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ABSTRACT

Aqueous colloidal gas aphrof€GAs) have previously been ed as drilling
fluids because of their pore blocking ability which significantly reduces formation
damage. Ta aim of thisstudyis to generateaqueous colloidal gas aphrons, to
examine its stability and rheology as well as to investigate its suitabdligna

enhanced oil recovery fluid.

Different polymers and surfactants were tested to create the most stable aphrons.
To determine the optimum formulatiotaphron) bubble size over time, bubble

size distribution over time and fluid rheology were examined.

To determinethe CGA fluid suitability for enhanced oil recovery applicatipns
experiments were conducteding a visual cell and radial cell filled with porous
media. Flooding experimentsvere performedusing the CGA fluid as well as
other comparablddids. The pressure dropotal recovery datand breakthrough
time were measured for both cells while time lapse images were taken for the

visual cell.
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1. INTRODUCTION

1.1 Overview and Background of Problem

The increasing demand for energy coupled with declining global oil production
and more stringent environmental policies have resultedeiméled for reducing

cost while improving oil recovery. This has led to an increased need for improved
oil recovery and drilling technologies. During the past fifty years an array of
improved/enhanced oil recovery (EOR) methods have been developed aed appli
to mature and mostly depleted oil reservoirs. These methods improve the
efficiency of oil recovery compared with primary and secondary recovery
mechanisms. In primary recovery oil is displaced from the reservoir and into the
wellbore using its own resair energy such as natural water drive, gascap drive
or gravity drainage. In secondary recovery a fluid (most commonly water) is
injected into the reservoir via injection wells in order to maintain reservoir
pressure and continue oil displacement intoviieéibore. Upon the completion of
secondary recovery much of the original oil in place (OOIP) still resides in the
reservoir. Enhanced oil recovery methods are then aimed at recovering this
residual olil.

EOR methods can be loosely classified into threasrgas injection, chemical
flooding and thermal flooding. There are a variety of different methods that fall
under these three categories. Chemical flooding is comprised of alkaline, polymer
and polymer/surfactant methods. Colloidal gas aphrons areiltbb@s micre

bubbles which are 1000 microns in size with a gas containing inner core



encapsulated by a thin surfactant film. Aqueous CGA fluids are comprised of
water as a base fluid, polymer as a viscosifier and stabilizer and surfactant to
generate tb micrebubbles. According to Sebba (1987) CGA fluids differ from
conventional bubbles as conventional bubbles are surrounded by a surfactant
monolayer while CGA fluids are surrounded by three surfactant layers. The
addition of surfactants introduces aneggy barrier to coalescence therefore
micro-bubbles generated in the presence of surfactants tend to maintain their size.
The use of CGA as an alternative chemical EOR technique is proposed in this

study.

1.2 Statement of the Problem

As mentioned abovéne role of EOR is to produce residual oil which remains in
place after primary and secondary recovery. The problems associated around
chemical flooding technologies are based around inadequate sweep efficiencies
and mobility ratios which leave much of trecoverable oil left untouched in the
pores of the reservoir. Sweep efficiency refers to the efficacy of an enhanced oil
recovery technique. This efficacy is measured by the reservoir coverage of the
injected recovery fluid. Therefore a recovery fluidhsught to have good sweep
efficiency if it makes contact with most of the reservoir. The volumetric sweep
efficiency is the result of a number of factors, such as reservoir fractures, reservoir
thickness, placement of injection wells, flow rate and maghbititios. The
mobility of a fluid is the ratio of the formation permeability to a fluid divided by

the viscosity of the fluid. Mobility ratios are described as the mobility of the



displacing fluid (recovery fluid) divided by the mobility of the displackddf

(oil). These ratios are important in determining the volume of the reservoir
contacted by the recovery fluid. To address the problem of inadequate sweep
efficiencies and mobility ratios the use of colloidal gas aphron (CGA) as a
recovery fluid ratherthan its more conventional use as a drilling fluid was

investigated.

1.3 Objectives and Scope of the Study
The objective of this experimental study was to generate stable aqueous colloidal
gas aphrons and to evaluate its ability to function as an imgrowveecovery
method. There were two main stages of this study: development and
characterization of the agueous CGA fluid and the evaluation of its stability and
performance as an enhanced recovery fluid. The first stage of the project focused
on testing different surfactant and polymer concentrations to determine the
optimum combination of these chemicals. This was done by examining stability
using yield tests and micfoubble diameter sizing with respect to time. The
second stage of the project was taleate the performance of the aqueous CGA
fluid as an enhanced recovery fluid firstly using a visual cell and later using a
radial core holder.
These two main objectives were accomplished by dividing them into the tasks
below:

1. Literature Review of the rearch area.

o A review of the prior studies and applications of aphrons



A review of the surfactants and polymers suitable for the generation of

agueous colloidal gas aphrons

. Generation of Aqueous CGAs

Identify a lab procedure for aphron generation

Test different surfactants to determine if aphrons are produced

. Characterization of AQueous CGAs

Determine optimum polymer concentration and type to generate stable
CGAs using rheological parameters

Investigate the effect of surfactant type and concentration oyidltk

of aphrons, average CGA bubble size and rheology

Analyse the effect of time on aphron yield, average bubble size and
bubble size distribution using the various surfactants and
concentrations

Determine the optimal formulation of CGAs for use ascavery fluid

using the previous data

. Performance of this CGA fluid as a recovery fluid in visual cell

experiments

Analyse the results with respect to total oil recovery, breakthrough and
injected fluid retention time

Observe the pressure profile of the C@Ad across the visual cell
Observe the behaviour of the CGA fluid through the use of time lapse

photos showing frontal displacement patterns



5. Performance of this CGA fluid as a recovery fluid in radial core
experiments
e Analyse the results with respecttttal oil recovery, breakthrough and
injected fluid retention time

e Observe the pressure profile of the CGA fluid across the radial core

1.4 Methodology of the Research

This study started off with research into colloidal gas aphrons and its uses as a
drilling fluid. Through this research polymers and surfactants were identified
which were known to produce CGAs. These polymers and surfactants were then
screened using rheological tests and parameters to determine the most suitable
surfactant and polymer aseW as the optimum concentration of each. Stability
tests were also employed and these included nmicbble size with respect to

time and bubble size distributions with respect to time. After the optimum
formulation was chosen visual cell and radial dests were done to investigate

how CGAs behaved as a recovery fluid. Total recovery, breakthrough, injected

fluid retention time and pressure data was recorded to determine this.

1.5 Contributions of the Current Research

This investigation has provided stable optimum formulation for aqueous
colloidal gas aphrons. The oil recovery experiments conducted using this
optimum formulation has shown good oil recovery which was on par with the oil

recovered using only polymer. Therefore this colloidal gas apfwod has



proven to be a viable EOR technique. This study should encourage further
investigation into the use of colloidal gas aphrons as an alternative EOR
technique. This can further lead to designing an EOR process as an alternate to
polymer, polymeisufactant or WAG (Water Alternating Gas) methods. This
method can also very significant to carbon sequestration as carbon dioxide or flue
gas can also be used in midyobble generation instead of air. This way the
aqueous CGA fluid can act as a recovewydflwhile also providing a way for

carbon dioxide or flue gas disposal.

1.6 Structure of the Thesis
Chapter 1 gives an introduction to the thesis. This includes a look at the overview

and background of the problem as well as the objectives and schygestddy.

Chapter 2 presents a literature review of the study area. In this chapter previous

work completed on CGAs is discussed to provide the foundation for this project.

Chapter 3 describes the experimentalugetmaterial and procedures used in this

study. Specific information about the chemicals and equipment used is provided.

Chapter 4 details the polymer and surfactant screening procedures as well as the

results of the rheological characterization studies of aphron fluids.



Chapter 5 shows the qwedures and results involved in the visual cell

experiments. The time lapse photos for these experiments is shown here.

Chapter 6 describes oil recovery experiments conducted by injecting CGAs

through oil saturated porous media packed into a radial cell.

Chapter 7 concludes the thesis and gives recommendations for future work.

Chapter 8 contains the references.



2. LITERATURE REVIEW

The colloidal gas aphron was first introduced conceptually by Felix Sebba (1971).
In 1987 Sebba published his booktidted Foams and Biliquid Foarm&phrons

which detailed the characteristics and properties of aphrons (Sebba, 1987).
However, it was not until 1998 that the petroleum industry began exploring the
potential of colloidal gas aphrons. The aphron system was dpplied to a
horizontal reentry well in West Texas, U.S.A. where this new system performed
quite well and showed great promise (Brookey, 1998). Other projects followed in
different geologic formations such as sand, shale and dolomite and all exhibited
excellent drilling conditions and no formation damage or invasion (Brookey,
1998). The use of the CGA system was mainly targeted at balanced drilling.

The term fAat balancedo refers to drilling t
near the formation pssure gradient but not so low that formation fluids enter the
well bore (Brookey, 1998). Colloidal gas aphrons have been used to maintain at

balance drilling due to their lower fluid densities and pore sealing abilities.

2.1CGA as a drilling fluid

Aphrons are described as a novel new -anilfluid used to drill horizontal and

high angle wells through damage prone reservoirs (Brookey 1998). These aphrons
are also described as resisting coalescence while being able to recirculate and so
reused. Their sall size allows them to be recirculated even while solids control
systems are being used. This aphron system is used to drill at balance to enhance

drilling rates while preventing formation damage. To stabilize the aphron in a



drilling fluid a high yield $ress, shear thinning polymer is thoudgt be most
effective (Brookey 1998). Aphrons are incorporated into the drilling fluid at the
surface using conventional mud mixing equipment, though at shallow depths they
may also be created at the drill bit. Thecro-bubble size created and size
distribution play an important part in how well they can seal a permeable
formation. The aphron system is designed to incorporate 8 to 15 percent air
volume (Growcock et al. 2003).

Colloidal gas aphrons have proven sustdsin solving many of the problems
associated with low pressure reservoirs such as fluid loss control, formation
damage, stabilization of multipressure sequences with one fluid and differential
sticking (GaurinaVledimuric and Pasic, 2009). Depleted rgsé@s in mature oil

and gas fields are also categorized as low pressure reservoirs. Thigees
detailed data about these field cases including the location and the benefits gained

using this type of fluid.



Table 2-1 Field application data ofaphron based fluids (GaurinaMedimuric,

2009)

large vugs

Operati
Location peratian Formation Problem Benefit Source
(number of wells)
Drilling under- i
. b Highly permeable Lost circulation, borehole | Successfully corng, wire-line | Growcock et al,
South America | pressured zones (3 . . . .
wells) sand imstability logging and cementing 2006. and 2007
Workover and 01l producing Minimal invasion, safe
Eastern Mexico re—complgtmus depleted sandF: Loss circulation, gas influxes working environment, reduced Rea et al 2003
(The Tajin area) operation nterbedded with - environmental risk and cost
(3 wells) reactive shales reduction
Lake Drilling low- La Rosa formation Lo.sr (;u];m]l.la?;:n‘ bo;ehole Excellent hole cleaning, Ramirez et al.
Maracaibo, pressure zones (9 | (sands, and alternating m; b “)"du;mﬂ 1[:11 inhibition and fluid mvasion | 2002 Reaetal
Venezuela wells) sand and shale) Amage, Celicien control 2003.
cementation
Drilling Lost circulation, risk of
North Sea throughout two Claystone between fracturing reservoir with Successfully completed -
- . = . White et al. 2003
(Dutch sector) reservoirs with two sand formations lower pressure, formation operation
different pressures damage.
West Texas Honzont.al_re- . Mechanical problems with Excellent hole conditions, no
entry drilling Fracture formation | the small tools, large fracture .
(Fusselman) ~ © drag, fill or instability
(1 well) and lost complete returns
Dolomutic reef zone .
Drillin e . . Successfully drill d
North Texas rtng with mnterconnected Lost circulations yeeessiuly dritig an
(2 wells) completion

Re-entry drilling
(1 well)

Monterey shale
(highly fractured and
unstable)

Lost circulation, borehole
mstability

Drilling without any problems
and running the slotted liner to
TD, no formation damage

Drilling (1 well)

Sisquoc sand
(unconsolidate,
permeable sand)

Borehole instability and
formation damage

Dnlling was completed
without problems, and slotted
lmer was successfully run

Brookly 1998.

California (near

Mud losses in low pressure

Mimmuzed downhole losses

Ivan et al. 2001.

Bakersfield) Drilling Highly fractured sand reservoir, formation damage and successf{lill :;r;llmg to total
New Mexico, Drillin Dolomite and Low corrosion, drilling Schaneman et al.
Indian Basin a wellsg‘) Limestone formation | Lost circulation, source gas | without loses, no need for acid | 2003.; Kinchen
field containing large vugs stimulation etal 2001.
Completion and Gas producing Sour gas, enable well Successful completion and
Alberta i . i .
workower (1 well) sandstone completion workower operations
. Successful workow
Completion Gas producing Depleted reservoir, losses of ueeessiuLworkow -er .
) . : . operations and fluid invasion | MacPhail et al.
(1 well) dolonutical Limestone | kill fluid, formation damage
control 2008.
Workower Fluid leakoff, high fracture | Preventing fluid leakof under
Alberta (2 well) Conglomerate sands freating pressure high differential pressures
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2.1.1Components of CGA drilling fluids

Surfactants are a main constituent of colloidal gas aphron drilling fluids and are
responsible for the generation of aphrons. Polymers are also used as they act as a
viscosifier and an aphron stabilizer. According to Brookey (1998) there are four
major components in aqueous CGA drilling fluids: fresh water, LSRV (Low
Shear Rate Viscosity) Viscosifier, thermal stabilizer and an aphron generator. In
subsequent years aftenuch research and experimentation other compositions
have been introduced. Table22shows the composition of an aphron based
drilling system.

Table 2-2 Formulation of a typical standard aphron based drilling fluid
system (Growcock et al. 2004)

Component Function Concentration
Fresh water/brine Continuous phase 0.97 bbl
Soda ash Hardness Buffer 3 Ibm/bbl
Biopolymer blend Viscosifier 5 Ibm/bbl
Polymer blend Filtration Control Agent 5 Ibm/bbl
and Thermal Stabilizer
Alkalinity Control Agent | pH contrd 0.5 Ibm/bbl
Surfactant blend Aphron Generator 2 Ibm/bbl
Biocide Biocide 0.05 gal/bbl
Polymer/Surfactant blend Aphron Stabilizer 1 Ibm/bbl
Polymer (Optional) Mud Conditioner 1 Ibm/bbl
Oligomer (Optional) Defoamer As needed

2.2 Structure of CGA

Sébba (1987) described the structure of as microfoams due to their very small
size. Later, aphrons were termed colloidal as they display colloidal properties
which allow them to flow freely. Colloidal Gas Aphrons are mibubbles which

are generally 1100 microns in size composed of a gaseous inner core
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surrounded by a thin surfactant film. Therefore, they are spherical, micron sized
gas bubbles dispersed in an aqueous surfactant solution and can be seen in Figure
2-1 and 22. The gas containing inner careless than 74 percent of the aphron.
These micrebubbles are encapsulated by a soapy shell layer which has an inner
and outer surface and both surfaces have surfactant monolayers adsorbed on them.
The inner surface is oriented such that the hydrophilitastant molecules point
outward and the hydrophobic surfactant molecules point inward. The outer
surface has the hydrophobic surfactant molecules pointing outward and
hydrophilic molecules pointing inward. Between the inner and outer surfaces
there is asziscous water layer. The inner surface supports the gas containing inner
core while separating it from the aqueous layer. The outer surface also supports

the aqueous layer.

QOuter surface of shell

- -

A™
YTV b ?‘F\ Bulk water
%’ \. Containing

‘o, 9%
I’Q~ / 1!
Q- \

o - N
fa- d | ! 1
& Tl 1
> SN
a .

’ %/ NN
=-Efectrical double layers~~ J ~

Viscous water (ditfuse) o~
iffuse -~ .

Normal water

Figure 2-1 Structure of an Aphron (Sebba 1987)
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Figure 2-2 Structure of a water based aphron (GaurinaMedimuric and
Pasic, 2009)

2.3 Surfactants Used for CGA Formulation

The term surfactant is derived from fAsurfa
chemical that reduces the surface tension ldad. They can also reduce the

tension at the interface of two liquids or between a liquid and solid. Surfactants

are used in detergents, fabric softeners, emulsions, paints, adhesives, inks and
herbicides to name a few. Surfactants are classed inte tmain categories:

anionic, cationic and non ionic. These categories are based on the nature of the

charged group on the surfactant head. Anionic refers to a negatively charged

group, cationic a positively charged group and non ionic to no charged group.
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In aphron based drilling fluids surfactants from each category is used. Sebba
(1987) mentioned Lauryl alcohethylene oxide (LAEO) and Alkyl
oxypolyethylene oxyethanol (Tergitol) which are both non ionic in nature. Jauregi
et al (1996) also lists a numbef surfactants which were used for CGA
generation as shown in Table32

Table 2-3 Surfactants used for CGA generation up to 1995 (Jauregi et al.
1997

Reference Surfactant Nature of Surfactant
Ciriello et al. 1982 EDHA Cationic
Ethylhexadecyldimethyl
ammoniunmbromide
SDBS Anionic
Sodium dodecyl benzene
sulfonate
Wallis et al 1995 Arquad G50 Cationic
Caballero et al. 1989 HTAB Cationic
Hexadecyltrimethyl
ammonium bromide
Subramaniam et al. 1990 | AOT Anionic

Sodium bis(2-ethyl hexyl)
sulfosuccinate

SDBS Anionic
Sodium dodecyl benzene

sulfonate

BDHA Cationic

Benzyldimethyin-hexadecyl
ammonium chloride

Amiri and Woodburn 1990, TTAB Cationic
Tetradecyltrimethyl
ammonium bromide

Matsushita et al. 1992 HTAB Cationic
Hexadecyltrimethyl

ammonium bromide
DTAB Cationic
Dodecyltrimethyl ammonium
bromide
CPB Cationic
Cetylpyridinium bromide
SDS Anionic
Sodium dodecyl sulfate
SDBS Anionic
Sodium dodecyl benzene
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sulfonate

Tergital
Polyoxyethene triglyceride
alcohol

Non ionic

Roy et al. 992

HTAB
Hexadecyltrimethyl
ammonium bromide

Cationic

SDBS
Sodium dodecyl benzene
sulfonate

Anionic

Chapalkar et al. 1994

Tergital
Polyoxyethene triglyceride
alcohol

Non ionic

SDBS
Sodium dodecyl benzene
sulfonate

Anionic

HTAB
Hexadecyltrimethly
ammonium bromide

Cationic

Save et al. 1993

HTAB
Hexadecyltrimethyl
ammonium bromide

Cationic

SDBS
Sodium dodecyl benzene
sulfonate

Anionic

LAEO
Lauryl alcoholethylene
oxide

Non ionic

Save and Pangarkar, 1993

SDBS
Sodium dodecyl benzene
sulfonate

Anionic

HTAC
Hexadecyltrimethy
ammonium bromide

Cationic

CPC
Cetylpyridinium chloride

Cationic

DTAC
Dodecyltrimethyl ammonium
chloride

Cationic

SLS
Sodium lauryl sulphase

Anionic

DMDSAC
Dimethyl distearyl
ammonium chloride

Cationic

Triton-X-100

Non ionic

LA-EO3
Lauryl alcohol ethylene

oxide

Non ionic
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In the research done by Matsushita et al. (1992), the effect of surfactant,
surfactant concentration, stirring speed and length of stirring time were
investigated. The results showedignificant effect of mixing speed on stability
when the speed was increased from 5000 to 5500 RPM with no significant effect
seen in the increase from 5500 to 8500 RPM (Jauregi et al. 1997). The length of
the alkyl chain in the cationic surfactants DTABJaCTAB affected the stability

of the CGA producedwith the longer alkyl chain surfactant creating the most
stable aphrons.

Matsushita et al (1992) also showed that stirring time affected the gas content of
the aphron but not on the stability (Jauregakt1997). Chapalkar et al. (1994)
found that the bubbles created by non ionic surfactants were of a smaller diameter
than those created by ionic surfactants. Also an increase in ionic strength was
found to decrease bubble size in ionic surfactants. dsorg the surfactant
concentration for Tergital, SDBS and HTAB produced smaller bubbles (Jauregi et
al. 1997).

Save and Pangarkar (1993) tested cationic, anionic and non ionic surfactants.
CTAC gave a higher foam height and half life while DMSDAC gavehigbest

foam height but the lower half life. For the anionic surfactants SDBS showed a
higher half life. The non ionic surfactants were each added to a solution of CTAC
and observed. There was no effect on foam height but thdifaatime was

improved.
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Sodium bis(2 ethyl hexyl) sulfosuccinate (AOT) was th&factant of choice for
Jauregi et al. (1997). Go Deuvil Il was used by Belkin (2005) which is a MASI
Technologies product. Bjorndalen and Kuru (2005) used hexadecyltrimethyl
ammonium bromide (HTAB@aNnd sodium dodecyl benzene sulfonate (DDBS).
Spinelli et al (2010) used NOVEC H2132 and NOVEC F&430 which were
commercial non ionic polymeric fluorochemical surfactants as well as
poly(ethylene oxidepoly(propylene oxide) (PE®PO) block copolymers ttad

L7 and L10 with different numbers of ethylene oxide (EO) and propylene oxide
(PO) units.

Feng et al (2009) did their research using JBR 425, rhamnolipid and common
anionic biosurfactant with Tergitol and found that there was an increase in
stability with an increase in surfactant concentration but decreasedomitpH

and increased salt concentrations. The anionic surfactant sodium dodecyl sulphate
(SDS) was used to investigate the effects of surfactant and electrolyte
concentration on bubble formaticand stabilization by Xu et al. (2008). They
found that the minimum bubble diameter and maximum stability occurred at
concentration above the critical micelle concentration (CMC). Hashim et al.
(1999) used sodium dodecyl sulphate (SDS) to investigatemthes transfer
correlation in the flotation of palm oil by colloidal gas aphrons.

Sodium dodecyl sulphate was also used by Oliveira et al. (2004) to optimize
micro-foam rheology for soil remediation. Flotation of microorganisms by CGAs
was investigated bylashim et al. (2000) using the cationic surfactant benzyl

dimethyl hexadecyl ammonium chloride (BDHA). Zhao et al. (2009) used three
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different surfactants, Tween 20non ionic, sodium dodecyl sulphate (SDS)

anionic and cetyl trimethyl ammonium bromid&T(AB) T cationic.

2.4 Polymers used for CGA Formulation

Polymers are another important aspect of aphron drilling fluid composition. They
are mostly mentioned in the literature that deals with aphrons as a drilling fluid.
Other applications of colloidalgas aphrons may not need the enhanced
rheological properties that polymers impart. Brookey (1998) first mentions that
for aphrons to be stabilized in a drilling fluid a high yield stress, shear thinning
(HYSST) polymer is used. In this case a xanthan giopdbymer was found to
effectively stabilize the aphrons and increase the low shear rate viscosity (LSRV)
which encouraged good hole cleaning, cuttings suspension and invasion control.
Growcock (2005) introduced the use of a clay/polymer blend to ach as
viscosifier in an alternative aphron based drilling fluid. In this alternative system
polymer/surfactant blends are also added to act as aphron stabilizers. Ramirez et
al (2002) also mentions the use of a biopolymer blend which is a mixture of non
ionic polymers that generate high viscosities at low shear rates. There is also the
addition of another polymer blend which acts as a fluid loss control agent and
thermal stabilizer. However as before the specific polymer/s are not listed.

Belkin (2005) also dicusses the need for the aphron base fluid to be highly shear
thinning and display high LSRV with low thixotropy. Spinelli et al. (2010)

prepared the base fluids for aphronization by mixing the organic phase at different
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concentrations of organophilic claand viscosifiers. The viscosifiers used were
Versa and Liovac 419. Bjorndalen and Kuru (2005) prepared the aphron base
fluid using xanthan gum as a viscosifier and aphron stabilizer.

Electrolytes have also been added as a component of aphron drilidsy Kuw et

al. (2008) investigated the effects of surfactant and electrolyte concentration on
bubble size and stability. The effect of electrolyte concentration was studied by
adding sodium chloride (NaCl) at a surfactant concentration below that of the
critical micelle concentration (CMC). The addition of salt decreased bubble size

and improved bubble preparation to a certain extent.

2.5CGA generation

Colloidal gas aphrons have been traditionally produced by mechanical agitation or
by bubbling aphros into the base fluid. More recently sonication has been used to
produce CGAs by exposing the surfactant solution to ultrasound. Mechanical
methods include the Venturi throat generator, high speed commercial blender,
packed bed generator, spinning cylindgenerator and the spinning disc
generator.

The first method of aphron generation described by Sebba (1987) was the Venturi
throat generator. To produce aphrons the surfactant solution was quickly moved
through a venture throat while air was allowed tigloa very small opening. This
method produced very small bubbles generally between 25 to 50 microns but

there were disadvantages to this method as well. Miglble production was
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very slow and the solution needed to be recycled to increase the bubble
corcentration. Another problem was that a very high flowrate was needed to
prevent the solution from forming two distinct phases rather than entraining the
bubblesand so a powerful pump was needed.

The spinning disc generator is another method for CGA gg&arrdescribed by
Sebba (1987) and works by bringing air into the liquid phase. This generator is
made up of a horizontal disc which is placed below the surface of the surfactant
solution. Two vertical baffles are attached to either side of the discxdedde
above the surface of the solution. The disc is attached to a motor via a shaft and
properly supported to prevent unnecessary movement. To produce CGAs the disc
must rotate at speeds more tha@0f RPM. Once this critical speed is achieved
waves ardormed on the surface which hit the baffles and must themter the
solution. An unstable thin layer of gas is trapped between the baffle and the liquid
which breaks up into aphrons. The benefits of this apparatus are that it can
produce large volumed €GAs in a short time period and it is very reliable. The

spinning disc generator is seen in Figwé. 2
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Figure 2-3 Spinning disc generator (Sebba, 1987)
Jauregi et al. (1997) used a laboratory mixer supplied by Silverson Ltd. fitted with
a four blale impeller which was immersed into a baffled beaker and miked a
speeds of ®0O0 to 10000 RPM.Feng et al (2009) used a high speed stirrer at
8,000 RPM for 3 mins to produce CGAs. Xu et al (2008) preferred a homogenizer
(Polytron PTF3000) produced by Kematica Inc. Aphrons were produced by
mixing at 4000 RPM for 10 mins. Sonication was another method of aphron
generation used by Xu et al. (2008) and this was carried out by a 0.5 inch
ultrasound probe (Branson Sonifier 450) at a power level of 300 V¥ foins.
Hashim et al. (2000) used a spinning horizontal disc generator at a spe@dOof 6

RPM in his investigation of particle bubble attachment.
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Zhao (2009) used a Silverson L4RT mixer @00 RPM in a baffled container.
Spinelli et al. (2010) used affdirent method where the mixture was passed
through a HPHT filter press, without a filter element under a pressure differential
of 1,380 kPa. Bjorndalen and Kuru (2005) used a Brinkmann homogenizer model

PT 45/80 which was modified into a four baffle syste

2.6 Yield of CGA Fluids

Creaning refers to the tendency of colloidal gas aphrons to form two layers if left
undisturbed. According to Sebba (1987) if a CGA fluid is left unstirred it will
separate into a foam which will float on the bulk water inuald® 15 mins. This
occurs due to the density difference between aphrons and their liquid phase.
Sebba (1987) also suggested that creaming could be postponed if the lateral
movement conveyed to the bubbles is greater than the upward movement due to
gravity. If this was carried out the creaming could be delayed by at least an hour
or more. Hashim et al (1999) delayed creaming by constantly mixing the CGA
fluid after generation at a speed 00 RPM. Creaming can also be related to
aphron yield and can inchte how much aphrons are produced. Save and
Pargarkar (1993) used creaming to create a parameter called dispersion height
(Hg). This was described as the height of the foam which separated from the bulk
mixture, the larger the dispersion height the mof@A€ were thought to be
produced. To characterize CGA fluids Jauregi et al. (1997) used gas holdup which
was described as the volumetric ratio between the gas volume and the final

dispersion volume. If the gas volume was larger then more +hidobles were
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produced. Oliviera et al. (2004) used gas volume fraction as a means of
characterizing CGA fluids and studied its effect on mic@am rheology.

Shivhare (2010) used yield as a measure of the amount of aphrons produced.

2.7 Rheology of CGA Fluids

Brookey (1998) states that to be most effective aphrons must be stabilized in a
drilling fluid. To do this he determines the use of a high yield stress, shear
thinning (HYSST) polymer is most appropriate. A xanthan gum biopolymer was
used to viscosify the lamallseparating the aphrons and the water layer in the
bubble film surrounding the aphron core. This was able to strengthen the bubble
film and encompassing layer to setintain the aphrons. This feature allows them

to resist expansion and compression so¢ tin@y could be reirculated. Xanthan

gum increases the low shear rate viscosity (LSRV) and is an important aspect of
the rheology of aphron fluids. Bjorndalen and Kuru (2005) used a Brookfield DV
Il Digital Cone/Plate Viscometer as well as a Fann Visteméo conduct
viscometry tests. Using a 2 Ib/bbl surfactant base solution and three different
concentrations of xanthan gum the LSRV was determined atl0s@6 shear rate.

The results are seen in Tabld 2

Table 24 LSRYV results using xanthan gum anda surfactant base solution
(Bjorndalen and Kuru, 2005)

Xanthan Gum Conc Ib/bbl
Properties 1 3 5
LSRV @ 0.6 2767 22067 >31000
1/sec (cP)
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Schaneman et al. (2003) also used a Brookfield viscometer to measure the LSRV
of the CGA drilling fluid gener&d using MASI Technologies products. These
results are shown in Table52 MacPhail et al. (2008) also recommended that the
LSRV of a CGA fluid be greater than 40,000 cP or the aphrons would become
unstable and break apart.

Table 2-5 Initial and final LSRV results of a CGA drilling fluid (Schaneman
et al. 2003)

Properties Initial Final
Brookfield LSRV @ 0.3 57088 62400
RPM (cP)

Ilvan et al. (2001) measured the LSRV of the generated aphron drilling fluid using
a Brookfield viscometer as well. The LSRVMas measured at 60,000 cP and he
specified that this property should always be greater than 50,000 cP to ensure
stability. Ramirez et al. (2002) used CGA drilling fluids in the mature reservoirs
of Lake Maracaibo. A number of wells were successfully ettiland the LSRV
measured. These results are seen in Table 2

Table 2-6 LSRYV of aphron drilling fluids used to drill the reservoirs of Lake
Maracaibo (Ramirez et al. 2002)

Well Name LSRV (cP)

VLA 1321 48000-348000

VLA 1325 4500097 000
VLA 1329,1331,1332,1334,1335 60000144000

Aphron drilling fluids were also used in drilling the depleted mature fields in
Mexico (Rea et al. 2003). The initial and final LSRV was reported for three

different wells and can be seen in Tablé.2
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Table 227 LSRV of the CGA fluids used in three Mexican wells (Rea et al.

2003)
Well Name Initial LSRV (cP) Final LSRV (cP)
Tajin 361 95325 75000
Tajin 364 82345 86200
Tajin 321 57088 62400

Growcock et al. (2004) and Growcock et al. (2006) also measured thé bSR
the aphron and alternative aphron drilling fluid generated. These results are shown
in Table 28 and 29.

Table 28 LSRV of alternative aphron based drilling fluid (Growcock et al.
2004)

System Properties

LSRV @ 0.06 /sed(cP) 192 000

Table 2-9 LSRV of CGA fluid (Growcock et al. 2006)

System Properties 1.2% Air 17% Air

LSRV @ 0.06/sec (cP) 125000 125000

The LSRV is an important aspect of CGA fluids as it is strongly tied to its
stability. The data presented shows different low shearviatosities were used

in the generation and use of aphron drilling fluids. This can help establish a
minimum LSRV at 40,000 cP for a stable CGA fluid. The viscosity of the CGA
fluid over a range of shear rates is also of interest.

Oliveira et al. (2004jound that CGA fluids show strong shear thinning behaviour
with decreasing apparent viscosity with increasing shear rate. Zhao et al. (2008)
used a flow pipe viscometer to conduct rheological tests. It was found for all the

surfactant concentrations testéie CGA fluids behaved in a shear thinning
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manner. Shivhare (2011) conducted rheological tests on an oil based aphron
system. This oil based aphron drilling fluid was found to behave like a pseudo
plastic type fluid with shear thinning qualities. Figurel Zhows the effect of
surfactant concentration on the shear stress and shear rate relationship and Figure

2-5 shows the effect of surfactant concentration on the CGA fluid viscosity.
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Figure 2-4 Effect of surfactant concentration on shear stress and sheeate
for an oil based aphron system (Shivhare, 2010)

26



0.09 ——PL_Jre

0.08 T4 o

0.07 =l 0
0
o 0.06
o e ) 8%
= 0.05
=
n
8 0.04 i () 5%
2 0.03
>

0.02 0.4%

0.01

g (). 2%
0 T T T 1
0 500 1000 1500 2000
Shear Rate, 1/s

Figure 2-5 Effect of surfactant concatration on CGA fluid viscosity
(Shivhare, 2011

2.8 CGA bubble size distribution

The size of CGAs and the bubble size distribution are important parameters to
stability as well as to the bridging of pores. To quantify stability as well as to
determine the pore blocking ability of a CGA fluid these parameters should be
known. Sebba (1987) noticed that there was a uniform size distribution
immediately after aphro generation. However after a few minutes there was a
distinct size distribution with the majority of the aphrons larger than 25 microns.
Feng et al. (2009) used a digital camera attached to a microscope to obtain photos
of the micrebubbles soon after goaration. The sample size was between-100
300 bubbles and mean bubble size and bubble size distribution was calculated.
The initial mean bubble diameter varied between 63 and 71 microns with the
majority of bubbles in the 2040 micron diameter range. Figu26 shows the

results.
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Figure 2-6 Typical bubble size distribution for a micro-bubble dispersion
(Feng et al. 2009)

Xu et al (2008) measured average bubble size and bubble size distribution to
calculate average bubble diameter and average sédtion. This was done to
determine the effect of surfactant and electrolyte concentration. It was noted that
above the critical micelle concentration (CMC) there was no change in size
distribution with increasing surfactant concentration. However bétmvCMC

the bubble size distribution was dependent on surfactant concentration.

Zhao et al. (2009) looked at the rheology of CGAs made from different
surfactants. One of the parameters measured was the Sauter mean bubble radius
(r32). It was found that # surfactant CTAB created much smaller bubbles than
those created with Tween 20 and SDS (Sodium dodecyl sulphate). The aphrons
created with CTAB were in the 26.4 to 28.3 micron size range while those created

with Tween 20 and SDS were 39.0 to 47.6 miclorsze.
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Spinelli et al (2010) used a microscope and image analysis software to measure
bubble size and bubble size distribution. He also photographed each sample three
times and analyzed these separately and compared them to the mean. This was
done to eaure accurate bubble size distributions. Save and Pangarkar (1993) used
a projection microscope to determine the bubble size distribution.

Growcock (2005) used an optical viewing system which was made up of a
viewing cell, microscope and image analysislsodGrowcock et al. (2003)
suggested the use of acoustic bubble spectrometry as it permits the quantitative
measurements of the bubble size distribution in opaque fluids. A Laser
granulometer was also used to determine bubble size distribution thorougiethe

of laser light scattering.

2.9 Stability of CGA Fluids

Colloidal gas aphrons are not static and will change over time. Aphron size, yield

and rheological parameters will change with time as well as respond to changes in
pressure and temperature bBa (1987) observed that aphrons are quite uniform

in size immediately after generation. This uniform size distribution changes after

a few minutes and aphrons of different sizes can be seen. He also noted that
instability increases at temperature greateth a n 40eC whil e t he
di sintegrates at temperatures above 65¢C.
Brookey (1998) suggested the use of xanthan gum to enhance stability and used

an oligosaccharide as a thermal stabilizer.
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Feng et al. (2009) placed the midyabble dispersions in 100 nmheasuring
cylinders and measured the liquid drainage from the dispersion. The volumes of
the liquid and dispersion/foam phase were recorded over time. The final volume
of the drained liquid was also recorded after the foam had collapsed entirely. The
stablity of the mixture was then quantified over time using the method described
by Sebba (1987). This method uses the time taken for half of the liquid to drain
from the dispersion (halife) as a way to quantify stability. It was found that
increasing sudctant concentration enhanced stability but increased pH and salt
concentration hindered it.

Another method used to measure stability was the change in average micro
bubble diameter with time (Xu et al. 2008). A laser diffraction particle size
analyzer wasised to measure average size and size distribatidna surfactant
concentration above the critical micelle concentration (CMC) produced the most
stable aphrons. Jauregi and Varley (1996) also used thifdafethod as well as

gas holdup which was daibed as the ratio between the gas volume and the final
dispersion volume.

Bjorndalen and Kuru (2006) used changes in aphron diameter over time as well as
changes in yield. Factors such as time, temperature and pressure were used to
investigate stabilityAn increase in polymer concentration was found to reduce
bubble growth and stabilize yield over time. When the aphrons were exposed to a
pressure change of 0 to 50 psig they decreased to ab@t @0of their original

size. Increasing temperatures indilican increase in bubble size with a larger

increase noticed between-8350 e C t han-7bhetCween 50
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Spinelli et al. (2010) evaluated stability by observing the change in bubble size
and number over a 24 hour time period. It was seen that the addition cdral se
surfactant ircreased the number of bubbles produced as well as a reduction in
bubble size. Aphrons based on pure ester was found to have slow bubble growth
over time as well as only breaking after 24 hours. Save and Pangarkar (1993) used
half life aswell as foam height to quantify stability and found that surfactants
with longer alkyl group chains were more stable than those with shorter chains.
When non ionic surfactants were added there was an increase inohésive

forces and enhanced lamellasgicity which in turn increased stability. Half life

was also increased by raising viscosity which aided aphron stability.

2.10 CGA bridging mechanisms

An important aspect of drilling fluids is their bridging or blocking ability. Most
conventional diling fluids contain chemicals or solid additives that are
responsible for this bridging/blocking ability. This is done to treat highly
permeable sections of the reservoir during drilling and also production. CGA
fluids can also bridge these problem reser areas without the use of solid
particles and, therefore, without the costs associated with this use. CGA fluids use
their aphrons to bridge these pores instead of using solid particles. This is of great
benefit as these micioubbles can be easily rened when the well transitions

into production.

There is still much to learn about the bridging ability of CGA fluids. However,

extensive work has been conducted on the bridging/blocking ability of foams and
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due to their close association wephrons;it is beneficial to look into this. The

Jamin effect is described as the resistance to flow of a column of liquid which is

broken up by air bubbles in a capillary tube even though there is a substantial

pressure differential between the ends of the tube. &ffest is though to be

responsible for the bridging ability of foams. lonel Gardescu studied this effect in

detail while working on his paper fABehavio
(1930). He studied the resistance of a non wetting fluid to miowg @ water wet

capillary. Colloidal Gas Aphrons can be applied to this as they act as the non

wetting phase while the surrounding fluid behaves as the wetting phase. Figure 2

7 describes the Jamin effect.
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Figure 2-7 A Jamin tube with gas and liquid bubbles

Figure 27 shows the interaction between the two phases in the capillary tube,

which is assumed to be initially dry. The liquid film of the gas bubble to the right

is on a dry surface, while the liquid film of the gadbie to the left is on a wet

surface. This results in different contac
where d°' is larger than d. Tiarepwiddi us of t

also be different based in these different contact anglesg Usisic trigonometry
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r, and p can be calculated using the following equations where r is the tube radius

and d is the bubble contact angl e.

nr= r/ cos dl)( Eguatcoas &2) (Equation 2

To determine the pressure needed for the gas bubblesvi® afong the tube, the

pressure at each interface must also be determined using the following equations.

Pi= P+ 2 (Efuation 23)

P,=P;+ 2 (Equation 24)

P1 refers to the pressure exerted by the gas bubble to the left whd&Fs to the

presure exerted by the gas bubble to the rightsRhe pressure exerted by the

' iquid and U is the interfacial tension
between P and B will be the pressure needed to push the bubble through the
capillary.

In figure 28a the shape of the bubble is perfectly spherical as no force is being
exerted on the bubble. However as pressure is applied and the bubble is forced
through the smaller capillary tube the bubble elongates and this creates two
different radii seen irFigure 28b. If pressure is increased even more the entire

bubble is forced into the capillary tube and both radii will now be equal. When

this occurs there will be no resistance to movement. The maximum pressure that
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can be applied before the bubble rdmicome equal and is no longer resistant to
movement is very important to bridging.

If the bubbles are replaced by CGAs and the capillary tube replaced by pore
throats then this can be applied to CGAs moving through rock pores. The pressure
needed to puskhe aphrons into the rock pores will be provided by wellbore
pressure. The aphrons will then behave as the non wetting phase, enter the pore

throats and display bridging behaviour.
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Figure 2-8 Change in bubble shape when movgthrough a reduced opening
(Gardescu 1930)

Growcock (2006) states that aphrons exhibit little affinity for each other or for
rock surfaces and so resist coalescence and aggregation. They prefer to remain as
discrete micrebubbles. It was thought that aggates of CGAs would also show

the same bridging behaviour as single aphrons and be able to enter larger
formation fractures and faults. In this way the aphron aggregates would build a
solids free bridge which could later be removed by pressure changeveip

this would require aphrons to coalesce which does not occur. It can be said that
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aphrons are able to bridge only at the pore level and they will need to be sized to

fit the pore size distribution.

2.10.1Core flooding

Core flooding tests are cad out by pumping the fluid under investigation
through a packed core or porous media. This is done to determine rock
permeability as well to see how well different fluids will flow through it. Core
flooding tests are also done to evaluate the bridgiilgyatf a fluid across a core
sample.

Growcock et al. (2005) conducted return permeability tests in Berea sandstone at
65eC using an inlet pressure of 2,500
tests were done to determine the formation damagmfiat of CGA fluids. The
formation damage produced by aphrons was very low as the return permeability
was as much as 80%. This was analogous to a well made reservoir drilling fluid.
CGAs were also found to have no affinity to limestone and silica surfeltieb

would make them easier to remove. This would minimize formation damage as
well. Growcock et al. (2007) looked at the flow of aphron fluids through porous
media. Aphrons quickly move to concentrate at the fluid front when the CGA
fluid enters the paus media. This is called bubbly flow and is thought to create a
special microenvironment that separates the bulk fluid from the porous media.
This limits fluid invasion. Bjorndalen et al. (2007) conducted tests using a-micro
model to visually understanthé blocking mechanism. Stable foam was created
and injected into the micrmodel where a pressure rise was noted. This indicated

that the porous media was blocked by this foam and shows that aphron fluids can
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reduce formation damage. The foam was alsdyeasnoved by water to indicate

that this effect was reversible. Bjorndalen et al. (2010) used a radial cell to
conduct formation damage tests. The cell was packed with sand and saturated
with a specific fluid. The CGA fluid was then injected and the pmess
monitored. An increasing pressure drop was observed between the injection and
production ports which indicated a buildup of aphrons. After this the saturating
fluid was reinjected to determine the return permeability and level of formation
damage. Skhare (2011) conducted core flooding tests using a radial cell and an
oil based CGA fluid. An increasing resistance to the flow of the oil based CGA
fluid through the radial cell was noticed. This indicated the aphron buildup across
the pore structure ohe radial cell created an effective seal for controlling the

invading fluid into the formation.

2.11 EOR Technigues and Review

Chemical enhanced oil recovery processes include polymer, surfactant, alkaline
and micellar/emulsion floods as well as combiasi of these. Miscible methods
include high pressure miscible drives, using a hydrocarbon gas, nitrogen or carbon
dioxide, as well as displacement by liquid hydrocarbons (Ali and Thomas, 1996).
Polymer flooding uses a small amount of a high molecular wegkersoluble
polymer which is added to a waterflood type operation. The choice of polymer
and concentration are very important factors to this process. Polymer flooding
increases the oil recovery by improving the sweep efficiency but there are many

othe factors to consider. This process may face problems such as polymer
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degradation due to very saline interstitial water, temperature, polymer ageing, and
polymer gel formation (Ali and Thomas, 1996). Polymer floods have been seen to
be more effective for mderately viscous oils in the range 6260 mPa.s and are
better suited to reservoir permeabilities higher than 20 mD. The reservoir
temperature should also not be higher
bottom water zone would encourage polynofannelling (Ali and Thomas,
1996). Sandstone reservoirs are also preferred (Alkafeef and Zaid, 2007).
Therefore this chemical EOR technique requires quite specific conditions to be
suitable for use.

Surfactant flooding is used in EOR as they can lowerirtkerfacial tensions and
change wetting properties. The addition of the surfactant decreases the interfacial
tension between oil and formation water, lowers the capillary forces and
facilitates oil mobilization (Samanta et al. 2011). One of the mainlgabwith

this method is the loss of surfactant to the rock matrix through mechanisms like
adsorption, precipitation and changes in phase behaviour (Ali and Thomas, 1996).

Surfactants are also costly chemicals. Puerto et al. 2010 indicated that reservoirs

t han

with temperatures greater than 70eC and sa

suitable for surfactant flooding due to precipitation of the surfactant or phase
separation.

Alkaline flooding consists of injecting solutions of sodium hydroxide, sodium
calbonate, sodium silicate or potassium hydroxide into the reservoir. The alkaline
solution alters the wettability of the rock as well as reacts with the acids in the oll

to create a surfactant in situ which will reduce the interfacial tension (Alkafeef
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and Aid, 2007). For this technique oil viscosity of less than 35 cP with a reservoir
permeability of greater than 20 mD is recommended. Sandstone reservoirs are
also preferred (Alkafeef and Zaid, 2007).

Micellar or microemulsion flooding is a recovery procgeserally used for light

oils. This process consists of the injection of a micellar solution slug, followed by
a polymer solution slug, which is driven by waterflood (Ali and Thomas, 1996).
The micellar solution is usually made up of water, hydrocarbofs]l5%
surfactants, alcohol and small amounts of salt. This technique requires much
background work into the flood design to tailor it to the reservoir. It is also
restricted to light oil with viscosities less than 20 mPa.s, low salinity reservoirs
and lowto medium temperatures. Another major problem with micellar flooding

is that it requires small well spacing which increases the operating cost of this
technique (Ali and Thomas, 1996).

The use of CGA fluids as a chemical enhanced recovery process would be
beneficial. It has been established that colloidal gas aphrons are not attracted to
each other or to mineral surfaces (Growcock et. al. 2004). This means that they
will not cling to pore walls and would move freely through reservoir pores which
would be avantageous for a recovery fluid. Another benefit is that CGA fluids
could be used on different lithologies, and not limited to sandstone reservoirs.
Aphron drilling fluids were used successfully in dolomitic limestone and
sandstone reservoirs in completiand workover applications (MacPhail et al.
2008). Aphrons could also be used on lower permeable reservoirs if the micro

bubbles are suitably sized. Colloidal gas aphrons have also been found to
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withstand compression to at least 4,000 psig and so couwlddakin reservoirs up

to this pressure limit (Belkin et al. 2005).
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3. EXPERIMENTAL SET -UP, MATERIALS AND PROCEDURES
The equipment, materials and procedures used in this study are detailed in the

following sections.

3.1 Materials used in CGA productbn

3.1.1AqueousFluid
In this study the target was to produce aqueous colloidal gas apanohs
deionized water was used as the aqueous phase. Deionized water was produced

using the Elga Purelab Ultra shown in Figur&.3

Figure 3-1: Elga PurelabUltra used to produce deionized water
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3.1.2 Polymer

The addition of polymer to the base fluid improves the rheological characteristics
such as shear viscosity and low shear rate viscosity (LSRV). This results in much
more stable micrbubbles aghe size increase over time is reduced. Different
polymers were used in the initial screening to determine the best polymer suited to

the generation of stable aqueous colloidal gas aphrons.

Barazan D (Xanthan gum)

This is a biopolymer that provides visity and suspension without the need for
clays. It disperses rapidly, provides thixotropic properties and-Newatonian

flow characteristics at low concentrations over a wide range of salinities. This

polymer was supplied by Baroid Industrial Drilling Buets.

Table 3-1 Physical Properties of Barazan D (Baroi® Products Data Sheet)

Property Description
Appearance Yellow to white powder
pH (1% aqueous solution) 6.3

Specific gravity 1.6

CMC'i Carboxymethyl cellulose

This polymer is a cellulose deative and is synthesized by the alkali catalyzed
reaction of cellulose and chloroacetic acid. The polar carboxyl groups render the
cellulose soluble and chemically reactive. It is used as a drilling mud additive

where it acts as a viscosifier and wateengibn agent. It is an off white to light
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beige powder in appearance. This was sourced from the undergraduate drilling

lab.

Liqui-Vis EP (HEC)

This is a high purity HEC (hydroxyethyl cellulose) polymer which is dispersed in
a water soluble carrier. It idesigned to viscosify fresh water and low weight
brines for driltin fluid applications. This product was obtained as a sample from

Baroid Industrial Drilling Products.

Table 3-2 Physical Properties of LiqutVis (Baroid® Products Data Sheet)

Property Description

Appearance Off white suspension
Flash Point 200eF (93eC)
Pour Point 50eF (10eC)
Specific Gravity |[1.08

N-Vis (Xanthan Gim)

This product is a high quality xanthan gum polymer. It is used in reservoimdrill
fluids to provide solid suspension and hole cleaning capabilities designed to
minimize reservoir formation damage. This was also obtained as a sample from

Baroid Industrial Drilling Products.
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Table 3-3 Physical Properties of NVis (Baroid® Products Data Sheet)

Property Description
Appearance Dispersible beige posler
Bulk density 45 Ib/ft, 721 kg/ni
Mesh Size (% through 40 mesh) 95

Quik-trol

This is a modified natural cellulose polymer which can provide filtration control
in small quantities in most water based drilling fluid systems. -@olkwas also
sourced from the undergraduate drilling lab.

Table 34 Physical Properties of QuikTrol (Halliburton® Products Data
Sheet)

Property Description
Appearance White powder
pH (1% aqueous solution) 8.0

3.1.3 Surfactants

Surfactants are chemicals which cameér the surface tension of a liquid, the
interfacial tension between liquids or between a liquid and a solid. They are
usually organic solvents which are comprised of a hydrophilic head and a
hydrophobic tail and as such are amphiphilic in nature. Sarfectare used to
encourage bubble stability and are divided into three main groups: cationic,
anionic and non ionic. This classification is based on the presence and nature of
the charged group on the surfactant head. If there is a net positive chahge on t

head of the surfactant then it is considered cationic, if there is a net negative
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charge then it is anionic. Surfactants which contain no charged groups are

considered non ionic.

For this study a surfactant from each group was chosen: CTAB (Cetyttgiimet

Ammonium Bromide)i cationic, DDBS (Sodium Dodecyl Benzene Sulfonéte)

anionic and Tergitol (135-12)7 non ionic.

Table 3-5 Physical Properties of CTAB (bioWORLD® Product Data Sheet)

Property Description

Chemical Formula Ci9H42BrN

Appearance White powder

Odour Slight ammoniacal
Molecular Weight 364.48 g/mol

pH (1% solution/water) 5-7.5

Melting Point 250eC (482ekF)
Solubility in water 10%

HLB Number 10

Table 36 Physical Properties of DDBS (Sigm#&ldrich® Product Data

Sheet)

Property Description

Chemical Formula Ci8H29NaOs;S

Appearance Off white powder

Molecular Weight 348.49 g/mol

Boiling Pant Decomposes

Melting Point 144.5eC (292. 1ekF)
HLB Number 11.7

Table 37 Physical Properties of Tergitol (SigmaAldrich® Product Data

Sheet)

Property

Description

Chemical Description

C11-Ci5  secondary ethyloxalate
alcohol

Appearance Colourless ligid

Density 0.993 g/cm

Flash Point 186eC { do6edeup)
HLB Number 14.5
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3.20ther Lab Materials

3.2.1 Mineral Ol
Dyed Mineral Oil was used in both the Visual Cell and Radial Core flooding
experiments. Mineral Oil is light paraffin oil commmk mainly of paraffins and

cyclic paraffins.

Table 3-8 Physical Properties of Mineral Oil (Fisher Scientific® Product
Data Shee}

Property Description

Physical state Liquid

Appearance Waterwhite

Odour None

Vapour Pressure <0.1 mm Hg

Viscosity <33.5centistokes @ 0 ¢ C
Boiling Point 2604 26 ¢ C
Solubility Insoluble in water
Specific Gravity/Density 0.83@15. 6¢C
Molecular Composition Paraffin mixture

API Gravity 39e AP

3.2.2 Glass Beads

Two sizes of glass of glass beads were used. For the radial cell SpdseiAgl

Gl ass 3000 solid glass spheres were used
Inc. The particle size distribution was-80 microns and specific gravity was

equal to 2.5. For the visual cell solid glass spheres of-85fesh sizevith a
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particle size distribution of 17297 micronswas used and obtained through Sil

Industrial Minerals.

3.3Equipment

3.3.1 Homogenizer
To generate Colloidal Gas Aphrons the Polytron PT 6100 digital homogenizer
was used. This piece of equipment is a produdfioématica Inc andan rotate

at speeds up 26,000 RPM.

Figure 3-2 Polytron PT 6100 digital homogenizer

3.3.2 Digital Scale

The precision balance Ohaus EP 2102 Explorer Pro was used as a digital scale.
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Figure 3-3 Ohaus EP 2012 Explorer Pro

3.3.3 Microscope
Measurements of micfbubbles over time and bubble size distributions were
done using the Leica DM 6000M microscope. There was a camera attached at the

top of the device for taking images.

Figure 3-4 Leica DM 6000M microscope
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3.3.4 Rheometer

The rheometer used is the Bohlin CVOR which is manufactured by Malvern
Instruments. This device has a shear range of 0.0001 to 10'00here were

two available cell types to conduct rheological tests: the CVOR 150 Peltier cell

and the Hgh Pressure cell. For this study the CVOR 150 Peltier cell was used

which is a cone and plate measuring system. The sample was placed in the 0.15

mm gap between thert at i ng upper cone of an inclinat

40 mm. The fixed lower plate had a diameter of 60 mm.

Figure 3-5 Bohlin CVOR Rheometer
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3.3.5 Syringe Pumps

Two different syringe pumps were used due to their capacities and presstge limi
For the visual cell experiments the Chemyx Nexus 250 ml syringe pump was used
and is seen in Figure@ For the larger volume core experiments the ISCO D 500
syringe pump was used. The capacity of this pump was 500 ml with an operating

limit of 3750psi and is shown in Figure 3

Figure 3-6 Chemyx Nexus 250 ml syringe pump
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