drill bit. These fluids often contain emulsifiers, breakers (fracturing ﬂtiids)
and flocculants. Controlling the filtration rate of these rheologically complex fluids
requires a comprehensive understanding of the viscoelastic properties of these fluids and

their impact on the pressure drop as they flow through porous media.

One of the most common features associated with the flow of viscoelastic fluids in

packed beds is that, much higher-pressure losses are observed than that can be attributed

2
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to the shear flow of these fluids in the porous media. Such excessive pressure losseé for
viscoelastic fluids are well documented in the literature for a variety of aqueous polymer
solutions and polymer melts. It has been recognized that the excess pressure drop may be
due to the substantial extensional component present in this flow configuration [8-17].
Durst et al [11], for example, suggested that as much as 75 % of the pressure losses in the

formation might result from extensional viscosity.

The pressure drop observed during the flow of viscoelastic fluids flow through porous
media is a strong function of the fluid shear and extensional viscosities. As a fluid
element moves forward through the tortuous channels in a porous medium, variations in
cross-sectional area lead alternately to tensile and compressive deformations of the fluid
element along its longitudinal axis. On each contraction and expansion, the fluid
experiences shear (close to the walls) as well as extension (along the flow axis). The
apparent viscosity as defined by the Darcy’s law is, therefore, a mixture of shear and

extensional viscosities.

The extensional viscosity for pure liquids without any structure is three times the shear
viscosity. For these liquids, contribution of the extensional viscosity to the pressure loss
is, therefore, constant and often neglected. However, for viscoelastic fluids such as
typical drill-in and fracturing fluids, the extensional viscosity may be several orders of
magnitude larger than the shear viscosity. This will lead to a tremendous increase in
pressure loss, which is very often attributed to the development of internal cake during

drilling, well completion, and hydraulic fracturing operations [18].

Formation of internal cake following the invasion of reservoir rock by drilling,
completion, and fracturing fluids is known to be one of the major causes of productivity
reduction. Actual physical mechanisms leading to internal cake developfnent are not well
known. In particular, there is a need for better understanding of quantitative relationship
between viscoelastic properties of drilling, completion, and fracturing fluids and the

degree of productivity impairment.

Understanding the mechanisms of internal cake formation and their quantitative relation

to fluid properties will help to design of optimum drill-in, completion, and fracturing

3

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



fluid composition and hence, to minimize the productivity reduction associated with the
application of these fluids in oil and gas wells. Correct fluid composition, bridging
material selection, and good maintenance of the drilling fluid system are the keys to

success for better productivity.

This research, therefore, calls for a preliminary investigation of the factors controlling the
formation of "internal filter cakes". It is anticipated that better understanding of the flow
of viscoelastic fluids in porous media would facilitate formulation of optimum drilling,
well completion and fracturing fluid compositions with minimum formation damage

effect.

1.3 Objective and Scope of Study

The primary objective of this research study is to investigate the formation damage

characteristics of xanthan gum and partially hydrolized polyacrylamide based fluids.

A secondary objective of this study was to investigate the extensional viscosity of
polymer based fluids as a possible mechanism of internal cake formation. In order to

achieve these objectives the following tasks have been accomplished:

i-) Measure the shear viscosities of XG and PHPA based solutions with three different
polymer concentrations (0.5, 1.5, 3.0 Ib/bbl).

ii-) Measure the API filtration loss characteristics of XG and PHPA based solutions with
three different polymer concentrations (0.5, 1.5, 3.0 Ib/bbl).

iii-) Measure the extensional viscosities of XG and PHPA based solutions with three

different polymer concentrations (0.5, 1.5, 3.0 1b/bbl).

iv-) Conduct core-flow experiments to investigate the possible relationship among the
polymer concentration, fluid extensional viscosity, shear viscosity, filtration loss

characteristics, and pressure drop across the core samples.
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1.4 Structure of Thesis

Chapter 1 gives an overview of the research work. It outlines the background and

- statement of the research problems, the objectives and the scope of the work.
Chapter 2 gives a comprehensive literature review of the subject area.

Chapter 3 describes the methodology followed throughout this study. A detailed
description of experimental set-up and procedure for core flow experiments, description
of the equipment and used procedure for shear and extensional viscosity measurements

are given.

Chapter 4 presents the results of rheology measurements, filtration tests and core flow

experiments using xanthan gum solutions.

Chapter 5 presents the results of rheology measurements, filtration tests and core flow

experiments using partially hydrolyzed polyacrylamide solutions.

Chapter-6 provides the detailed discussion and comparison of the results from XG and
PHPA solutions.

Finally, the Chapter-7 includes the conclusions of this study and the recommendations for
further research.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 2

LITERATURE REVIEW

2.1. Formation Damage

Formation damage is a generic terminology réferring to the impairment of the
permeability of petroleum bearing formations by various adverse processes. Formation
damage is an undesirable operational and economic problem that can occur during the
various phases of oil and gas recovery from subsurface reservoirs including production,
drilling, hydraulic-fracturing and workover operations [2]. As expressed by Amaefule et
al. (1988) [19] “Formation damage is an expensive headache to the oil and gas industry”.
Bennion (1999) [20] described formation damage as: “The impairment of the invisible,
by the inevitable and uncontrollable, resulting in an indeterminate reduction of the
unquantifiable!” Formation damage assessment, control, and remediation are among the
most important issues to be resolved for efficient exploitation of hydrocarbon reservoirs
(Energy Highlights, 1990) [21].

Formation damage is caused by physico-chemical, chemical, biological, hydrodynamic,
and thermal interactions of porous formation, particles, and fluids and mechanical
deformation of formation under stress and fluid shear. These processes are triggered
during the drilling, production, workover, and hydraulic fracturing operations. Formation
damage indicators include permeability impairment, skin damage, and decrease of well
performance. As stated by Porter (1989) [22], “Formation damage is not necessarily
reversible” and “What gets into porous media does not necessarily come out.” Porter
(1989) called this phenomenon “the reverse funnel effect.” Therefore, it is better to avoid

formation damage than to try to restore it.

The consequences of the formation damage are the reduction of the oil and gas

productivity of reservoirs and noneconomic operation. Therefore it is essential to develop

experimental and analytical methods for understanding and preventing and/or controlling

formation damage in oil and gas bearing formations. The laboratory experiments are

important steps in reaching understanding of the physical basis of formation damage
6
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phenomena. “From this experimental basis, realistic models which allow extrapolation
outside the scalable range may be considered” (Energy Highlights, 1990). These efforts
are necessary to develop and verify accurate mathematical models and computer
simulators that can be used for predicting and determining strategies to avoid and/or

mitigate formation damage in petroleum reservoirs [2].

2.1.1. Factors Affecting Formation Damage

Amaefule et al. [19] classified the various factors affecting formation damage as follows:
(1) Invasion of foreign fluids, such as water and chemicals used for improved recovery,
drilling mud invasions, and workover fluids; (2) Invasion of foreign particles and
mobilization of indigenous particles, such as sand, mud fines, bacteria, and debris; (3)
Operation conditions such as well flow rates and well bore pressures and temperatures;

and (4) Properties of the formation fluids and porous matrix.

2.1.1.1. Formation Damage Mechanisms

Bishop (1997) (23] summarized the seven formation damage mechanisms described by
Bennion and Thomas (1991, 1994) [20,24] as follows: (1) Fluid-fluid incompatibilities,
for example, emulsion generated between invading oil based mud filtrate and formation
water; (2) Rock-fluid incompatibilities, for example, contact of potentially swelling
smectite clay or deflocculatable kaolinite clay by non-equilibrium water based fluids with
the potential to severely reduce near wellbore permeability; (3) Solids invasion, for
example, the invasion of weighting agents or drilled solids; (4) Phase trapping/blocking,
for example, the invasion and entrapment of water based fluids in the near wellbore
region of a gas well; (5) Chemical adsorption/wettability alteration, for example,
emulsifier adsorption changing the wettability and fluid flow characteristics of a
formation; (6) Fines migration, for example, the internal movement of fine particulates
within a rock’s pore structure resulting in the bridging and plugging of pore throats; (7)

Biological activity, for example, the introduction of bacterial agents into the formation
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during drilling and the subsequent generation of polysaccharide polymer slimes which

reduce permeability.

2.1.1.2. Formation Damage by Fines Migration Including Effects of

Internal Filter Cake

The infiltration and/or migration of fluids in porous media has long been a problem to
petroleum industry. The consequences of these fluid invasions are numerous and have
- been identified in many field operations [1, 25, 26]. In oil and gas reservoirs, such an
invasion of foreign fluids and their consequent interaction with the in-situ fluids and
formation causes drastic reduction in production [27, 28]. For example, the in-situ release
and subsequent migration of indigenous fines in sandstone reservoir cause drastic
permeability reduction when fresh and low salinity water replaces the brine commonly

present in reservoirs [29, 30]. .

Filtrate invasion of a drilling fluid and the accompanying invasion and migration of
solids may come directly from the fluid system or from the formation itself. The intrusion
and deposition of these mobile particles lead to the blockage of pore throats, which
include a reduction in permeability of the rock. [31]. Deeper invasion into the formation
is favoured by large pore size and small particle size. The depth of invasion can be
significant if the formation is highly fractured. Once the formation near wellbore
becomes totally filled or plugged by particles, an internal filter cake begins to establish in
the formation. [32].

2.1.2. Formation Damage in Different Qilfield Operations

Formation damage and its effect on well productivity may result from drilling mud
filtrate interaction with formation minerals and from invasion of drilling fluid solids.
Penetration of filtrate damage depends on the effectiveness of fluid-loss control and may

range from a few inches to several feet [33].
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Production rates normally decline with the natural depletion of a field; accelerated
decline from formation plugging is a common problem during production operations that
must be dealt with to maintain an adequate return on investment. Detection and diagnosis,

critical factors in remedying a well-plugging problem, often are not simple [1].

Formation permeability damage from fracturing fluids can sometimes be a serious
problem, possibly because of deep penetration of the damage during prolonged pumping.
The characteristic of a good fracturing fluid includes ability to withstand high shear rates
in the wellbore (up to 1300 sec) and high viscosities at low shear rates (below about 50

sec™) for proppant transport in the fracture.

The extensional viscosity of polymer solutions may reduce leakoff, thus reducing

potential formation damage in gravel pack and hydraulic fracturing applications [16].

Two main factors affect the fluid loss of fracturing fluids; (1) an early high leakoff phase
before a component filter cake is established across the face of the formation, typically
referred to as spurt loss, and (2) a phase where all fluid loss is controlled by the leakoff
through the filter cake.

The major factors that influence the spurt loss and filter cake behavior are; (1) shear rate
in the fracture; (2) permeability of the reservoir; (3) pressure difference between the
bottom hole fracturing pressure and the reservoir pressure; (4) fluid properties and; (5)
temperature [34].

Fluid quality is particularly critical in treating perforated completions. We must keep in
mind that deeply penetrating workover damage will create a condition similar to
perforating with insufficient penetration into a previously damaged zone. Well

productivity can easily drop to a small fraction of the undamaged productivity [1].

2.1.3. Laboratory Evaluation of Formation Damage

Laboratory testing is a critical component of the diagnostic procedure followed to

characterize the damage. To properly characterize the formation damage, a complete
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history of the well is necessary [35]. Development of meaningful laboratory testing and
data interpretation techniques for assessment of the formation damage potential of
petroleum bearing formations under actual scenarios of field operations, and for
evaluations of techniques for restoration and stimulation of damaged formations are

essential exploitation of petroleum reservoirs.

Experimental systems and procedures should be designed to extract meaningful and
accurate experimental data. The data should be suitable for use with the available
analytical interpretation methods. This is important to develop reliable empirical
correlations, verify mathematical models, identify the governing mechanisms, and
determine the relevant parameters. These are then used to develop optimal strategies to

mitigate the adverse processes leading to formation damage during reservoir exploitation

(2]

Formation damage in petroleum-bearing formation as described above, occurs by various
mechanisms and/or processes, depending on the nature of the rock and fluids involved,
and the in-situ conditions. The commonly occurring processes involving rock-fluid and
fluid-fluid interactions and their affects on formation damage by various mechanisms
have been reviewed by numerous studies, including Mungan (1989), Gruesbeck and
Collins (1982), Khilar and Fogler (1983), Sharma and Yortsos (1987), Civan (1992,
1994, 1996), Wojtanowicz et al. (1987, 1988), Masikewich and Bennion (1999), and
Doane et al. (1999) [24].

Laboratory test are designed to determine, understand and quantify the governing
processes, their parameters, and dependency on the in-situ and various operations
conditions, and their effect on formation damage. Laboratory tests help determine the

relative contributions of various mechanisms of formation damage.

2.1.4. Selection of Reservoir Compatible Fluids

Masikewich and Bennion (1999) [36] described the typical information, tests and

processes necessary for laboratory testing and optimal design, and selection of fluids for

10
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reservoir compatibility. Hence, they classify the effort necessary for fluid testing and
design into six steps: (1) identification of the fluid and rock characteristics, (2)
speculation of the potential formation damage mechanisms, (3) verification and
quantification of the pertinent formation damage mechanisms by various tests, (4)
invasion of the potential formation damage mitigation techniques, (5) development of the
effective bridging systems to minimize and/or avoid fluids and fines invasion into porous

media, and (6) testing of candidate fluids for optimal selection.

2.1.5. Experimental Set-up for Formation Damage Testing

The design of apparatus for testing of reservoir core samples with fluids varies with
specific objectives and applications. Typical testing systems include core holders, fluid
reservoirs, pumps, flow meter, sample collectors, control system for temperature,
pressure or flow, and data acquisition systems. The degree of sophistication of the design
of the core testing apparatus depends on the requirements of particular testing conditions
and expectations (Doane et al. 1999 [37]).

2.2. Viscoelastic Effects of Fluids Flowing Through a Porous Media

The analysis of viscoelastic effects of fluids flowing through porous media is not a new
subject. Several authors, from different areas including fundamental rheology, EOR and

drilling/completions have made qualitative observations about the fact [38].

Data presented by Dauben and Menzie [39], Cakl et al. [40] and Marshall € Metzner [41]
indicate higher friction losses than the ones predicted by Darcy’s Law. The authors

attribute the fact to normal stresses effects, typical of viscoelastic flow.

Durst et al. [11] present a broad discussion on the nature of non-Newtonian flows through
porous media. The main motivation is the deviation found in the well-known Darcy Law
for the flow of some diluted polymeric solutions. The authors propose that the total strain

experimented by the fluid is a composition of shear and elongation efforts.

11
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Jones and Walters [42] introduce the importance of the extensional components in
polymer injection through porous media, aiming EOR applications. Saasen et al [13]
correlated fluid invasion with linear viscoelastic parameters. Later, Svendsen et al. [43]
show results of extensional viscosity as indicators of fluid invasion governing parameters.
Young et al. [16] show similar correlation for fracturing fluid invasion. These authors
suggest that the Trouton Ratio (a ratio of extensional viscosity to shear viscosity at the
same shear/extensional rates) would be the major rheological parameter governing fluid
invasion. Bird et al. [44] describe in detail the several material functions, which can

characterize the viscoelastic steady and unsteady flow of fluids in several geometries.

The Trouton ratio is the established method of comparing extensional and shear
viscosities. By definition extensional viscosity is always 3 times greater than shear
viscosity at Newtonian conditions. Therefore a Trouton ratio of 3 indicates Newtonian
behaviour. Thus, any deviation away from 3 leading to greater values indicates that there

is viscoelasticity in the sample [43].

2.2.1. Flow Behavior of Polymer Based Fluids in Porous Media

With the growing interest in the oil field applications of polymer based solutions, it
becomes increasingly important to have a proper understanding of the flow behavior of

high concentration of polymer-based solutions in porous media

Newtonian fluids, such as brines and mineral oils, exhibit a linear relationship between

the shear stress, T, and the shear rate, .

where the coefficient p represents the fluid viscosity. Aqueous polymer solutions,
however, do not show such linear relationship. Instead, a non-linear relationship is found

approximated by the empirical expression:

12
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where K represents the consistency index and n the flow behavior index.
Darcy’s law describes the laminar flow of Newtonian fluids through porous media:

k AP
p L

To describe the flow of polymer solutions their non-Newtonian behavior must be taken
into account. In principle, this behavior can be determined in core flow experiments by
recording the pressure drop as a function of flow rate, making allowance for the
dimensions of the test sample and the viscosity of the fluid. The interpretation of the

experimental results are complicated by the influence of several phenomena [45]:

1. aqueous polymer fluids exhibit non-Newtonian flow behavior; their viscosity is not

constant but depends on the applied flow rate [39, 46-47],

2. the fluid may also show pseudoplastic behavior resulting in an additional pressure drop
[39,41,48],

3. shear degradation of polymer molecules may occur when a certain critical flow rate is

exceeded, in which case the fluid viscosity will be decreased irreversibly [49, 50],
4. adsorption/retention of polymer molecules on the rock surface [51-53],
5. part of the pore volume is virtually inaccessible to polymer flow [52, 54-55].

All these phenomena affect the pressure drop across the core sample, and the evaluation
of the complex overall behavior would be greatly facilitated if the contribution of the

different phenomena could be accessed.

In order to account for the effect of shear-thinning characteristics of polymer based fluids
on the pressure losses, Darcy equation (equation 2.3) can be modified by using the
power-law model (equation.2.2). Many authors have attempted to develop macroscopic
relationships between the velocity of the fluid in the rock and the apparent shear rate of

the fluid. This shear rate represents an average shear rate in the porous media, since the

13
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actual shear rate on each individual pore is a strong function of the diameter of the pore-

throat and each rock has a pore-throat size distribution leading to a shear rate distribution.

The modified Blake-Kozeny equation was derived to estimate shear rates for the flow of

power law fluids in porous media [56].

el 126
Vo™ an o(1B0kp

2.3. Fluid Loss (Leak-off) Control

The rate of leakoff is of critical importance during drilling, completion operations (i.e.
sand control) and stimulation treatments, such as acid treatments and hydraulic fracturing.

In all of these cases, fluid loss control has been achieved by two basic mechanisms [7]:

Increasing the overall viscosity of the fluid using high polymer concentrations or by

crosslinking the polymer [5, 6],

Developing an internal and/or external filter cake using fluid loss additives (starch, sized
CaCO;, mica silica flour, oil soluble resins, etc) to plug the pore throats of the formation
(57].

Both fluid loss control mechanisms may result in a loss of permeability when flow is
initiated in the production mode. Furthermore, if fluid loss additives are not used
properly, they can cause significant loss of permeability due to their plugging mechanism
if they enter the formation [58, 59].

Two distinct phases of fracturing fluid loss appear to exist: (1) an early high leakoff phase
before a component filter cake is established across the face of the formation, typically
referred to as spurt loss, and (2) a phase where all fluid loss is controlled by the leakoff
through the filter cake [34].

The effect of the parameters that influence fluid leakoff have been investigated by many

authors [5-7, 60]. However, it is clear that fluid leakoff is a complex phenomenon that is
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not fully understood and poorly modelled. Penny and Conway [7] and McGowen and
Vitthal {34] provide comprehensive reviews of fracturing fluid-loss, thus only literature
relevant to discussion of the effects of shear rate, permeability, and pressure will be

reviewed here.

2.3.1. Effect of Shear Rate on Fluid Loss

Many researchers have investigated the effect of shear rate on the buildup of filter cake
[34, 5-7, 60]. Although most researchers agree about the qualitative trends, such as higher
leakoff at higher shear rates, different researchers have different conclusions regarding

the importance of the dynamic flow conditions.

Gulbis [61, 62] reported no shear rate effects with crosslinked fluids for shear rates below
80 sec”’. In contrast, Penny et al. [7, 63] reported no shear effects at less than 40 sec™.

Recently Navarette et al. [S, 64] have reported large differences between static and
dynamic conditions (conflicting most previous investigators). They reported that spurt
loss can be reduced by either using more viscous fluids (such as crosslinked guars instead
of HEC) or by using fluid-loss additives. However, the use of more viscous fracturing
fluids or fluid-loss additives or both can adversely affect the conductivity of the proppant
pack, which becomes a critical factor on the postproduction of the well because of the

higher permeability of the formation.

Vitthal et al. [34] conducted experimental work and reported that the fluid loss of linear
gels is independent of the shear rate and can be lower than that of crosslinked gels on low
permeability formations. The fluid loss for crosslinked fluids increases as the shear rate
increases, primarily because of the creation of a filter cake that is in equilibrium with the
fluid shear stress. Higher shear rates result in thinner equilibrium filter cakes and
increased steady-state leakoff velocities. Shear rate has a negligible effect on early-time
filtration data [34, 65].

15
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2.3.2. Effect of Permeability on Fluid Loss

Roodhart [66] conducted some of the earliest work on the effect of permeability of cores
with hydroxyethylcellulose (HEC) fluids with silica flour up to 100 md at a pressure of
1,500 psi. He found that the spurt loss was proportional to the square root of the
permeability and that C,, (wall-building coefficient, fi/min’’) was independent of core

permeability for all fluids that generated a filter cake.

Penny and Conway [63] likewise report spurt loss to be proportional to the square root of
the permeability for linear HPG fluids in cores up to 100 md; however, they also show

spurt-loss data that is directly proportional to permeability for crosslinked HPG fluids.

McMechan [67] similarly shows data that indicate a linear relationship between spurt loss
and core permeability. McGowen et al. [68] introduced the first detailed study of static
fluid leakoff of fracturing fluids into very high permeability cores (up to 5,000 md). This
research has been supported by subsequent studies [6, 64, 67]. Parlar et al. [6] indicated a
linear spurt-loss relationship with permeability in their testing with high-permeability
cores (up to 1,000 md).

Vitthal et al. [34] reported that high-permeability cores are less sensitive to shear rate
effects because of internal pore plugging. This internal pore plugging increases
significantly as permeability or pressure increases, and causes a reduction in the C,, and
Vi (dynamic leakoff coefficient, ft/min). Linear gels transition from building filter cakes
to whole gel leakoff, with, increasing core permeability and increasing filtration. The
major effect of permeability on the fluid loss of crosslinked gels is an increase in the

spurt loss.

2.3.3. Effect of Differential Pressure on Fluid Loss

Several studies have been performed regarding the effect of differential pressure on fluid
loss [6,7, 66 & 69). The results of these studies have also been conflicting. In Roodhart’s
study [66], he reported that filter cakes were compressible up to 300 psi (filter cake
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compressibility, o = 0.0) but incompressible (a=0.5) thereafter. He did not report a trend

of spurt loss vs. pressure.

Mayerhofer [70, 71] performed static measurements on filter paper and also reported that
the degree of filter-cake compressibility varied with pressure. He found in his study that

o was lower while the pressure was increasing.

Penny et al. [7, 63, 72] showed that filter cakes were compressible (a=0.17 to 0.25) for
pressure drops up to 2,000 psi, while no data on the spurt dependency was presented.
Whereas Vitthal et al. [34] mentioned that increased filtration pressure results in an
increase in the spurt loss for all fluids. The filter cakes of linear and crosslinked fluids are
highly compressible; therefore, the. Cy increases slightly with increasing pressure. The
relaxation times for filter cakes are small and the filter cakes adjust quickly to pressure
changes. The product of the formation permeability and the pressure drop (also called
driving force) drives fluid loss; a strong linear relationship exists between the driving

force and the spurt loss for a fluid.

2.4. Selection of Non-Damaging/Optimum Drill in Fluids Composition

Correct fluid composition, bridging material selection, and good maintenance of the

drilling fluid system are the keys to success for better productivity. A filter cake that

allows a better flow profile along the entire wellbore reduces the risks of water coning or

erosion associated with non-uniform flow and pressure drop. Very often, the cost of a

specialized reservoir drilling fluid system is less than that of any treatment required to

remove a standard filter cake and restore the original permeability along the entire

borehole [3]. The productivity of openhole completions can be increased by the use of -
reservoir drilling fluids that are properly designed to minimize formation damage [73,

74].

Investigations have shown that rapid formation of a thin, impermeable, external filter
cake reduces formation damage [74, 75]. To achieve this goal, careful design is required -

to minimize spurt loss and invasion during drilling and completion operations. Selection
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of the correct chemicals and defining their concentration in use is paramount to obtaining
the desired properties [3]. An area of particular importance is the choice of bridging
solids. It has been demonstrated that bridging solids play a critical role in the rapid
formation of the filter cake [75, 76].

Another dominant factor in the productivity of openhole completions is the compatibility
of the filter cake with the formation and completion hardware. Bailey et al. [77] found
that filter cake yield strength plays a significant role in the removal of filter cake during
drawdown and that the yield stress is affected by the type‘ and size of particles in the
fluid.

When adsorbed in the near-well region, polymers formed by long flexible chainlike
molecules, like polyacrylamides, help reducing water production in mature wells

suffering from excessively high water cut [78, 79].

Several studies [80-82] have shown that a bridging adsorption phenomenon occurs in low
permeability porous media due to a combination of chain elongation and adsorption.
Zitha [82] developed a theory for polymer flow in porous media honouring the layer and
bridging adsorption phenomena (canonical filtration theory) and proved that the bridging

adsorption phenomenon includes a strong filtration of the longest polymer molecules.

Designing drill-in fluids, which can guarantee minimum invasion into the reservoir rock,
is a must for openhole completion wells. The industry has proposed several ideas to deal
with the problem, most of them based on adding bridging agents to the fluid formulation.
Such agent would block pores near the well bore and, consequently, prevent additional
fluid to invade the rock [38].

Several authors (Xiao et al. [83] Peng et al [84], Carlson et al. [85], Longeron et al. [86],
Clark et al. [87], Gallino et al. [88], Audibert et al. [89] and Navarrete et al. [90] present
relevant theoretical and experimental studies on the filtration properties of water based
fluids. Those test were run both in dynamic and static conditions for several types of

fluid, pH, solids size, shape and concentration, pressure and shear stresses.
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Lomba et al. [91] introduced a discussion on additional mechanisms, besides bridging,
which could minimize fluid invasion. Among them, there is a topic on how polymers of
different rheological properties would behave while flowing through a non consolidated
sand bed in a static filtration apparatus specifically designed to evaluate invasion. The
authors concluded that shear viscosity was not the only factor, which governs invasion,
since some less viscous fluids presented less invasive behaviour, for the same conditions,
than high viscosity fluids. The authors postulate several hypotheses on the role of the
viscoelastic properties of such fluids on the invasion behaviour. The role of rheology on
fluid invasion in the reServoir is still not clearly stated. Main points, which arise, are: to
what nature of efforts the fluid is submitted when flowing through the porous media?
Which shear rates characterize the well-reservoir boundary? Which rheological properties

govern the invasion phenomenon?

A different concept was proposed by Martins et al. [38] for controlling invasion in their
article: designing a polymer based fluid which would generate extremely high friction
losses when flowing through a porous medium without generating extra losses while
flowing in the well. In this case the fluid would present proper flow and solids transport
properties in the well and would not invade the rock formation. They conducted some
experimental work and their results indicate that Newtonian fluids, CMC (Carboximethyl
Cellulose) solutions and low concentration XC (Xahthan Gum) and PHPA (Partially
Hydrolyzed Polyacrylamide) solutions were properly fit by Darcy law. On the other hand,
the highly concentrated solution preéented relevant deviations. Such deviations tended to
increase with the increase of def‘ormation rate (or differential pressure). This fact
indicates that there is a need for applying viscoelastic constitutive models to account for

the extra friction losses.

Svendsen et al. [43] reported, in a clear fluid without solid bridging material, it becomes
necessary to use polymeric additives to create a sufficient extensional viscosity to prevent
fluid from flowing into the formation. The extensional viscosity, also called the shear free
viscosity [45], is known to be the major factor controlling the flow of polymeric liquids
into porous formations [11]. The reason is that the fluid resists changing to a shape

similar to a rod thickening under compression [92, 93]. Thus, for regular flow in a porous
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medium, it contributes about 75% of the resistance to flow. In this case, because the
extensional viscosity and the shear viscosity are proportional, the empirical determination
of the permeability will hide the effect of the extensional viscosity. For polymeric liquids
the case is completely different, as in Non-Newtonian flow the extensional viscosity can
be several magnitudes larger than the shear viscosity [93]. Thus optimum filtration

control is achieved by the use of a fluid with a high extensional viscosity.

2.5. Extensional Viscosity

When a fluid flows through a porous rock, it experiences a series of contractions and
expansions as it goes from pore-bodies into pore-throats and then into pore-bodies again.
On each contraction and expansion the fluid experiences shear close to the wall and
extension away from the walls. The extensional rate (or rate of stretching) is the product
of the converging flow into the pore-throat (accelerating) and expansion exiting the pore-

throat (decelerating). Based on the type of deformation, shear and extensional viscosity

can be defined as [18]:
Shear Viscosity:
=0 e (2.5)
Y
Extensional viscosity:
n, =2 80 B e 2.6)

Where o1, and o33 are the stresses in the axial and radial directions respectively for

uniaxial elongation and o, is the shear stress. The shear rate is ¥ and the extensional rate

ise.

The apparent viscosity obtained from Darcy’s law is the result of the contributions of

both the shear and extensional viscosities [42, 7]
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The elongational / extensional viscosity is that parameter which is at the base of
elongational flow. The elongational viscosity regards the strength of polymer melt in

tensile stress while the shear viscosity is related to the shear flow.

Two types of axisymmetrical elongational flows exist. The most investigated type of
- extensional flow is simple extension (uniaxial). The other axisymmetrical flow is biaxial
extension. Planar extension on the other hand is a non-axisymmetrical elongational flow

since it is deformed only in two directions [94] (Figure 2.1).

The shear and elongational viscosities of a Newtonian fluid are constant. For an

axisymmetric flow of Newtonian fluid, the Trouton ratio (Tr = ne/n) is 3.

For polymers, shear and elongational viscosities depend upon strain rate. At low value of
strain rate, the shear and elongational viscosities of a polymer are typically constant. For
axisymmetrical flow, Trouton ratio for the zero strain rate, shear and elongational
viscosities of a polymer is generally 3. As the strain rate is increased beyond the
Newtonian limit, the shear viscosity of a polymer decreases with increasing strain rate,
whereas the elongational viscosity may actually increase or decrease followed by a
decrease or increase as the strain rate is further increased, depend upon the polymer type

and its concentration [95].

2.6. Extensional Viscosity of Polymer Melts

There are several existing models that can be used to estimate the extensional /
elongational viscosity of polymer melts. The processing of polymer melts involves both
shear and extensional deformations. In simple shear flow the velocity changes in the
direction perpendicular to the flow direction. Material elements are not stretched along
the streamlines contrary to elongational flow. As mentioned before, two types of
axisymmetrical elongational flows exist. The most investigated type of extensional flow
is simple extension (uniaxial). The other axisymmetrical flow is biaxial extension. Planar
extension on the other hand is a non-axisymmetrical elongational flow since it is

deformed only in two directions (Figure 2.1). All these flows are shear free which greatly

21

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



complicates the design of the extensional rheometers to replicate these flows since the
polymer must not adhere to any surfaces other than those which transmit the stretching
force [94].

There are two basic approaches for the determination of the elongational flow properties

of polymer melts: using either tensile testing method or converging flow methods.

The flow near an abrupt contraction in a channel (entrance flow) is highly extension
dominated. Therefore, entrance flow is a good benchmark test for analyzing the effect of
elongational viscosity on polymer flows. Besides being a good test case, entrance flow is
often encountered in polymer-processing applications, such as extrusion dies and the

runners in injection modelling.

For Newtonian fluids it has been established experimentally and by numerical simulation
that the main cause of vortex near the abrupt contraction is the fluid inertia. In contrast,
for creeping flow of polymers, it has been éxperimentally demonstrated by many
researchers that a recirculating vortex near the abrupt contraction, which can grow
significantly with the flow rate in the channel. Furthermore, at certain flow rates,
experiments have shown the formation of a second vortex, called lip vortex, near the
entrant comer. Since the flow near an abrupt contraction is highly extension dominated,
in addition to the pressure drop for fully developed flow in the upstream and downstream
channels, an extra pressure loss is encountered in the entrance flow. Due to the high
elongational viscosity of polymers, this extra pressure loss, called the entrance loss, can

be particularly large for polymers [95].

Several entrance flow models were developed to estimate the extensional viscosity of a
fluid from the entrance pressure and shear viscosity measurements [94]. A critical issue
in applying entry flow analysis techniques to estimate the elongational viscosity is to

obtain entrance pressure measurements.

Bagley [96] observed that the flow of polymer melts into a capillary generates an extra
pressure at the entrance, which is higher than for 2 Newtonian fluid (up to 10 times). A

method was developed by Bagley to determine this entrance pressure.
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A potential source of error exists in applying entry flow analysis when the entrance
pressure measurements are made under melt fracture conditions. Melt fracture is the
name given to an unstable flow regime which occurs upstream of a contraction (Piau et
al. [97]). This instability is believed to occur at a critical entrance pressure (Cogswell
[98]) due to excessive tensile stresses in the converging flow at the entrance to a
contraction. This critical entrance pressure depends on the polymer investigated, its

molecular weight and temperature and on the geometry of the die.

2.6.1. Cogswell Analysis

The assumptions for the velocity field into a contraction are quiet different on the entry
flow model chosen. The Cogswell model [98] assumes that the velocity on the surface of
the recirculation vortices shown in Figure 2.2 is zero. This assumption is based on flow
observations by Cogswell [99, 100] who claims that the velocity on the surface of the
vortices is equal to only 10% of the velocity on the flow axis. The method by which
Cogswell arrived at this measurement was not specified however. The measurements of
Cogswell may have been for small vortices. A streak photograph (Figure 2.2) of the flow
of a branched Polydimethylsiloxane (PDMS) into an orifice shows that the velocity on
the surface of a vortex is approximately 40% of the axial velocity at the same distance
away from the orifice. According to Cogswell [99, 100], the generation of vortices

minimizes the pressure drop at the entrance to a contraction.

The following expression was then obtained for the extensional viscosify:
NE=(9/32)M+ 1% Po/VA) 2/ Moot .7)

where:

P, = entrance pressure, 1 = Viscosity = kya ® ", n = power law index, k = power law

coefficient, yo = apparent shear rate = 4Q/(nR.’), R, = radius of Capillary, Q = flow rate

The average extensional rate was derived to be:
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E=4YA2MN/ B MHD) Pl 2.9)

The entrance angle, 0, of the converging flow funnel, in Figure 2.3, was calculated by
Cogswell [99, 100]:

tan(8) = (8 / 3)NYa/ (R + DPo).vveeerreeeeerreeeranns 2.9)

2.6.2. Gibson Model

The Gibson model neglects completely the upstream vortices by claiming that their
contribution td the pressure drop is of second order. Gibson [101, 102] argues that the
viscous dissipation in extension is the major contribution to the entrance pressure drop for
dies with large entry angles and that the extensional contribution is not very sensitive to

differences in the flow between the case of small vortices and large vortices.

Shear stress, T, and the extensional stress, og, were written as power law expressions and

the following expression was then derived for the extensional viscosity:

where:
Yy=@n+1)/(4n) *ya
1a=4Q/ (7R,’)

The coefficients | and k are constant and n and t are called power law indices. The shear

contribution to the total pressure drop across the flow regime was calculated by Gibson
[101, 102].

P; = 2K (sin (o)) *"/ 3na 3V)* ((1+3n)/ (4n)) " *(1- Ro/ Ry) > 74" ....... (2.12)

Where:
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o = converging angle of die (half angle)
R, =radius of Capillary
R; = radius of upstream conduit

The elongation contribution, P, to the entrance pressure, P,, was calculated by

subtracting P, (equation 2.14 ) from the total measured entrance pressure, P,:

The following expression was obtained for the extensional component of the entrance

pressure:
P=1ya'[(2/ (3t)(sin (@) (1+ cos () / 4)' (1 =Ry /R) N + ¢ (¢, ) / 47]....(2.14)
Where:
d(t, @) = Int(0-a) (sin(B)) " (1+ cos(B)) “~ dp
The average strain rate, €, was calculated to be:

g=yasin (a) (1 +cos () /4

2.6.3. Binding Model

The analysis of Binding [103] differs significantly from that of Gibson [101, 102].
Binding [103] assumes in his analysis that the entrance pressure is dominated by the
shear contribution to the total viscous dissipation as postulated by Cogswell [99, 100].
This difference can be understood by the different assumptions used by Gibson [101,
102] and Binding [103] regarding the boundary conditions and location in the converging
flows. Binding [103] assumes as Cogswell [99, 100] that the velocity at the surface of the
upstream vortices is zero. The entrance angle 0, (Figure 2.3) of polymers melt such as
low density polyethylene (LPDE) can be quite small (15°). The entrance angles calculated
by both Cogswell [99, 100] and Binding [103] were compared by Tremblay [94] to the
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entrance angle measured from photographs of the flow of LDPE, linear low-density
polyethylene (LLDPE) and 50/50 blend of the two. It was found that both the Cogswell

and Binding models underestimate significantly the entrance angle.

The following expression was then obtained by Binding for the extensional viscosity:

Where the power law coefficient 1 for the elongation viscosity can be written as:
I=Xk/(t(1+3n)n'Tly) [(C3t* (1 +n)*/ 2k (1 +t)* *
(1= (Ro/ Ry C T A gyt et eeeeeeeee s (2.16)
g=(n+1)(k/ (1t Gn+ Dn'ly)) /TNy @rmra+y (2.17)

- Wherey=(3n+1)/(4n) ya

2.6.4. Tremblay Model

Tremblay model [94] describes the velocity along the surface of the upstream vortex
decreases rapidly as it approaches the lip of the die. The total viscous dissipation due to
the flow of a fluid into a capillary is then assumed to be given by the sum of the
dissipation due to elongational stresses within the converging flow region and the

dissipation due to stagnation flow around the lip of the die.
The following expression was then obtained for the extensional viscosity:
Po=1(ya/4)" (2 — cosB)t (2 — cos® + cosO (1 + cosO) (t +1) /

((1+26056) (0 + 1)))eveveenreeeereeeereeenenn. (2.18)

£=Q/ (7R (2 - cosd)
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In order to calculate the extensional viscosity of a polymer melt, the entrance pressure is
first plotted as a function of the apparent shear rate. This data is then fitted to a power law
function to obtain C (coefficient in the power law expression for the entrance pressure)

and the power law index s in the equation:

Po=C4Q/ (TR eeeeeeieeeeeeeeeeeeeenn (2.19)

The power law index t in the elongation viscosity:

ne=1g® Y

is equal to the power law index s. The coefficient 1 is then obtained simply as:
1=Ca 220 i (2.20)

In conclusion, the Gibson [101, 102] and Tremblay [94] models follow more closely the
slope of the uniaxial elongational viscosity in the power law regime. The Cogswell [98]
and Binding [103] models do not follow as well the slope of the uniaxial elongational
viscosity for certain polymers since both of these latter models follow the same relation
[99] in the power law regime. The Gibson and Tremblay equations [94, 101, 102] appear
to predict well the slope of the uniaxial elongation viscosity versus strain rate curve for
all six polymers investigated by Laun and Schuch [104]. The Gibson model [101, 102]
can be used with dies of any converging angle. The elongational viscosity estimated by
the Gibson [101, 102] model coincides with the Cogswell [98] model for capillary dies of
low convergence angle and is close to the Tremblay [94] model at high convergence
angles (greater than 120°). The Gibson and Tremblay models however predict fairly
accurately the slope of the uniaxial elongational viscosity curves in the power law

regime. The Tremblay model is the easiest to use among the entry flow models.

2.6.5. Tremblay’s Method of Measuring Elongational Viscosity

Tremblay’s method is based on the measurement of the pressure required to push the gel

through an orifice. The apparatus consists of a hollow cylinder (barrel) and a moving
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piston (Figure 2.4). An orifice was located at the centre of the piston. The cylinder was
filled with approximately one litre of polymer solution and the piston was allowed to
move at a controlled speed from the top of the cylinder to the bottom. The pressure
measured at the bottom of the barrel was corrected for hydrostatic head of the gel within

the barrel in order to get orifice entrance pressure values at different deformation rate.

Entrance pressure values and shear viscosities were used in Gibson model [101,102] to
calculate extensional viscosities of the test fluids. A brief description of the Gibson model

is given in the Appendix-A.

2.7. Xanthan Gum and Partially Hydrolyzed Polyacrylamide

In this study, Xanthan Gum and Partially Hydrolyzed Polyacrylamide (PHPA) were
selected because of their extensive use as a viscosifier in the oil industry for different
applications due to their unique rheological properties. A brief description of both

polymers is given in the following section:

2.7.1. Xanthan Gum

Xanthan gum, an exocellular heteropolysaccharide produced in fermentation by bacteria
(Xanthomonas campestris), is a cream-coloured powder that dissolves in water to

produce solutions with high viscosity at low concentration [105].

Xanthan gum was discovered in the 1950s by scientists of the Northern Regional
Research Laboratory of the U.S. Department of Agriculture in the course of a screening,
which aimed at identifying microorganisms that produced water-soluble gums of
commercial interest. The first industrial production of xanthan was carried out in 1960,

and the product first became available commercially in 1964.

Xanthan gum is produced by the microorganism Xanthomonas campestris, originally
isolated from the rutabaga plant. The gum is produced commercially by culturing X.

campestris purely under aerobic conditions in a medium containing commercial glucose,
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a suitable nitrogen source, dipotassium phosphate, and appropriate essential elements.
‘When the fermentation is complete, the gum is recovered from the fermentation broth by

precipitation with isopropyl alcohol, and dried, milled, tested, and packed [113].

Xanthan gum has relatively stable viscosity properties as a function of salt concentration,

pH, temperature and shear degradation [106].

Xanthan gum solutions are rheologically characterized as shear thinning typed fluids i.e.

shear viscosity of xanthan gum solutions decreases as shear rate increases [42].

Jones and Walters developed a macroscopic media model where they flowed Xanthan
solution. They characterized xanthan gum solutions as extensional thinning fluids. They
also mentioned that the flow of xanthan gum solution was dominated by shear viscosity

as compared to extensional viscosity [42,12].

Xanthan gum’s high viscosifying ability, coupled with excellent stability under high
salinity, high temperature, and mechanical shear conditions makes the use of xanthan
gum favourable for various drilling, drill-in, completion, fracturing and even in enhanced
oil recovery (EOR) operations in the oil field [105, 106, 107]. In a recent study, however,
Saasen and Loklingholm [108] reported that poor whole cleaning is obtained if xanthan
gum is used as a primary viscosifying additive in standard water based drilling fluids.
They suggested that xanthan gum should primarily be used to control barite sag and not

be used as general viscosifier.

2.7.2. Polyacrylamide

The polyacrylamides are versatile synthetic polymers, readily water-soluble over a broad
range of conditions. These polymers are unique in their strong hydrogen bonding,

linearity, and very high molecular weight.

The polyacrylamide can be modified by changing some of the amide groups to carboxyl
groups. This technique, known as hydrolysis, is accomplished by treating a

polyacrylamide solution with a strong base. When only part of the amide groups are
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modified, the process is called partial hydrolysis, forming partially hydrolysed
polyacrylamide (PHPA). The typical PHPA used in drilling muds is comprised of 70%
primary amide groups and 30% carboxylic groups [109].

Solutions of Polyacrylamide polymers have good temperature stability. This is true only

so long as there are no sources of free radicals in the system [110].

In porous media the flow of biopolymer solutions changes from Newtonian to shear
thinning at increasing flow rates, the behavior of Polyacrylamide solutions undergoes
transitions from Newtonian flow via shear thinning into shear thickening beyond a certain

critical flow rate.

This dual rheological behavior comprising both viscous and elastic responses complicates
significantly the description of flow in porous media and has moreover a number of

important implications.

Viscoelasticity of Polyacrylamide solutions may put constrains in field applications. At
the high flow rates around the injection well the shear thickening effect can lead to
excessive pressure build-up or consequently low maximum injection rates. This emphasis

the needs for quantification of the effects of viscoelasticity on reservoir flow [95].

Jones and Walters characterized Polyacrylamide solutions as extensional thickening.
Most coiled molecules become extensional thickening at high-enough extensional rates
for polyacrylamide. The results of their experiments indicated that the flow of

polyacrylamide solution was dominated by extensional viscoéity [42,12].
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(a)

(€)

Figure 2.1: Deformation of Polymer Sample in: (a) uniaxial extension (b) biaxial

extension, and (c) planar extension (Ref. 94)
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Figure 2.2: Visualization of the Flow of a Branched Polydimethylsiloxane (PDMS)

through a submerged orifice. U = upstream, D = downstream, a= length of streak

before impinging on surface ¢ (Ref. 94)
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Figure 2.3: Details of control volume used in Tremblay Analysis. 8 = entrance half

angle, A = velocity redistribution thickness. (Ref. 94)
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CHAPTER 3

EXPERIMENTAL PROGRAM

Experimental program consists of: (1) Rheological characterization of the XG and PHPA
solutions (2) Determination of filtration characteristics of XG and PHPA solutions (3)
Core flow experiments to determine formation damage characteristics of the XG and
PHPA solutions.

The following sections provide a detailed description of the methodology, materials and

the equipment used for the experimental study.

3.1. Materials Used for the Preparation of Polymer-Based Fluids

The polymers used in this research study; were supplied at no cost by Baroid
International Canada Limited. These polymers were xanthan gum (XG) and partially
hydrolyzed polyacrylamide (PHPA) and their commercial names are Barazan D Plus and

Barafloc respectively.

Barazan D Plus is a powdered dispersant-added biopolymer (xanthan gum): provides
viscosity and suspension in fresh water, sea water, sodium bromide, potassium bromide,
potassium chloride, and sodium chloride-based fluids. It has been specially formulated
for enhanced dispersibility. It viscosifies fresh water and brine-based fluids used in
drilling, milling, under-reaming, and gravel packing operations. It suspends bridging

agents and weighting materials in fresh water and brine systems.

Barazan D Plus disperses easily in fresh water or brine with shear, provides thixotropic
properties and non-Newtonian flow characteristics over a wide salinity range at low
concentrations. It provides excellent suspension without the need for clays, minimizes the

potential for formation damage, it is stable up to 250°F (121°C).

Barazan D Plus is a yellow to white powder with specific gravity of 1.6 and molecular

weight of 2 million. The pH of 1% aqueous solution of Barazan D Plus is 6.3.
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Barafloc is a versatile PHPA polymer for use as a flocculant, viscosifier, and encapsulator

in conventional and polymer based drilling muds and water treatment and clarification.

Barafloc’s typical advantages are; (1) Aids in the maintenance of drilling fluids (2)
Decreases filtercake thickness (3) Allows for increased rate of penetration (4) Reduces
water requirements for controlling mud weight and keeping the solids concentration low

(5) Effective in small concentrations.

The appearance of the Barafloc polymer powder is white and opaque white in liquid
form. Its pH (0.5% aqueous solution) is 7.0 and molecular weight is 15 million. It is very
sensitive to mechanical degradation therefore careful measures should be taken during the

preparation of PHPA solutions to eliminate the mechanical degradation effect.

3.2. Shear Viscosity Measurements

The main purpose of these measurements was to determine the shear stress-shear rate
behavior, shear viscosities and the yield strength of the polymer solutions. A Haake
RotoVisco RT 20 shear Rheometer (Figure 3.1) and a Brookfield DV II Cone/Plate
Viscometer (Figure 3.2) were used for shear viscosity measurements. Polymer

concentrations, ranging from 0.5 to 3.0 lb/bbl, were used for preparing polymer solutions.

The shear viscosity values measured from Haake viscometer, at Alberta Research

Council (ARC), were used to obtain the extensional viscosity of polymer-based solutions.

Whereas shear viscosity values measured with Brookfield viscometer, at the University
of Alberta Laboratory, were used to estimate the concentration profile, across the core

length, during core flow experiments.

Brief descriptions of the both viscometers and measurement procedures are given in the

next sections.
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3.2.1 Shear Viscosity Measurements with Haake Rheometer

The RotoVisco RT20 is a controlled rate/stress rheometer manufactured by HAAKE
(Figure 3.1). The Rheo Win Pro software package was provided with the rheometer for

data acquisition and analysis.

The temperature of the cooling bath was set at 22 °C. Polymer solution was pre-sheared
for a period of four minutes for each measurement at a controlled shear rate of 0.7sec™.
Two shear rate sweeps were set for each measurement cycle; first sweep in which the
shear rate increased in twenty: steps from 0 to the maximum rate of 2300sec’ followed by
a sweep in which the shear rate was decreased in twenty equal steps back to zero. A fresh
sample was used for each measurement. The sample was poured into the sample cup and
placed onto the cup holder. The sample cup was automatically lifted to the rotor and the

measurement was performed.

3.2.2 Shear Viscosity Measurements with Brookfield DV II Cone/Plate

Viscometer

The Brookfield DV 1I is a Digital Cone/Plate Viscometer (Figure 3.2). The Viscometer
rotates a sensing element in a fluid and measures the torque necessary to overcome the
viscous resistance to the induced movement. This is accomplished by driving the
immersed element, which is called a spindle, through a beryllium copper spring. The
degree, to which the spring is wound, detected by a rotational transducer, is proportional
to the viscosity of the fluid. It is able to measure over a number of ranges since, for a
given spring deflection, the actual viscosity is inversely proportional to the spindle speed

and shear stress is related to the spindle’s size and shape.

Measurements made using the same spindle at different speeds are used to detect and
evaluate the rheological properties of the test materials. Cone/Plate viscometer is useful
especially when small sample is available to analyze. It needs sample volume range from

0.5 to 2.0 ml, depends upon the spindle size. With the cone spindle # CP-41 and CP-52 it
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gives shear rate range from 0.6 to 120 sec’. The viscosity range is form 3840 cp to 19.2
cp for CP-41 and from 31,065.6 cp to 155.33 cp for CP-52 respectively.

Brookfield DV II Cone/Plate Viscometer gives viscosity values directly in centipoises. It
was used to examine the samples collected during the core flow tests, for shear rates
ranging from 0.6 to 120sec”. These shear viscosity values were used to determine the

concentration profile of polymer solution across the core length during core flow tests.

3.3. Extensional Viscosity Measurements

Extensional viscosity measurements were conducted at Alberta Research Council (ARC)
Laboratories. A unique method recently developed by Tremblay et al. [94] was used to
determine the extensional viscosity of polymer-based solutions. The method is based on
the measurement of the pressure required to push the gel through an orifice (Figure 3.3).
The apparatus consists of a hollow cylinder (barrel) and a moving piston. An orifice was
located at the centre of the piston. The cylinder was filled with approximately one litre of
Polymer solution and the piston was allowed to move at a controlled speed from the top
of the cylinder to the bottom. The pressure measured at the bottom of the barrel was
corrected for hydrostatic head of the gel within the barrel in order to get orifice entrance
-pressure values at different deformation rate. Entrance pressure values and shear
viscosities (measured using Haake viscometer) were used in Gibson model [101,102] to
calculate extensional viscosities of the test fluids. A brief description of the Gibson model

is given in the Appendix-A.

34. API Fil_tration Test — Static Filtration

The filter press (Figure 3.4) is used to determine the filtration rate through a standard
filter paper. The standard American Petroleum Institute (API) filter press has an area of
45 cm? and is operated at a pressure of 6.8 atm (100 psig). A standard Wattman 40 filter
paper is placed at the bottom of the sample cup. The cup is then filled up with the test
fluid and the sample cup lid is fixed on the top. A 100-psig pressure is applied and filtrate
sample is collected into a graduated cylinder. ‘
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The detailed description of the API filtration test procedure is available in the “Standard
Procedure for Testing Drilling Fluids (API R.P. 13B, Dallas, 1974)”. The filtrate volume

collected in a 30-min time period is reported as the standard API filtration loss values.

API filtration tests were performed for three different concentrations (0.5, 1.5 and 3.0
1b/bbl) of XG and PHPA solutions. The discussion of the results of API filtration tests is

given in chapters 4 and 5.

3.5. Core Flow Experiments

The experimental set-up and procedure used for core flow tests are described in the

following sections.

3.5.1. Experimental Set-Up

A schematic of the experimental set-up is shown in Figure 3.5. A 12-inch long and 2-
inch diameter stainless steel core holder (Figure 3.6) was used for linear core flow
experiments. Two flanges were fitted on each end of the coreholder. A sintered screen
was fitted into the inside wall of the cap flanges to act as a distributor for the fluids
injected. The core holder was packed with glass beads simulating the porous media with

an average permeability of 11-13 Darcy and porosity of 38 %.

Four pressure transducers (one differential pressure transducer across the whole core and
three absolute pressures transducers in the middle of the core at equal distances) were

used to measure the pressure drop across the core holder (Figure 3.6).

Intermediate pressure measurement ports were also equipped with syringe valves to allow

fluid sample collections at any time during the flow experiments.
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3.5.1.1. Materials and Fluids

The material used to pack the coreholder was glass beads with a US mesh size of 60-80.
The porosity of the pack was around 37-38% and the absolute permeability of the pack
varied between 11 to 13 Darcy.

Polymers solutions prepared by using three different concentrations of Barazan D Plus
(XG) and Barafloc (PHPA) were used in core flow tests. A detailed description of

polymers is given in chapter 2, section 2.7.

3.5.1.2. Injection and Production System

A progressive cavity pump with variable frequency drive control was used to inject the

test fluid into the core sample.

The fluid samples were collected at the outlet end of the core holder. Samples were also
collected at different time intervals through the syringe valves located at the three

intermediate pressure transducers.

3.5.1.3. Data Acquisition System

The data acquisition system had two parts: hardware and software systems. The hardware
consisted of four Validyne transducers and a Validyne UPC601-L sensor interface card.
The card came with its own sensor excitation and carrier demodulation, which meant that
no external signal conditioning was required. The card could accommodate a maximum

of sixteen single-ended or 8 differential input channels.

The software used for data acquisition was StabView, a menu driven data acquisition
program that supports real time logging of data to excel files. All set-up parameters were

available through pull-down window selections.
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3.5.2. Model Preparation

The first step in preparing the model was making sure that all parts of the apparatus were
clean and working properly. Then the coreholder was isolated from the transducer
connections, and the injection and production system. The core holder was placed
vertically in preparation for packing. Then the model was evacuated with a vacuum
pump, and was saturated with water. After saturation, the model was placed horizontally
and connected to the injection and production system, and to the transducers. At this

stage the absolute permeability was measured.

3.5.2.1. Packing Procedure

The dry packing method was used in all experiments in this study. The packing process
started with the coreholder mounted vertically, with the injection end pointing upwards
and the production end pointing downwards. A mechanical vibrator was strapped onto the
core. In the same time a transparent extension of the same core holder size was attached
to the inlet end. This extension helped to maintain more consistent packing throughout
the core and insured that the glass beads pack level flushed with the top of the end flange.
The glass beads were loaded into the coreholder while vibrating. The core was vibrated
for five hours. The top extension was removed and an end flange was installed. The
model was subjected to a vacuum of 6.89 kPa for three hours. After drawing the vacuum,
tab water was allowed to imbibe into the glasspack core from the bottom end. At this
~ stage, the core was 100% saturated. The amount of imbibed water was then taken to be
the pore volume of the glass beads pack. Porosity was then determined by dividing the

pore volume by the bulk volume.

3.5.3. Experimental Procedure

Experimental procedure consists of following steps: (1) Preparation of Polymer Solutions

(2) Absolute Permeability Measurements (3) Core Flow Experiments-Assessment of
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Formation Damage (4) Core Cleaning Procedure (5) Data Reduction for Core Flow

Experiments.

3.5.3.1. Preparation of Polymer Solutions

Xanthan Gum: Test fluids were prepared by mixing (tap) water with powdered xanthan
gum at three different concentrations, 0.5, 1.5, and 3.0 Ib/bbl. A Hamilton-Beach
overhead malt mixer was used to prepare the solutions in 400 ml batches. Water was
added to the mixing cup and the required amount of polymer added slowly. The solution
was then mixed at 10,000 rpm for 15 min.

The initial batch fluid viscosity profile was determined using Brookfield DV-II
viscometer at 22 ° C. In order to eliminate any micro bubbles (possibly formed during the
mixing process), the batch fluid was filtered through Wattman 40 filter paper by using
standard filter press. After the filtration test, the viscosity of the fluid was again measured

at 22° C to ensure that the polymer was not being removed during the filtration step.

Partially Hydrolyzed Polyacrylamide: PHPA solutions were prepared by sprinkling the
dry polymer uniformly into the (tap) water where an ordinary laboratory magnetically
driven stirrer was used for mixing. As soon as the entire polymer is added, the stirrer is
slowed to a speed of 60-80 rpm to avoid mechanical degradation. The solutions were

allowed to stir overnight so that it can soak and dissolve all of the dry polymers.

The initial batch fluid viscosity profile was determined using Brookfield DV-II
viscometer at 22 ° C. In order to eliminate any micro bubbles (possibly formed during the
mixing process), the batch fluid was filtered through Wattman 40 filter paper by using
standard filter press. After the filtration test, the viscosity of the fluid was again measured

at 22° C to ensure that the polymer was not being removed during the filtration step.
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3.5.3.2. Absolute Permeability Measurements

The core holder was put in a horizontal position for absolute permeability measurement.
The core initially was 100% water saturated, and the pressure inside the core pack was
atmospheric. Water was injected at different flow rates from the inlet end and produced at
the outlet end of the core. When the pressure across the core stabilized, the flow rate and
the absolute pressures at the three intermediate transducers were recorded. For
differential pressure reading difference of two intermediate pressure transducers reading,

and the corresponding core length was used.

Darcy’s law for linear flow was used to calculate the absolute permeability for each

experiment,

q= —-1.127k(—4£)
ul

Given that
L = Length of the sand pack, ft
p = Viscosity, cp
A = Cross-sectional area of the core pack, ft?
q = Water flow rate, bbl/day
AP = Pressure difference, Psi
k = Absolute permeability, Darcy

A plot of q p L/ A*1.127 versus AP gives a straight line passing through the origin with a
slope equal to k (darcy). Three to five points of pressure and their corresponding flow
rates were used to construct this line. The least square fit method was used to determine

the best straight line across the test data points. The slope of the line was calculated as the
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permeability, k. The absolute permeability measurement was conducted for each core
flow test in this study.

3.5.3.3. Core Flow Experiments-Assessment of Formation Damage

Before the injection of polymer-based solutions core was dried using air injection. The
core was then put into the oven for over night. The Corepack was cooled down using air
before the fluid injection. All transducers were calibrated and installed on the core holder
before each flow test and then connected to the data acquisition system. Polymer
solutions were injected at different flow/shear rates using injection pump starting from
lower to higher flow rates. Samples were collected upon first production through the
outlet end. Samples were also collected at the three syringe valves (Figure 3.6) located at
three intermediate transducers and at the outlet end. Polymer solution was allowed to
flow for about an hour and four samples were collected during this time period. Real time

pressure data was recorded throughout the flow test using the data acquisition system.

After the flow test, the core was flushed with water for about 24 hours to clean the core
- from polymer solutions. Permeability of the core pack was measured again using the tab
water. Difference in the permeability before and after the core flow tests were taken as
the formation damage induced due to polymer flow. Permeability data before and after

core flow tests and their discussions are given in chapters 4, 5 and 6.

3.5.3.4. Core Cleaning Procedure

Core was cleaned using acetone. Acetone was pumped using accumulator for about 30
minutes at 30-psi differential pressure across the core, 15 minutes from each directions.
Core was then flushed with air and then with hot water to clean the core from the acetone.
Permeability of core was measured again using tab water to make sure that the original

permeability of the core has been retrieved. An average of 95- 98% permeability was

retrieved using core-cleaning procedure.
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3.5.3.5. Data Reduction for Core Flow Experiments

Upon the completion of an experiment, the pressure data was retrieved from the data
acquisition system and plotted on Microsoft Excel. Viscosity of the fluid samples was
measured using the Brookfield Digital DVII Cone/Plate Viscometer and the data was

entered manually into a spreadsheet and then plotted.

Pressure drop across the core sample was calculated using Darcy’s equation and
compared with the measured ones. Formation damage was calculated using the absolute

permeability data before and after the flow test.

A calibration curve was plotted using the viscosity values for different fluid
concentrations of polymer-based solutions. This calibration curve was used to estimate

the fluid concentration across the core sample.

Extensional viscosities of the polymer based solutions and their Trouton ratios were

plotted and compared with the pressure data and fluid concentrations.

API filtration loss values were measured for different concentrations of polymer-based
solutions and compared to see the effect of fluid loss on the formation of internal filter

cake i.e. formation damage.
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Figure 3.1: Haake Rheometer RotoVisco RT 20
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Figure 3.2: Brookfield DV II Cone/Plate Viscometer
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Figure 3.6: Metallic Core Holder
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CHAPTER 4

EXPERIMENTAL RESULTS OF XANTHAN GUM
SOLUTIONS

4.1. Rheological Characterization of Xanthan Gum Solutions

A full-scale rheological characterization of xanthan gum solutions was carried out by

measuring the shear and extensional viscosities.

4.1.1. Shear Viscosity Measurements

Shear viscosities of the test fluids were measured by using Haake viscometer. The shear
stress vs. shear rate plots of xanthan gum solutions are shown in Figure 4.1 (Appendix
N). The shear stress vs. shear rate diagram (Figure 4.1) shows that xanthan gum solutions
have low yield stress values and can be rheologically characterized as Power law type

fluids. Power law model coefficients of xanthan gum solutions are given in Table 4.1.

The shear viscosity vs. shear rate curves for three different concentrations of xanthan
gum solutions are shown in Figure 4.2. The shear viscosity vs. shear rate diagram

(Figure 4.2) confirms the shear thinning characteristics of xanthan gum solutions.

A calibration curve relating the shear viscosity to xanthan gum concentration (at a base
shear rate observed at pore level; 105 sec) was developed (Figure 4.3). The polymer
concentration calibration curve was later used to determine the variation of polymer
concentration along the core. Figure 4.3 shows that the shear viscosity of xanthan gum

solutions increases significantly as the polymer concentration increases.

4.1.2. Extensional Viscosity Measurements

Extensional viscosity values for two xanthan gum solutions (1.5 and 3.0 Ib/bbl) are
shown in Figures 4.4. As shown in Figure 4.4 (Appendix H) extensional viscosities of 1.5

and 3.0lb/bbl xanthan gum solutions decrease with increasing strain/extensional rate,
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however, the rate of decline is much steeper at low shear rate regions (less than 800 sec’

l)‘

Trouton ratio values for two xanthan gum solutions (1.5 and 3.0 1b/bbl) are shown in
Figure 4.5. Figure 4.5 shows that the Trouton ratios of xanthan gum solutions increase

with increasing strain/extensional rate.

It is anticipated that the biaxial extensional viscosity at small elongation rates becomes
three times the zero shear rate viscosity (Trouton ratio =3) [93]. However, it is seen from
Figure 4.5 that Trouton ratio values at low strain rates are higher than 3, suggesting that
these zero strain rate values can be inaccurate. However, at larger strain rates we expect

these values to be more correct.

It is possible that the deformation rates in the gel tester were still too high. These
polymers can sometimes show flow instabilities at high deformation rates called melt
fracture. This type of instability can be observed as a pulsating flow at the entrance to a
contraction. This type of flow can physically degrade the polymer chains. It is possible
that the higher concentration xanthan gum is more affected by this type of flow. This
might explain why the elongational viscosity seems to decline more with increasing

deformation rate.

Gibson model [101, 102] was used to calculate the extensional viscosity for all strain
rates. We therefore, used this calculated extensional viscosity also for small strain rates

without bringing in any theoretical speculations about the correct values.

In general, xanthan gum solutions (Figure 4.4) can be considered as fluids with
extensional thinning characteristics i.e. extensional viscosity decreases as the strain rate
increases. Whereas extensional viscosities of xanthan gum solutions increase

significantly with the increase in fluid concentration (Figure 4.4).
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4.2. API Filtration Tests

API filtration test results have shown that xanthan gum solutions have high filtration loss
values (Table 4.2). However, API filtration loss volume decreased significantly (59%)

when xanthan gum concentration is increased from 1.5 to 3.01b/bbl.

The exact reason of reduction in filtration rate is, however, not clear. The increase in
shear viscosity and extensional viscosity were expected to control the reduction of leak-

off rate.

A comparison of the fold of increase of extensional and shear viscosities might be useful
to find out which one of the viscosities has dominant effect on the reduction of filtration

rate.

The shear viscosities of xanthan gum (at 105sec™) were measured as 71 cp and 175 cp for
1.5 and 3.0Ib/bbl XG polymer solutions respectively. The fold of increase in the shear

viscosity is 2.46.

The extensional viscosities of XG solutions were measured (at 105sec”) as 756 cp and
3105 cp for 1.5 and 3.01b/bbl solutions respectively. The fold of increase in this case is
4.1,

The fold of increase in extensional viscosity (4.1) is higher than the fold of increase in
shear viscosity (2.46), suggesting that the extensional viscosity might play more

significant role in the reduction of leak-off rate.

4.3. Core-Flow Experiments - Assessment of Formation Damage

The main objectives of core flow tests were:

i-) To determine if there is any reduction in the original permeability of the pack after
flowing xanthan gum solutions, and if there is any damage occurred, to determine the

effect of xanthan gum concentration on the severity of the permeability reduction,
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ii-) To determine if the extensional viscosity of the fluids influence the pressure drop

along the pack.

Fluids with three different xanthan gum concentrations (0.5, 1.5, and 3.0 1b/bbl) were

used for the core flow tests.

Measurements from three intermediate pressure transducers (located at equal distance
from each other) were used to determine absolute permeability of the glass bead pack

before and after the flow of xanthan gum solution through the pack.

Xanthan gum solutions were injected at certain rates to generate a base shear rate of

105sec™ in the core.

4.3.1. Pressure Losses Measurements Along the Core

Pressure losses along the core were measured (Appendix J) and compared with the ones
calculated from Darcy equation for linear flow. The use of Darcy equation for pressure
loss estimation requires the values of shear viscosities determined at shear rates, which
prevail within the porous media. Shear rates in the mechanically packed core were
estimated using modified Blake-Kozeny equation (Equation 2.4). A comparison of
measured and calculated pressure loss values for fluids with two different xanthan gum

concentrations (1.5, 3.0 Ib/bbl) at 105sec! shear rate are given in Table 4.3.

The results shown in Table 4.3 indicate that calculated pressure loss values are 11.6 %
ahd 27.3 % lower than the measured pressure loss values for 1.5 1b/bbl and 3.0 1b/bbl
solutions respectively. Shear viscosity values measured at the shear rate of 105 sec” and
original core permeability values were used in the Darcy equation (equation 2.3) for
pressure loss calculations. Both shear and extensional viscosity values seemed to be
decreasing as the fluid flows from inlet to outlet. Therefore, it is postulated that any
possible reduction in the permeability due to the flow of xanthan gum solutions might

have caused measured pressure drops to be higher than the calculated ones.
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Core flow experiments were also conducted using 1.5-1b/bbl solution at different flow
rates to see the effect of fluid injection rate (shear rate) on the pressure losses (Table 4.4).
Measured pressure losses were also higher than calculated pressure losses with slight

increase in percent difference as the flow rate increased.

4.3.2. Assessment of Form ation Damage

Formation damage was calculated (Appendix L) by measuring the permeability before
and after the core flow test. Initial permeability of the pack was measured by flowing
water through the pack. The flow test was conducted by injecting xanthan gum solutions
through the core. After the flow test was completed, the core was flushed with water for
about 24 hours. The permeability of the pack was then measured again. The percent
reduction of the original pack permeability was recorded as an indicator of the damage in
each case. Table 4.5 summarizes the results of permeability measurements before and

after core flow tests.

Core flow tests were actually conducted to see if the original permeability of the core
would be reduced due to the flow of xanthan gum solutions. Permeabilities measured
before and after the flow tests are shown in Table 4.5. The results have shown that
original core permeability was reduced by 25 % and 28 % due to the flow of 1.5 and 3.0
Ib/bbl solutions respectively.

Adsorption and retention of polymer molecules on the rock surface is suggested as one of

the primary reasons of observed formation damage in the case of xanthan gum solutions.

4.3.3. Change in Polymer Concentration Along the Core

Shear viscosities of the fluid samples collected at the inlet, at the three middle pressure
measurement ports and at the outlet of the core were measured. The samples were
collected as soon as the first fluid comes out of the core and after that, the fluid samples

were collected at various time intervals until the flow reaches to steady state (i.e. pressure
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stabilizes). The shear viscosity values at the inlet and at the outlet are given in Table 4.6.

Figure 4.6 shows the variation of shear viscosities along the core.

The results in Table 4.6 show that the shear viscosities at the outlet decreased by about
9.7 % and 11.5 % for 1.5 Ib/bbl and 3.0 Ib/bbl xanthan gum solutions respectively, as

soon as the first fluid comes out of the core during the core flow tests.

Xanthan gum concentrations corresponding to measured inlet and outlet shear viscosities
were estimated by using the calibration curve (Figure 4.3). The results shown in Table 4.7
indicate that the polymer concentration reduced by about 10 and 12% as the 1.5 Ib/bbl
and 3.0 1b/bbl solutions flew through the core sample respectively.

The reduction in fluid concentration, permeability, and API filtration loss values indicate
that the xanthan gum solutions have formation damage characteristics during the core

flow tests.
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Table 4.1: Power Law Model Coefficients of Xanthan Gum Solutions

. Flow Behavior
Xanthan Gum Consistency Index Index
Concentration K n

1b/bbl N-s/m? or pa-sec
0.50 0.1264 0.5898
1.50 2.1142 0.2616
3.00 6.9703 0.1769

Table 4.2: API Filtration Loss vs. Xanthan Gum Concentration

Xanthan Gum Concentration | API Filtration Loss
Ib/bbl ml
0.5 N/A
1.5 187.0
3.0 76.0
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Table 4.3: Comparison of Measured Pressure Loss vs. Estimated Pressure Loss of

Xanthan Gum Core Flow Tests (at 105 sec! flow rate)

Xanthan Gum
Concentration Measured Pressure Loss | Calculated Pressure Loss %
1b/bbl psi psi Difference
15 17.2 15.4 11.6
3.0 37.3 29.3 273

Table 4.4: Comparison of Measured Pressure Loss vs. Estimated Pressure Loss at

Different Flow Rates (Xanthan Gum Concentration, 1.5 1b/bbl)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Flow Rate Shear Measured Pressure Calculated Pressure %
ml/min Rate Loss Loss Difference
1/sec psi psi
15.6 105 17.2 15.4 11.6
17.8 120 18.4 15.9 15.7
22.2 150 19.5 16.8 16.1
29.7 200 214 18.1 18.2
44.4 300 24.7 20.1 22.9
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Table 4.5: Permeability Measurements for Xanthan Gum Flow Test

Permeability before the Permeability after the Permeability
Xanthan Gum .
C . test test Reduction
oncentration,
Ib/bbl Darcy Darcy %
1.5 12.86 9.59 25.41
3.0 11.81 8.46 28.39

Table 4.6: Variation of Shear Viscosity Between the Inlet and the Outlet of the Core

Initial Xanthan Shear Viscosity at the Shear Viscosity at the
c Gutm ti Inlet Outlet o, Reduction in
oncentration cp cp Shear Viscosity
Ib/bbl
1.5 70.8 63.9 9.7
3.0 174.9 154.7 11.5
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Table 4.7: Variation of Xanthan Gum Concentration Between the Inlet and the

Outlet of the Core

Xanthan Gum

Xanthan Gum
Concentration at the

% Reduction in Xanthan

Shear Stress,t, Pa

ey 3.0 [b/bb]

Concentration at the Inlet Outlet Gum Concentration
1b/bbl 1b/bbl
1.5 1.35 10
3.0 2.65 12
40
a5 | =05 Ib/bb
snfile= 1 5 [b/bbl

500

1000 1500

Shear rate, v, 1/sec

2000 2500

Figure 4.1: Shear Stress vs. Shear Rate Diagram for Xanthan Gum Solutions
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Figure 4.2: Shear Viscosity vs. Shear Rate of Xanthan Gum Solutions
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CHAPTER 5

EXPERIMENTAL RESULTS OF PARTIALLY
HYDROLYZED POLYACRYLAMIDE (PHPA) SOLUTIONS

5.1 Rheological Characterization of PHPA Solutions

A full-scale rheological characterization of PHPA solutions was carried out by measuring

the shear and extensional viscosities.

5.1.1 Shear Viscosity Measurements

Shear viscosities of the fluids were measured by using the Haake (RotoVisco RT-20)
viscometer. The shear stress vs. shear rate diagram of three different PHPA solutions (0.5
to 3.0 Ib/bbl) is shown in Figure 5.1 (Appendix O). Shear stress-shear rate diagram
(Figure 5.1) indicates that the PHPA solutions have very low yield strength and their
rheological behavior can be characterized by power law model (Figure 5.1). Power law

model coefficients of PHPA solutions are given in Table 5.1.

The shear viscosity vs. shear rate curves of the PHPA solutions (0.5 to 3.0 Ib/bbl) is
shown in Figure 5.2. Shear viscosity versus shear rate measurements show that the PHPA

solutions have shear thinning characteristics (Figure 5.2).

A calibration curve relating the shear viscosity of PHPA solutions (measured at the shear
rate observed at pore level; 105 sec™) to polymer concentration was developed (Figure
5.3). This calibration curve was later used to determine the variation of polymer
concentration along the core. The shear viscosities of PHPA solutions increase with

increasing polymer concentrations (Figure 5.3).

5.1.2 Extensional Viscosity Measurements

The extensional viscosities were measured (Appendix I) by using the Gel Tester

developed by Tremblay et al. [94]. Figure 5.4 shows extensional viscosity versus strain
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rate plots of 1.5 and 3.0 Ib/bbl PHPA solutions. The extensional viscosities of PHPA
solutions increase with the increase in extensional rate (Figure 5.4), which indicates
extensional thickening characteristics of PHPA solutions. Whereas xanthan gum
solutions showed extensional thinning characteristics. The extensional viscosities of

PHPA solutions increase as the polymer concentration increases (Figures 5.4).

Trouton ratio vs. strain rate plots of 1.5 and 3.0 Ib/bbl PHPA solutions are shown in
Figure 5.5. The Trouton ratios of 1.5 and 3.0 Ib/bbl PHPA solutions increase with the

increase in strain/extensional rate.

5.2 API Filtration Tests

API filtration tests were performed to determine the effect of PHPA concentrations on the
total filtration volume. The results of API filtration tests are given in Table 5.2.

API filtration test results have shown that PHPA solutions have high filtration loss values
(Table 5.2). However, API filtration volume decreased (15.2%) with the increasing
PHPA concentration from 1.5 to 3.0 Ib/bbl.

The actual cause of filtrate reduction is not known. The increase in shear and extensional

viscosities were both expected to control rate to the reduction of filter loss.

A comparison of the fold of increase of extensional and shear viscosities might be useful
to find out which one of the viscosities has dominant effect on the reduction of filtration

rate.

The shear viscosities of 1.5 and 3.0lb/bbl PHPA solutions, at 105sec’ shear rates, were
measured. Shear viscosity of 1.51b/bbl PHPA solution was 27 c¢p and 3.0lb/bbl was 67 cp
(at 105sec™). The fold of increase in shear viscosity of PHPA solution was 2.5 when the

PHPA polymer concentration was increased from 1.5 to 3.0 1b/bbl.

The extensional viscosities of 1.5 and 3.0Ib/bbl PHPA solutions, at 105sec” strain rates,

were measured. Extensional viscosity of 1.51b/bbl PHPA solution was 43 cp and
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3.0Ib/bbl was 200 cp. The fold of increase in extensional viscosity of PHPA solution was
4.6 when the PHPA polymer concentration was increased from 1.5 to 3.0 1b/bbl.

API filtration loss values for 1.51b/bbl PHPA solution is 249ml and for 3.0lb/bbl PHPA
solution is 211ml. The 15% reduction in the filtration loss values with the increase in
polymer concentration suggesting that extensional viscosity might play an important role
in controlling the filtration loss values of PHPA solutions as compared to shear viscosity,
as it can be seen that increase in the extensional viscosity with the increase in PHPA

polymer concentration is 4.6 fold, whereas increase in the shear viscosity is only 2.5 fold.

5.3 Core Flow Tests-Assessment of Formation Damage

Fluids with three different polymer concentrations (0.5, 1.5, and 3.0 Ib/bbl) were used for

the core flow tests.

Measurements from three intermediate pressure transducers (located at equal distance
from each other) were used to determine absolute permeability of the glass bead pack

before and after the flow of xanthan gum solution through the pack.

PHPA solutions were injected at certain rates to generate a base shear rate of 105sec™ in

the core.

5.3.1 Pressure Losses Measurements Along the Core

Pressure losses along the core were measured (Appendix K) and compared with the ones
calculated from Darcy equation for linear flow. The use of Darcy equation for pressure
loss estimation requires the values of shear viscosities determined at shear rates, which
prevail within the porous media. Shear rates in the mechanically packed core were

estimated by using the modified Blake-Kozeny equation (Equation 2.4).

Results shown in Table 5.3 indicate that there is a significant difference in measured and
calculated pressure losses observed during the flow of PHPA solutions (9.3, 46.4, and
31.4%, corresponding to 0.5, 1.5 and 3.01b/bbl PHPA concentrations respectively).

69

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Core flow experiments were also conducted using 0.5 and 1.5-1b/bbl PHPA solutions at
different flow rates to see the effect of fluid injection rate (shear rate) on the pressure
losses (Table 5.4). Measured pressure losses were higher than the calculated pressure

losses with slight increase in percent difference as the flow rate increased.

In a previous study by Enevoldsen et al. [111], it was demonstrated that the pressure loss
due to the flow of aqueous PHPA solutions through a sand pack could be more than twice
of that pfedicted by Darcy calculations. They suggested that this effect was caused by the
very high extensional viscosity of the PHPA solutions. In their case, they used a PHPA
concentration of 1.58 Ib/bbl. It is, however, likely that they used PHPA with a much
higher molecular weight than in the present case. This would lead to higher extensional

viscosity values, which may act as an internal filter cake causing higher pressure drops.

5.3.2 Assessment of Formation Damage

Formation damage was calculated (Appendix M) by measuring the permeability before
and after the flow test. Initial permeability of the pack was measured by flowing water
through the pack.

The flow tests were conducted by injecting PHPA solutions through the core. After a
flow test was completed, the core was flushed with water for about 24 hours. The
permeability of the pack was then measured again. The percent reduction of the original

pack permeability was recorded as an indicator of the damage in each case.

Table 5.5 summarizes the results of permeability measurements before and after core
flow tests with PHPA solutions. It was observed that permeability of the core was
reduced slightly after the flow of PHPA solutions. The magnitude of permeability

reduction increased from 2.5% to 5.3% as the PHPA concentration was changed from 0.5
1b/bbl to 3.0 1b/bbl.
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5.3.3 Change in Polymer Concentration Along the Core

Samples of PHPA solutions were collected during the flow tests at the inlet, at the three
intermediate stations along the core, and at the outlet. Shear viscosities of these samples
were measured. As shown in Figures 5.6, shear viscosities of PHPA solutions were
reduced slightly as the fluid flew between inlet and outlet of the core. Depending on the
initial PHPA concentration, the reduction in the shear viscosities of the PHPA solutions
varied from 4.9% to 8.4% as the fluid flew between inlet and outlet of the core (Table
5.6).

In order to see if adsorption/retention of PHPA molecules play any role on the
permeability reduction, PHPA concentrations corresponding to measured inlet and outlet

shear viscosities were estimated by using the calibration curve (Figure 5.3).

Figure 5.7 shows the change in polymer concentration of the PHPA solutions as they
flow along the core. The results summarized in Table 5.7 show that the PHPA
concentration was reduced slightly as the fluid flew between the inlet and outlet of the
core. The measured concentration changes were 4.2 %, 5.9% and 6.4'% corresponding to
fluids with initial PHPA concentrations of 0.5 1lb/bbl, 1.5 1b/bb/ and 3.0 Ib/bbl
respectively. These results are in agreement with the observation that original pack
permeability was reduced slightly after the flow of PHPA solutions indicating low rate
adsorption/retention of PHPA molecules in the porous media (Table 5.5).
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Table 5.1: Power Law Model Coefficients of PHPA

Solutions

PHPA Consistency Index | Flow Behaviour Index
Concentration K n
1b/bbl N-s/m’ or pa-sec
0.50 0.0152 0.8896
1.50 0.0401 0.8745
3.00 0.3214 - 0.6616

Table 5.2: API Filtration Loss vs. Polymer Concentration for PHPA Solutions

PHPA
Polymer Concentration API Filtration Loss
Ib/bbl ml
0.50 N/A
1.50 ' 249.0
3.00 211.0
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Table 5.3: Measured Pressure Loss vs. Calculated Pressure Loss for Flow of PHPA Solutions (at
105 1/sec Shear Rate)

PHPA Concentration | Measured Pressure Loss Calculated Pressure Loss % Difference
1b/bbl Psi Psi
0.50 3.29 3.01 9.3
1.50 13.69 9.35 46.4
3.00 32.72 249 314

Table 5.4: Comparison of Measured Pressure Loss vs. Calculated Pressure Loss at Different Flow
Rates (PHPA Concentration, 0.5 and 1.5 Ib/bbl)

0.5 1b/ bbl
Flow Rate Shear Rate Measured Pressure Calculated Pressure Difference
ml/min 1/sec Psi Psi %
24.70 105.00 3.29 3.01 9.3
28.20 120.00 3.63 3.32 9.3
35.20 150.00 4.44 3.92 13.3
46.90 200.00 5.55 4.87 13.9
70.30 300.00 8.33 6.59 26.4
1.5 Ib/bbl
Flow Rate Shear Rate Measured Pressure Calculated Pressure Difference
ml/min 1/sec Psi Psi %
26.40 105.00 14.00 9.39 49.1
30.10 120.00 15.30 10.23 49.6
37.60 150.00 18.12 12.02 50.1
50.20 200.00 22.56 14.84 57.02
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Table 5.5: Permeability Measurements After Flow of PHPA Solutions

PHPA Concentration | Permeability Before The Test

Permeability After The Test | Permeability

Ib/bbl Darcy Darcy Reduction %
0.50 13.19 12.86 2.50
1.50 13.61 13.09 3.79
3.00 13.36 12.64 5.33

Table 5.6: Variation of Shear Viscosity Between the Inlet and Outlet of the Core

%
Reduction
Initial PHPA Concentration | Shear Viscosity at the Inlet | Shear Viscosity at the Outlet| in Shear
Ib/bbl cp cp Viscosity
0.50 10.10 9.60 4.95
1.50 26.78 25.16 6.05
3.00 66.88 61.26 8.40
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Table 5.7;: Variation of PHPA Concentration Between the Inlet and

the Outlet of the Core
PHPA Concentration | PHPA Concentration | % Reduction in PHPA
at the Inlet af the Outlet Concentration
1b/bbl 1b/bbl
0.5 0.480 4.17
1.5 1.416 593
3.0 2.820 6.38
45
g
] =#=0.5 Ib/bbl
;n': | == 1.5 Ib/bbl
§ w=tr=3.0 Ib/bbl
7
0 . , . .
0 500 1000 1500 2000 2500
Shear Rate, 1/sec |

Figure 5.1: Shear Stress vs. Shear Rate Diagram for PHPA Solutions
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CHAPTER6

COMPARISON OF XANTHAN GUM AND PARTIALLY
HYDROLYZED POLYACRYLAMIDE SOLUTIONS TEST
RESULTS

6.1 Comparison of Shear Viscosity Measurements

Comparison of the shear stress-shear rate diagram of 1.51b/bbl XG and PHPA solutions is
shown in Figure 6.1. Figure 6.1 indicates that XG and PHPA solutions of 1.51b/bbl
concentrations have very low yield stresses, however, XG solution indicates slightly

higher yield stress value as compared to PHPA solution.

Comparison of the shear stress-shear rate diagram of 3.0Ib/bbl XG and PHPA solutions is
shown in Figure 6.2. Figure 6.2 indicates that XG and PHPA solutions of 3.0lb/bbl
concentrations have low yield stresses, however, XG solution shows higher yield stress

value as compared to PHPA solution.

Figure 6.3 shows the comparison of shear viscosity-shear rate diagram of 1.51b/bbl XG
and PHPA solutions. Figure 6.3 shows that both XG and PHPA solutions are shear
thinning in characteristics i.e. shear viscosity decreases as the shear rate increases. The
XG solution (Figure 6.3) indicates higher shear viscosity values than that of PHPA

solution, especially for the shear rate values from 0 to 500sec™.

Figure 6.4 shows the comparison of shear viscosity-shear rate diagram of 3.0lb/bbl XG
and PHPA solutions. The XG and PHPA solutions of 3.0lb/bbl are shear thinning in
characteristics (Figure 6.4), whereas XG solutidn (Figure 6.4) has high shear viscosity
values as compared to PHPA solution, especially for the shear rate values from 0 to
1000sec”.

The shear viscosities of PHPA and XG solutions (at 105sec™) are given in Table 6.1. The
shear viscosities (at 105sec™’) of 1.51b/bbl PHPA and XG solutions are 27 cp and 71cp
respectively and the shear viscosities (at 105sec™) of 3.0lb/bbl PHPA and XG solutions
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are 67 cp and 175 cp respectively. The difference in shear viscosities is 2.6 fold for both
1.5 and 3.01b/bbl polymer concentrations.

6.2 Comparison of Extensional Viscosity Measurements

Comparison of the extensional viscosity of 1.51b/bbl XG and PHPA solutions is shown in
Figure 6.5. The extensional viscosity of XG solution shows extensional thinning
characteristics whereas PHPA solution indicates extensional thickening characteristics.
Figure 6.5 also indicates that XG solution has higher extensional viscosity values as

compared to PHPA solutions.

Figure 6.6 shows the comparison of the extensional viscosity of 3.0lb/bbl XG and PHPA
solutions. Figure 6.6 shows the extensional thinning characteristics for 3.0lb/bbl XG

solution and extensional thickening characteristics for 3.0lb/bbl PHPA solution.

Therefore the xanthan gum solutions, in general, can be characterized as extensional
thinning, whereas PHPA solutions as extensional thickening, similar behavior was also
reported by Jones and Walters [12]. The 3.0lb/bbl XG solution has high extensional

viscosity values as compared to the same concentration of PHPA solution (Figure 6.6).

The extensional viscosities (at 105sec’’) of PHPA and XG solutions are given in Table
6.2. The extensional viscosities (at 105sec™) of 1.51b/bbl PHPA and XG solutions are 43
cp and 756 cp respectively and the extensional viscosities (at 105sec™) of 3.01b/bbl PHPA
and XG solutions are 200 cp and 3104 cp respectively. The difference in extensional
viscosities is 17.5 fold for 1.51b/bbl polymer concentrations and 15.5 fold for 3.01b/bbl

polymer concentrations.

Figure 6.7 shows the comparison of Trouton ratio of 1.51b/bbl XG and PHPA solutions.
Xanthan gum solution of 1.51b/bbl concentration indicates high Trouton ratio values as

compared to the same concentration of PHPA solutions (Figure 6.7).
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Comparison of Trouton ratio of 3.0lb/bbl XG aﬁd PHPA solutions is given in Figure 6.8.
Xanthan gum solution of 3.0lb/bbl concentration has high Trouton ratio values as

compared to the same concentration of PHPA solutions.

Table 6.3 shows that the Trouton ratios (at 105sec’) of 1.51b/bbl PHPA and XG solutions
are 1.6 and 10.7 respectively and the Trouton ratio (at 105sec’) of 3.01b/bbl PHPA and
XG solutions are 2.9 and 17.7 respectively. The difference in Trouton ratio is 6.6 fold for

1.51b/bbl polymer concentrations and 5.9 fold for 3.0lb/bbl polymer concentrations.

In conclusion, XG solutions have high extensional viscosity and Trouton ratio values as
compared to the same concentration of PHPA solutions. Whereas XG is extensional

thinning in characteristics while PHPA is extensional thickening.

6.3 API Filtration Tests

API filtration test results have shown that PHPA solutions have much higher filtration
loss values than that of XG solutions (Table 6.4). Powell et al. [112] reported that when
using “solids free” xanthan gum solutions, filtration rate was controlled by high values of

shear viscosities measured at low shear rates and also by the true yield stress of these
fluids.

Svendsen et al. [43] argued that Powell et al.’s [112] explanation was incomplete mainly
because xanthan gum solutions have low yield stress and they suggested that major factor

controlling the fluid loss would be the extensional viscosity of these fluids.

Polymer solutions used in this study have low yield stresses (Figures 6.1 & 6.2) and their
extensional viscosities increase significantly as the polymer concentration increases
(Figures 4.4 & 5.4). Therefore, results from this study seem to be in agreement with
Svendsen et al’s [43] conclusion suggesting that the filtration volume is controlled by

extensional viscosity.
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The fact that XG solutions have much higher extensional viscosities than PHPA solutions
suggest that the extensional viscosities may play more significant role than shear

viscosities in controlling filtration loss.

For example; the shear viscosity of 3.0Ib/bbl XG solution at 105sec” shear rate is 175 cp
while shear viscosity of PHPA solution is 67 ¢p. The difference in shear viscosity is 2.6
fold.

The extensional viscosity of 3.01b/bbl XG solution (at 105sec’ strain/extensional rate) is
3104 cp while the extensional viscosity of 3.0lb/bbl PHPA solution is 200 cp. The

difference in extensional viscosity is 15.5 fold.

The API filtration loss value of 3.0lb/bbl XG solution is 76 ml while API filtration loss
value of 3.0lb/bbl PHPA is 211 ml. The difference is 2.78 fold. Therefore it can be
suggested that fluid loss value is more affected by extensional viscosity rather than shear

viscosity.

6.4 Core Flow Tests-Assessment of Formation Damage

The main objectives of core flow tests were:

i-) To determine if there is any reduction in the original permeability of the pack after
flowing xanthan gum solutions, and if there is any damage occurred, to determine the

effect of xanthan gum concentration on the severity of the permeability reduction,
ii-) To determine if the extensional viscosity of the fluids influence the pressure drop

along the pack.

6.4.1 Pressure Losses Measurements Along the Core

A comparison of measured and calculated pressure loss values at 105 sec™ shear rate for
fluids with three different concentrations (0.5, 1.5 and 3.0 Ib/bbl) of PHPA and XG

solutions are given in Table 6.5.
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Results indicate that the differences in measured and calculated pressure losses are much
higher in the case of PHPA solutions (9.3, 46.4, and 31.4 %) as compared to XG
solutions (4.7, 11.6, and 27.3%).

Results indicate that using shear viscosity in Darcy equation leads to underestimation of
pressure losses significantly. It seems that excess pressure loss observed, particularly, in
the case of PHPA solutions might be due to the extensional viscosity component present
in this flow configuration, as these solutions have very less formation damage effect (2.5
to 5.5%). These results seem to be in agreement with the results of Naverrete et al [17],
where they suggested that for the PHPA solutions, the flow was dominated by the

extensional viscosity effect.

6.4.2 Assessment of Formation Damage

Table 6.6 provides comparison of the permeability data obtained after the flow of PHPA
and XG solutions. Results indicate that the flow of XG solutions caused significantly
higher permeability reduction (up to 28%) than that of the PHPA solutions (up to 5.3%).

Adsorption and retention of polymer molecules on the rock surface is suggested as one of
the primary reasons of observed formation damage in core flow tests especially in the

case of xanthan gum solutions.

It is also shown in API filtration tests results that PHPA solutions have higher filtration
loss values (Table 6.4), for 30 minutes time period, than xanthan gum solutions. Figures
6.9 and 6.10 show comparison of filtration loss versus time plots for PHPA and XG
solutions respectively. As seen from Figures 6.9 and 6.10 that filtration profile of PHPA
is linear (straight line) with respect to time. Whereas in the case of xanthan gum, filtration
volume decreased significantly after 5 minutes indicates that xanthan gum solutions have

higher spurt losses and cake-building characteristics.

The rate of leakoff is of critical importance during drilling, completion operations (i.e.
sand control) and stimulation treatments, such as acid treatments and hydraulic fracturing.

In all of these cases, fluid loss control has been achieved by two basic mechanisms [7]:
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1. Increasing the overall viscosity of the fluid using high polymer concentrations or by

crosslinking the polymer [$, 6],

2. Developing an internal and/or external filter cake using fluid loss additives (starch,
sized CaCOs, mica silica flour, oil soluble resins, etc) to plug the pore throats of the
formation [57].

Both fluid loss control mechanisms may result in a loss of permeability when flow is
initiated in the production mode. Furthermore, if fluid loss additives are not used
propetly, they can cause significant loss of permeability due to their phigging mechanism
if they enter the formation [58, 59].

Therefore, after evaluating the degree of formation damage, especially in the case of
xanthan gum, it can be concluded that xanthan gum solutions have higher formation

damage characteristics as compared to PHPA solutions.

Although it can be said, for both types of fluids, the fluid loss can be controlled by
increasing the fluid viscosity, but the effect of increasing viscosity results higher

formation damage values (Table 6.6).

It can also be concluded that the effect of extensional viscosity may play significant role
on the pressure losses. This is true especially for PHPA solutions where higher difference
in pressure losses (Table 6.5) is observed while the degree of formation damage (Table
6.6) is low.

6.4.3 Change in Polymer Concentration Along the Core

The results in Tables 6.7 indicate that change in polymer concentration during the flow of
PHPA solutions (5.9 and 6.3%, corresponding to 1.5 and 3.0lb/bbl PHPA concentrations
respectively) is less than the one observed during the flow of XG solutions (10 and 12%,

corresponding to 1.5 and 3.0lb/bbl XG concentrations respectively).

The small change in PHPA concentration indicates that polymer retention/adsorption
does not occur in this case. This result is also in agreement with the fact that relatively
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low formation damage is observed due to the flow of PHPA solutions (2.5, 3.8, and 5.3%
permeability reduction, corresponding to 0.5, 1.5, and 3.0lb/bbl PHPA concentrations

respectively).

The significant change in XG polymer concentration (10 and 12%, corresponding to 1.5
and 3.01b/bbl) indicates that polymer retention/adsorption does occur in this case. This
result is also in agreement with the fact that relatively high formation damage is observed
due to the flow of XG solutions (21.2, 254, and 28.4% permeability reduction,
corresponding to 0.5, 1.5 and 3.0Ib/bbl XG solutions respectively).
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Table 6.1: Comparison of Shear Viscosities of Xanthan Gum and PHPA Solutions

(at 105sec™)
Fold of
Polymer Conc. Shear Viscosity, cp Increase
1b/bbl (@ 105sec™)
PHPA XG
1.5 27 71 2.6
3.0 67 175 2.6

Table 6.2: Comparison of Extensional Viscosities of Xanthan Gum and PHPA

Solutions (at 105sec'1)
Fold of
Polymer Conc. | Extensional Viscosity, cp Increase
Ib/bbl (@ 105sec™)
PHPA XG
1.5 43 756 17.5
3.0 200 3104 15.5
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Table 6.3: Comparison of Trouton Ratios of Xanthan Gum and PHPA Solutions

(at 105sec™)
Fold of
Polymer Conc. Trouton Ratio Increase
1b/bbl (@ 105sec™ extensional rate)
PHPA XG
1.50 1.6150 10.6774 6.6
3.00 2.9904 17.7473 5.9

Table 6.4: API Filtration Loss vs. Polymer Concentration for PHPA and

Xanthan Gum

PHPA Xanthan Gum
Polymer Concentration API Filtration Loss API Filtration Loss
1b/bbl ml ml
0.50 N/A N/A
1.50 249.0 187.0
3.00 211.0 76.0
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Table 6.5: Comparison of Measured Pressure Loss and Calculated Pressure Loss Values

(at 105 1/sec Shear Rate) Between PHPA and Xanthan Gum

PHPA ‘Xanthan Gum
Fluid Measured | Calculated Measured | Calculated
Pressure Pressure | Pressure %
Concentration | Pressure Loss Loss % Difference Loss Loss Difference
1b/bbl Psi Psi Psi Psi
0.50 3.29 3.01 93 7.09 6.77 4.72
1.50 13.69 9.35 46.4 17.24 15.39 11.6
3.00 32.72 249 314 37.33 29.26 27.3

Table 6.6 Comparison of Formation Damage Measured After Flow of PHPA and

Xanthan Gum Solutions

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

PHPA Xanthan Gum
Fluid
Concentration Formation Damage Formation Damage

Ib/bbl % %

0.50 2.50 21.19

1.50 3.79 2541

3.00 5.33 28.39
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Table 6.7: Comparison of Change in Polymer Concentration Along the Core

Polymer Reduction in Polymer Concentrations,
Concentration %
Ib/bbl PHPA XG
1.5 5.930 10.00
3.0 6.380 12.00

Shear Stress, pa

0 .
0 500

Shear Rate, 1/sec

wlm=pHPA 1.5 Ib/bbl
(G 1.5 Ib/bbl

1000 1500 2000 2500

Figure 6.1: Shear Stress vs. Shear Rate of 1.5 Ib/bbl PHPA and Xanthan Gum

Solutions
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CHAPTER 7

CONCLUSIONS AND RECOMMENDATIONS

7.1 Conclusions

Based on the experimental work conducted, the following conclusions can be drawn:

1. Flow of polymer-based solutions through a porous media, particularly, in the
case of xanthan gum, may cause significant reduction in the original

permeability of the porous media.

2.  .Adsorption and retention of polymer molecules on the rock surface might be
one of the primary reasons of permeaﬁility reduction (formation damage)
when XG solutions flow through the porous media. However, this effect is
not significant when flow of partially hydrolyzed polyacrylamide (PHPA)

solutions is considered.

3. PHPA solutions can be considered as fluids with extensional thickening
whereas xanthan gum solutions can be considered as fluid with extensional

thinning characteristics.

4. PHPA solutions have lower shear and extensional viscosity values than XG

solutions at the same polymer concentration.

5. PHPA solutions have relatively low shear viscosities. The differences

between measured and calculated pressures, however, were high. Significant
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differences in measured and calculated pressure losses suggest that flow

might have been dominated by extensional viscosity for PHPA.

6. API filtration values of XG solutions are less than that of the PHPA
solutions. Considering the fact that the differences in extensional viscosities
of XG and PHPA solutions are much higher than the differences in shear
viscosities of both fluids. It can be suggested that filtration loss is mostly

controlled by extensional viscosity.

7. Efforts for modelling the effect of extensional viscosity on the pressure losses
observed during flow of XG and PHPA solutions through porous media were

inconclusive.

7.2 Recommendations For Future Research
- Based on the experimental work conducted and the results obtained, the following

recommendations are suggested for future research in this area.

1. Extensional Viscometer should be modified to measure the extensional viscosities of
the polymer-based solutions at very low shear rate (0 to 200 sec™) to confirm the
‘biaxial extensional viscosity effect at small elongation rates when it becomes three

times the zero shear rate viscosity (Trouton ratio =3).

2. A consolidated sand pack or core samples should be considered instead of glass beads

to run core flow tests.
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3. Core packs with different absolute permeability values (0.5 to 5 darcy) can be used to
run the core flow tests. This will be useful to see the effect of original permeability on

the extent of the productivity reduction after flow.

4. A temperature and pressure control during core flow tests and viscosity

measurements will be helpful to simulate the more realistic subsurface conditions.

5. Experiments can also be conducted using cross-linking agents (to magnify the

viscosifying ability of the polymer solutions) with the polymer-based solutions.

6. Polyacrylamide solutions prepared by using very high molecular weight polymers can

be used to magnify the effect of extensional viscosity on the pressure loss.

7. More work needs to be conducted to determine the relationship between the
extensional viscosity of the polymer based fluids and the pressure losses observed

during flow of these fluids through the porous media.
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APPENDIX A: GIBSON MODEL

P, = 2K (sin (o)) **/ 300> * (1+3n)/ (4n)) ® *(1- Ro/ Re) ™) ya™...........(A1)
Pe=1ya' [(2 / (3t)(sin () (1+ cos (@) /4)' (1 =Re /R) ) + & (t, o) / 4]...(A.2)
P, =P, +P,...(A.3)
where,
P, = entrance pressure P, = elongational contribution of the pressure

P, = shear contribution of the pressure R, = orifice radius Ry = radius of barrel

Newtonian Fluid:

K= pn n=1
=3y  t=1
where,
un = viscosity of oil measured in shear rheometer
I = Trouton Viscosity
Sudden Contraction:

a=m/2 where, a = converging angle of die (half angle)
P, = pressure drop measured in test therefore
Pe=2un/ (3 (n/2)* (1-Ro/ R yA

Pe=3unval2/3%1/2)(1-Re/R) > + 7 /2 Int zero (sin ([3))2 db/4
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where,
7/ 2 Int zero sin® x dx = 7t / 4
Assume=R,/R;=0
Ps=32/(3m) * pnva
P.=3[1/3 +7£/ 16] un YA
Po={32/(3n)*+1/2+3n/16} uxvYa...(A4)
ya=4Q/ (7RS)... (A.5)
Q=V,*nRy.... (A.6)
where,

R, = capillary radius n=power law index YA = apparent shear rate

Q=flowrate V,= pistoh velocity R = radius of upstream conduit / radius of

rheometer barrel
Steps:

1. Using equation A.4, A.5 and A.6 calculate Po versus ys curve for oil (only) and
compare to measurement. Since the flow through the orifice in the piston head is
more complicated than assumed in driving the equation for entry flow. R, in

equation A.5 will be back calculated from the measurement entrance pressure P,
Ro=[{(4Q/m)(32/3n% +1/2+3r/16) ux} / Po] >.... (A7)

In other words equation A.7 is used to “calibrate” the radius of the orifice. By calculating
an “equivalent” radius for the orifice we will hopefully correct for non-ideal flow into the

orifice,
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The next step is to use equations A.1, A2 and A.3 to calculate the elongational

viscosities.

Note that we will use the equivalent radius in equation A.7 in the elongational viscosity
calculations.

2. Substitute K and n (consistency index and power law index measured in the shear

rheometer) and apparent shear rate y4 into equation A.1.
3. Calculate P, from equation A.3.
| P.=P,—Ps
where, P, = pressure drop across the orifice measured in test
4. Plot P, versus y4 on a log-log scale.

5. Calculate the slope of the line. This slope is the power law index t in the

expression for the elongational viscosity.
up=1g"!
1 = constant
g=1yasin(a) (1 +cos () /4
€ = average extensional rate
6. Calculate ¢ in equation A.2, where;
¢ =m/ 2 Int zero (sinx) ®*P (1 + cosx) * dx
This integral will be calculated numerically on a spreadsheet.

7. Calculate 1 from equation A2
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APPENDIX B: ORIFICE SIZE CALIBRATION USING
PUMP OIL

Calculation for P, versus y4 plot for oil:
Po={32/(3n)*+1/2+3n/16} pxYa.... (B.1)
vao=4Q/ (TR,)...(B.2)
Q=V,*nRy...(B.3)
where,
R, = capillary radius
Ya = apparent shear rate
Q = flow rate
n = power law index
K = power law coefficient
V; = piston velocity
R; =radius of upstream conduit / radius of rheometer barrel
pn = viscosity of oil measured in shear rheometer
R,=1.172821mm  =0.00117282 m
Rp=2.615 mm =0.02615m

un = 0.0798 Pa.sec
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Table B.1: Entrance Pressure P, Calculation for pump oil

Vp Vp Vp Q YA P, from eq | P, from test
rev / sec cm/s m/s M /s 1/s " Pa Pa
0.983 0.5000 0.00500 |1.0741E-05| 8477 811 807.844354
0.590 0.3000 0.00300 |6.4447E-06 5086 487 398.676675
0.295 0.1500 0.00150 |3.2223E-06 2543 243 169.699085
0.116 0.0590 0.00059 |1.2675E-06 1000 96 80.6882876
0.061 0.0313 0.00031 |6.7132E-07 530 51 57.3930347
0.025 0.0125 0.00013 | 2.6853E-07 212 20 41.9360566
Entrance Pressure vs Shear Rate
900
800 -
700 -
600 -
8 500
n°: 400 -
300 1
200 -
100
0 . . ( . . . . .
0 1000 2000 3000 4000 5000 6000 7000 8000 9000
YA, 1/sec

Figure B.1: Entrance pressure versus apparent shear rate plot for pump oil
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. y = 0.0985x - 57.248
Higher Rate R% = 0.984

900
800 -
700
600 -
500 -
400 -
300 -
200 -
100 -

0 1000 2000 3000 4000 5000 6000 7000 8000 9000

Po, Pa

YA, 1/sec

Figure B.2: Entrance pressure versus apparent shear rate plot for pump oil (at

higher apparent shear rate)
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Lower Rate y = 0.0486x + 31.631
R?=1

70

60 -

50 /
& 40
£ 30

20 -

10 -

0 1 1] 1 1 L}
0 100 200 ~ 300 400 500 600
YA, 1/sec

Figure B.3: Entrance pressure versus apparent shear rate plot for pump oil (at

lower apparent shear rate)

Higher rate = 0.0985 Pa.sec
Lower rate = 0.486 Pa.sec
Back calculation of R, from measurement entrance pressure P,,:
R, =[{(4Q/m) (32/3nY )+ 1/2+3n/16) uy} / Po] *
K =0.0823 Pa.sec
n=1.02

YT = true shear rate (3n + 1) / (4n) ya
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px = apparent shear viscosity =K y4 ™!

ut = true shear viscosity = un Ya/ Yt

Trouton ratio = pg / pr

Table B.2: Calibration of orifice size using pump oil

Calibration S';Il‘:::li APPARENT| TRUE |Reynolds
Rate Shear Visc | Shear Visc | Number
Q R, R, Ta YT BN Mr Nre
m’ / sec m mm 1/s 1/s Pa-s Pa-s A
1.0741E-05 [ 0.00125964 | 1.2596381 | 5702.44316 | 5674.49 | 0.09784104 | 0.09832301 [ 69.58179
6.4447E-06 | 0.00134441 | 1.3444103 | 3421.4659 | 3404.694 | 0.09684653 | 0.09732361 | 42.17779
3.2223E-06 | 0.00141852 | 1.4185204 | 1710.73295 | 1702.347 | 0.09551322 | 0.09598373 | 21.38329
1.2675E-06 { 0.00133162 | 1.3316155 | 672.888293 | 669.58982 | 0.09374728 | 0.09420909 | 8.569194
6.7132E-07 | 0.00095374 | 0.953737 | 1311.68983| 1305.26 | 0.09500719 | 0.0954752 | 4.478579
2.6853E-07 | 0.0007802 | 0.7801998 | 524.675932 | 522.10399 | 0.09328196 | 0.09374148 | 1.824564
Average |0.00133855| 1.3385461
Average |0.00086697 | 0.8669684
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APPENDIX C: RESULTS OF ORIFICE SIZE
CALIBRATION USING DIFFERENT VISCOSITY PUMP
OILS

Radius:

Table C.1: Results of orifice size calibration using different viscosity pump oils

Pump Oil Higher Rate Lower Rate Avg
Ro, mm Ro, mm Ro, mm
90 cp 1.3596 0.9485 1.1540750
80 cp 1.3385 0.8670 1.1027572
10 cp 1.2356 0.6423 0.9389945
Average 1.3113 0.8193 1.0652756

Table C.2: Pump oil (90 cp) and its shear viscosity at different flow rates

Pump Oil TRUE Reynolds
90 cp Shear Viscosity Number
Q Br Ngre
m’ / sec Pa-s

1.07411E-05 0.105614842 64.77774816
6.44469E-06 0.104562683 39.25774345
3.22234E-06 0.103151734 19.89736308
1.26745E-06 0.101282367 7.970745942
6.71321E-07 0.102168895 4.185160555
2.68529E-07 0.100350392 1.704400837
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Table C.3: Pump oil (80 cp) and its shear viscosity at different flow rates

Pump Oil TRUE Reynolds
80 cp Shear Viscosity Number
Q Br Nre
m’ / sec Pa-s
1.07411E-05 0.098323014 69.581793
6.44469E-06 0.09732361 42177792
3.22234E-06 0.095983727 21.383286
1.26745E-06 0.094209093 8.5691942
6.71321E-07 0.095475202 4.4785789
2.68529E-07 0.093741476 1.8245637

Table C.4: Pump oil (10 cp) and its shear viscosity at different flow rates

Pump Oil TRUE Reynolds
10 cp Shear Viscosity Number
Q br Nge
m’ / sec Pa-s
1.07411E-05 0.017471513 391.57981
6.44469E-06 0.016962328 242.00068
3.22234E-06 0.016295055 125.95524
1.26745E-06 0.015438051 52.292612
6.71321E-07 0.016671148 25.648697
2.68529E-07 0.015809742 10.818474
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True Shear Viscosity Vs Orifice Radius

140 4

J : e High shear rate

=] ow shear rate

80 -

Ro, mm

A

-0.01 0.01 0.03 0.05 0.07 0.09 0.11 0.13 0.15
138 Pa-s

Figure C.1: True shear viscosity versus orifice radius for high and low shear rates
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APPENDIX D: ENTRANCE PRESSURE DATA PLOTS AT
DIFFERENT PISTON VELOCITY THROUGH
EXTENSIONAL VISCOMETER FOR XANTHAN GUM
SOLUTIONS

0.5 Ib/bbl
Xanthan Gum Solation
Presure Plot with and without Orifice

-
N

—— with orifice

©c o =
o o o
1 ] 1

- without orifice

o
H
I

Pressure, kpa

o
N
1

0.0 Jad ‘ .
13:29:17 13:30:43 13:32:10 13:33:36 13:35:02

Time

Figure D.1: 0.5 1b/bbl Xanthan Gum solution entrance pressure plot with and

without orifice presence
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0.5 1b/bbl
Xanthan Gum Solution
Pressure Plot (after correction)

0.8
0.7 | ”
06 -

05 -
04 -
03 -
02
0.1 -
0.0 - , ; .
13:30:00 13:30:43 13:31:26 13:32:10 13:32:53 13:33:36 13:34:19 13:35:02

Time

Pressure, kpa

Figure D.2: 0.5 1b/bbl Xanthan Gum solution entrance pressure plot after the

hydrostatic column pressure correction
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1.5 Ib/bbl
Xanthan Gum Solution
Presure Plot with and without Orifice

- with orifice
- without orifice

Pressure, kpa
©C 00O =2 ==
N A OO O N A

0-0 -| L) L)
11:08:10 11:09:36 11:11:02 11:12:29 11:13:55

Time

Figure D.3: 1.5 1b/bbl Xanthan Gum solution entrance pressure plot with and

without orifice presence
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1.5 Ib/bbl
Xanthan Gum Solution
Presure Plot (after correction)

0.9
0.8
o7 il
06 -
0.5 -
04
0.3 -
0.2
0.1
0.0 4 T T
11:08:53 11:09:36 11:10:19 11:11:02 11:11:46 11:12:20 11:13:12 11:13:55

Pressure, kpa

Time

Figure D.4: 1.5 1b/bbl Xanthan Gum solution entrance pressure plot after the

hydrostatic column pressure correction
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3.0 Ib/bbl
Xanthan Gum Solution
Presure Plot with and without Orifice

2.5

2.0 -
g
=~ 15. -
g_a“ === with orifice
g 1.0 - ~——without orifice
@ 1.
S
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0.5

0-0 1 - T L 1

10:42:1 10:43:4 10:45:0 10:46:3 10:48:0 10:49:2
4 1 7 4 0 6
Time

Figure D.5: 3.0 1b/bbl Xanthan Gum solution entrance pressure plot with and

without orifice presence
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3.0 Ib/bbl
Xanthan Gum Solution
Pressure Plot (after correction)

1.6
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0.0 i . . . :
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Time

Figure D.6: 3.0 1b/bbl Xanthan Gum solution entrance pressure plot after the

hydrostatic column pressure correction
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~ APPENDIX E: REPEATABILITY OF ENTRANCE
PRESSURE MEASURED THROUGH EXTENSIONAL
VISCOMETER FOR XANTHAN GUM SOLUTIONS

0.5 Ib/bbl
Xanthan Gum
Entrance Pressure Data
Repeatability
08
0.7 - ——— Kpa set-1 run-1
e Kpa set-2 run-1

064 - = Kpa set-3 run-1
] —
§_‘ 05 | cross check
g
5 04
o
7]
£ 03]
-

02

0.1 4

0 ' r : .
0 500 1000 1500 2000
Shear Rate,1/s

Figure E.1: Repeatability of 0.5 Ib/bbl Xanthan Gum solutions entrance pressure

plot
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1.5 Ib/bbl
Xanthan Gum Solution
Enterence Pressure Data
Repeatability

0.9

0.8 -

0.7 -
E, 06 4 we=Kpa set-1 run-1
g 0.5 1 = Kpa set-2 run-1
g 0.4 - : w——= K pa set-3 run-1
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0.2 -

0.1

0 L] T i
0 500 1000 1500 2000
Shear Rate, 1 /s

Figure E.2: Repeatability of 1.5 Ib/bbl Xanthan Gum solutions entrance pressure

plot
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3.0 Ib/bbl
Xanthan Gum Solution
Entrance Pressure Data
Repeatability
1.4
1.2 1
<
§~ 1.0 4
“ == Kpa set-1 run-1
@ 0.8
E 06 . wm= K pa set-2 run-1
€ 04, ==K pa set-3 run-1
-»
0.2
0-0 L v T
0 500 1000 1500 2000
Shear Rate, 1/s

Figure E.3: Repeatability of 3.0 1b/bbl Xanthan Gum solutions entrance pressure

plot
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APPENDIX F: ENTRANCE PRESSURE DATA PLOTS AT
DIFFERENT PISTON VELOCITY THROUGH
EXTENSIONAL VISCOMETER FOR PHPA SOLUTIONS

0.5 Ib/bbl
PHPA Solution
Presure Plot with and without Orifice
1.4

1.2 -

1.0 1

0.8

—with orifice

0.6 4 : —without orifice

Pressure, kpa

0.4 -
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0.0 hl T T

14:28:19  14:28:46  14:31:12  14:32:38  14:34:.05
Time

Figure F.1: 0.5 Ib/bbl PHPA solution entrance pressure plot with and without orifice

presence
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0.5 Ib/bbl
PHPA Solution
Pressure Plot (after correction)
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Figure F.2: 0.5 1b/bbl PHPA solution entrance pressure plot after the hydrostatic

column pressure correction
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1.5 Ib/bbl
PHPA Solution
Pressure Plot with and without Orifice
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Figure F.3: 1.5 1b/bbl PHPA solution entrance pressure plot with and without orifice

presence
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1.5 Ib/bbl
PHPA Solution
Pressure Plot (after correction)
038
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Figure F.4: 1.5 Ib/bbl PHPA solution entrance pressure plot after the hydrostatic

column pressure correction
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3.0 1b/bbl
PHPA Solution
Presure Plot with and without Orifice
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Figure F.5: 3.0 Ib/bbl PHPA solution entrance pressure plot with and without orifice

presence
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3.0 Ib/bbl
PHPA Solution
Pressure Plot (after correction)
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Figure F.6: 3.0 1b/bbl PHPA solution entrance pressure plot after the hydrostatic

column pressure correction
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APPENDIX G: REPEATABILITY OF ENTRANCE
PRESSURE MEASURED THROUGH EXTENSIONAL
VISCOMETER FOR PHPA SOLUTIONS

0.5 Ib/bbl
PHPA Solution
Enterence Pressure Data
Repeatability
1.2
1.0 -
«
§' 0.8 - —get-1 Avg
g e—(et-2 AVg
~ 0.6
g m—Set-3 Avg
L 04 — Average
Py
0.2
0-0 1 T T T
0 500 1000 1500 2000
Shear Rate, 1/sec

Figure G.1: Repeatability of 0.5 Ib/bbl PHPA solutions entrance pressure
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1.5 1Ib/bbl
PHPA Solution
Enterence Pressure Data
Repeatability
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Figure G.2: Repeatability of 1.5 1b/bbl PHPA solutions entrance pressure
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3.0 Ib/bbl PHPA Solution
Enterence Pressure Data
Repeatability
1
0.9
a 0.8 1
M g; k w——set-1 Avg
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g 0.5 - —et-2 AVE
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0.1
0 T 1 T
0 500 1000 1500 2000
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Figure G.3: Repeatability of 3.0 Ib/bbl PHPA solutions entrance pressure
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APPENDIX H: EXTENSIONAL VISCOSITY DATA OF
XANTHAN GUM SOLUTIONS

Table H.1: Extensional viscosity data for 0.5 Ib/bbl Xanthan Gum solution

Shear Elnngaﬁnm]ﬂueﬁ'icienﬂ]?lungaﬁnﬂl‘me ShearlAPPARENT| TRUE | Reynolds | Flow |Trouton
Rate | Pressure Viscosity | Rate | Shear Vigc |Shear Vise] Number Rate | Ratia
¥4 Py 1 &e T &N &1 Nge Q
lis pa pa.s pa-s 1is Pa-s Pa-s m'/s
7349 | 688.8114 | 0.003235] 0.282 |[8627.1338]0.00327954|0.0027938| 3143.52544 | 1.4E-05 | 100.91%
4410 1276.28055] 0.002937 | 0.208 [5176.280310.00404404 | 0.003445 | 1631.52824 | 8.8E-06 | 60.2672
2205 199.53811910.003205| 0.137 |2588.1401| 0.005374 | 0.004578 | 613.878037 | 4.4E-06 | 29.9421
867 |53.85683512.959884 | 0.102 {1018.0018]0.00788002|0.0067123|209.325897 | 2.2E-06 | 15.1915
459 (43.916854] 3.056521 | 0.152 |539.19586|0.01022688 {0.0087121] 40.322454 | 5.5E-07 | 17.4512
184 |30.364612] 2.970560 | 0.270 |21567835(0.01489286 10.0126869{ 11.075720 | 2.2E-07 | 21.3135
Average =| 0.003125 |i = constany
Average =| 2.995655 |I= constant]
Table H.2: Extensional viscosity data for 1.5 1b/bbl Xanthan Gum solution
Shear [ElnngaﬁnnaiCnefﬁciendl'-llongaﬁorﬁ'me Shearl APPARENT| TRUE | Reynolds | Flow |Troutan
Rate | Pressure Viscosity [ Rate Shear Visc |Shear Visci Number Rate | Ratio
Y4 P, | 2 yT &y &1 Nre Q
s pa pa.s pa-s /s Pa-s Pas mis
6677 | 728.75627 1 0.672728 | 0.273 |11387.8460.00317029 | 0.0018587 | 4725.00737 | 1.4E-05 | 146.613
4006 | 410.84739 | 0.595733 | 0.28% |6832.7079] 0.00462287 10.0027103]2073.81183 | 8.8E-06 | 106.682
2003 | 248.46259 | 0.664880 | 0.313 [3416.3539] 0.00771245 |0.0045217 | 621.525287 | 4.4E-06 | 69.2998
788 | 138.2403 | 6.310554 1 0.310 |1343.7659]0.01536105 | 0.00900591 156.027140 | 2.2E-06 | 34.3993
417 | 103.62997 | 6219236 | 0445 |.711.7404 | 0.02455957 {0.0143989| 24.397217 | 5.5E-07 | 30.8981
167 | 707573481 6.299939 | 0.750 [284.69616] 0.04831251 1 0.02832491 4.960910 { 2.2E-07 | 26.4679
Average = | 0.644447 |l = constant
Average = | 6.276576 |l = constant
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Table H.3: Extensional viscosity data for 3.0 Ib/bbl Xanthan Gum solution
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Shear Flongationa|Coefficien{Elongation|True SheaAPPARENT TRUE | Reynolds | Flow |Trouton
Rate | Pressure Viscosity | Rate | Shear Visc |[Shear Visc] Number | Rate | Ratio
¥a P, I Re T &N By Nre Q
Us pa pa.s pa-s Us Pa-s Pa-s m'/s

5684 |1237.9438] 5455772 | 0485 ]12295.574]0.00565981{0.0026164 | 3356.67687 | 1.4E-05 | 185.319
3410 |818.01108] 5.076627 | 0.574 |7377.3443]0.00861798{0.0039839| 1410.86612 | 8.8E-06 | 144.047
1705 |548.68598 | 5418264 | 0.721 |3688.6722]0.01524696{0.0070482] 398.729179 | 4.4E-06 | 102.338
1 671 |358.88023(24.779800] 0.808 |1450.8777]0.032865170.0151927] 92.490174 | 2.2E-06 | 53.153
355 |282.59191124.118742| 1.233 |768.47337]0.05545147]0.0256337] 13.704348 | 5.5E-07|48.1178
142 | 213.2326 |24.703672| 2.272 |307.38535]0.11788471(0.0544948| 2.578540 |2.2E-07]41.6858

Average =| 5.316888 |l = constant

Average =|24.534072 1 = constant
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APPENDIX I: EXTENSIONAL VISCOSITY DATA OF PHPA
SOLUTIONS

- Table L.1: Extensional viscosity data for 0.5 Ib/bbl PHPA solution

Shear ElungaﬁonafCuefﬁciendElnngaﬁun True ShealAPPARENT TRUE Reynolds | Flow |Trouton
Rate | Pressure Viscosity | Rate | Shear Visc |Shear Vise] Number | Rate | Ratio
p /) Pe 1 £e yT an L] Nge Q
1is pa pa.s pa-s /s Pa-s Pas m'ls
7517 | 879.25582 | 0.000811 | 0.382 ]7749.9098] 0.00567453]0.0055038] 1595.68912 | 1.4E-05 | 65.495
4510 | 381.2687 | 0.000888 | 0.253 |4649.9459]0.00600375]0.0058231| 965.24188 | 8.8E-06 | 43.3809
2255 |100.08386 | 0.000818 ] 0.144 | 2324.973 | 0.00648121]0.0062862 | 447.066829 | 4 4E-06 | 22.8875
887 |35.895806[3.156316| 0.048 1914.48936) 0.00718446|0.0069683 | 201.652699 | 2.2E-06 | 6.83479
470 |27.469876 | 2798437 | 0.078 |484.36937]0.00770664{0.0074747 | 46.997356 | 5.5E-07 | 10.3833
188 | 24718505 3113465 | 0.157 [193.74775]0.00852703]0.0082704 | 16.990292 | 2.2E-07 | 18.9749
Awerage = | 0.000839 |l = constant
Average =| 3.022740 {l = constant
Table 1.2: Extensional viscosity data for 1.5 Ib/bbl PHPA solution
Shear [ElnngaﬁunziCuefﬁcienﬂElongaﬁnn True Shea]APPARENT, TRUE | Reynolds | Flow |[Trouten
Rate | Pressure Viscosity | Rate Shear Visc [Shear Visc] Number Rate Ratio
p 23 P, I R ¥T BN f.2s Nee Q
s pa pas pa-s Us Pa-s Pas m'/s
7314 | 647.849 | 0.000940 ] 0.261 |7575.953110.01312793(0.0126732] 692.98117 | 1.4E-05 | 20.5556
4388 | 215.8707 | 0.000769 | 0.177 |4545.5719{0.01399711]|0.0135123 415.96749 | 8 8E-06 | 13.0896
2194 |76.535089 | 0.000922 | 0.105 12272.7859]0.015269240.0147404] 190.655846 | 4 4E-06 | 7.09525
863 | 30.941205| 3.821778 | 0.031 [893.96247|0.01716623[0.0165717] 84.793509 | 2.2E-06 | 1.86642
457 | 28.678308 | 3.911534 | 0.055 [473.49707{0.01859145{0.0179475] 19.573314 | 5.5E-07 | 3.04925
183 | 26.476954 | 3.831826 ] 0.125 }189.39883[0.02085714{0.0201348| 6.978834 |2.2E-07(6.18816
Average = | 0.000877 |l = constant
Average = | 3855046 |l = constant
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Table I.3: Extensional viscosity data for 3.0 Ib/bbl PHPA solution
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Shear lElnngaﬁnnaﬂCoeﬁiciendElunyﬁun True Sheat APPARENT| TRUE | Reynolds | Flow |Trouton
Rate | Pressure Viscosity| Rate | Shear Visc [Shear Visc| Numher Rate | Ratio
T Pe 1 £ yT .2 BT Nge Q
Us pa pas pa-s s Pa-s Pa-s mils
6645 |876.338427| 0.041647 | 0.402 | 7494788 | 0.01634978[0.0144961] 605.83857 | 1.4E-05 | 27.7283
3987 1477.621143] 0.044159 | 0.344 [4496.8728]0.01943505[0.0172316| 326.18447 | 8.8E-06 | 19.9836
1994 |183.613719( 0.041881 | 0.279 ]2248.4364]0.02457277]0.0217868 | 128.992580 | 4.4E-05 [ 12.8131
784 | 73.9662272| 3460245 0.165 |884.38499]0.03369668|0.0298763] 47.032902 | 2.2E-06 | 5.51804
415 5534469741 3.391309 | 0.238 [468.42425]0.04178171]0.0370447] 9.482934 | 5.5E-07|6.41461
166 | 38.179646 | 3.452458 | 0.403 | 187.3697 |0.05697038]0.0505114] 2.781888 | 2.2E-07 | 7.9697

Average = | 0.042562 |l = constant

Average = | 3434671 || = constant
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APPENDIX J: PRESSURE DATA PROFILE OF XANTHAN
GUM CORE FLOW TESTS

Core Flow Test
0.5 1b/bbl Xanthan Gum
Pressure Vs Time
At 21.2 mi/min (105 1/sec)
K =11.23 darcy
25
20 A
\—Delp
b4 15 k S
& P1
by —
A 10 - P2
—P3
5 4
0 T T T
0 500 1000 1500 2000 2500 3000 3500 4000 4500
Time, sec

Figure J.1: 0.5 1b/bbl Xanthan Gum solution pressure profile during core flow test
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Core Flow Test
1.5 1b/bbl Xanthan Gum
Pressure Vs Time
At 15.6 ml/min (105 1/sec)
K =12.857 darcy

\“Pl

P, psi
N
(4]

0 1000 2000 3000 4000 5000 6000

Time, sec

Figure J.2: 1.5 1b/bbl Xanthan Gum solution pressure profile during core flow test
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Core Flow Test
3.0 Ib/bbl Xanthan Gum
Pressure Vs Time
At 11.8 ml/min (105 1/sec)
K =11.814 darcy

120

100 4

80 -
om ———
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[ — |
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Figure J.3: 3.0 1b/bbl Xanthan Gum solution pressure profile during core flow test
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APPEN DIX K: PRESSURE DATA PROFILE OF PHPA
CORE FLOW TESTS

Core Flow Test
0.5 Ib/bbl PHPA
Pressure Vs Time
At 24.7 ml/min (105 1/sec)
K =13.191 darcy

14

jwm—DeltaP

0 500 1000 1500 2000 2500 3000 3500 4000 4500

Time, sec

Figure K.1: 0.5 1b/bbl PHPA solution pressure profile during core flow test
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Core Flow Test
1.5 Ib/bbl PHPA
Pressure Vs Time
At 26.4 ml/min (105 1/sec)
K = 13.609 darcy

0 r T T T
0 500 1000 1500 2000 2500 3000 3500

Time, sec

4000

|m—T)clta P

Figure K.2: 1.5 1b/bbl PHPA solution pressure profile during core flow test
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Core Flow test
3.0 Ib/bbl PHPA
Pressure Vs Time
At 24.0 ml/min (105 1/sec)
K =13.335 darcy
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Figure K.3: 3.0 Ib/bbl PHPA solution pressure profile during core flow test
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APPENDIX L: FORMATION DAMAGE AFTER XANTHAN

GUM CORE FLOW TESTS
Permeability Plot
After 0.5 Ib/bbl Xanthan Gum Core Flow test - 8.851
Based on (AP= P1-P3) y = 8.851x
R®=0.9975
35
30 - i
Formafion Damage & 21.19%
= 25
=
= 20 -
*
<
5 151
&
10 -
5
0 T Y r r r T y
0.0 05 1.0 15 2.0 25 3.0 35 4.0
AP, psi

Figure L.1: Permeability plot to calculate the formation damage after 0.5 1b/bbl

Xanthan Gum solution core flow test

155

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Permeability Plot
After 1.5 ll:)/bl:ll ())(:l(lAtlll:t_nP(io;; )Flow Test v =9.5897x
ase R =0.9999
35
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Figure L.2: Permeability plot to calculate the formation damage after 1.5 Ib/bbl

Xanthan Gum solution core flow test
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Permeability Plot
After 3.0 Ib/bbl Xanthan Gum Core Flow Test

Based on (AP= P1-P3)
y = 8.4644x

R? = 0.9996

D

qulL/A*1.127

0.0 0.5 1.0 15 2.0 25 3.0 35 4.0
AP, psia

Figure L.3: Permeability plbt to calculate the formation damage after 3.0 1b/bbl

Xanthan Gum solution core flow test
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APPENDIX M: FORMATION DAMAGE AFTER PHPA

CORE FLOW TESTS
Permeability Plot
After 0.5B lb/b(:)l PHAP;t (ll;(;r; :‘low Test v =12.866x
ased on (AP=P1-E3) R’ =0.9994
18
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141 [Formaiien Da
N 12
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= 10-
< s
3
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2
0 1 L} v T L} 1
0.0 0.2 0.4 0.6 0.8 1.0 1.2 14
AP, psi

Figure M.1: Permeability plot to calculate the formation damage after 0.5 1b/bbl

PHPA solution core flow test
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Permeability Plot
After 1.; lb/b(;)l PIZP;’: (ll)(;r; ;?‘low Test y = 13.085x
ased on (. -P3) R?=0.9988
35
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Figure M.2: Permeability plot to calculate the formation damage after 1.5 1b/bbl

PHPA solution core flow test
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Permeability Plot
After 3.0 Ib/bbl PHPA Core Flow Test
Based on (AP=P1-P3) y =12.643x
R?=0.9993
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Figure M.3: Permeability plot to calculate the formation damage after 3.0 1b/bbl

PHPA solution core flow test
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APPENDIX N: HAAKE VISCOMETER SHEAR VISCOSITY
DATA (XANTHAN GUM)

Table N.1: Shear viscosity data for 0.5 Ib/bbl Xanthan Gum solution

Nr-Seg t[s] tseg[s] T[Pa] ¢y[l/s] TI[°C]
1 3266 3152 0.02449 0.211 21.6
12 64.93 63.79 0.05113 0.348 21.6
13 97.05 9591 0.08259 0.583 21.6
14 129.2 128 0.133  0.968 21.6
15 161.3 160.1 0.17 1.625 21.6
1j6 193.3 192.1 0.246  2.621 21.6
1|7 225.9 2247 0348  4.256 21.6
1|8 2579 2568  0.458 6.92 21.6
119 290.1 2889  0.612 112 21.6
110 322.1 321 0.776 18.2 21.6
111 354.1 353 0.998  29.58 21.6
112 386.3 385.1 1272  47.99 21.6
113 4184 4172 1.617 7787  21.6
114 4504 4492  2.028 126.3 21.6
1115 482.5 4814 2598 2049 21.6
1]16 5147 5135 3324 3323 21.6
1117 546.7 5455  4.335 539 21.6
118 57877 5776  5.675 874.2 21.6
1119 6112  610.1 10.15 1418 21.6
1|20 643.5 6424 16.7 2300 21.6
211 675.5 30.94 16.77 2300 21.6
22 706.7  62.21 10.05 1418 21.6
213 7379  93.33 5437 874.2 21.6
24 769 1245  4.159 539 21.6
25 800.2 155.7  3.225 3323 21.6
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26 8314 1868 2522 2049 21.6
2|7 862.5 218 198 1263 21.6
2|8 893.8 2493 1.584  77.86 21.6
29 9249 2804 1273 4797 21.6
2|10 9562 - 311.6  0.997 29.6 21.6
2]11 9874 3428  0.793 18.19 21.6
212 1019 3741  0.615 11.18 21.6
213 1050  405.5 0.46 6.924 21.6
2|14 1081 436.8 0349  4.247 21.6
2|15 1112 4679 0263  2.612 21.6
2{16 1144 ~ 4992  0.183 1.625 21.6
2|17 1175 5306 0.125 0977 21.6
2|18 1206 5619 0.07367 0.592 21.6
2|19 1238 593.3 0.04793 0.357 21.6
220 1269 624.8 0.03052 0.197 21.6-
31 1301 31.24 0.04069 0.207 21.6
312 1333 63.37 0.05734 0.362 21.6
33 1365 9547 0.08177 0.583 21.6
314 1398 1276  0.126  0.968 21.6
3|5 1430 159.6  0.198 1.621 21.6
316 1462 191.6 0.26 2.607 21.6
3|7 1494 2237 0339 4247 21.6
3|8 1526 255.8 0481 6.929 21.6
3[9 1558 287.8 0.616 11.2 21.6
3|10 1590 319.8  0.795 18.21 21.6
3|11 1622 352 0991  29.57 21.6
312 1654 384 1265  47.99 21.6
3)13 1686 416 1.596  77.86 21.6
3|14 1718 448.1 1.98 126.3 21.6
3115 1750 480.1  2.528  204.8 21.6
3|16 1782 5122 3224 3323 21.6
317 1814 5444 4169  538.9 21.6
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3/18 1846 576.4 543 8742 21.6
3]19 1878 608.4  9.949 1418 21.6
320 1911 640.5  16.51 2300 21.6
41 1942 3086 1649 2300 21.6
42 1974  62.19  9.948 1418 21.6
43 2005 93.66 5357 874.2 21.6
4/4 2037 125 4.126  538.9 21.6
4)5 2068 156.3  3.187 3323 21.6
4/6 2099 187.7 2.49 204.9 21.6
4\7 2131 219.1 1.967 1263 21.6
48 2162 250.5 1571  77.85 21.6
4|9 2193 282 1.246 48 21.6
4|10 2225 3134 1.02 29.58 21.6
4|11 2256 3448  0.775 18.21 21.6
412 2287 376 0599 1121 21.6
4|13 2319 4074 0469  6.953 21.6
4|14 2350 4389 0355  4.256 21.6
415 2382 470.1 0254  2.593 21.6
4|16 2413 501.5  0.172  1.635 21.6
417 2444 532.8  0.117  0.968 21.6
4/18 2476 5641 0.07174 0.592 21.6
4|19 2507 5955 0.02935 0.348 21.6
4|20 2538 6269 0.01835 0.216 21.6
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0.5 Ib/bbl
Xanthan Gum Solution

18 Shear Rate Vs Shear Stress
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Figure N.1: Shear rate versus shear stress plot for 0.5 Ib/bbl Xanthan Gum solution
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Table N.2: Shear viscosity data for 1.5 Ib/bbl Xanthan Gum solution

Nr-Seg t [s]
11 32.52
112 64.93
113 97.17
14 129.3
1|5 161.4
1l6 193.8
117 226.1
18 258.3
119 290.2

1j10 3224
111 3544
1412 386.3
113 418.4
1|14 450.5
1|15 482.5
1{16 514.5
1117 546.6
1|18 578.7
1119 610.6
1|20 642.7
2]1 674.5
22 705.8
23 737

2|4 768.2
2|5 799.5
2|6 830.7
2|7 861.9
28 893.1
219 924.2

t_seg [s]

31.31

63.72

95.97
128.1
160.2
192.6
2249
257.1
289
321.2
353.2
385.1
417.2
449.3
481.3
5133
545.4
577.5

609.4

641.5
30.74
62.09
93.32
124.5
155.7
186.9
218.2
2494
280.5
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T [Pa]
1.609
1.802
2.057
2.315
2.653
2.938
3.29
3.687
4.071
4.493

4994

5.548
6.186
6.976
7.965
9.204
10.91
13.04
15.61
22.09
22.17
15.37
12.82
10.73
9.045
7.763
6.789
5.973
5.33

Y[Us]
0.216
0.352
0.597
0.972
1.63
2.598
4256
6.948
11.21
18.19
29.57
47.99
77.86
126.3
204.9
3323
538.9
874.2
1418
2300
2300
1418
874.2
538.9
332.3
204.8
126.3
77.86
48.01

T [°C]
21.9
21.9
21.9
21.9
21.9
219
21.9
21.9
21.9
21.9
21.9
21.9
21.9
21.9
21.9
21.9
21.9
21.9
21.9
21.9
21.9
21.9
21.9
21.9
21.9
21.9
21.9
21.9
21.9
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2|10
211
2/12
2|13
2/14
2/15
2/16
2(17
2/18
2/19
220
3]
32
33
3/4
315
3/6
3[7
3)8
319
3|10
311
3|12
3|13
3|14

315

3|16
3(17
318
3|19
3120
41

955.5
986.8
1018
1049
1080
1112
1143
1174
1205
1237
1268
1299
1332
1364
1396
1428
1460
1492

1524

1556
1588
1620
1652
1684
1716
1748
1780
1812
1844
1877
1909
1941

311.8
343
374.1
405.4
436.7
467.9
499.1
5304
561.7
592.9
624
31.16
63.24
95.28
127.4
159.5
191.5
223.7
255.7
287.7
319.8
351.9
384
416
447.9
479.9
511.8
543.9
575.9
608.3
640.6
30.74

4.802
431
3.889
3.491
3.119
2.805
2.488
2.178
1.936
1.687
1.479
1.46
1.692
1.953
2.197
2.499
2.798
3.134
3.499
3.87
429
4771
5318
5.953
6.719
7.672
8.922
10.58
12.66
15.14
21.96
22.17
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29.58
18.22
11.22
6.915
4.275
2.621
1.607
0.977
0.583
0.357
0.216
0.221
0.348
0.583
0.972
1.63
2.612
4.256
6.929
11.2
18.2
29.58
47.98
717.86
126.3
204.9
3323
538.9
874.2
1418
2300
2300

219
21.9
21.9
21.9
21.9
21.9
21.9
21.9
21.9
21.9
21.9
21.9
21.9
21.9
219
219
21.9
21.9
21.9

219

21.9
21.9
21.9
21.9
21.9
219
21.9
21.9
21.9
21.9
21.9
21.9
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42 1972 62 1494 1418 219
43 2003 9315 1246 8742 219
44 2034 1246 1044 539 21.9
45 2066 156  8.815 3323 219
46 2097 1873  7.568 2048  21.9
407 2128 2186 6617 1263 219
48 2160 250 5858  77.87 219
49 2191 2814 5229 4796 219
410 2222 3127 4659 2957 219
411 2254 344 4202 1818 219
412 2285 3752 3783 1123 219
413 2316 4065 3401 6934 219
414 2348 438 3.06 4247 219
415 2379 4693 2713 2593 219
416 2411 5007 2455 1616 219
417 2442 5321 2163 0968 219
418 2473 5633 1.885  0.601  21.9
419 2504 5946 1629 0357 219
420 2536 6258 1407 0197 219
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1.5 1b/bbl
Xanthan Gum Solution
Shear Rate Vs Shear Stress
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7, Pa

0 500 1000 1500 2000 2500

Figure N.2: Shear rate versus shear stress plot for 1.5 1b/bbl Xanthan Gum solution
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Table N.3: Shear viscosity data for 3.0 Ib/bbl Xanthan Gum solution

Nr-Seg
11
12
13
14
1)5
1i6
117
18
19

1110
1§11
1|12
1{13
1|14
1|15
1]16
117
1|18
1119
1j20
21
22
2|3
2|4
2|5
2|6
2|7
2|8
219

t[s]
32.58
65.31
97.69
130.1
1626
195.1
2275

261
204.7
327.1
359.6

392
4243
456.9
489.6
522.9
555.4
587.9
620.3
652.8
685.1
716.6
748.1
779.5

811
842.5
873.8

905
936.6

t seg[s] ~t[Pa]

31.37
64.11
96.48
128.9
161.4
193.9
226.3
259.8
293.5
325.9
3584
390.8
423.1
455.7
488.4
521.7
554.2
586.7
619.1
651.6
31.09
62.63
94.09
125.5
157
188.5
219.8
251
282.6

7.215
7.08
7.546
8.128
8.692
9.275
9.924
10.63
11.48
12.45
13.47
14.42
15.39
16.45
17.7
19.68
22.22
24.96
28.73
32.77
32.51
28.11
24.1
20.82
18.41
16.66
15.34
14.24
13.16
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Y [1s]
0.244

0.362
0.601
0.968
1.635

2617

4.261

6.934

11.2
18.2
29.59
47.99
77.86
126.3
204.8
3323
539
874.2
1418
2300
2300
1418
874.2
538.9
3323
204.8
126.3
77.85
47.97

T [°C]
21.5
21.5
21.5
21.5
21.5
214
21.5
21.5
21.5
21.5
21.5
215
21.5
21.5
21.5
21.5
21.5
21.5
21.5
21.5
21.5
21.5
21.5
21.5
21.5
21.5
21.5
21.5
21.5
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210 968.1 314.1 12.08 29.6 215
2j11 999.5 3455  11.02 18.21 21.5
2|12 1031 376.9  10.11 11.23 21.5
2]13 1062 4084 93 6.915 21.5
2|14 1094 4399  8.637 4237 21.5
2|15 1125 4713  8.041 2.593 21.5
2|16 1157 502.7 7.53 1.616 21.5
2|17 1188 5339 6994  0.958 215
2|18 1219 5655  6.488  0.573 21.5
219 1251 596.8 5933 0376 21.5
220 1282 6284 5402  0.225 21.5
3i1 1315 313 5458 0211 21.5
32 1347 63.67 6285  0.357 21.5
33 1379 95.94  6.961 0.611 21.5
314 1412 1284 7318  0.972 21.5
3|5 1444 161 7.695 1.635 21.5
3l6 1477 1934  8.093  2.607 21.5
3|7 1509 2259  8.626  4.251 21.5
318 1541 2582 9333 6939 21.5
3/9 1574 290.7  10.09 11.2 21.5
3]10 1607 3232 11.07 18.19 21.5
3|11 1639 355.7 1212 29.58 21.5
312 1672 388.3 13.22 48 21.5
3j13 1705 421.3 14.31 77.87 21.5
3|14 1738 4543 15.38 126.3 21.5
3j15 1770 486.8 16.67 2049 21.5
3]16 1803 5194 1844 3323 21.5
3117 1835 551.8  20.86  538.9 21.5
3/18 1868 5843  24.12 8742 21.5
3|19 1900 616.8 2793 1418 21.5
320 1932 649.2 32.1 2300 21.5
41 1965 30.9 32.04 2300 21.5
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42 1996 62.18 278 1418 21.5
43 2027 93.55 2389 8742 21.5
4/4 2059 125.1  20.67 5389 21.5
4|5 2090 156.5 1829 3323 21.5
46 2122 188 1658  204.8 21.5
4|7 2153 2193 1529 1263 215
48 2185 250.8 1417  71.87 21.5
49 2216 282.2 13.11 4797 21.5
4|10 2247 313.6 1199  29.55 215
411 2279 345 10.93 18.22 21.5
412 2310 376.5 9964 11.21 21.5
413 2342 407.9  9.201 6.943 21.5
4|14 2373 439.3 8518  4.237 21.5
4/15 2404 470.6 7933  2.612 21.5
416 2436 502.1 7.431 1.616 21.5
4117 2467 5335 6.893 0968 21.5
4|18 2499 5649 6369  0.573 21.5
4|19 2530 5964  5.807  0.366 21.5
420 2562 6279 5296  0.188 21.5
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'Figure N.3: Shear rate versus shear stress plot for 3.0 Ib/bbl Xanthan Gum solution

172

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



APPENDIX O: HAAKE VISCOMETER SHEAR VISCOSITY
DATA (PHPA)

Table O.1: Shear viscosity data for 0.5 Ib/bbl PHPA solution

Nr-Seg tfs] tseg[s] <t[Pa] y[l/s] TI[°C]
11 32.6 315 0.00 0.22 21.9
12 64.8 63.7 0.00 0.35 219
13 97.0 95.9 0.04 0.59 219
1/4 129.2 128.1 0.01 0.96 21.9
1|5 161.2 160.1 0.05 1.61 22.0
1l6 193.1 192.0 0.03 2.61 22.0
1|7 2252 2241 0.06 4.26 22.0
18 2572  256.1 0.10 6.93 22.0
119 289.2  288.1 0.16 11.20 22.0
1110 321.1 320.0 0.24 18.18 22.0
111 353.1 352.0 0.35 29.59 21.9
112 385.1 384.0 0.53 47.98 219
1113 417.2  416.1 0.75 77.86 219
114 4492  448.1 1.04 12630 220
1|15 481.3  480.2 1.50 20480 220
1|16 5134 5123 2,15 33230 219
1117 5454 5443 3.07 539.00 21.9
118 5775 5764 5.81 87420 219
1119 609.6  608.5 9.85 1418.00 22.0
1)20 641.7  640.6 1643 2300.00 22.0
211 673.6 30.8 16.49 2300.00 21.9
2|2 704.8 62.0 9.57 1418.00 219
23 736.1 93.3 549 87420  22.0
2|4 767.3 124.5 3.02  539.00 22.0
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2I5
2/6
2/7
2/8
29
2/10
211
2/12
2/13
2(14
2/15
2/16
2417
218
2(19
220
311
32
33
314
3/5
316
3[7
3I8
3(9
3]10
3|11
3[12
3|13
3(14
3115
3|16

7984

829.6

860.8

892.1

923.2

954.5

985.6

1017.0
1048.0
1079.0
1111.0
1142.0
1173.0
1205.0
1236.0
1267.0
1299.0
1331.0
1363.0
1395.0
1428.0
1460.0
1492.0
1524.0
1556.0
1588.0
1620.0
1652.0
1684.0
1716.0
1748.0

1780.0

155.6
186.8
218.0
249.3
280.4
311.7
342.8
374.0
405.3
436.5
467.7
499.2
530.6
561.8
593.1
624.3
312
63.2
95.2
127.5
160.0
192.1
224.1
256.2
288.3
320.4
352.5
384.5
416.5
448.5
480.6
512.7

2.12
149
1.06
0.76
0.51
0.34
0.23
0.16
0.12
0.07
0.05
0.02
0.01
0.00
0.00
0.00
0.00
0.01
0.01
0.00
0.01
0.03
0.07
0.10
0.16
0.22
0.38
0.51
0.76
1.04
1.50
2.14

174

332.30
204.80
126.30
77.85
47.99
29.57
18.21
11.20
6.93
425
2.61
1.62
0.98
0.58
0.35
0.23
0.21
0.36
0.58
0.96
1.63
2.62
425
6.92
11.20
18.20
29.58
48.00
77.86
126.30
204.80
332.30

21.9
21.9
22.0
22.0
21.9
21.9
22.0
220
219
219
22.0
22.0
21.9
21.9
22.0
22.0
21.9
21.9
22.0
22.0
21.9
22,0
22.0
21.9
21.9
22.0
22.0
219
21.9
21.9
22.0
22.0
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3117
3|18
3119
3120
41
42
43
44
45
46
47
48
4/
410
411
412
413
414
415
4|16
417
418
419
4120

1812.0
1845.0
1877.0
1909.0
1940.0
1972.0
2003.0
2034.0
2065.0
2097.0
2128.0
2159.0
2190.0

22220

2254.0
2285.0
2316.0
2347.0
2378.0
2410.0
2441.0
2472.0
2503.0
2535.0

544.7
576.9
608.9
641.0
30.6
61.9
93.0
1244
155.8
187.0
218.1
249.6
280.8
3124
344.0
375.2
406.4
437.7
468.7
499.9
531.1
562.4
593.7
624.9
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3.05
5.59
9.56
16.50
16.52
9.57
5.56
3.02
2.10
1.48
1.05
0.74
0.52
0.33
0.24
0.15
0.10
0.07
0.04
0.03
0.00
0.00
0.00
0.00

539.00
874.20
1418.00
2300.00
2300.00
1418.00
874.20
539.00
332.30
204.90
126.30
71.87
47.99
29.55
18.20
11.21
6.92
4.24
2.59
1.62
0.98
0.59
0.35
0.21

21.9
22.0
22.0
21.9
21.9
220
22.0
21.9
21.9
22.0
22.0
21.9
21.9
22.0
22.0
21.9
21.9
22.0
22.0
219
21.9
22.0
22.0
22.0
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Figure O.1: Shear rate versus shear stress plot for 0.5 Ib/bbl PHPA solution
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Table O.2: Shear viscosity data for 1.5 Ib/bbl PHPA solution

Nr-Seg
1j1
12
13
14
15
1l6
1|7
18
119
1{10
111
1j12
113
1|14

- 115
1]16
1117
1{18
1|19
120
2|1
22
23
2|4
2|5
2|6
2(7
218
2|9

t [s]
32.590
64.900
97.330
130.200
162.900
195.500
228.100
260.600
293.100
325.700
358.400
390.800
423.500
456.200

~ 488.800

521.400
553.900
586.600
619.100
651.700
684.000
715.700
747.200
778.700
810.200
841.800
873.300
904.700
936.400

t_seg [s]
31.420
63.730
96.160
129.100
161.700
194.300

226.900
259.400

292.000
324.500
357.200
389.700
422 .400
455.000
487.600
520.300
552.800
585.400
617.900
650.600
30.940
62.600
94.130
125.600
157.200
188.800
220.200
251.600
283.400

< [Pa]
0.005

- 0.001

0.013
0.077
0.082
0.136
0.195
0.304
0.466
0.719
1.100
1.577
2277
3.187
4.401
5.995
8.116
10.810
14.170
28.510
28.450
14.240
10.870
8.171
6.044
4399
3.207
2276
1.591

177

Y [1/s]
0.21

0.36
0.60
0.96
1.62
2.61
4.26
6.93
11.21
18.21
29.57
47.99
77.86
126.30
204.80
332.30
539.00
874.30
1418.00
2300.00
2300.00
1418.00
874.20
538.90
332.30
204.90
126.30
77.87
47.99

T [°C]
21.9
21.9
21.9
21.9
21.9
219
21.9
21.9
219
21.9
21.9
21.9
21.9
21.9
21.9
21.9
21.9
21.9
21.9
21.9
21.9
21.9
21.9
21.9
21.9
21.9
21.9
21.9
21.9
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2(10
211
2/12
2/13
214
2(15
2/16
2(17
2|18
2/19
220
311
32
33
34
3/5
316
3[7
318
309
3(10
3|11
3)12
3|13
3|14
3|15
3|16
3117
318
3119
3120
41

967.900
999.400
1031.000
1062.000
1094.000
1125.000

1156.000

1187.000
1219.000
1250.000
1281.000
1313.000
1345.000
1377.000
1409.000
1441.000
1473.000
1505.000
1537.000
1569.000
1601.000
1633.000
1666.000
1698.000
1730.000
1762.000
1794.000
1826.000
1858.000
1890.000
1922.000
1954.000

314.800
346.400
377.900
409.300
440.800
472.000
503.100
534.400
565.600
596.800
628.100
31.220
63.260
95.380
127.400
159.400
191.400
223.400
255.400
287.500
319.600
351.600
383.700
415.700
447.800
479.900
511.900
544.000
576.000
608.200
640.400
30.900

178

1.093
0.710
0.462
0.294
0.188
0.114
0.054
0.045
0.019
0.010
0.006
0.000
0.000
0.014

£ 0.026

0.079
0.108
0.182
0.297
0.453
0.737
1.071
1.609
2274
3.213
4422
6.035
8.186
10.890
14.240
28.140
27.990

29.57
18.23
11.21
6.94
4.26
2.60
1.63
0.96
0.58
0.35
0.23
0.22
0.35
0.60
0.95
1.62
2.62
4.26
6.92
11.19
18.18
29.59
47.98
77.86
126.30
204.80
332.30
539.00
874.20
1418.00
2300.00
2300.00

21.9
21.9
21.9
21.9
21.9
21.9
21.9
21.9
21.9
21.9
21.9
21.9
21.9
21.9
21.9
21.9
21.9
21.9
21.9
21.9
21.9
21.9
21.9
21.9
21.9
21.9
21.9
21.9
21.9
21.9
21.9
21.9

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



41
43
44
45
46
417
48
49
410
411
412
413
414
415
416
417
4/18
419
420

1985.000
2017.000
2048.000
2079.000
2111.000
2142.000
2173.000
2205.000
2236.000
2268.000
2299.000
2331.000
2362.000
2394.000
2425.000
2456.000
2488.000
2519.000
2551.000

62.060
93.400
124.600
156.100
187.500
218.900
250.200
281.600
313.100
344.600
375.800
407.300
438.800
470.200
501.400
532.800
564.300
595.700
627.200

179

14.210
10.860
8.164
6.030
4.407
3.210
2.276
1.581
1.082
0.722
0.449
0.309
0.197
0.110
0.057
0.047
0.028
0.004
0.000

1418.00
874.30
538.90
332.30
204.90
126.30
77.87
48.01
29.58
18.20
11.20
6.94
4.27
2.59
1.61
0.95
0.59
0.36
0.23

21.9
21.9
21.9
21.9
21.9
21.9
21.9
21.9
21.9
21.9
21.9
21.9
21.9
21.9
21.9
21.9
21.9
21.9
219
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Figure O.2: Shear rate versus shear stress plot for 1.5 Ib/bbl PHPA solution
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Table O.3: Shear viscosity data for 3.0 1b/bbl PHPA solution

Nr-Seg
11
12
13
14
15
116
117
18
19
1|10
111
1|12
113
1|14
1115
1|16
1117
1]18
1|19
1120
21
22
23
2|4
2|5
2|6
2|7
2|8
219

t [s]
32.51
64.87
97.12
129.30
161.30
193.40
225.40
257.50
289.50
321.50
353.70
385.80
418.00
450.10
482.20
514.20
546.40
578.40
610.60
642.70
675.30
706.90
738.10
769.30
800.60
831.70
863.00
894.30
925.50

t seg[s] <[Pa]

31.32
63.68
95.93
128.10
160.20
192.20
224.20
256.30
288.30
320.30
352.50
384.60
416.80
448.90
481.00
513.00
545.20
577.20
609.40
641.50
31.16
62.76
94.00
125.20
156.50
187.60
218.90
250.20
281.40

0.07
0.11
0.20
0.28
0.46
0.70
1.07
1.54
2.19
3.02
4.09
5.37
6.97
8.88
11.24
14.12
17.79
22.52
28.35
38.82
38.02
28.05
© 2230
17.75
14.12
11.20
8.87
6.93
5.36

181

v [1/s]
0.21

0.36
0.58
0.97
1.62
2.62
4.26
6.93
11.22
18.22
29.56
47.98
77.86
126.30
204.80
332.30
538.90
874.20
1418.00
2300.00
2300.00
1418.00
874.20
538.90
332.30
204.90
126.30
77.86
47.98

T [°C]
21.9
21.9
21.9
21.9
219
21.9
21.9
21.9
21.9
21.9
21.9
219
219
21.9
21.9
21.9
21.9
21.9
21.9
21.9
21.9
21.9
219
21.9
21.9
21.9
219
21.9
21.9
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2|10
211
2/12
2/13
2|14
215
2|16
2017
2|18
2|19
220
31
32
33
3/4
3I5
3l6
3[7
318
319

310

3|11
3]12
3|13
3)14
3]15
3|16
317
3(18
3|19
3120
41

956.80
988.00
1019.00
1050.00
1082.00
1113.00
1145.00
1176.00
1207.00
1238.00
1270.00
1301.00
1333.00
1365.00
1398.00
1430.00
1462.00
1494.00
1526.00
1558.00
1591.00
1623.00
1655.00
1687.00
1719.00
1751.00
1783.00
1816.00
1848.00
1880.00
1912.00
1944.00

312.70
343.90
375.10
406.30
437.70
469.10
500.50
531.70
562.90
594.20
625.50
31.23
63.23
95.27
127.60
159.80
192.20
224.10
256.10
288.30
320.40
352.70
385.00
417.10
449.10
481.30
513.30
545.40
577.50
609.50
641.60
30.83

4.04
3.01
2.18
1.55
1.05
0.69
0.46
0.28
0.17
0.1
0.08
0.07
0.1
0.16
0.28
0.45
0.70
1.05
1.54
2.18
3.00
4.03
5.35
6.95
8.87
11.19
14.08
17.71
22.29
28.04
35.50
35.53
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29.57
18.20
11.18
6.93
4.27
2.59
1.63
0.96
0.60
0.36
0.19
0.21
0.35
0.59
0.95
1.62
2.62
4.25
6.91
11.21
18.22
29.57
47.97
77.87
126.30
204.90
33230
539.00
874.20
1418.00
2300.00
2300.00

21.9
21.9
21.9
21.9
21.9
21.9
21.9
21.9
21.9
21.9
21.9
21.9
21.9
21.9
21.9
21.9
21.9
21.9
21.9
21.9
21.9
21.9
21.9
21.9
21.9
219
21.9
21.9
21.9
21.9
21.9
21.9
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412 1975.00 62.05 2796 1418.00 21.9
43  2006.00 9337 2226 87420 219
44  2037.00 124.60 17.69 539.00 21.9
45  2069.00 15590 1407 33230 219
46  2100.00 187.10 11.19 20480 219
47  2131.00 21830 882 12630 219
48  2162.00 249.70  6.93 77.87 21.9
49  2194.00 281.10 535 47.98 21.9
410 2225.00 31250 4.04 29.57 21.9
411  2257.00 343.80 3.01 18.21 21.9
412  2288.00 375.10 2.16 11.18 21.9
4/13  2319.00 40630 1.52. 6.92 21.9
414  2350.00 437.50 1.04 4.25 219
4|15 2381.00 468.70  0.67 2.62 21.9
416  2413.00 500.00 045 1.63 21.9
417 244400 53120 0.27 0.96 21.9
418 2475.00 562.50 0.16 0.59 21.9
419  2506.00 593.70  0.09 0.35 21.9
420 2538.00 625.00  0.06 0.19 21.9
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3.0 Ib/bbl
PHPA Solution
Shear Rate Vs Shear Stress

r, Pa
N
[4;]

0.00 500.00 1000.00 1500.00 2000.00 2500.00

Y,1/s

Figure O.3: Shear rate versus shear stress plot for3.0 1b/bbl PHPA solution
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