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Abstract

Water flooding with addition of polymers cross-letkby polyvalent ions (LPS) has proven to
increase the oil recovery both in field applicai@nd laboratory studies, but with constraints
on the brine salinity. With of an offshore LPS-apglion on the Norwegian continental shelf
in mind, this thesis aimed to characterize the sunes build-up mechanisms thought to be
responsible for the oil mobilization, for LPS inh&nts with high ionic strengths, containing

both mono- and divalent ions.

During the present work, LPS solutions of partigditolysed polyacrylamide (HPAM) were
solved in brines containing 0.5% NaCl, 5% NaCl, @h8% CaCl + 4.21% NaCl, at a
constant polymer concentration of 300ppm, crodselinby AF* at a polymer to aluminium
ratio of 30:1. The LPS solutions were characteribgdviscosity measurements and filter-
floods, to investigate the pressure build-up progerof the solutions under variation of
injection rates and pore sizes of the filters. Thacept of LPS filter-flooding with variation
of the flow rates has not been previously reporteds a new method has been developed,
tested, and verified.

The new method has proven reliable and has indashtifritical rates (Qc) for a sudden
increase in differential pressure during filtereftts of LPS systems for increasing flow rates.
Based on a proposed model for shear flow, the asa@ pressures cannot be explained solely
by the shear thickening behaviour of LPS solutidms,is suggested also caused by the Log-
Jamming effect, where intra-molecular cross-linketiymer coils accumulate at pore throats,

causing local permeability reductions and flow dsien.

The Log-Jamming ability of LPS solutions seemsdordase for higher brine salinity due to
enhanced coiling of the polymer molecules. Additioihn 0.5% by weight CaGlto LPS

solutions under constant ionic strength seems pwawe the Log-Jamming abilities, probably
due to increased number of-, higher density of-higher affinity between the cross-linked

particles.

Addition of 0.5% by weight Caglto a non-cross-linked polymer under constant ionic
strength has proved to give equal pressure builgraperties and Log-Jamming ability as a
corresponding LPS solution cross-linked by 10pprit &l a monovalent solvent. Addition of
1.0% by weight CaGlunder the same conditions has proven to reducd.glgeJamming

Vv



ability, this is suggested due to repulsion betwdes cross-linked particles caused by
oversaturation of the negative sites on the polymetecules. This indicates that Canay
substitute Al* as cross-linker in LPS solutions, but with a rigkl@vered Log-Jamming

abilities for sufficiently high C& concentrations.
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Nomenclature
3430S
3630S
A
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C
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C*
CBY-model
CDG
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D

d

d(H)
DG-26.7
DLS

dP

dpP*
dP*Y
dP/dr
DPT
EOR
HPAM

KH
LPC
LPS
mD
MDa
ml/min
n

nm

Low molecular weight HPAM polymer
High molecular weight HPAM polymer
Area

Outer radius for radial flow
Aluminium Citrate

Back pressure regulator
Concentration

Celcius

Critical overlap concentration

The Carreau-Bird-Yasuda model
Colloidal dispersion gel

Calcium enriched brine

Cone plate geometry for rheometer
Translational diffusion coefficient
Diameter

Hydrodynamic diameter

Double gap geometry for rheometer
Dynamic light scattering

Differential pressure

Relative differential pressure

Shear-dependent relative differential pressure

Radial pressure gradient
Differential pressure transmitter
Enhanced oil recovery

Partial hydrolysed polyacrylamide, polymgpé
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Boltzmann’s constant
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Power law constant
Brine permeability
Huggins constant
Linked polymer coil
Linked polymer solutions
MilliDarcy
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Power law exponent
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ooQlIP
PDMS
PFA
PLM
ppm
PSD
PtC-ratio

X-aggregate
x-coil
(%]

Greek letters

My
ul
Nsp

Oil originally in place
Polydimethylsiloxane, fluid
Perfluoralkoxy, tubing material
The Power law model
Parts per million, mass fraction
Particle size distribution
Polymer to cross-linker-ratio, [ppm/ppm]
Volumetric flow rate
Critical rate for Log-Jamming
Inner radius for radial flow
Rounds per minute
Residual resistance factor
Residual oil saturation
Synthetic sea water
Absolute temperature
Total dissolved solids
Darcy velocity, Q/A
Specific volume
Ier-molecular cross-linked polymer molecule
Inra-molecular cross-linked polymer molecule
Porosity

Shift factor for estimation agf,,,
Shear rate
Shear rate in porous media
Time constant in the CBY-model
Newtonian- or bulk viscosity
Zero shear viscosity

Infinite shear viscosity
Shear dependent viscosity
Intrinsic viscosity
Specific viscosity
Shear stress
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1. Introduction

Linked Polymer Solutions or LPS are defined astdilaqueous solutions of cross-linked
polymer molecules. In the literature, they are kn@sColloidal Dispersion Gels ? (CDG),
Intra-Molecular Cross-linked Polymérs or Microgel$® 4. CDGs and microgels concerns
cross-linked polymer solutions within a wide ramge&oncentrations, intended for water shut-
off by permanent permeability reduction in the neatl regions. The basic idea is that the
CDGs will flow as a viscous solution above a certdifferential pressure, called the
transition pressur€. As the flow rates decreases away from the injemtal the differential
pressure drops below the transition pressure, € @ill act as a gel, effectively blocking
pores. Polymers used in CDG are typically high pay weight and with a high degree of
hydrolysis, to achieve the necessary gel strermtivéter shut off. The LPS system is also
made up by a polymer and a cross-linker, but hdifferent aim for the purpose when inside
the reservoir. The LPS should not form a gel pHazefere injection, but form nano-sized
particles that propagates through the porous rffedsy accumulation at the pore throats, the
particles generate local permeability reductioesding to flow diversion on a microscopic
level. The accumulated particles may separate aoplagate through the reservoir, making
LPS-injection a dynamic process. The particle aadations may give an increased oil
recovery beyond that of a non cross-linked polynwathout generating high differential
pressures as with CDG inject[@n For this thesis, the term LPS will be used farssrlinked
polymer solutions with polymers concentrations raggrom 100 up to 1000 ppm (mass to
mass concentrations).

When describing a LPS solution, the nomenclapaigmer concentration in ppm/ aluminium
concentration in ppm / solvent NaCl concentrationpeercent,will be used. For calcium
enriched brines, the abbreviati@eB is added, followed by the concentration of Geaid

NaCl in mass percent. Table 1.1 shows examplestbfdases:

Table 1.1: Examples of the nomenclature used to describe bR8ans. Concentrations are given in

mass to mass parts per million or percent.

Concentration
Nomenclature Polymer | AI** |NaCl| CaCl,
[ppm] | [ppm] | [%] | [%]
300/10/0.5 300 10 0.5 0
300/10/CeB 0.5/4.21 300 10 | 4.21| 05




To distinguish between patrticles in polymer and Il98&ition, the termsoils andaggregates
will be used to describe non-cross-linked particlebile x-coils and x-aggregategefers to
intra-molecular- and inter-molecular cross-linkeaktigles, respectively. The terbrine is
used for distilled water with additions of ionsg.iall solvents used for the LPS/polymer

solutions prepared for this thesis.
1.1Objective

The Log-Jamming effect has been proposed as thermagchanism for oil mobilization
during LPS laboratory core floods This thesis aims to investigate the Log-Jammibitities

of LPS solutions of HPAM, in both high- and lowisély brines, containing both mono- and
divalent ions. The Log-Jamming abilities were irtigeged by filter-flooding experiments
under variation of the flow rate. Viscosity measueats were also applied to provide a more

comprehensive foundation for interpretation of tbsults.

Filter-floods of LPS solutions under variation tvif rate have not been previously reported,
thus the experimental work also included the dgwalent and implementation of a novel
method for operational procedures and interpretaiidhe obtained data.

The experimental work has been performed with atzom polymer concentration of 300ppm
and a polymer-to-aluminium ratio of 30:1. Two drfat HPAM polymer types have been
used to detect the influence of polymer moleculaigit. The LPS solutions have been
solved in three different brines, containing 0.5%0Y 5% NaCl, and a calcium enriched
brine containing 0.5% Cagt 4.21% NaCl. The two NaCl brines are applied tarabterize

the impact of low versus high ionic strength by wwalent ions. The calcium enriched brine
has equal ionic strength as 5% NacCl, and shoulcefiie provide information regarding
pressure build-up properties for LPS under consiamt strength, but in the presence of

divalent ions.

The LPS systems have been filter-flooded for sévdter sizes to investigate if the trends are
reproducible for different porous media. The cqumesling non-cross-linked polymer
solutions have been filter-flooded for selectedaf the experimental ranges for comparison
with the LPS solutions.



2 Theory and background

2.1 Linked Polymer Solutions (LPS)
The polymer molecules in a LPS are cross-linkedalgolyvalent ion. For this thesis, the

polymer and cross-linker of choice are partiallyditofyzed polyacrylamide (HPAM) and
Aluminium Citrate (AICit). Several other polyvaleions like CF*, F€* and Zf* may be used
for cross-linking, but previous work on LPS areyoperformed using AICit 2 " due to its
high valence and favourable environmental clasgifim. The cross-linking occurs between
the dissociated hydrolyzed monomer on the polymeteoule, and the metal ion. One
aluminium ion may react with several carboxylateups on the same polymer molecule
(Intra-molecular bonding/x-coils), or with carboaté groups on more than one polymer
molecules (Inter-molecular bonding/x-aggregates).

LPS consists of a polymer and a cross-linker. Tolgrper concentration is usually ranging
from 100 to1000ppm, with polymer to cross-linketGRratios ranging from 10:1 to 100:1.
When dilute solutions of polymer and cross-linkee anixed, both intra-molecular and/or

inter-molecular bonds may be formed.

The applied cross-linker Aluminium Citrate (AICi§ complex with respect to its molecular
structure. Depending on factors like pH, tempertmd ionic concentration of the solvent,

I>* and Cit" at different molar

several molecular compounds may be formed, comigid
ratios. Figure 2.1.1 shows one of the possible outde structures of AlICit in the solid state.
The properties of the AICit compound applied foistthesis is described in secti@nl.1

Salts.

Al
\

6o
J

Figure 2.1.1: Molecular structure of Aluminium CitrateGsHsAlIO-) in solid state

(www.chemicalbook.com).



As the AICit is solved in water, the compounds ndé&gsassociate into aluminium and citrate
ions. It is not known whether the reactive spetiegards HPAM is the Al ion or the AICit

complex. It is, however, known that the presencéhefcitrate ligand is a prerequisite for a
slow rate of cross-linking in polymer solutifisThe dissociation of an AICit compound may

be described by the general (unbalanced) formula:
AICit — AI*" + Cit" (2.1)

When mixed with a HPAM solution, the &lions or/and the AICit complexes may react with

the carboxylate groups on the polymer moleculespiftg LPS.
Cross-linker + HPAM~ LPS (2.2)

The two proposed equilibriums shown by Formulasahd 2.2 suggest that the majority of
aluminium is either in the form of an AICit compléan, or bound to polymer molecules.
Hence, the citrate may be thought of as a “storag@suring a slow release of cross-linkers to
the polymer solution. A rapid release of free aliomn to polymer solutions is known to

cause premature and inconsistent gel formatiorDi @pplication¥’.

Whether the LPS is dominated by intra- or interecalar bonds is dependent upon several
factors, including polymer type and concentrati®tC-ratio, solvent salinity and cross-
linking temperatur®. Three regimes with possible mechanisms for thmdtion of intra-

and inter-molecular bonds are shown in Figure 2.1.2



Figure 2.1.2: Different regimes for cross-linking (Skauge €f'l.

1) In dilute solutions, intra-molecular bonding is éaved, as the aluminium ion reacts
with multiple carboxylate groups on the same polymmlecule. This causes the
polymer molecules to coil up independently, creptiispersed particles of finite size,

with no connectivity.

2) In semidilute solutions, a combination of intraadainter-molecular bonds will
dominate. The inter-molecular bonded aggregatesbeayade up of intra-molecular

bonded coils.

3) In concentrated solutions above the critical oyertancentration, inter-molecular
bonding will dominat€!, resulting in large aggregates and a continuotisark may
be formed. The network is created when one alumirian bonds with more than one

polymer molecule.

LPS systems intended for reservoir flooding requiteat the reaction between polymer and
cross-linker predominantly forms intra-moleculamts. Otherwise, the aggregates and gel

phases may result in plugging of the reservoir @ntligh injection pressurés The most



important factor regarding the formation of inter-intra-molecular bonds are the critical
overlap concentration &, The C* is defined as the concentration at whietow, the
interactions between molecules are very stifalAbove C* the polymer molecules tends to
aggregate, while they can be seen as individudk lbelow C*. Several additional factors
have been reported to shift the equilibrium in tress-linking reaction towards intra-
molecular bonding; i) Low concentration of free ralnium ions in solutio!, i) Low
polymer concentratidH, iii) High PtC-ratid'?, iv) Lower polymer molecular weight, v)

High temperature and brine salinfty.

The magnitude of the PtC-ratios, and “dilute”, “séiate” and “concentrated” with respect
to polymer concentrations depends on the salirfith® solvent, since the ionic strength will
influence the polymer conformation and affect thiéaal overlap concentration. Solved in
distilled water, the polymer molecule will haverad conformation, i.e. expanded, because of
repulsion between the negative charged carboxgeteps. Addition of ions to the solution
will screen the charges of the hydroxyl groups,stheduce the expansion of the polymer
molecule. Bjgrsvik et.d?! measured the electrophoretic mobilities for 600nppPAM
solutions with a 10:1 PtC ratio solved in 0.5 afd By weight NaCl, and SSW respectively.
All the solutions had negative mobilities, suggestithat the particles where negatively
charged and that the conformation of the polymelemdes where dependent upon ions in
the solvent. The higher salinity, the lower the atege mobility, since a higher concentration
of counter-ions will screen more effectively. Thetheors also measured particle size by
dynamic light scattering, before and after a dialybat removed all added salt and excess
AICit. It appeared that the polymer coils and aggtes maintained the same size regardless
of the removal of salts, suggesting that once fokmePS particles are stable over a

considerable time.

The valence of dissolved ions may also be an imaportactor regarding the polymer
conformation and the critical overlap concentratidddition of polyvalent ions may not only
increase the ionic strength of the solution, butyrabso cross-link the polymer molecules

without addition of a dedicated cross-linker.



2.2 LPS for Enhanced Oil Recovery (EOR)

Lake (1989) defines Enhanced Oil Recovery (EOR}.asoil recovery by the injection of
materials normally not present in the resert8if. Such materials can be among others
polymers, which are added to the injection wateriniprove the mobility ratio, thereby
increasing the recovery. Polymer flooding is prityaapplied in very heterogeneous

reservoirs, or reservoirs containing high-viscoills o

Permeability control in the near-well (productioides radius > 50m) area by injection of
CDG has proven to increase the volumetric swedpi@ficy and contribute to an increased

recovery *°!

Studies of LPS as an aid for permeability contoohiater cut reduction, both in the near-well
area and in-depth, have been reported since the9@sid Mack and Smith presented the

first field results from a nine year campaign ondffields in the Rocky Mountains. They

defined colloidal dispersion gels (CDG) as aquesalstions with a polymer concentration
ranging from 100-1200ppm, and a polymer to alunmmiatios between of 100:1 to 20:1. At
these concentrations a continuous network canmot fikke in a bulk gel. Instead, a solution
of separate gel bundles form, primarily due toantrolecular cross-linking. The field results
showed success in 22 of 29 projects, with an isa@ail recovery (% OOIP) of 1.3 to 18.2,
and reduced water production. Based on the unssfctesmses, the authors claim that CDG
systems should not be applied when the injectioremexceeds 25.000 mg/L total dissolved

solids.

Li et al™ investigated the size and the conformation ofduhlpolymer coils (LPCs) by
measuring dynamic light scattering, studying du@ddrops of LPS using a scanning electron
microscope and filtrating diluted LPS systems tigloua micro-porous membrane. The
authors found that LPCs was spherical and had & mgrd conformation than coils in a
normal polymer solution, giving them better abdlgito plug membranes compared to a
normal polymer coil. When the polymer concentrationa LPS system was below a
minimum value, the hydrodynamic radius of the LR®€reased with higher molecular
weights of the polymer. When the molecular weighthe polymer is fixed, the radius of the
LPC is determined by the polymer concentration. fdaius of the LPC increases with the

polymer concentration, as long as it is below th&cal overlap concentration. The mean



hydrodynamic radii of the LPCs were found to rabgéveen 199 and 610 nm for different

polymers at concentrations between 10 and 600 ppm

A standard method for determining LPS propertiesisgosity measurements. Bjgrsvik et
al*® compared 600 ppm HPAM solutions with 600 ppm LBStems at a polymer to
aluminium ratio 10:1, at different solvent saliagi and as a function of time. Successful
experiments were conducted with salinities rangipgo 5000 ppm NaCl. The author found
that the viscosities for the LPS system where lothen that of the corresponding HPAM
solutions. However, the relative viscosity diffeces decreased with increasing solvent
salinity. After a cross-linker was added, the vs@tyodroppedmmediately, and a continuing
slow viscosity decrease was observed for 15 daysréestabilizing. Since the viscosity
stabilized, the decrease was not likely to be dugdlymer disintegration. The authors
proposed instead, that the initial cross-linkingppens quickly, forming polymer coils by
intra-molecular bonding. Over the following 15 datee bonds are rearranged to form inter-
molecular bonds, i.e. aggregates of polymer cdife relative viscosity decrease over time
was as expected lower for the highest salinitycesihigh salt concentration promotes the
formation of polymer coif$".

Arraa et aft”!

measured the particle size in 600 ppm LPS systeitiisa fixed aluminium
concentration of 30 ppm, and with salinities betmvée2 and 5% NaCl. Three different
HPAM polymers were measured, and they found theagee particle size ranging from

approximately 20 to 50 nm, depending on the typksiute salinity.

Wang et al*® measured viscosity and flow performance for thiymer concentrations 500,
600 and 700 ppm, varying the cross-linker concéotra temperature, and electrolyte
composition as well as the concentration. This performed to determine critical conditions
for the formation of intra-molecular cross-linkingthe LPS solutions. They found that even
though both are divalent, €awvas more likely to enhance intra-molecular bordmtMd".
They concluded that intra-molecular bonds are mikely to be formed when the
concentration of electrolytes are high, cross-lint@centration is high, and at higher gelling

temperatures.

Ryles™! investigated the effects of the presence of ditalens in HPAM solutions. The
author found that under extreme conditions, divialens could cause phase separation, i.e.

gels or precipitates. It was also reported thath higolecular weight HPAM was more



sensitive to divalent ions, and that’Chas a greater detrimental effect on solution vigos
than Md".

Smith et al?° investigated the possibility of using in-depth G@Do improve recovery from
the Dagqing oil field in China. The experimental wancluded screening tests to find the best
polymer type and formulation, followed by core fithag to monitor the recovery
performance. The results showed that CDGs had dhee dnjectivity as non cross-linked
polymers in synthetic cores with permeabilitieslafo 3 Darcy, for flow rates ranging from
0.05 to 4 ml/min. Injection of CDG recovered 9.6%I® more oil than non cross-linked
polymer in the core floods. The adsorption of patyrfrom the CDG floods where found to
be higher than those of the non cross-linked poigme&hey also observed that aluminium
retention occurred, verifying that the aluminiurayst inside the core with the adsorbed CDG.
They experienced no plugging of the cores. Thd fioaclusion was that in-depth CDG was

a viable technology for enhanced recovery at thgii@poil field.

Spildo et af”! conducted LPS flooding on cores from a North Siédiedd. The cores was
saturated with oil before water flooded down toideal oil saturation, and finally flooded
with LPS. All experiments showed a significant refilon of residual oil saturation, ranging
from a 19 to 61% reduction. The trend was that<evgh the highest permeability showed
highest improvement. They suggest that the incteessovery is mainly caused by increased
microscopic diversion as LPS particles block poaesl pore throats, the so called Log-
Jamming effect, as shown in Figure 4.4.1. Since bRS a higher viscosity than the initial
water flood, they do not preclude that the moreotasable mobility ratio may be partly
responsible for the increased recovery. Howevesetbeon the relative pressure build-up
during LPS injection versus reduction in residuélkaturation for each core, pressure build-
up caused by the viscous contribution did not seebe a necessary condition for additional

recovery.

Spildo et af? investigated the retention and propagation of pelyand aluminium during
flooding of Berea sandstone cores. LPS system&28tlapolymer to aluminium ration were
injected, as well as pure polymer- and aluminiurtutsmns. The results showed that LPS
propagated through the cores with no chromatogcapkparation between polymer and
aluminium. The effluent had a notably higher polyrtee aluminium ratio than the injected
LPS, which indicated an excess of aluminium atithected ratio, 1:20. The retention of
HPAM was found to be slightly lower in LPS compatedhat of a pure polymer solution.



During recent years, reports from field applicasiari LPS have been published. Chang et al.
2 reported from a CDG pilot project at the Daging B¥eld conducted in 1999. The authors
found that CDG systems can be applied before, afteuring a conventional polymer flood,
thereby controlling water production and maintagnimgh oil rates. Chemical cost was lower
compared to conventional polymer flooding, and pheduced water was cheaper to dispose
due to lower polymer concentrations. The authoatedt that CDG systems have a wide

application in heterogeneous reservoirs to impreater flooding efficiency and oil recovery.

Diaz et al®” reported preliminary results from a CDG pilot la¢ mature Loma Alta Sur oil
field in Argentina. Due to the heterogeneity in tleservoir, conventional polymer flooding
was not an option. The aim was to reduce waterraing in the high permeability zones,
and as a secondary benefit increase the mobiltip.rdhe results from the first CDG
injection phase indicated a clear oil response andwered water-oil ratio (WOR). No
significant operational problems where encountehading the fourteen months of injection,

and the projected improved oil recovery after tbeosd injection phase was 2.9% OOIP.

Skauge et df*' compared oil mobilisation properties in water Betea cores by injection of
several fluids. They compared nano-sized silicdéigdas, nano-sized silica particles dispersed
in a polymer solution, polymer solutions, and named LPS particles, which provided data
to evaluate the importance of viscoelastic propsrwith respect to increased recovery. The
results showed that silica particles propagatealtin the porous media, but did not mobilize
oil. When dispersed in a polymer solution, siliGatigles mobilized oil equal to about 20%
reduction in §. Pre-generated nano sized LPS particles mobibided cores where polymer

and silica particles failed.

Nordli** investigated the properties of LPS systems inhgtitt seawater (SSW) compared
those in 0.5%wt NaCl. The author found that polymsetutions in SSW showed little
difference regarding viscosity and pressure bugduer a filter when AICit cross-linker was
added at a 30:1 PtC ratio. This indicated thatldiaions in SSW will cross-link polymers
by themselves. Particle size measurements by DdiSated that the size of aggregates in the

LPS systems was constant, regardless of polymeecbration.

Skauge et df! estimated the feasibility of LPS flooding at difsbore North sea oil field,
based on a compilation of previous papers and temgrerimental work. Both the science

regarding LPS systems as well as the operatiorpdide challenges were discussed. The

10



authors concluded that LPS systems can be handfsbdome, and that the cross-linker

concentration may be reduced for brines with highcentrations of divalent ions.

2.3 Polymer rheology

2.3.1 Non-Newtonian behaviour
Viscosity is a measure for a fluids resistancedfoan when under influence of an external

force. It is not a fixed value, and depends onflids nature, temperature and the amount of

force applied. The viscosity is defined as:

T

h=- 2.3)

Wherey is the viscositys is the shear stress, apts the shear rate.

Fluids can be divided into several classes basdati@nbehaviour compared to the shear rate
applied. A flow chart is a plot of shear rate varshear stress, and can be used to determine

which class a certain fluid belongs to. For Newaoniluids, the viscosity is independent of

the shear rate, i.%. are constant. Typical examples of Newtonian fluagds water, mineral

oils and very thin suspensidfi§ but the vast majority of fluids are non-NewtoniatPAM
solutions are known to exhibit non-Newtonian bebawiduring shear flow, which means that
the viscosity is dependent upon the sheaf'tatEigure 2.3.1 shows a typical flow curve for a
dilute polymer solution, with 4 distinct regions;

1) The Newtonian region: The viscosity is consta, independent of the shear rate.
This behaviour can be interpreted as that the dboeaas are not high enough to break
the equilibrium structure of polymer moleculeshe solution, caused mainly by inter-
molecular association.

2) The shear thinning region: The viscosity is dedrgpdor increasing shear rates.
Above a certain shear rate, the shear forceststémeak up the equilibrium structure
and un-coils the molecules, resulting in reducenhimer of associations between the
polymer moleculd®®. This results in a decreased viscosity as more raack the
particles are un-coiled and aligned with the flavection.

3) Bottom point of the shear thinning region: The vty is at its lowest as the polymer

molecules are at their most aligned conformation.
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4) The shear thickening or dilatant region: The véstyois increasing with the shear rate.
This behaviour can be interpreted as elastic $tirgcand the following relaxation of
the already aligned LPS/polymer particles. Thisnameenon is also known as the
viscoelastic effect.

For sufficiently high shear rates during flow inrpos media, another shear thinning region
can occur due to mechanical degradation by rumfitbe polymer molecules. This region is
not discussed for this thesis because this kindegfradation is not significantly occurring
within the experimental ranges as discussed inicsedt3 LPS-Characterization by high

shear rheology

@

Viscosity

S
-~
Log (Shear rate)

Figure 2.3.1: Schematic viscosity curve of a polymer solutioa &sction of shear rate, each number
represents a specific region.

For an EOR application involving injection of LP8kmmer, the ideal scenario would be
shear rates around region 3 in the near-injecta,and shear rates in the left part of region 2
during transport through the reservoir, as the ftates decline away from the injector. This
would result in the ultimate injectivity, as wek #éhe highest possible viscosity during oll

displacement inside the reservoir.
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2.3.2 Models for shear flow
Various mathematic models have been proposed twideghe shear rate dependence of non-

Newtonian fluids. The most commonly encountered @haglthe Power Law Model (PLM),
which describes the shear thinning region of sHeaw™. The PLM is given by the
expression:

u@y) =Ky (2.4)
Where u is the shear dependent viscosjtyis the shear rate, arlf andn are empirical
constants. The constamis also known as the Power Law index. For a Neiatofluid, K’ is
the constant viscosity, amdis unity. For a non-Newtonian fluid in the sheantiing region,
n < 1.0. The PLM is not applicable outside the shear timgnmegion and can hence not be
used for sufficiently low or high shear rates.
A more satisfactory model for wider shear rate emngs the Carreau-Bird-Yasuda model
(CBY), given as:

W) = o+ (o — )1+ GDT (25)
Wherep (y) is the shear dependent viscosjty, is the infinite shear viscosity,is the zero-
shear viscosityy is the shear raté, is a time constant, armdis the Power Law index. can
be estimated by the approximatipn= 1/4 , wherey, is the critical shear rate for the
transition between the Newtonian- and the sheanihg regime as shown on Figure 2.3.1
Even though it has been reported to give a beittéo £mpiric data, the CBY requires four
parameters compared to the PLM’s two. The CBY moeéelects the shear thickening region

and has a negative slope uptil.
Extended models have been proposed to also inthelshear thickening region. However,

these models involves more parameters, and therdamands precise input data over a wide

range of shear rates to give accurate output.
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2.3.3 Intrinsic viscosity and Huggins constant
The most import quantity regarding the viscosity diute solutions is the intrinsic

viscosityn|. It is a measure for the solute’s contributiontte solutions viscosity, and is
defined aS':

11 = limeo =% = lim_o =2 (2.6)
Wheren is the solution viscosityy,is the solvent viscosity; is the polymer concentration,
andny, is the specific viscosity.
M.L Huggins suggested today’s most widely used wetfor extrapolation ofp| from
viscosity measurements in 1942:

Nsp = Inlc + kylnl?c? (2.7)
Whereny, is the specific viscosityy| is the intrinsic viscosityk, is Huggins constant, ard

is the polymer concentration.

The Huggins constant characterizes the hydrodynaimieractions between dispersed
particles during shear flow. If the interaction® areither attractive nor repulsive at short
distances, the Huggins constant depends only ompadhécle conformation in solution. For
polymer solved in neutral solvenig;~ 0.5. For polymers in good solvenis;~0.3, while it

is known to decrease down to about 0.1 - 0.2 factéd objects as microgels in good solvents.
“Good” solvents means in this perspective that plagticles are repulsive at very short
distance’§”’.

Several models for estimation of the critical ompriconcentration, C*, directly from the
intrinsic viscosity has been suggested. S&Miesuggested that the critical overlap
concentration could be estimated by the expresGion Inil while Chauvetedt? suggested

that the relationship wag" = (I)n_7|
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2.4 Particle size measurements by Dynamic Light Sttaring (DLS)

Particles suspended in a solution undergo constamtom movement caused by collisions
with the solvent molecules surrounding them. Gitle® same solvent, small particles will
have a more rapid movement than large particlasgstollisions with solvent molecules will

have larger impact the smaller the suspended [emtere. The movement is called Brownian
motion as shown in Figure 2.4.1, and makes theshbiasi particle size measurements by

dynamic light scattering (DLS).

® @ |lo.o||laCe||@®
® @ 0 @
@ ®l|l@a ®||lg® ®

Figure 2.4.1: Brownian motion of suspended particlesdrawn from Nordif*)

The velocity of the Brownian motion is defined Ihettranslational diffusion coefficient D,

and the particle size is calculated using the Stdkiastein equation:

2.9

kT
3uD

d(H) =

Whered(H) is the hydrodynamic diametdD, is the translational diffusion coefficieri,is
Boltzmann’s constant, is the absolute temperature, ani the viscosity.

It is important to note that the diameter given e Stokes-Einstein equation is the
hydrodynamialiameter, which refers to a value for how a phataiffuses within a fluid. The
diameter obtained in a DLS measurement corresptntise diameter of a sphere with the
same translational diffusion coefficient as thetipbr in the solution. The diffusion is also
dependent on the surface structure, concentratidnttze type of ions present. Presence of
ions in the solution will determine the thickne$she electric double layer, or Debye length,
surrounding the particles. A low conductivity maai will give a thicker layer, which will
resultin a reduced diffusion speed, and a larger appdrgdtodynamic diameter will be
measured. Vice versa, a high conductivity medial wélsult in a smaller apparent
hydrodynamic diameter. The Rayleigh approximatiand®, states that the intensityof the
reflected light is proportional with the particledheterd in the sixth power. In other words, a

10nm particle will scatter one million times moighkt than a 1nm particle. This means that
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the scattered light from larger particles in a padperse solution may wipe out the scatter
from smaller particles due to the extreme diffeemcintensity.

Particle measurement by DLS works by comparing“image” of the scattered light over
time. If there is no change in the “image” overeatain time intervatlt as shown in Figure
2.4.1, no Brownian motion is observed and perfemtetation is achieved. Since large
particles moves slower than small particles, theetation over time will be higher for larger
particles. Based on the correlation over time, #etasizer's corresponding software

calculates the hydrodynamic diameters of the dastic

A prerequisite for valid particle size measuremamsig DLS is constant temperature to
avoid convection currents that will cause irregutarticle motion. The viscosity of the
dispersant has to be known, and are also temperafependent. DLS measurements on

polymers and Linked Polymer Solutions can be chglley due to their high polydispersity.
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3 Experimental

3.1 Chemicals

3.1.1Salts
For preparation of saline LPS solutions, polyméutsans and the corresponding brine

solutions, sodium chloride and calcium chloridésselere applied. The cross-linker solutions
were prepared with aluminium citrate salt. Progsrbtf all the applied salts are shown in
Table 3.1.1.

Table 3.1.1: Properties of salt used for experimental solutions.

Type Manufacturer Purity [%]
Calcium Chloride dihydrate| Riedel-de Haén, Germany >99
Sodium Chloride Sigma-Aldrich, Switzerland >99,5
Aluminium Citrate Dr. Paul Lohmann, Germany Chemical pure

The aluminium content of the applied Aluminium @t salt is measured to 8.8% by weight
by ICP-AES (Inductively Coupled Plasma — Atomic Esidn Spectroscopg§}. This

corresponds to approximately a 1:1.5 molar relatiqgmbetween Al and Cif".

3.1.2 Polymers
The polymers used for all LPS solutions and polysautions were the Flopaam partial

hydrolyzed polyacrylamide (HPAM) manufactured byFSNoerger, France. Both polymers
were assumed to have a 10% water content, i.exity pti90%. Table 3.1.2 shows the

properties of the two Flopaam types used.

Table 3.1.2: Properties of applied HPAM polymers.

FLOPAAM HPAM Polymers
Product name | Appr. Molecular weight [MDa] Hydrolysis degree [mole %]
3430S 12 25-30
3630S 20 25-30
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3.1.3 Reference fluid for viscosity measurements
For reference viscosity measurements on the Rheomatpolydimethylsiloxane solution

manufactured by Sigma-Aldrich has been applied.eNbat the viscosity provided by the

manufacturer as shown in Table 3.1.3 is the kinenvécosity.

Table 3.1.3: Properties of the reference fluid for viscosity s@@ments.

Reference fluid for viscosity measurements
Type Manufacturer Viscosity [cSt]
PDMS200, Sigma-Aldrich, Switzerland 5 (29°C)

All applied chemicals were used as received.

3.2 Experimental fluids

3.2.1 Solvents — Brines
Table 3.2.1 presents the composition and ioniagtreof the brines used as solvents for the

applied LPS/polymer systems. lonic strengths aesemted in moles ions/kg solution as this
is more expedient and does not require precisdtgansasurements of the solutions.

Note that the 5% brine, and both the calcium eedchbrines (CeB) have an equal ionic
strength.

Table 3.2.1: Compositions and ionic strengths of applied brines

lonic
Nomenclature Content [% by weight] strength
[mol/kg
NacCl CacCl, solution]
0.5% 0.50 0.00 0.086
5% 5.00 0.00 0.856
CeB 0.5/4.21 4.21 0.50 0.856
CeB 1.0/3.42 3.42 1.00 0.856
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Stock solutions o to 10 times the final concentrations was prepdngdveighing in the
required amounts of salt and dilute to the deswoedcentration with distilled water. The
solution were left for heavy stirring over nighhdathen filtered through a 0.45um membrane
filter using a vacuum pump. During this step, gatate impurities that could affect the filter
performance were removed, and any undissolvedasatrevealed visually. Stock solutions
were then diluted with distilled water until desireoncentration, and left over night for
mixing. The diluted brines were made in batche2 td 10 kg and stored in 10 L plastic cans

at room temperature.

3.2.2 Polymer solutions
Stock solutions of HPAM were prepared by mixing gofymer granulate with a 0.5% NacCl

solution. To ensure sufficient stirring, a Heidolpdck-mounted overhead mixer was used
instead of a magnetic stirrer. The mixer propels custom made by the polymer
manufacturer, with rounded blades to avoid unwastezhr. The standard concentration for a

stock solution was 5000 ppm, and stock solutionevseepared by the following procedure:

1) HPAM granulate and the 0.5% NaCl solution was wetglin separately, onto a
weighing tray and a 800 ml beaker respectively.

2) The beaker was placed on jack plate and placedruthge Heidolph mixer. The
propeller should be centred in the beaker, appratgéiy 2.5 cm above the bottom.
The mixer was set to 600 rpm, and a vortex withstagnant air bubbles should
appear.

3) HPAM granulate was poured slowly into the vortexheout contacting the propeller
shaft. A rate of approximately 0.5 g granulate parute proved to be adequate.

4) The mixer ran for 12 to 24 hours mixing at 600 rpbefore the solution was
transferred to a Duran flask. Stock solutions wstered without stirring, but a

Parafilm seal on the flask was applied.

Note that all HPAM stock solutions was preparechgs 0.5% NaCl solution as solvent,
even though they were intended for diluted polyirfe8 solutions with different salinities

and/or salt compositions. This was done becauséehigalinities may result in
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precipitation of polymer molecules due to saturatif the anionic sités!, and the
presence of divalent ions could lead to cross-igkand gel formation in the stock

solutions.

Figure 3.2.1: Right: Heidolph mixer, Left: Mixing of HPAM stoaidistion.

The preparation and handling of diluted polymemusohs differed slightly based on their
solvent composition. For polymer solutions in 0.39aCl, HPAM stock solutions were
diluted with 0.5% NaCl and stirred for two hourdelsolution was then left for at least 24
hours before use. For polymer solutions in 5% Nl calcium enriched brines, the mixing
procedure became more complex since the HPAM sottkion was solved in 0.5% NaCl.
The amounts of the required salts were calculatgdguan Excel spreadsheet, and the
different salt solutions were added to the HPAMcktsolution in a sequence that prevented
the salt concentrations in the pre-mix to exceamsehof the final concentration. Due to
greater risk of precipitation in high salinity bes the final mixtures were gravity filtered
through a 25um filter before stirred sufficientlyr ftwo hours. Polymer solutions solved in
CeB may experience cross-linking because of theleliw C4" ions. Thus these solutions

were left for at least three days to ensure corapeiss-linking before use.

All polymer solutions were stored at room tempeamtin Duran flasks with Parafilm seals
and continuously stirred gently. The solutions weoasidered usable for seven days after
mixing. Prior to an experiment, the solutions wgravity filtered through a 40um filter to

remove precipitations and/or microgels.
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3.2.4 Aluminium Citrate solutions
The standard for aluminium citrate stock solutisres 5000 ppm, solved in 0.5% NaCl. At

this concentration the mixture is a suspension, @articles will settle when not stirred. The
solution was therefore always stirred properly befased to prepare LPS solutions. As with
the HPAM stock solutions, all AICit solutions wepeepared with 0.5% NaCl as solvent
regardless of the salinity and salt compositiothi& LPS system they were intended for. By
using the same solvent in both kinds of stock smhgt calculations of salt quantities when

preparing 5% NaCl and calcium enriched polymer/sBlations were simplified.

3.2.5 Linked Polymer Solutions
Two methods were proposed for preparation of thieelil polymer solutions;

A) HPAM stock solution is diluted to desired concetidra without AICit. AICit is then
added drop wise into the HPAM solution under heastyring until desired
concentration is achieved. The solution is heawyest for two hours after mixing, and
then gentle stirred for approximately three dayeigeuse.

B) HPAM and AICit stock solutions are diluted sepdsat® twice their respective
desired concentration. The two diluted solutiorestaen mixed 1:1 which results in a
final concentration equal to one half of the ifitighe solution is sufficiently stirred

for two hours, and then gentle stirred for appratiely three days before use.

As with the polymer solutions, LPS solutions in B%Cl and calcium enriched brines were
gravity filtered through a 25um filter before theoss-linker was added to remove
precipitates.

Viscosity measurements by the MCR-300 Rheometeticfgasize measurements by DLS,

and filter-floods would provide experimental daba & total review.

Two 600/20/0.5 LPS solutions where prepared withhaoe A and B respectively. Dynamic
Light Scattering measurements where done aftetiours, and after one, two and three days
to monitor the development of inter- and intra-ncalar cross-linking, i.e. coils and

aggregates present in the solutions at the giveasti The viscosities were measured after
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three days, and both solutions were filter-floodedor to each measurement, the solutions

were gravity filtered through a 40um filter.

Regarding Concentrations
All presented concentrations are in mass-to-maass per million (ppm) or percent (%).

These units are used rather than molar concenigafar two reasons; i) easier comparison
with previous reports, and ii) the long-term gofhno offshore LPS-application, where mass-
to-mass concentrations are preferred by the opsrdtmic strengths are presented in moles
ions/kg solution as this is more expedient and dmegequire precise density measurements
of the solutions.

3.3 Filter-flooding

Core flooding is time-consuming and demands canefeparations of each core before the
experiment can be performed. To simulate flow & é¢mtrance of a porous material and
evaluate the differential pressure behaviour, rffkleoding is a quicker and more expedient
method.

Previous filter-flooding experiments 2 2 2*lhave been carried out on a setup with the filter
holder hanging on two pegs in horizontal positiand with all valves, tubings and fittings
hanging freely. The applied filter circuit had @a® no back pressure, i.e. less than 100 mbar.

For this thesis, a new setup was to be made wattialfowing improvements:

- The filter mounted vertically in a rigid filter haér rack.
- Valves fastened onto a rigid plate.

- Anincreased back pressure.

By mounting the filter vertically instead of horizally, the chance that fluids could bypass
the filter would be reduced. Fastened valves,rfitelder and accordingly tubings, would
minimize the risk of irregular pressure behavioaused by bent or squeezed tubings during
experiments. With an applied back pressure in tlagnmtude of about 6 to 7 bar, the
influence of any air bubbles present in the cirewiuld be greatly reduced. A sketch of the

new filter setup is shown in Figure 3.3.1.
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Figure 3.3.1: Sketch of filter-flooding setup.

During a filter-flood, it is important to follow atandard procedure for each run to obtain
comparable data. Before an experimental sessiomdjegl air must be removed from the
system to get valid data. It is also importantltsti the system properly after an experiment
to avoid that LPS/Polymer left in the tubing wilffect the differential pressure in the
subsequent experiment. The following proceduresedufor all filter-flooding experiments,

presented visually in Figure 3.3.2:

- Piston cylinders for brine and LPS/polymer solusiamere cleaned and filled with their
respective fluids. The LPS/polymer solutions waravity filtered through a 40um filter
before use, to remove any gels or precipitationsdcoause plugging of the filter.

- The piston cylinders were connected to the pumiheit inlet and to the setup at their
outlet. Valves were opened and any present insideylinders air was bled out through
the air vent. This procedure was done first with tfS/polymer cylinder, then the brine
cylinder, to avoid any polymer residues in the mgdbefore test start.

- All tubings were checked for air bubbles. If pradsehey were bled out through the
nearest exit or vent.

- The filter was installed in the filter holder, whithen was connected to the tubing and

clipped onto the filter holder rig.
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Brine was injected over the filter with the desipdnp rate to displace air in the filter. A
few pressure pulses were built up and releasechéyfilter outlet valve to release any
stubborn air bubbles inside the filter holder. Bgmlessure was applied, and piston
cylinders were pumped up to a pressure exceedimphéitk pressure. The differential
pressure of the brine injection over the filter wasorded and compared to previous data.
If deviation, tubings was re-checked for air, DPfEgsure chambers were bled, or in
worst case the filter was discarded.

Bypass line was opened and differential pressumr twypass line was checked and
recorded.

Bypass line was closed and the differential pressuer the filter should remain the same
as before.

The injection fluid was changed from brine to a Iftymer solution. Injection lasted
until differential pressure was stable or steadlyt for at least 11 minutes, depending on
the injection rate.

The injection fluid was changed back to brine. dtin lasted until a stable differential
pressure was achieved.

After the test was done, the filter and piston royéirs were disconnected and the system
was flushed for two to three minutes with 10ml/darme or spring water.

Piston cylinders and filter holder were dismantée® cleaned. All valves on the setup

were left closed when the experiment was over.

Polymer/LPS over filter

Brine over filter Brine posiflush over filter

Brine hypass

b B

Time

Figure 3.3.2: Idealizeddifferential pressure profile for a constant ratelymer/LPS filter-flood.
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3.4 Components and equipment

3.4.1 QUIZIX QX-500 Pump
For all experiments involving a pump, the QX-500 QYIZIX is used. The QX-500 can

deliver either constant rate or constant pressiirteatures two 151ml cylinders working

together and assuring continuous flow, i.e. cylindeis retracting while cylinder B is

expanding. Maximum pressure is 34 bars, and theppran deliver rates of up to 500 ml/min
(30.000 ml/h). Each cylinder is operated by a skgband a timing belt. One step on the belt
displaces a volume of 0.000025 ml (25 nanolitef)s gives the outgoing rate an excellent
resolution and makes the QX-500 suitable for fifteoding under constant rate. The pump
operation is controlled by a computer program aakes recordings of cumulative volume

injected. However, rate and outlet pressure arg displayed in real time.

Figure 3.4.1: Left: Quizix QX-500 pump, Right: FUJI FCX serieffatiential pressure transmitter.

3.4.2 FUJI FCX-Series differential pressure transnitter
Measurements of the differential pressure ovefiltegs have been carried out by FUJI FCX-

Series differential pressure transmitters (DPTé)e DPTs gives an output current of 4.0 to
20.0 mA depending on the flex of the diaphragm ketw the high- and low pressure
chamber, i.e. the differential pressure. Differanpressures can be measured in the range of
+ 5000 mbar depending on the model, and the ingniisnare capable of absolute pressures
of several hundred bars. The uncertainty is sthtethe manufacturer to be +0.04% of the

measured value.

The DPT was set to a measuring in the range frdd® +hbar to 4900 mbar. It was then

calibrated with a Druck DPI 610 pressure calibrédoassure accurate pressures
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3.4.3 Valves, fittings and tubing
The tubing setup is constructed of Swagelok 1/&ingtss steel valves, fittings and filter

holder, and perfluoroalkoxy (PFA) tubing. To avaidy oxidizing iron ions in the system, all
components should ideally been non-steel. Howebes, is a question of availability and
practicality, and the total flow length trough dtéeee minimal compared to that of through
PFA. The PFA tubing is also very convenient whenaeing air from the system, since its

transparency reveals air bubbles easily.

3.4.4 Filters
The filter holder is an in-line straight type, caiming a Swagelok stainless steel filter as

shown in Figure 3.4.2. For this type of filter hetd0.5, 2, 7, and 15 um filters are available.
The filters are made up by a layered stainles$ stesh with a given nominal pore size. The
pore size distribution has not been possible terdehe in-house because of the shape of the
filter, the small volume of the filter, and the Kkaof proper instruments to perform such
measurements. The manufacturer has stated thesjzereéanges shown in Table 4.1.1, but

the relative distributions were not known. Theefit are for single-use only, and are discarded

11 =
Wk L
- EAIZ
] Paiih
' i
Magnified 13x

Figure 3.4.2: Left: Filter mounted in holder, Right: stainleseatfilters.

after a test is done.

Table 3.4.1: Pore size ranges for Swagelok stainless steeldilte

Nominal pore size Pore size range
[um] [um]
0.5 05-2
2 1-4
7 5-10
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To be able to compare pressure data for filterdiféérent pore sizes, it was necessary to
determine their respective permeabilities. Diffétr@npressures for a 0.5 % NaCl solution
where recorded for all filter sizes for the rate$Iand 10 mil/min, for at least three different
fillers of each size. The pressures were recordesually directly from the pressure

transducer to avoid uncertainties by the data adtn program.

3.4.5 Piston cylinders
Piston cylinders were mounted in the circuit betwéee pump and the

filter. Two chambers are separated by a pistonstaimless steel cylinder, Tuene
with valves at the in- and outlet as shown in Feg@t4.3. The piston
ensures no contact between the fluids as well@agut rate equal to the
pump rate. By using piston cylinders, the injectituid can easily be
switched between brine or LPS/polymer, without hgvio clean the

cylinders inside the pump

Ty

For the filter-floods, two 1000 ml piston cylindesse used, one for || privewater

LPS/polymer and one for brine. This provides enoughume for

multiple experiments, depending on the rate. Thiénadgrs must be

cleaned and dried as soon as possible after wssid oxidation.

Figure 3.4.3: Piston cylinder

3.4.6 Backpressure regulator
To reduce the influence of possible air-bubblesgméin the tubing or filter, a backpressure

is applied before a filter-flooding starts. The k@essure regulator (BPR) is basically a
valve, which opens only if the pressure P at thet is larger than the pressure in the regulator
chamber, P Two-phase flow inside the regulator will worser thressure-sensitivity, so a
waste flask is installed before the BPR. The BP&Iusr the filter-floods had a range of 0 to

10 bars. The concept is shown in Figure 3.4.4.
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Figure 3.4.4: Left: Waste flask setup, Right: Principles of tlaglbpressure regulator

3.4.7 Data acquisition and logging
The voltage of the output from the differential gsere transmitter is measured by a National

Instruments USB-6008 voltmeter. The voltage is thmmverted to a corresponding
differential pressure by an in-house made LabVIEWgmm on the computer. If the
measuring range of the DPT is changed, the prodpasito be calibrated to the new settings.
The circuit is shown in Figure 3.4.5. The LabVIEWg@ram is also communicating with the
pump, and shows differential pressure, cumulatseme injected, pump outlet pressure and

rate, all as a function of time.

Figure 3.4.5: Chart of data acquisition circuit; Differential pssure transmitter — Voltmeter —
LabVIEW program.

All data are viewed in real time and written to a&agheet every 10 seconds. There is some
sinusoidal noise in the voltmeter that results icegain fluctuation of measured differential
pressures, even when the differential pressur@mnstant or zero. The noise is constant in
terms of voltage fluctuation, and will hence giaeder uncertainties the wider the range of
the transducer. If possible, filter-floods expegtitow differential pressures should be
performed with a narrower range in the differenpeg¢ssure transducers, thus lowering the
relative uncertainties. The LabVIEW program canubstable, so a restart of the computer
after each experiment is recommended to avoid esashd lost data.
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3.5 Particle size measurements - Malvern Zetasizé&tano ZS
Particle size measurements using dynamic lighttextagy has been performed using the

Zetasizer nano ZS manufactured by Malvern. The eginof particle size measurements by
DLS are presented in secti@4 Particle size measurement by Dynamic Light t8eag
(DLS). The Zetasizer can measure particle sizes rangioign ftnm up to 3um. For all
experiments, the sample was placed in a dispogaastic cuvette and equilibrated for two
minutes. The experimental procedure consistetirektruns with 12 measurements per run.
The solution viscosity was set to 0.9540 nsRand the refractive index (RI) to 1.33. Prior to
measurements, the sample fluid was gravity filtehedugh a 40um filter. All measurements

were performed at 22+CC.

Figure3.5.1.: Left: Physica MCR300 Rheometer, Right: Malvern &ietax nano ZS.
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3.6 Physica MCR300 Rheometer

3.6.1 Viscosity measurements
The viscosity measurements were performed with dutao compact rheometer, the Physica

MCR300 by Anton Paar. The MCR300 features two megsent-geometries. The cone plate
geometry (CP-75) is for samples with a presumedogisy higher than 10 mPas (e.g. stock
solutions and concentrated solutions) and consfsissample plate stator and a slightly coned
plate rotor. The stator has diameter of 74.987 muh @ 0.994 angle. For samples with a
presumed viscosity below 10 mPale.g. diluted solutions and brines) the double ga
geometry (DG-26.7) was used. As the name implies,geometry has two sets of measuring
surfaces, and consists of a concentric cylindgioistand an open-end cylinder rotor. This
provides a larger area and a better sensitivitypaoed to the cone plate geometry. The rotor
has a 23.83mm internal and a 27.59mm external sa8ioth geometries are shown in Figure
3.6.1.

FLUID
SAMPLE
FLUID
SAMPLE

STATOR

PELTIER ELEMENT PELTIER ELEMENT

Figure 3.6.1: Measuring geometries for the MCR300 rheometerrip\Paar. Left: Cone plate
geometry, Right: double gap geometry.

The rheometer measures the rotor’'s speed, andycarubiplying with a known constant,C
calculate the shear rate. Similarly, the shearsstre given by the torque multiplied with a
constant G. The viscosity is then calculated as the sheasstdivided by the shear rate; C

and G constrains are unique for each measuring system.

For temperature control, both stators are mounted &eltier apparatus with water cooling
and electric heating. The apparatus has a resplofie0.1°C, and all experiments are carried
out at 22+0.1C.
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Periodically and if the geometry is changed, theorheter has to be checked for erratic

behaviour. This is done by measuring the viscasfityie Newtonian fluid PDMS200.

Before each measurement, all parts that are imacomtith the sample fluid were thoroughly
cleaned and dried. First with soap and water, tivmed 3 to 5 times with distilled water and
finally dried with clean pressurized air. Beforgyaneasurements can be done, the Rheometer
and corresponding software must be turned on aralined. The sample cup or plate is
placed in the holder and fastened, and then levelligh a tubular spirit level. The fluid
sample is then carefully dispensed with a pipette the plate or cup. The volume required is
4.1 ml for the DG and 3.0 ml for the CP. After tReltier apparatus has been set to the
desired temperature, one should wait a few minwgs the rotor placed in measuring
position to let the heat distribute thorough theagle. During measurements a Plexiglas cover

is put over the Rheometer to protect the sampla fiiebris and air fluctuations.

For both geometries, the measurement procedures stéith five minutes of temperature
equilibration, thereafter the software starts theasurements automatically when the
temperature has been constant at 22€D fbr ten seconds. The measurement starts with six
measuring points with logarithmic increase in theas rate range of 10 to 100 1/s. Finally,
the same points are measured again with decreabesy rate. The measuring time for each

point varies logarithmically from 10 s for the hegt shear rate, and up to 30 s for the lowest.

Because polymer solutions and LPS systems are moviddian fluids, their bulk viscosities
can only be compared for a constant shear rate.rdfeeence shear rate for all viscosities
stated in this thesis is 100 (1/s). This shear essures torques large enough to get precise

viscosities, and enables comparison of previolsbprted viscositiés!.

3.6.2 High shear viscosity measurements
The high shear experiments were performed withRegeometry to obtain highest possible

shear rates. Each fluid was measured for four riffemaximum shear rates of 5500, 3000,
1000 and 100 1/s, respectively. For each run, shfieample of the fluid was used. The
viscosities where compared at a reference sheaiofat00 1/s. All experimental fluids were

gravity filtered through a 40um filter prior to nsemements.
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3.7 Weighing scales
Three different weighing scales have been usedgdihie sample preparations and dilutions.

They are all manufactured by Mettler Toledo andehfire, medium and coarse resolutions.

The different types and their technical specifimagi are presented in Table 3.8.1.

Table 3.8.1: Different types of Weighing scales used for sappmdearations

Maufacturer Mettler Toledo

Type AB 204-J PB 3002S SG 160019
Resolution Fine Medium Coarse
Min wt 0.01g 059 -

Max wt 220 g 3100 g 16 100 g
Deviation 0.0001 g 0.01g 0.1g

The deviations in the weights are minor comparedth® uncertainties in the sample

preparation and filter permeabilities as discussedsection 4.4.2. Reproducibility and

uncertaintiesand are therefore neglected.
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4 Results and discussion

4.1 Fluid preparation

4.1.1 Linked Polymer Solutions
If AICit is added to a HPAM solution with concerticmm above the critical overlap

concentrationC*, cross-linking may mainly be inter-molecular anelsgwill form®. The
higher over C* the solution is, the more likely gy@lre to be formed. This gives a challenge
when mixing the linked polymer solutions, since tlesired concentrations may be close to,
or above the critical overlap concentration. Torowene this problem, two separate mixing
methods for preparation on linked polymer solutjomg&thod A and B, were known from

previous authof§ 2%,

A) HPAM stock solution is diluted to desired concetbra without AlICit, and AICit is
then added drop wise into the HPAM solution undeavy stirring until the desired
concentration is achieved. The solution then isigahtly stirred for two hours after

mixing, and then gently stirred for approximatdiyete days prior to use.

B) HPAM and AICit stock solutions are diluted sepdsat® twice their respective
desired concentration. The two diluted solutiorestaen mixed in a ratio 1:1 resulting
in a final concentration equal to one half of thetial. The mixed solution is
sufficiently stirred for two hours, and then gergtered for approximately three days

before use.

Both procedures has been used in previous Wdfk but there has not been done any
particular comparison between them. To compareriie®logical properties, particle size
distribution (PSD) and flow performance for solagoprepared by the two methods, two
600/20/0.5 LPS solutions of HPAM 3630S where pregawith the proposed methods A and
B respectively. Dynamic light scattering (DLS) wetsed to determine particle size
distribution at two hours and at 1,2 and 3 daysratftixing. Viscosity measurements were

done after 3 days, and eventually both solution®wiker-flooded.

Prior to the comparison, method A could be consddrest regarding the critical overlap
concentration, since the HPAM solution was the ndilsted. However, a problem occurred

when AICit was to be added to the mixture: Bothusohs should be stirred, HPAM to assure
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god mixing, and AICit to maintain the suspensior @ uniform concentration. It is not
possible to stir while on a weighing scale, thu€iflhad to be weighed into a temporary
container before drop wise added to the polymeutsw. Even though the temporary
container was weighed before and after to accaamieisidual AICit, some of the AICit will

precipitate when no stirring was applied, giving geeater uncertainty regarding the

concentration of the residual AICit.

Method B was expected to provide better experimecaaditions for an accurate AICit-
concentration since the stock solutions could leedt constantly while pipetting into a
beaker on the weighing scale. Nevertheless, theertration of the HPAM solution was
twice that of method A, and accordingly further o¥&. On the other hand, the AICit

solution was far more diluted before mixed with gfodymer solution for this method.

Bjarsvik et al*® found the hydrodynamic diameter for x-coils togarbetween 50-100 nm
for HPAM LPS solutions solved in brines containii@ — 5% NacCl. Li et al*” estimated
the hydrodynamic diameter of x-coils to be in thege of 200-400 nm for HPAM LPS
solutions solved in 2% NaCl. Aaraa et8l.estimated the mean diameters of x-coils in
similar systems to be approximately one tenth eséh but compared the Z-average values
from DLS measurements. Comparison of Z-averageesgals only valid for solutions that
have spherical particles, a narrow size distribytend are mono-modal, i.e. have only one
peak on their PSD charts. This is not the casdéhersolutions investigated for the present
thesis.

For interpretation of the PSD-charts, it is assuitiiat peaks between 30 and 200 nm are x-

coils, and peaks between 250 and 2000 nm are »>eggtgs as shown in Figure 4.1.1.

34



| | |
— 1o | Y. |
X | 0. 0 <« 0
= " % ' "‘& <, '
Z | —_ | © %a |
® [ * | S %9, !
c ! s ! ® © !
2 [ o. ! @ &1
< 0 Z % = |
- | A o |

' 0 A

: ! — — |
1 10 100 1000 10000

Particle Hydrodynamic diameter [nm]

Figure4.1.1: Limits in hydrodynamic diameters for interpretaisoof coils and aggregates in polymer
solutions, and in LPS solutions (x-coils and x-aggtes).

Figure 4.1.2 shows the patrticle size distributiBSD), two hours after mixing. At this time,
the PSD of the LPS solutions had a small deviatmmpared to that of the normal polymer
solution. The cross-linking that may had occurrgdtis time was probably mainly intra-
molecular as both LPS A and B appears to have dpedlslightly smaller particles than the

polymer solution.
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Figure4.1.2: PSD-charts for HPAM 3630S 600/20/0.5 LPS solutpmepared by method A and B as
after two hours. The PSD for the corresponding &y solution is shown for comparison. Horizontal
dotted lines sets limits for interpretation of séx-coils and aggregates/x-aggregates.

Three days after mixing, two distinct peaks coukll dbserved as seen in Figure 4.1.3,

assumed to be cross-linked polymer coils and aggesg as suggested by Nofdli

Compared to the polymer solution, it seemed lik/mper molecules in the LPS solutions

were cross-linked into x-coils and x-aggregatesshibuld be noted that even though the

aggregate peak has a higher intensity than the medlk, it does not imply that the
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concentration of x-aggregates are higher than dhneentration of x-coils in the solution. The
measured intensity is dependent on the amountgbt Bcattered for a particle of a given
hydrodynamic diameter, and by the Rayleigh appraiom, I « d°, larger particles will

scatter significantly more light than smaller pads. PSD-charts for the solutions at all

measured time steps can be found in appendix seitin
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Figure4.1.3: PSD-charts for HPAM 3630S 600/20/0.5 LPS solutpmepared by method A and B
after three days. The PSD for the correspondingrper solution is shown for comparison.

Horizontal dotted lines sets limits for interpretat of coils/x-coils and aggregates/x-aggregates

The hydrodynamic diameters obtained for each pedkime, and the viscosities for solution

A and B is presented in Table 4.1.2.

Table 4.1.2: Hydrodynamic diameters of x-coils and x-aggregatatsined for method A and B as a
function of time. Viscosities are given at a shede of 100 1/s and 2D.1°C. The corresponding

uncertainties are given in percent.

One day Two days Three days
. . X- . . . .
Solution | x-coil aggregates x-coil | x-aggregateq x-coil | x-aggregates Viscosity @ 100 1/s
[nm] £ 11% [nm] £ 11% [nm] £ 11% [mPas] + 1%
A 45 330 49 585 46 667 4.53
B 43 306 46 556 47 584 4.49

As seen in Table 4.1.2, the variation in both hggramic diameters and viscosities are
within the uncertainties. Both solutions were filtlvoded after three days, but no pressure

profiles were obtained as both solutions plugged Bum filter. The critical overlap
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concentration for LPS solutions of HPAM 3630S sdlwe 0.5% NaCl is estimated to range
between approximately 140-200 ppm as presentedaliieT4.5.4. This indicates that the
tested LPS solutions were in theentnolecular cross-linking regime, favouring formatioin
x-aggregates. The x-aggregates are estimated o the size range of approximately 600-
700 nm by DLS, which appear to be too large to pasrigh a 2um filter without resulting in
aggregation and plugging of the filter.

Conclusion
Sorbie™! states that the method applied for mixing a pelyiefore testing, can strongly

influence the rheological properties of the solutio question. The author claims that many
problems related to interpretation of results frpotymer- and core flooding experiments are
caused by irregular handling and treatment of thigrper solutions

Data acquired by the established methods avaifablePS characterization in-house, did not
reveal any notable differences in properties betwieeS solutions prepared with the two
proposed methods. Most of the previous LPS-relatgquerimental work at Uni CIPR has
been carried out using method’A%®! and it was therefore decided to continue expertme
using this method. For further experiments, it Watermined to use polymer concentrations
of 300 ppm instead of 600 ppm to avoid pluggindlters.

4.1.2 Aluminium Citrate solutions
The stock solutions of Aluminium Citrate (AICit) weeprepared to have a concentration of

approximately 5000 ppm, solved in 0.5% NaCl. Atstkbncentration, the solutions were
suspensions. When freshly made, the solutions wieghtly grey but transparent, with no
visible larger particles when under stirring. Howevafter three to four weeks the solutions
tended to precipitate and/or turn milky white. Fgu.1.4 shows the transition for a 5000
ppm AICit solution in 0.5% NaCl after two and 30ydarespectively. Various attempts to
identify the determining factor for the phenomenuave been performed. The following
possible factors checked were: a) AICit concerdratb) solvent salinity, c) storing with or
without stirring, and d) addition of small amourdk polymer to simulate contamination.
Additionally, a dedicated spatula was used for Wwigig in the AICit powder, and all flasks
were cleaned by hand and rinsed with distilled witeavoid any external contamination. All
attempts resulted in precipitation/white solutiotimjs the reason for the phenomenon is still

unknown. To overcome this problem, solutions weseatded as they turned white, and fresh

37



solutions were prepared regularly. The solutionsewstored under very gentle stirring, but
stirred heavily for at least five minutes to obtairuniform concentration in the suspension

before they were applied.

The pH of the solutions ranged from 2.5 up to Bdih for transparent and white solutions.
This may indicate formation of Al(OR)which will result in excess H hence the lowered
pH. The white slurry observed in the flasks couddpsecipitation of Al(OHy), as the water
solubility of this compound is low~(0.001 g/L at 20C). To obtain stable concentrated
solutions of AICit, Smitlf patented a comprehensive method, involving difutiof
aluminium chlorohydrate and citric acid with did water, before raising the pH of the
solution by addition of ammonium hydroxide. The p#s initially about 1.3, and was raised
to approximately 7. During this shift the AICit stibn was reported to turn from cloudy
slurry to completely clear. The patent involvesystrict preconditions and guidelines for the
preparation, underpinning its complexity. Attempisprepare AlICit by the patented method

has not been performed for the present thesisaltimé limitations.

Two days 30 days

L

=

Figure 4.1.4: Polymerization of AICit solution after 30 days. 8lthe transformation from a
transparent, to a non-transparent milky white siolit
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4.2 Filter setup

During the present thesis, a new and improvedrdilemding setup was to be made as
described in sectio8.3 Filter-flooding

In order to observe the flow behaviour propertiepre-filtered solutions, an extra filter was
initially mounted in series after the first filtddowever, this strategy had to be discarded due
to constraints in the experimental equipment. Tihal fsetup was mounted as previously

described in Figure 3.3.1.

4.2.1 Filter permeabilities
To be able to relate data from filter-floods toestiporous media, and to be able to calculate

the shear rates during filter flow, the permeabditof the applied filters had to be estimated.
The determination of permeability was challenging do the shape of the filters. As seen in
Figure 4.2.1 the filters were shaped like a thimbled the flow is moving through two main
areas; i) flow through the bottom of the filtemdaii) radial flow through the filter walls into
the void space inside the filter. There are propatihor amounts of fluid passing through the
lower “corners” of the filter (hatched area on Figut.2.1), since the flow length will be
shorter through either the walls or bottoffihe area of the outer cylinder walls was about 20
times larger than that of the bottom, dependinghennner diameter, which varies slightly for
each filter size. It can thus be assumed that thjenity of the flow is radial through the filter

walls, which makes up the base for the proposedehfod permeability estimation.

Filter holder Filter holder

|

m - Flow area M - Flow area

B - Filter element B - Filter element

1 ) T
Probable flow areas Modelled flow area
Figure4.2.1: Cross section of the filter confined by the filk@ider, showing the flow areas through

the stainless steel filters. Left: probable occogriflow areas, Right: modelled flow area. The hatth

area on the left Figure represents the lower “casieof the filter.
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To estimate the permeability, flow through the bottwas neglected, and all flow through the
filter was assumed radial through the filter wallke flow height was assumed to be the total
filter height minus the upper part that is confingd the filter holder. Thus, the “corners”
were assumed to be a part of the flow area, peetlycing the impact of neglecting the flow
area through the bottom. The probable and the rfemtlateas are compared in Figure 4.2.1.
For radial flow in a cylinder shaped porous meditime, flow rate is given &

__ KAdP _ 2mhK pgp—pa

Q= =

u dr m lng (4.1)
Where Q is the flow rateh is the height of the mediunk is the permeability, p is the
viscosity of the fluid,ps and pa is the pressures on the outside and inside ofrtedium

respectively, an® anda is the inner and outer radii of the medium.

Pressure data from 0.5 % NaCl solution where resbifdr all filter sizes for the rates 1, 5
and 10 ml/min, for at least three different filt@fseach size. The brine viscosity was assumed
equal to water viscosity. Differential pressuresrevrecorded manually directly from the
display on the pressure transducer to avoid urnioéiga by the data acquisition program. The
permeabilities where calculated by solving Formdla for K. Table 4.2.1 presents the
obtained data and calculated permeabilities fouSfilters. Differential pressure as a

function of flow rate is shown in Figure 4.2.2.
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Table 4.2.1: Obtained differential pressure data and estimatedveabilities for 0.5% NaCl injected
over three different 0.5um filters. Each colournegents one filter. Note that the differential
pressures are given relative to the zero in thesueament range on the differential pressure

transmitter, equal to minus 100 mbar.

0.5um filter
] K
Q[ml/mm] dl:)To'fal [mbar] dPBypass[mbar] dl:)Filter
[mD]
110.0 100.0 129.4
: _
109.0 100.0 149.6
159.0 107.5 515 | 125.6
5
154.0 107.5 46.5 | 144.8
223.5 116.5 107.0| 120.9
o [
205.5 117.0 88.5 | 152.2
Average 143.4 mD
120
Pl
100
5 s
.g. 60 / 0.5um filter
2 4o —o—Filter A
5 —@—Filter B
20
—a—Filter C
0
0 10 12
Q [ml/min]

Figure 4.2.2; Differential pressure of 0.5% NacCl brine injecteceo 0.5um filter as a function of flow

rate, for three separate filters.

As seen in Table 4.2.1, three parallels were peréor for each rate. Different filters were
applied for each parallel. The differential pregsushow a certain variation for each filter, but
the pressure drops over the bypass line are Jyteahstant within each rate. This implies

that the differential pressure transmitter providgsroducible and consistent measurements,
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and that the 0.5um filters does not have equal gabilities. Permeabilities for all filters and

sizes are shown graphically in Figure 4.2.3.

Permeability
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Figure 4.2.3; Measured permeabilities for the applied filter sizEach column represents the average

permeability from three different rates for ongsfilof the given size.

As seen in Figure 4.2.3, there is a certain periigabariation within each filter size, also

for 2 and 7um filters. The average permeabilitied eorresponding standard deviations for

each filter are shown in Table 4.2.2.

Table 4.2.2: Average permeabilities and standard deviationsefaeh filter size

Filter size [um]

Average K [mD]

Standard deviation

+mD] | % of average
0.5 140 14 10 %
2 260 40 15 %
7 570 70 12 %

The impact of the permeability deviation in theeiit will be discussed later in sectidr2.2

Reproducibility and uncertaintie®©btained data and estimated permeabilities fofiltdirs

and sizes can be found in appendix section A.3.
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4.2.2 Reproducibility and uncertainties
The filter permeability measurements showed tha thifferential pressure transmitter

provided reproducible and consistent differenti@ssures when recorded manually from its
display. To ensure reproducible data from the Li8r{ffloods, multiple experiments were
performed with the same rate, fluid type and cotred¢ion, but for different fluid batches. The
benchmarks were determined to be a 3430S 300/10R®5solution, injected with a flow rate
of 3.0 ml/min over a 2um filter. The results frohese experiments can be seen in Figure
4.2.4.
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Figure 4.2.4: Differential pressure profiles for four parallelgt30S 300/10/0.5 LPS solutions injected
over a 2um filter at Q=3.0 ml/min. Each paralleffiem separate batches. The sudden drops in the
pressures are caused by the injection fluid beimdgched from LPS to brine. Dotted line is an
estimate of lost data points due to acquisitiotufai.

The zero time on Figure 4.2.4 represents the momwdein the respective LPS solutions
reaches the filter. The aim for the experiments @pproximately 30 minutes of LPS
injection, but experiment A was ended sooner dushtwtage of LPS solution.

The deviation in differential pressures for therfo®S solutions could be caused by the data
acquisition circuit, the filter permeabilities, tharoperties of the LPS solutions, or a

combination of these.

Differential pressure profiles as those shown iguFé 4.2.4 are based on data points logged
automatically every ten seconds by the data adepnstircuit, as described in secti@m.8
Data acquisition and loggingThere seems to be some noise in the data acguisitcuit,

fluctuating in a seemly sinusoidal pattern. Figdr@.5 shows a series of data points as
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obtained from the data acquisition circuit for aipe without any flow over the filter, i.e.
zero differential pressure, compared to a sineeand the average value of the data points.
The average amplitude of this fluctuation is intetpd as the uncertainty of the data

acquisition circuit, estimated to +6 mbar.
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Figure 4.2.5: Section of data points obtained from the data agitjian circuit, compared to a sine

curve and the average data point value

The deviation between the differential pressuresnduLPS injection for the four parallels
shown in Figure 4.2.4 could also be caused by #n@aton in viscosity between each batch,
since higher solution viscosities may increase ghressure build-up caused by the viscous

contribution as shown in Formula 4.1.

Table 4.2.3: Viscosities and standard deviation for the fouerehce LPS solutions. All viscosities are

given at a shear rate of 100 1/s and:@2°C.

) ) Standard deviation
) Viscosity | Average
Solution
[mPass] [mPass] % of
mPas]
average
A 2.60
B 2.46
2.41 0.16 7%
C 2.37
D 2.21
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The uncertainty in the Rheometer with the double-gaometry is presented in Table 4.2.6,
and is estimated to be 1% of the measured viscoBity standard deviation within the four
reference LPS solutions as presented in Table &2Z%, and thus significantly higher. It can
be concluded that the viscosity variation withie theasured reference solutions may have an
impact on the reproducibility.
To rule out the LPS viscosity factor, the conceipthe relative differential pressure, dP* is
introduced. The dP* is given as:

dp; = ‘;i (4.2)
WheredP?*; is the relative differential pressum@?, is the differential pressure anpg is the
viscosity, all for the fluid. The relative differential pressure (dP*) has thé {t0™/s], but
will hereafter be referred to as [mbar/mdpao avoid confusion with shear rate, [1/s]. By
applying dP* instead of dP, the differential prassprofiles becomes independent of the
variation in solution bulk viscosities. Hence, tie* will reflect the solution pressure build-
up properties caused by the preparation methoddPheorofiles of solutions A-D are shown

in Figure 4.2.6.
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Figure 4.2.6: Relative differential pressure profiles for fourrptels 3430S 300/10/0.5 LPS solutions
injected over a 2um filter at Q=3 ml/min. Each plehis from separate batches. Horizontal dotted

lines sets the time interval for average dP*.

A benchmark of the average dP* from 10-11 minutésLBS injection is chosen for

comparison of the dP* values, seen in Figure 4a8.6orizontal dotted lines.
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Table 4.2.4: Values of dP* for solutions A-D with its correspargistandard deviations.

. dpP* Average dP* Standard deviation
Solution
[mbar/mPa-s]| [mbar/mPa-s] | [mbar/mPa-s]| % of average
A 208.1
B 254.1 260 40 15 %
C 277.6
D 291.7

As seen in Table 4.2.4, the LPS solutions A-D hasnerage dP* = 260 40 mbar/m&a
giving a standard deviation equal to 15% of theraye. This concurs with the permeability
deviation within the 2um filters as presented irbl€a4.2.2, which equalled 15% of the
average permeability. It also suggests that thiatran in solution viscosity can be seen as a

measure for the magnitude of the uncertaintiesezhbg the LPS preparation method.

Table 4.2.5: Values for endpoint dP* for post LPS brine injentioith its corresponding standard

deviations.
Solution dP [mbar] Average Standard deviation
dP [mbar] | [mbar] | % of average
A 82.2
B 185.9 200 +100 5006
C 284.4
D 288.2

The endpoint dP* for the post-LPS brine injectioapreads from about 80 up to
approximately 300 mbar as shown in Figure 4.2.4184.2.5 shows that the average dP*=
200£100 mbar/mPsg, a standard deviation equal to 50% of the averéigis indicates poor
reproducibility, and are consistent with the resutibtained from similar filter-flooding
experiments performed by Nofdfi. The author compared brine permeabilities infilbers
before and after LPS-injection to estimate thedwssi resistance factor (RRF) as a function of

time after adding cross-linker to polymer solutionse RRF is defined as:

K dp
RRF = Kbips _ PuLps (4.3)
Kp,i dPp

Where K,; and K,,ps are the brine permeabilities before and after LiRfection,

respectively. The permeabilities are directly pmbipoal to the differential pressures of brine
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before and after LPS injectiodP,, ; anddP, ;s . Nordl#*¥ found RRF variations of up to
300% for fixed LPS systems injected over SwagelpkZilters, and the RRF did not show
any reproducible trend. Smftfl found that the RRF for injection of HPAM solutioirs
Berea cores varied from 1 up to about 10, depenainthe polymer molecular weight, flow
rate and core permeability. A reason for the vemmain RRF for LPS injection over the
Swagelok filters could be deviation in the poresgiizstributions within the filters, as a larger
amount of smaller pores would enhance pore bloc#uming LPS injection. As discussed in

section3.4.5 Filters,the pore size distributions could not be determiiloedhe applied filters.

To ensure producible and accurate viscosity measents, periodical measurements on a
reference fluid were performed. An off-the shatty@limethylsiloxane (PDMS) solution was
chosen as the reference fluid. This was mainly bezaf the Newtonian flow behaviour and
adequate viscosity possessed by this fluid. Prsedf the PDMS can be found in Table
3.1.3. The deviation in the measured viscositiehefPDMS solutions were used to estimate

the uncertainties in viscosity measurements asisetable 4.2.6.

Table 4.2.6: Measured viscosities for the reference fluid PDMB@&fth corresponding standard

deviations. Each letter A-E represents a measurémen

Reference measurements PDMS200
Shear rate Viscosity [mPas] Average Standard deviation
[1/s] A | B| C| D| E | [mPas] | [mPas] % of average
10.0] 5.34| 5.26| 5.25| 5.20| 5.25 5.26 0.05 1%
15.8| 5.30| 5.25| 5.23| 5.16| 5.25 5.24 0.05 1%
25.1/ 5.31| 5.24| 5.21| 5.21| 5.25 5.24 0.04 1%
39.8| 5.33| 5.25| 5.24| 5.20| 5.25 5.25 0.05 1%
63.1| 5.33| 5.25| 5.24| 5.19| 5.25 5.25 0.05 1%
100.0 5.33| 5.25| 5.24 | 5.20| 5.25 5.25 0.05 1%
100.0| 5.32| 5.26| 5.24 | 5.20| 5.25 5.25 0.04 1%
63.1] 5.32| 5.25| 5.23| 5.19| 5.24 5.25 0.05 1%
39.8/ 5.34| 5.25| 5.24| 5.19| 5.24 5.25 0.05 1%
25.1 5.33| 5.25| 5.25| 5.18| 5.25 5.25 0.05 1%
15.8| 5.30| 5.23| 5.19| 5.19| 5.24 5.23 0.05 1%
10.0| 5.33| 5.26| 5.24| 5.20| 5.24 5.25 0.05 1%

As seen in Table 4.2.6, the uncertainty in the mneter is estimated to 1% of measured

Viscosity.
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Conclusion
The primary sources of uncertainty in filter-flondiis attributed the permeability deviance in

the filters, followed by the viscosity variationrfdifferent LPS batches, which is probably
caused by the preparation method. The cumulatevedsrd deviation for dP* of injection of

LPS solutions is estimated to + 15%.

The filter setup and LPS solutions provides coesisand reproducible differential pressure
profiles within reasonable uncertainties when tilWwing precautions are taken:
- Viscosity is a major source of variation in dP.idRherefore substituted with dP* to
reduce the influence of viscosity variation witliatches of the same LPS system.
- All applied values of dP* used for comparison mbetaverages over at least one
minute/six data points to reduce the impact of tlaton of dP* in the data

acquisition circuit.
dP* for post LPS brine injection has proven pagproducibility and conclusions cannot be

made based on these data.

The aim for the present thesis was to study effestsolution pressure build-up properties by
filter-flooding under variation of various paramste The experimental procedures and
equipment discussed in this section seems adetprates purpose.
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4.3 LPS-characterization by high shear rheology

LPS solutions may contain both x-coils and x-aggteg, depending on a number of factors
as presented in secti@nl Linked Polymer Solutions (LR®ur hypothesis was that based on
the difference in size between the species, xamd x-aggregates would respond differently

when applied to the same amount of shear durirgpsis/ measurements on a rheometer.

Larger particles would typically demand more endrggnaintain their size during shear flow.
For most colloidal systems, smaller particle siaes energetically favourable. Li et .
found that x-coils are spherical, which means tbat fixed salinity/polymer concentration,
the size cannot be reduce further without simultasty reducing the length of their polymer
backbone. On the other hand, x-aggregates may eethesr size by disintegrating into
smaller x-aggregates and/or x-coils, which mayikelyt to occur during shear flow. If the
viscosity deviation caused by the rupture of x-aggtes was significant, it could be used to
guantify the x-coil/x-aggregate ratio in LPS saba. An idealized model of the proposed

transformation is shown in Figure 4.3.1.

Cross linked
Polymer coils

. 6 ¢

Cross linked

Polymer aggregates &‘ @‘

Figure4.3.1: Idealized model of cross-linked polymer coils agdragates and their proposed

respective response when applied to the same ambshear.

The disintegration of x-aggregates into smallerggragates results in a lower average
particle size, thus a reduced viscosity of solytishile the x-coils remains the same size and
maintains their solution’s viscosity. For a nonssdinked polymer solution, the concept
would be analogous, but as the aggregation in nossdinked are dominated by van der

49



Waals- and hydrogen bonds instead of ionic botius,shear necessary to disintegrate a
polymer aggregate should be lower than for an xegme. The proposed model would hence
give a hysteresis in measured viscosity for indrgpasand decreasing shear rate, when
compared at a reference shear rate. The differengiscosity taken at a reference shear rate
for increasing and decreasing shear rate ,wouldrdiogy to the present hypothesis, depend

on the x-coil/x-aggregate ratio in the measuredtgmis as illustrated in Figure 4.3.2.

Mainly x-coils Mainly x-aggregates
e & .
[ \ : [ e |NCreasing
E E Shear rate
£ : £ '
S : ] Decreasing
2 S 2 h te
S : S shear ra

Log (shear rate) Log (shear rate)

Figure 4.3.2: Expected flow curves and deviation between viseeditr increasing/decreasing shear
rates for solutions containing mainly x-coils (Jedt mainly x-aggregates (right). Horizontal dotted

line denotes the reference shear rate.

Figure 4.3.2 shows the expected flow curves foutsmis containing mainly x-coils or x-
aggregates. The flow curves behaves both sheanintigimnd shear thickening for increasing
shear rate, this type of behaviour is discussezbation2.3.1 Non-Newtonian behaviouks
seen, the solution containing mainly x-aggregatas Bn expected larger deviation in
viscosity, caused by disintegration of the aggreglaPolymer and LPS solutions of two
compositions/concentrations were chosen to represerh fringe of the model, presented in
Table 4.3.1.

Table 4.3.1: Properties, features and expected cross-linkingmeg for the experimental fluids.

Concentration/ Expected cross-linking
Polymer o Features :
composition regime
Low molecular weight
3430S 300/10/5 LPS Low HPAM concentration Intra-molecular, x-coils
300/0/5 Polymer _ —
High salinity solvent
600/20/0.5 LPS Higher molecular weight
3630S 600/0/0.5 Polymer Higher HPA.M. concentration Inter-molecular, x-aggregates
Low salinity solvent
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The expected cross-linking regimes in Table 4.8.deduced from on the previously reported
factors discussed in secti@l Linked Polymer Solutions (LPSEven though the expected
cross-linking regime promotes either x-coils orggeegates, it must be stressed that both
species will be present in the solution, but afedént equilibriums. The four solutions
presented in Table 4.3.1 were measured with the ptate geometry on the rheometer, for
shear rates ranging from 10 to 5300 1/s, whicheashighest shear possible for this geometry.
For each solution, four separate measurements pegfermed with shear rates ranging from;
10-100 1/s, 10-1000 1/s, 10-3000 1/s and finalyp300 1/s. To obtain data for the relative
degradation from bulk viscosity to sheared visgo&it each shear rate interval, fresh samples
of the solution was applied for each measurememe. réference viscosities are given as the
viscosities from the measurement point closest@® 1/s, which varies slightly for each
interval due to the logarithmic increase in she&es. The difference in measured viscosity at
a reference shear rate for increasing and decgeakigar rate can be expressed by the relative

viscosities, Mecreasing/Mincreasing, Relative viscosities for all solutions are showedFigure
4.3.3:

_ 105%
x
Z 100% §. - :
z . B TR '
8 95% [T —el— HPAM 3430S
o et - ---9-- 34305 LPS
2 90% ettt a
® -« <@-- 3430S Polymer
& 85% : : | : : |

0 1000 2000 3000 4000 5000 6000

Maxmum applied shear rate [1/s]

. 105%
X
> 100 % . e@pooossscescsceee 23 ——
- e HPAM 36305
2 95% L L %
> [}
o <o @+ 36305 LPS
2 90% 5
A L PR OPPTLL A PE m-- 3630S Polymer
©  85% : : = L | : |

0 1000 2000 3000 4000 5000 6000

Maximum applied shear rate [1/s]

Figure 4.3.3: Relative viscositieqUfecreasingMincreasing fOr increasing/decreasing shear rate for LPS and
polymer solutions of HPAM 3430S and 3630S.
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As seen in Figure 4.3.3, the relative viscosity foe LPS solutions is decreasing with
increasing shear for 3430S, but is stable for 36808 the final shear rate range. The
polymer solutions of both types had a decreasitagive viscosity for increasing shear rates
up to 1000 and 3000 1/s, but had thereafter arased relative viscosity. The shear curves
did not turn out in accordance with the proposegofiyesis. Neither of the measured
solutions lost more than 15% of their original wsity, and there is no trend for

monotonically viscosity loss with increasing shese.

6
PR K R Sy T X R E R R X X X
5 e »
'
©
% 4 eeea++ 3630S Polymer
'é' 3630S LPS
8 3
2 «eemes 3430S Polymer
2
2 L IPPTEILLLLLLAL AL LLLT PYVPO rranas . <+eee+ 34305 LPS
R T @pooocccccc® X R d
1
10-100 10-1000 10-3000 10-5300
Shear rate range [1/s]

Figure 4.3.4: Increasing shear viscosities at 100 1/s for the snead solutions at each shear rate

range.

The spread in increasing shear viscosities fordifferent shear rate ranges at the reference
shear rate of 100 1/s are shown in Figure 4.3l tlae corresponding standard deviations are
presented in Table 4.3.2. The standard deviatioeganging from 3 to 7%, which implies
that the variations in relative viscosities showrfFigure 4.3.3 are mainly within the standard
deviations. The cone plate geometry was choseth&se experiments due its capability of
high shear rheology, but the magnitudes of thedstahdeviation suggests that the cone plate
is not suited for rheology measurements for vid@ssiwithin these ranges. The double gap
geometry has a better accuracy for viscosity measents on low-viscous solutions, but has
proven unfit for measurements above shear ratapmoximately 1000 1/s due to turbulence
in the sample cup.
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Table 4.3.2: Average viscosities and standard deviations fosalutions and shear rate ranges.

' Average i Standard deviation
Solution [MPas] |[mPas] % of
average
LPS 2.05 0.10 5%
3430S |Polymer 2.09 0.06 3%
LPS 4.77 0.34 7%
3630S | Polymer 5.09 0.16 3%

Conclusion
The difference betweenggreasindMincreasingvas not large enough to distinguish between LPS

solutions thought to contain mainly x-coils and niaix-aggregates. Disintegration of x-

aggregates into smaller x-aggregates and/or x-amss not seem to have occurred in
significant degree for the applied shear rates. Gbwe plate geometry seems to be too
inaccurate for measurements within these shearaateviscosity-ranges.

Based on the presented experimental data and disousit is suggested that LPS

characterization by high shear rheology is not edle within the experimental viscosity
range and for the available rheometer geometries.
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4.4 LPS-characterization by the critical rate - Qc

Spildo et al”! suggested that one of the major oil mobilizing haedsms during LPS
injection in porous mediums is the so called Logndang effect as described in sectidr2
LPS for enhanced oil recovery (EOMallah et al*"! developed a network model for pore
scale modelling of LPS flooding. The authors fodinat the Log-Jamming effect was mainly
dependent upon the particle concentration and tefeetblydrodynamic radius, the pore size
distribution in the porous medium, and the floweraf visualization of the Log-Jamming
mechanism is shown in Figure 4.4.1.

The phenomenon of non-LPS particles accumulatingomous media or capillaries has been
reported by other authors. RezaeiDoust EPasuggested that clay fragments, so-called fines,
that were released from the reservoir rock duriogv-salinity water injection, could block
pores, thereby divert flow and mobilize oil fromepiously unswept pores. Rahmann &fl.
studied the transport of clay suspensions througlapllary. Based on their findings, the
authors stated that ‘particle deposition is a threshold type processd dhere exists a
critical condition for the every system (reservoihich below the pressure drop across a
porous medium is insignificant and above which ipla$ deposit randomly at the pore

surface resulting in an a rapid increase in pressdrog.

Water
Water
)

Figure4.4.1: The Log-Jamming effect; accumulation of linked pwy coils (LPC) at pore throats,

diverting flow. Redrawn from Spildb
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4.4.1 Method development
To further study the concept of the Log-Jamming@ffinitial experiments were performed

to determine whether there could be estimated dirfot the effect to occur during filter-
flooding of LPS solutions. The applied filters haavenarrow pore-size range as presented in
Table 3.4.1 and would therefore be adequate tardate whether the Log-Jamming effect is
a threshold-type effect, featuring a critical raliéhe corresponding polymer solution was also
included in the experimental matrix for comparisofhe polymer chosen for these
experiments was HPAM 3430S at a 300/10/0.5 LPSesysBYy using this relatively low-
molecular weight polymer at the chosen concentmatioere should be a reduced risk that the
LPS system would plug the filters, as have occumnegrevious trials with 600/20/0.5 LPS
systems of HPAM 3630S. Based on the factors digcugs section2.1 Linked Polymer
Solutions (LPS)the low molecular weight should also promoteftrenation of x-coils rather
than x-aggregates. The viscosity of the 3430S 300/3 solution was also sufficiently low to
ensure a satisfactory high flow rates without erogg the range of the differential pressure
transmitter, 4900mbar. The complete series ofah@xperiments, Matrix B, is described in
Table 4.4.1.

Table 4.4.1; Initial experimental matrix for filter-floodingzach dot represents an experiment.

MATRIX B - Initial experiments
HPAM 3430S /0.5% NaCl/ 2um filter

Q [ml/min] 0.5/1.0/1.5/3.0/5.0/7.0| 10.0
Polymer 300/0/0.5 e | o | o | o | o | @ .
LPS 300/10/0.5 o | o[ e | o | o | o .

As suggested in chaptdr2.2 Reproducibility and uncertaintiethe differential pressure dP
should be substituted with the relative differenpaessure dP* when comparing dP for
multiple solutions. One matrix may contain expemtsedone with several LPS/polymer
batches, thus dP* reduces the impact of viscostyation within batches. Furthermore, this
enables a comparison of different fluid systemshwigéspect to the pressure build up
properties isolated, since the viscous contribstiare accounted for. The relative differential
pressures reported for a solution at a certain flae is given as the average of dP* from 10 -
11 minutes of injection of the applied fluid.
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Figure 4.4.2; Relative differential pressures for a HPAM 34308/20/0.5 LPS and the
corresponding polymer solution 300/0/0.5 injectedraa 2um filter.

As seen in Figure 4.4.2, the LPS and polymer smugirovidesvirtually equal dP* over the
filter up to a flow rate of about 3 ml/min. For higy rates, transition to what seems like a new
flow regime appears, with rising slopes in dP*/Q Bwth the LPS and polymer solution.
However, the LPS solution has steeper slope thaipalymer solution. For the both solution,
it is possible to quantify the rate that separdhestwo regimes by intersection of linear

extrapolations as shown in Figure 4.4.3.

1400
1200
& 1000
Q.
£ 500
b
€ 600
400
T
200
0
0 2 4 6 8 10 12
Q [ml/m]

Figure 4.4.3; Estimation of Qfor a 3430S 300/10/0.5 LPS solution by interseatibliinear
extrapolation for the to apparent flow regimesthe imeasured region. The dotted red line denotes the

Qc.
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The results from Matrix A as presented in Table.Y4.4ndicated that it was possible to
determine a critical rate, Qc, for the shift betwélee two apparent flow regimes. However,
there several likely mechanisms suggested resgerfsibthe increasing pressure;

i) The Log-Jamming effect, where polymer coils ocails accumulates and
aggregates at pore throats, causing local pernityatéicreases and diverts fl6ly
This implies that the pressure build up is rateetelent, i.e. depends on how
many particles that passes through the pore tiperaime before jamming occurs.

i) Plugging of pore throats by already existing largggregates or gel phases of a
size significantly larger than the coils and x-spitonstricting the flow area and
thus leading to increased differential pressurehéf particles are able to plug a
pore throat alone, the pressure increase is indeperof the rate, but volume-
dependent.

iii) Shear thickening behaviour of the LPS/polymer soh#, resulting in higher
differential pressure due to increased shear viigcos accordance with Formula
4.1.

The increased dP*(Q) for Q >.Qvas until further investigation consistent witlechanism

1) and ii), since a higher rate implies a highemier of x-coils per time, but also an
equivalent increase in volume passing the filtear gtme. The impact of shear thickening
behaviour during shear flow will be further discedsin section4.5.7 Shear dependent

viscosity
To determine whether the pressure build ups waiee or volume- dependent, filter-floods

were performed with a rate of 1ml/min, but for appmately 200 minutes, replicating the

volume for a 10ml/min filter-flood that lasted 80 minutes.
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Figure 4.4.4; dP* as a function of injected volume of a 34308/20/.5 LPS and the corresponding
polymer solution 300/0/0.5, over a 2um filter. Bomparison, the differential pressures for Q=1 are
multiplied by 10.

As seen from Figure 4.4.4, the pressure profile@efl reaches a maximum, then decreases
for both solutions. For the LPS solution, a sligidrease is observed from about 100 up to
200 ml injected. Hence, the test does not fullyiedke the mechanism of aggregates blocking
throats for the LPS, but the magnitude of the pnessgicrease is far less than that for Q=10.
This indicates that the increase in pressure istlynasite-dependent. For the Q=10
experiments, the LPS exhibits a steady increaseéPih during the injection, whereas the
polymer solutions is close to stable. This suggeststhe affinity between the x-coils that are
aggregated at pore throats during Log-Jamming riengeér than the affinity between the

polymer coils in the same situation.

The data from the experiments presented in Figutel 4ndicates that the observed increase

in dP* are caused by a rate-dependent mechanisinthanincreased volumes implicated by
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higher flow rates has minor impacts on dP*. Thisaurs with the findings of Fallah et®,
which found that for a fixed particle concentratiggorous medium, and patrticle size (i.e.
fluid system), the Log-Jamming effect is governgdtie flow rate. Attractive or repulsive
forces between LPS particles may also influencelLibg-Jamming ability of the solution.
Therefore, the magnitude of Qc may be seen as aurefor both the particle size and the

affinity between particles in LPS solutions.

Conclusions
The relative differential pressure as a functiorflowv rate, dP*(Q), shifts into a new flow

regime with steeper slope for rates over a cer@im defined as the critical rate, Qc. Qc can
be quantified by intersection of the linear extlagons made from the obtained data points

for dP*(Q) from the flow regimes below and above Qc

The increased dP*(Q) seems to be predominantlydependent, and to a lesser extent
dependent on the cumulative volume that passesghrthe filter. The shift into a new flow

regime for Q>Qc is presumably caused by the Logriam effect.

The increased dP*(Q) for Q>Qc is observed both.f$ and polymer solutions, but based on
the slope it is indicated that the affinity betwettie aggregated x-coils are stronger than

within the polymer coils.

The magnitude of Qc may reflect the Log-Jammingjtgitmf LPS solutions, which is thougth

to be dependent on the particle size and the Bffidtween the patrticles.

Variables that influences the critical rate
The initial experiments suggested that there isitecal rate (Qc) for Log Jamming, which

could be quantified, and could be a measure ofatlerage particle size and the affinity

between the particles in a LPS solution.

To further investigate the critical rate s a function of various factors, new experiménmts
filters with different pore sizes where conductéthding Qc was an iterative process by
measuring dP* for several rates, but as it was ftifieth for several LPS

systems/permeabilities, one would have a certaisesef the expected magnitude of Qc for
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other LPS systems/permeabilities. Filter-floodimg eelatively time-consuming, so to reduce
the number of experiments necessary to determieeQih for each system, the following
criteria was set for each system:

- At least two runs for rates below.@nd two runs for rates above. €hould be
conducted. This would provide enough data pointsestimate the intersection
between the linear extrapolations.

- A polymer solution with corresponding concentratisrilter-flooded for at least two

rates per filter size, to compare the dP* with hosthe LPS solution.

Table 4.4.2; Variables varied for investigation of Qc.

Factor Types Features
Polymer HPAM 3430S Low molecular weight
molecular
weight HPAM 3630S High molecular weight
Low ionic
Brine salinity | o594 NaCl |strength Monovalent ions
and
5% NaCl High ionic | Monovalent ions
composition
CeB 0.5/4.21 strength Di- and monovalent ions
0.5um Low permeability
Filter pore : _
, 2um Medium permeability
size
7um High permeability

The Qc was investigated by variation of the facampresented in Table 4.4.2: Two polymer
molecular weights, three different brines, and ehdéferent filter sizes. Note that the two

high salinity brines, 5% NaCl and CeB 0.5/4.21 haggial ionic strength, isolating the

difference to only their respective ionic compasiti Properties of all the applied chemicals
and filters are described in detail in sectboh Chemicals
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Table 4.4.3: Experimental matrixes conducted for investigatib@o. Each Letter represents one
matrix, containing at least 4 LPS experiments amal polymer experiments. Dashes (-) indicates

excluded but possible matrixes.

Fil 300 ppm Polymer concentration, 30:1 PtC-ratio
iiter
_ 0.5% NacCl 5% NacCl CeB 0.5/4.21
Size
3430S| 3630S| 3430S| 3630S| 3430S| 3630S
0.5um A - F H J L
2 um B D G I K M
7 pm C E - - - -

As seen in Table 4.4.3, only 13 of the 18 possib&rixes for the variation of the factors
presented in Table 4.4.2 has been conducted. HP&30S solved in 0.5% NaCl are known
to plug the 0.5um filters for certain concentrasipand has been excluded. The missing
matrixes for 7um filters are excluded because now@s found within the range of the
differential pressure transmitter for the 2um fiteor the Qc was at the fringe of the
measurable range. Hence, Qc was not possible &ndiee for a filter with larger average
pore size, and correspondingly higher flow rates @P*.

Raw data from all experiments for both LPS and/per solutions for all matrixes can be
found in appendix A.5. The proposed method for tjtieation of Qc by intersection of the
linear regressions did not apply to LPS solutioh$/atrix K and L. Qc for these matrixes

have therefore been estimated to the mean rateebrtthe two apparent flow regimes
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4.4.2 Variation of polymer molecular weight

3
725 i
8 .,
é 2 . LPS 300/10/xx
Z T B 36305
é s i::!:::-.-,.,.___“i cee @+ 34305

0.5% 5% CeB0.5/4.21

Figure 4.4.5: Viscosities of HPAM 3430S and 3630S LPS 300/1@mgssolved in different brines as
denoted along the x-axis. The error bars denotegdtal uncertainties in both measurement and
preparation.

As seen in Figure 4.4.5, the viscosities of the fpatymer types are equal within the
uncertainties for all solvents for LPS systems v@@®ppm polymer. The viscosity variation

caused by molecular weight is more notable for éigtoncentrations as shown in Figure
4.4.6:
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0.5% 5% CeB0.5/4.21

Figure 4.4.6: Viscosities of HPAM 3430S and 3630S LPS 1500/36regssolved in different brines
as denoted along the x-axis. The error bars denbikes$otal uncertainties in both measurement and
preparation.

As seen in Figure 4.4.6, the LPS systems of thla higlecular weight polymer 3630S has
higher viscosity than those of the low molecularghie polymer 3430S, for all solvents.
Higher polymer molecular weights implies a longetymer backbone for a linear polymers
like HPAM, and are generally associated with highaution viscosity and higher particle
sizes, both for cross-linked and non cross-linkeitl and aggregates. Li et &t found that

the size of x-coils increased with polymer moleculaight as long as the concentration was
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below the critical overlap concentration. Aarrakt'”) reported that in a 600/30 LPS system,
high molecular weight polymers had a significarttigher average patrticle size than low
molecular weight polymers, both when solved inilliest water and in SSW.

2000 /
5 1500 LPS 30:1 PtC-ratio
3 / 2um filter
S~
8 1000 —
— / / ——36305 0.5%
g 900 J/‘/ ——34305 0.5%
A :
o L== :
0 2 4 6 8 10
Q [ml/min]
3000 /
v 2500 / LPS 30:1 PtC-
E 2000 ratio 2um filter
.'.é 1500 7L 36305 CeB 0.5/4.21
= 1000 :
¥ : ——3430S CeB 0.5/4.21
3 500 / :
0 . .
0 5 10 15 20 25
Q [ml/min]

Figure4.4.7: Curves for dP*(Q) for 300/10 LPS systems of theamalied polymers solved 0.5%
NaCl and CeB 0.5/4.21, injected over a 2um filfdre red triangle and dotted line represents Qc, the
shift between the two apparent flow regimes. Tlesgmted lines for dP* above and below Qc are
linear regressions of the obtained data points.

According to the Log Jamming hypothé&i&!, larger particle size in a solution should result
in lower critical rate, Qc, as well as higher reatdifferential pressures, dP*, for rates below
the critical As seen in Figure 4.4.7, the LPS solutions of0&&xhibits higher dP* for
Q>Qc than those of 3430S. The critical rates, texhby red triangles and a dotted red line in
Figure 4.4.7, are also lower for 3630S than 34%@#) for LPS systems solved in 0.5% NaCl
and CeB 0.5/4.21.
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Table 4.4.4: Estimated values of Qc for all polymer types, asats, and filter sizes. (N/A) denotes that
the particular system has not been filter-floodstile (>) denotes that Qc was above the measured
range. Each colour represents comparable criticiks with respect to polymer weight.

Qc [ml/min] £15%
Solvent
Filter size P?Iyprger 05 % 5%
y NaCl | NaCl | CeB 0.5/4.21

0.5 um filter 3430S 0.6 5.6 2.1
3630S N/A 2.3 0.8

2 um filter 3430S 4.2 >25

3630S 1.5 >20
: 3430S >25 N/A N/A

7 um filter

3630S 3.8 N/A N/A

Table 4.4.4 presents the critical rates, Qc, fbrapplied filters and solvents, and for both
polymer types. Each colour represents comparablé3@80S versus 3630S) for each filter
size and solvent. The overall trend for comparaadts is a decrease in Qc for increased
molecular weight. The trend is reproducible foradplied filter sizes and solvents where the
critical rate has been found. The differences ina@csignificantly larger than the estimated
uncertainty of £ 15%. Note that Qc was not investg for all filter sizes of some brines
(N/A), in accordance with the discussion followihgble 4.4.3. For all applied systems, LPS
solutions of 3630S gave higher dP*(Q) for rate®weQc than 3430S.

Conclusion
The experimental results presented in this sedimwed that increased molecular weight of

the polymer applied in the LPS solutions resultshigher bulk viscosity, lower Qc, and
higher dP* for Q>Qc. The trends are reproducible deveral filter sizes, i.e. different
permeabilities, and solvents. This suggests thdige size in the solutions increases with
polymer molecular weight for the measured concéntrand experimental range.
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4.4.3 Variation of ionic strength of solvent

HPAM is a polyelectrolyte and has a flexible chatructure, making its molecular
conformation dependent on interactions with iorsspnt in the solution. Compared to other

polymers like Xanthan, HPAM has no permanent seagnsdtructure, making it particularly

sensitive with respect to molecular conformatiohiigh ionic strength solutiofd.

3000
/ .
- 2500 / LPS 30:1 PtC-ratio,
% 2000 0.5um filter
= 00 /
_',é 15 / 34305 0.5%
w1000 / ——34305 5%
© 500
2 4 8
Q [ml/min]

Figure 4.4.8: Curves for dP* for 3430S 300/10 LPS systems salv8cb and 5% NaCl brines,
injected over a 0.5um filter. The red triangle atatted line represents Qc, the shift between tloe tw
apparent flow regimes. The presented lines for o and below Qc are linear regressions of the
obtained data points.

As seen in Figure 4.4.8, the LPS solution solve®% NaCl exhibits lower dP* than that

solved in 0.5% NaCl. Qc appears to occur at lowaers for 0.5% than 5% for 3430S. Table
4.4.5 presents comparable systems with respeonto strength. Qc is lower for LPS solved
in 0.5% NacCl than those solved in 5% NacCl for ainparable systems. The trend applies
both to 0.5 and 2um filters. This means either thatx-coils in LPS systems solved in 5%

NaCl are smaller than those solved in 0.5% NaCihat the affinity between the particles are

higher when solved in 0.5% NaCl.
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Table 4.4.5: Estimated values of Qc for 300/10/xx LPS systdrm#ferent polymer types, solvents,
and filter sizes. (N/A) denotes that the particidgstem has not been filter-flooded, while (>) deso
that Qc was above the measured range. Each cokpresents comparable critical rates with respect

to ionic strength.

Qc [ml/min] +15%
Solvent
Filter size P(ilyrger 0.5% 5%
yp NaCl NaCl
0.5 um filter 3430S 0.6 5.6
3630S N/A 2.3
2 um filter 3430S 4.2 >25
3630S
, 3430S > 25 N/A
7 um filter
3630S 3.8 N/A
3
» 2,5
&
£
z 2 LPS 300/10/xx
8 \ —e—3430S LPS
S 1,5 —=—3630S LPS
1
0.5% 5%

Figure 4.4.9: Viscosities of 3430S and 3630S 300/10 LPS syssetasd in 0.5% and 5% NaCl. The
error bars denotes the total uncertainties in bgtbasurement and preparation.

As seen in Figure 4.4.9, the viscosities for LPS&eays of both polymer types has a viscosity
loss for higher ionic strength of the solvent. Betlivents are sodium chloride brines, which
cannot cross-link polymer molecules. Martin and réloed®! claims that the viscosity of a

solution is dependent on the degree of coilincheffiolymer molecules. The more coiled, the

lower the viscosity.
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Conclusion
Based on the experimental results and the disaussidhis section, it is suggested that

increased ionic strength of the solvent in LPS tsahs results in lower viscosities, lower dP*
and higher critical rates. Higher ionic strengththie solution is reported to result in smaller
average particle sizes, as the repulsive forcewdsst the negatively charged carboxylate
groups along the polymer backbone and the ion&ensblution causes the polymer to coil
up™Y. This indicates that the LPS particles have a lemsizes for higher ionic strength, and
that high ionic strength favours the formation ofcoils rather than x-aggregates in
accordance with the findings of Wang and#lu The lower critical rates for LPS solved in
0.5% NaCl may also be due to higher affinity betuwtee particles for this solvent compared
to the affinity between the particles for LPS sdlve 5% NaCl. These findings suggest that

the Log-Jamming ability of LPS solutions are redlufe higher ionic strength of the solvent.

4.4.4 Variation of solvent composition
Unlike N&, polyvalent ions have greater impact on the i®tiength of solutions, arate

capable of cross-linking without addition of a deded cross-linker. In the literature, several
authors have reported that addition of divalensioesults in lower viscosities for HPAM
solutions, but without considering the cross-linkiaspedt® 34 The viscosity reduction
caused by ions in solutions have been seen asi@ntniactor for conventional polymer
EOR-application®, and salt-resistant non-polyelectrolyte polyméks Xanthan have been
applied instead of HPAM for particular saline resirs™®. Mack and Smitl' reported that
CDG applications for water shut-off was not sucttds®r reservoirs containing more than
30,000 ppm total dissolved solids (TDS).

Spildo et al”’ reported lowered & after post-water LPS floods in reservoir corese Th
experimental data indicated that the increasedvesgowas caused by the Log Jamming
mechanism as presented in sect®?. LPS for Enhanced Oil Recovery (EQRBulting in
microscopic flow diversions that mobilized oil prewsly bypassed by the brine flood. This
interpretation means that the viscosity degradatioHPAM for increased solvent salinity is
not a limiting factor for LPS applications in saimeservoirs, since the major recovery
mechanism is governed mainly by the particulatg@ries, not the viscous properties, of the
injected solution
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Wang et al*® reported that for 700 mg/L HPAM solution solveddistilled water, addition
of > 216 mg/L C&" provided the optimum concentrations for formatiohx-coils. The
experimental data also showed that“Oaas more likely to enhance formation of intra-

molecular cross-linking than Mgin a LPS system.

To investigate the effect of €aaddition, polymer and LPS solutions of both polyrtypes
were filter-flooded solved in a calcium enrichednbr CeB 0.5/4.21, containing 0.5% by
weight CaCj and 4.21 percent by weight NaCl. CeB 0.5/4.21ama®nic strength equivalent
to a 5% NacCl brine as seen in Table 3.2.1. Thisilshkeep the effect of ionic strength on the
polymer molecular conformation constant, any changeconformation should therefore be
attributed the Cd ions.

2,0
— 18
w U JE e
& | e
S B LA L T IO
£ S, LPS 300/10/xx
Z L5 .- @--- 34305 LPS
o
8 .-+ 36305 LPS
> 13

1,0

5% CeB0.5/4.21

Figure 4.4.10: Viscosities of 3430S and 3630S 300/10 LPS sysseiusd in 5% NaCl and CeB
0.5/4.21. The error bars denotes the total uncettas in both measurement and preparation.

As seen in Figure 4.4.10, the viscosity loss whafi ©ns are added to the solution is within
the uncertainties. However, there is a trend fareksing viscosity for both polymer types,
indicating smaller particles for the solutions @ning C&" than of those containing only
NacCl.
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Figure 4.4.11: Curves for dP* for 300/10 LPS systems of the twaieg polymer types solved in 5%
NaCl and CeB 0.5/4.21 brines, injected over a 0.5ilter. The red triangles and dotted lines
represents Qc, the shift between the two appal@ntregimes. The presented lines for dP* over and
below Qc are linear regressions of the obtainechgatints.

As seen in Figure 4.4.11, both LPS systems solwedeB 0.5/4.21 exhibits lower dP* than
the corresponding LPS solved in 5% NaCl, for rdielow Qc. However, Qc for the CeB
0.5/4.21 systems are lower than those solved iNa%l for both polymer types. The trends

applies also to the filter-floods performed oves #um filters as shown in Table 4.4.6, and

shows good reproducibility.
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Table 4.4.6: Estimated values of Qc for 300/10 LPS systemdfefelnt polymer types, solvents, and
filter sizes. (>) denotes that Qc was above thasueed range. Each colour represents comparable
critical rates with respect to particle size versmdvent composition.

Qc [ml/min] £ 15%
Solvent
Filter size P(:Iyprger 505
y NaCl | CeB 0.5/4.21

0.5um filter 3430S 5.6 2.1

3630S 2.3 0.8
2 um filter 3430S >25 21.0

3630S

The LPS systems solved in calcium enriched brire lbaver Qc than those solved in 5%
NaCl for all comparable sets. Following the pregi@rgumentation, this would suggest an
increase in particle size when“Cis added to the solution, i.e. €anhances the formation of
x-aggregates. However, both the reduced dP* faesrdtelow Qc, and the fact that the
viscosity of the solutions does not increase ptedfe opposite; Gapromotes the formation
of x-coils. Regarding the influence of molecularigie and ionic strength, both dP*, Qc and
i concurred that the particle size either in- acrdased. Since both dP* and the viscosities
points in the direction of enhanced formation ofcotls for this case, alternative

interpretations of the difference in Qc is proposed

)] Calcium ions promotes formation of x-coils, but sla@so increase the absolute
number of x-coils in the solution, resulting in veed average particle size but a
larger particle volume per fluid volume, hence Lagnming will occur at lower
flow rates.

i) Calcium ions promotes formation of x-coils with @trer density than x-coils
cross-linked by Al*. Hence, these particles will accumulate more ieffitty at the
pore throats, causing Log-Jamming at lower flowesat

iii) The x-coils cross-linked by calcium have a hight#inidy between each other,
improving their ability to aggregate, resulting bog-Jamming for lower flow
rates.
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Interpretation i) is supported by the fact that wi@e" is introduced into the solution, the
concentration of potential cross-linkers t€and AP") are greatly increased as shown in
Table 4.4.7:

Table 4.4.7: Stoichiometric relationships between the chargekdiyzed polymer monomers
(negatively charged) and charge of ACa’* ions, for the applied polymer types and brine
compositions.

st | PO oy | Commer | C ot | Couce || 2CTENEES | Charge of | Charge rato
a) | ool |ippm] | fppm] |PTORRE) R | Hmonomers]
5% | 3430S| 12 300 | 10 | 0 | 7.0E+20 | 6.7E+20 1
NaCl | 3630s| 20 300 | 10| © 7.0E+20 | 6.7E+20 1
CeB | 3430S| 12 300 | 10 | 5000| 7.0E+20 | 5.5E+22 78
0.5/4.21) 3630S | 20 300 | 10 |5000| 7.0E+20 | 5.5E+22 78

The numbers presented in Table 4.4.7 are calculassdming 27.5% average degree of
hydrolysis, and an average monomer molecular weighf0.34 g/mol derived from this
hydrolysis degreechargeiS calculated by weighting the polyvalent ions floeir valence. As
suggested in sectio2.1 Linked Polymer Solutions (LRShe equilibrium between HPAM,

cross-linker, and LPS particles may be given as:

Cross-linker + HPAM— LPS (2.1)

Because both Ghand AF*ions are capable of cross-linking, the equilibrishould shift
towards the formation of more LPS particles witldiidn of C&" in the solution. As seen in
Table 4.4.7, charge of potential cross-linkers inoeeased by a factor 78 for CeB 0.5/4.21
compared to that of 5% NacCl.

Interpretation ii) can be supported by the expenmework by Rahmann et &f!. The
authors injected clay suspensions through a thpillaey tube and studied the critical
conditions for particle deposition in the tube,ded to increased differential pressure and
plugging. The threshold number for particles peretientering the capillary before deposition
occurred was found to be inverse proportional ® diensity of the particles, i.e. a higher
density resulted in a lower threshold number. THegkngs cannot be directly related to the
experiments done for this thesis, but since marth@itoncepts and questions are similar, the

effect of density on Qc cannot be totally disregdrdFallah et df* suggested that the
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accumulation of the particles that causes Log-Jargwhere related to the density difference
between the particles and the solvent. As a LP8tisal flows through a pore throat, the
density difference will cause the water to flowtéasthan the particles, resulting in a net
accumulation of particles. The mean density of Epakemicrogels can be evaluated by the

Einstein relatiold!, given as:

Vsp = 2-5|77|o (4-4)

Where Vs, is the mean volume of the microgel particles, @ngis the zero-shear intrinsic
viscosity. Tables 4.5.3 and 4.5.4 presents intringcositieds|,,o, Obtained from reduced
viscosities at a reference shear of 100 1/s. Tiseobserved a trend for decreasing,, for
addition of calcium under constant ionic strengtkcoils are known to be spheri€d), and
assuming thaln|,,, is proportional tdn|,it is thus suggested that addition offOzsults in
lower intrinsic viscosities, thereby smaller meantigle volumes, i.e. higher density of the
cross-linked particles.

Interpretation iii) is based on the findings of Gheteau et df!, which related Huggins
constantKy, to the hydrodynamic interactions between dispkecss#loids during shear flow.
The authors suggested thig} rises sharply when attractive interactions betwé&encolloids
are involved. As seen in Tables 4.5.3 and 4.8;4is mainly increasing for addition of €a
under constant ionic strength for all solutions.isTmay indicate that addition of &a
increases the affinity between the x-coils in thkigon, improving their ability to aggregate,

and causing Log-Jamming for lower rates.

Conclusion

Based on the presented experimental data and dieoyst seems that addition of €ao the
solvent under constant ionic strength results instant solution viscosities, lower dP* for
rates Q<Qc, but also lower critical rates. The Ieeaecritical rates suggest an increase in

either the number of x-colils, x-coil density, ofimity between the x-coils.
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4.4.5 Aluminium substituted by calcium
As suggested from experiments in this thesis aadipus reports, Caions in the solvent are

capable of cross-linking polymer molecules with@atdition of a dedicated cross-linker.
Considering an offshore LPS-application, it would @onvenient to inject a LPS system
cross-linked solely with G4, because Gais one of the major ionic components in seawater
which is widely injected for pressure maintenancexisting offshore oilfields. It would also
simplify the preparation of LPS solutions, as theallenging preparation of AICit stock
solutions as described in sectiéri.2 Aluminium Citrate solutionsould not be necessary.
By excluding AICit as cross-linker, one would abemid the alien substance Citrate inside the
reservoir, which may adsorb onto the reservoir régjecting a LPS system solved in calcium
enriched seawater in an already seawater-floodsshreir would hence give a reduced risk of
precipitation, adsorption of ions onto reservoitk,oor other unwanted effects, compared to a
corresponding LPS system cross-linked by AICit.

AICit is known to ensure a relatively slow rate @bss-linkind. In contrast, CaGlare
completely disassociated when in the concentratisesl for the experiments. This could lead
to an increased rate of cross-linking, which masultein precipitations or gel formation. To
monitor the behaviour of LPS solved in brines aegrihg increasing concentrations of’Ca
and estimate equivalent concentration of '‘Ca 10ppm Af* for 300 ppm polymer/LPS
solutions, dP*, Qc and viscosity have been contpéoe the solutions presented in Table
4.4.8.

Table 4.4.8: Solutions compared to estimate thé/Caquivalence of Al in a LPS system.

; Cais+ Chnaci Ccacie lonic
Polymer type Solution oom] | [ppm] [opm] strength

LPS 300/10/5% 10 50000 -

Polymer 300/0/5% - 50000 - 0.856
3430s | Polymer mol/

300/0/CeB 0.5/4.21 - 42100 5000 kg solution

Polymer

300/0/CeB 1.0/3.42 - 34200 10000
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Figure4.4.12: Curves for dP* for 300/10/5 LPS and polymer solusiof different brines as
described in the legend, injected over a 0.5pmrrfil)c was not observed for the polymer
system solved in 5% NacCl.

As seen in Figure 4.4.12, Qc was not observed mithe experimental range for the 5%
NaCl polymer solution. The two polymer solutiongved in calcium enriched brines have
virtually equal dP* to the LPS system solved in BECI, for rates below their critical rate.
As seen in Table 4.4.9, the Qc of 300/0/CeB 0.8/4s2equal to that of 300/10/5 within the

uncertainties.

Table 4.4.9: Estimated critical rates for the fluid systems showFigure 4.5.8.

Filter size Polymer Solvent Fluid system Qc
type [ml/min] + 15%
5% NaCl 300/0/5 >6
0
0.5 um filter 3430S 5% NacCl 300/10/5 5.6
CeB 0.5/4.21 | 300/0/CeB 0.5/4.21]] 6.0
CeB 1.0/3.42 | 300/0/CeB 1.0/4.21]] 8.0

The discussion in sectioh4.4 Variation of solvent compositiosiiggested that addition of
Ccd&" to a LPS solution could result in higher affinipetween the x-coils, therefore Qc
occurred for lower rates than LPS solutions soivef% NaCl. However, the data shown in
Table 4.4.8 indicates that increased ‘Gamncentrations to above 0.5% results in a higher Q
while the dP* for rates below the critical are appmately unchanged. This could mean that
the particles solved in the two calcium enrichedds have about the same particle sizes, but
a different affinity between each other. An exptamafor this could be that in a LPS system
solved in CeB 1.0/3.42, the negative sites alorg plolymer molecule could be over-
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saturated, resulting in &athat are not cross-linking, but rather bonding jtst one
carboxylate group. This would cause repulsion betwthe particles, since these’Cians
still would have a net positive charge, resultingeduced Log-Jamming abilities, and hence
a higher Qc. This proposal is supported by the tfaat the concentrations of divalent ions are
twice as high in CeB 1.0/3.42 as in CeB 0.5/4.21.

2,2

5 T
R
""""" l} T HPAM 34305

16 R T
1,4

1,2

.- ¢--- HPAM 34305

Viscosity [mPa-s]

5% 5% LPS CeB 0.5/4.21 CeB 1.0/3.42
Polymer Polymer Polymer

Figure 4.4.13: Measured viscosities of the solutions presentetiable 4.4.9. Error bars represent the
uncertainty in both preparation and measurement.

As seen in Figure 4.4.13, the non cross-linked pelysolution in the monovalent brine 5%
NaCl has the highest viscosity, followed by a daseein viscosity with addition of Al or
Ccd" to the solutions. The reduction in viscositievithin the uncertainties for each step, but

there is a trend for decreasing viscosity with kigtoncentration of polyvalent ions ¢Aland

cah).

Conclusions
None of the applied solutions solved in brines aiming C&* resulted in precipitations or

plugging of the filters.

Addition of 0.5% CaCl to a polymer solution under constant ionic sttbrggems to give
equivalent dP*, u, and Qc as the corresponding &6&I8tion solved in 5% NaCl cross-
linked by 10 ppm AY". This suggests that the two solutions have theeshoy-Jamming

ability when flooded through a porous medium.
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Addition of 1.0% CaCl to a polymer solution under constant ionic strerggkms to give

equivalent dP* and p, but a higher critical ratanttboth the corresponding LPS solution
solved in 5% NaCl, and the corresponding polymdutems solved in CeB 0.5/4.21. A
proposed reason for this is repulsion between tices in CeB 1.0/3.42, caused by

oversaturation of the negative sites along thermetybackbone.

4.4.6 Differential pressure of non-cross-linked pgimer solutions
To minimize the number of experiments needed focheaxperimental matrix, the

corresponding polymer solutions of the applied lg88itions have only been filter-flooded
for two rates per experimental matrix, except fatmxes B, F and J, where the polymer
solutions have been filter-flooded for all the saraies as the LPS solutions. This means that
the data sets for the relative differential pressproperties of polymer compared to LPS
solutions are not complete, but some trends hageaapd. The relative differential pressures

for all LPS/polymer solutions of all matrixes camflound in appendix A.5.

When solved 0.5% NaCl, polymer solutions exhibigggproximately the same dP* as the
corresponding LPS solution for rates below Qc. Tinehd applied to both LPS/polymer
systems of HPAM 3430S and 3630S. Based on the atdtaned from the experiments in
Matrix B, there occurs a critical rate also foryrokr solutions within the experimental range,
but the slope of dP*(Q) for rates above Qc are taan that of the LPS solution.

When solved 5% NaCl, polymer solutions exhibiteghler dP* than the corresponding LPS
solutions for rates below Qc. The trend was repecdude for all filter sizes and both polymer
types, with an average of approximately 90% higtB* than the corresponding LPS
solutions. Based on the data obtained from the rerpats of Matrix F, the Qc was not

observed for the polymer solution within the expental limits.

When solved in CeB 0.5/4.21, polymer solutions kitéd higher dP* than the LPS solutions
for rates below Qc. The trend was reproducibledibffilter sizes and both polymer types,
with an average of approximately 60% higher dP*nthiae corresponding LPS solutions.
Based on the data obtained from the experimentdaifix J, Qc of the polymer solution

occurs for higher rates than the corresponding $ét&ion.
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The main trend found from the comparison betweelynpex/LPS is that the polymer
solutions exhibit higher dP* than the LPS solutiomben solved in high salinity brines. A
reason for this observation may be the model féyrper flow through a capillary presented

by Zaitour®”) as seen in Figure 4.4.14.

Figure 4.4.14: Model for the conformation-transition of a polymmeolecule during shear flow

through a capillary (Zaitoufi”)

As seen in Figure 4.4.14, the polymer molecule aded before entering the capillary,
stretches during flow inside the capillary, befaree-coils after leaving the capillary. The
energy needed to stretch the molecule is thoughetdependent on the degree of coiling in
the polymer molecule, which in turn is dependenthlansolvent ionic strength. This approach
suggests that since polymer molecules solved inhthke salinity brines 5% NaCl or CeB
0.5/4.21 are more coiled than polymer moleculesesblin 0.5% NacCl, it is more energy
demanding for high salinity brine polymer solutidosflow through the filters, which results
in higher dP*. LPS particles are reported to beemdgid than non-cross-linked polymgf
and are thus believed to be less stretched dulivg ih the capillary when solved in high

salinity brines, resulting in lower dP* than thdypoer solutions.

When solved in 0.5% NaCl, both LPS and polymertsmhs exhibit approximately the same
dP*. This may be due to that both cross-linked aod-cross-linked polymer molecules are
less coiled for this solvent compared to the higha strength solvents, resulting in similar
resistance to stretching for both species.

Based on the available experimental data, thesgestigns are only valid when comparing

dP* of LPS/polymer solution for rates below thetical. This is because the dP* of the LPS
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solutions for rates above Qc is governed also Iy lthg-Jamming effect, not only the

conformation-transition model as shown on Figudel4l.

Conclusion
The proposed mechanisms and experimental obsamgatisggests that when solved in 0.5%

NaCl, the energy needed to flow non-cross-linkelgrmer molecules trough porous media is
equivalent to the energy needed to flow LPS padithrough porous media. However, when
solved in 5% NaCl or CeB 0.5/4.21, non-cross-linkadlymer molecules are more energy
demanding to flow through porous media than LPSigles, probably due to the increased
degree of coiling implied by higher ionic strengbh solvent. Based on the available

experimental data, these suggestions are only f@lichtes below Qc.

4.4.7 Shear dependent viscosity
The dP*(Q) charts that formed the basis for estonadf Qc were made under the assumption

of a constant viscosity for all flow rates, i.eeahrates, in the filters. The viscosity used for
substitution of dP with dP* were the bulk viscassti stated for a reference shear rate of 100
1/s by convention as discussed in secBd@l Viscosity measurementsis approach would

be appropriate for a Newtonian fluid, which hasoastant viscosity regardless of the shear
rate, but polymer solutions are known to exhibihi#ewtonian behaviour, which implies
that their viscosities are dependent on the shai@;, as discussed in secti@8.1 Non-

Newtonian behaviour

The shear thickening behaviour of polymer solutiomsans that for shear rates above a
certain magnitude, the apparent viscosity duringasHlow is increasing. The increased

apparent viscosity could have resulted in high#edintial pressures during filter-floods. To

investigate if the shear thickening behaviour afldexplain the observed increase in dP* for
rates above Qc, the following model was applied:

Shear rates in the filter were estimated by an appration commonly used for shear

estimation in porous medfl as shown in Formula 4.5:

__ (143n) 4u _ 4u

Yom = =0 sk~ % Veko

(4.5)

Where y,,, is the shear rate in the porous mediajs the Darcy velocityK is the

permeability,d is the porosity, ana is the power law exponent which governs the “shift
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factor” a. The power law exponemt is usually ranging from 0.6 up t01.0, but is assdm

unity for this model, giving. =1. The Darcy velocity is defined af)/A

Viscosity measurements for shear rates ranging ft6rap to 5300 1/s were conducted with
the rheometer using the cone plate geometry. Stwaes for LPS/polymer solutions of
HPAM 3430S solved in all applied brines were oledinThe shear rates for each rate over a
given filter where matched with the correspondimsgesities from the obtained shear curves.
These viscosities were thereafter used to calculeeshear-dependent relative differential

pressure, given by formula 4.6:
ap;

dp"” =
l Myi

(4.6)

Where dPl.*y is the shear-dependent relative differential pressdP, is the differential
pressure, ang, is the shear-dependent viscosity, all for solutioifhe shear dependent

relative differential pressure enables interpretatof dP as function of flow rate with the

shear thickening behaviour of the LPS/polymer sofuaccounted for.

Figure 4.4.15 shows the shear rates for the apfilieds, estimated by Formula 4.5. The

corresponding shear rates for a 1.5” 600 mD corgg plith @ = 0.35 is included for
comparison.

12 000
10 000 0.5um filter
@ 8000 -
= —a—2um Filter
g
T 6000
- 7'47 7 um filter
(‘/—-) 4000 //
2 000 —4=1.5" Core plug,
/ — 600mD, @#=0.35

0 5 10 15 20 25
Q [ml/min]

Figure 4.4.15: Estimated shear rates for the applied filter ancloae plug for comparison, all as a
function of flow rate. The horizontal dotted lirepresents the upper shear rate limit for the shear
curves obtained from the Rheometer
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As seen in Figure 4.4.15, all the filters givesngfigantly higher shear rates than a typical
1.5” 600 mD core plug with a porosity of 0.35, dadghe lower flow areas and permeabilities
in the filters. The horizontal dotted line on Figut.4.15 represents the upper shear rate limit
for the shear curves obtained from the Rheometeean in Figure 4.4.16. This means that
dP* cannot be estimated for flow rates above this |iBB00 1/s.
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Figure 4.4.16: Shear curves for LPS/polymer solutions of HPAM $86lved in the applied brines,
obtained from the Rheometer.
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Figure 4.4.16 shows that the different solutionilex shear thinning behaviour up to a shear
rate of about 600 to 1000 1/s before becoming stieekening. None of the solutions has

been measured for shear rates below 10 1/s or abd9@ 1/s due to limitations in the

Rheometer.
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Figure4.4.17: Curves for the relative differential pressure cdétad by constant viscosity (dP*), and
shear dependent viscosity (dPfor a 3430S 300/10/0.5 LPS and the correspondirtgnper solution,
injected over a 2um filter

Figure 4.4.17 shows the results from the initigherkments, Matrix B as presented in Table
4.4.1, for constant viscosity and shear dependiscbsity. To estimate the shear dependent
viscosity, the shear rate for the filter and rateuestion was found from Figure 4.4.15, and
the corresponding viscosity for the particular diuate was obtained from Figure 4.4.16. As
seen in Figure 4.4.17, the vertex in dP*(Q) for LiBSeduced, but the critical rate is still

possible to locate by intersection of the lineatrapolations from each flow regime.

However, the vertex disappears for the polymertsmiuwhen the shear dependent viscosity
is applied instead of the constant viscosity, aaccritical rate is observed. These trends is
observed for all experimental matrixes where thedlehdor shear dependent viscosity has

been applied (Matrixes A, B, F and J).
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The observations indicates that the increased dR3fQerved for polymer solutions is due to
the shear thickening behaviour, whereas the predsuild up seen for LPS solutions exceed
that of the shear thickening contribution. This@ogps the hypothesis that the increased dP*
for LPS solutions above the critical rate is caudgdthe Log-Jamming effect, not the
viscoelastic effect.

Figures for all LPS systems where dRas been applied can be found in appendix A.7.

As shown in Figure 4.4.17 there is a certain demiain the magnitude of Qc for the LPS
solution based on which viscosity approach thatpiglied. Table 4.4.10 shows the values of
Qc for both approaches, as well as the standardhtitevs. As seen, the average deviation

between the two approaches is within the estimateértainty for the critical rate.

Table 4.4.10: Values of Qc calculated by constant and shear diégrarviscosity, for 3430S 300ppm
LPS solutions solved in different brines, floodgdraa 0.5um filter.

Qc [mI/min] + 15% Standard deviation
Brine
Constant | Shear dep. [% of Average
viscosity viscosity QCconst. visositd g
5% 5.60 5.90 4%
0.5% 0.63 0.70 8 % 9 %
Ceb 0.5/4.21 2.05 1.60 16 %

Conclusion
The effective shear rates in the filters wherenestied to be significantly higher than those

encountered during flow in typical core flooding teréals or reservoirs. Rheological data
obtained from high shear rheology measurementsestigd that the LPS/polymer solutions

could exhibit shear thickening behaviour for thenflrates encountered during filter-flooding.

The estimated shear rates were matched with camespy shear dependent viscosities
obtained from rheometer measurements for the réspetiow rates and LPS/polymer
solutions. The shear dependent viscosities wereedfter used to estimate the shear

dependent relative differential pressures,’dP*
The application of dP*%suggested that the increased dP* seen for polyoletiens above Qc

was caused by the shear thickening effect. Howether,increased dP* of LPS solutions

above Qc could not be explained solely by the stieekening effect. These findings support
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the hypothesis that Log-Jamming is the major mesharor increased dP* of LPS solutions

at rates above Qc .

Figure 4.4.18 presents a schematic model of th@gsexd mechanisms responsible for
pressure build up for various fluids and increadiogy rates. Brines have linear curve for

dP(Q) within the experimental ranges. Polymer $sohst behave like brine, but with higher

dP, until the flow rates results in shear rateg ttzaises shear thickening behaviour. LPS
solutions behave like polymer solutions, but wiBaahave an additional pressure build up
when the Log-Jamming effect occurs for rates alipwe

E

Log-~Jamming
effect (LPS)

Shear thickening
effect

Differential Pressure

Polymer
solutions

Brine

Flow rate

Figure 4.4.18: Schematic model of the proposed mechanism forymegsiild up during flow of
various fluid types in porous media.

The variation in Qc for LPS solutions were withinabose to the uncertainty (+15%) for the
two approaches (dP* and dP*The shear dependent relative eiéntial pressure dP* was

therefore not applied to more experimental matrivesletermination of Qc.
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4.5. Polymer properties

4.5.1 Models for shear flow
Section2.3.2 Models for shear flopresented two mathematical models to describ@adine

Newtonian flow of polymer, the Power law model ahé Carreau-Bird-Yasuda model, as

given by Formula 2.4 and 2.5 respectively.
u@y) =Ky (2.4)

B = o+ (o — )1+ PDTE (2.5)

Parameters and the limitations for both modelsgiven in sectior?2.3.2 Models for shear
flow.

The Power Law indexes) has been calculated for LPS and polymer solutamfnsPAM
3430S solved in the applied brines, with both thRnd the CBY model. The indexes have
been calculated by fitting the measured viscositiethe Formulas 2.4 and 2.5 by the least-
squares method, under the assumptions presentdahle 4.5.1. Flow charts of all the

measured solutions are shown on Figure 4.4.16.

Table 4.5.1: Assumptions for calculation of Power Law indexes.

Parameter Assumption
Infinite shear viscosity Hoo = Usoiven
Zero shear viscosity M o> 1.5(kko 1)
Power law index n<1.0

The rough estimate of the zero shear viscosityiéstd the lack of viscosity measurements for
shear rates below 10 1/s. Power Law indexes muiselosv unity since the solutions are non-
Newtonian. Figure 4.5.1 presents both the PLM aBY @odel compared to the measured
viscosities.

As discussed in sectioB.3.1 Non-Newtonian behaviquthe shear thinning behaviour is
caused by the equilibrium structure of the parsictesolution being broken. The viscosity is
decreasing as the polymer molecules are un-coiledl the number of inter-molecular
associations is reduced. The resistance to unscpibbbably governed by the affinity between

the particles, as strong attractive forces willistesplitting and vice versa. The power law
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indexn reflects the slope of the shear thinning region ean therefore be seen as a measure

for the affinity between the particles.

k 3430S LPS 300/10/0.5

10,00

Ky
© \, ¢ Rheometer viscosities
= *
£
oy
‘B L 4 Power Law viscosities
o
Q L 2
2 *
> *®
Carreau-Bird-Yasuda
\ viscosities
1,00
0,1 1,0 10,0 100,0 1000,0 10000,0

Shear rate [1/s]

Figure 4.5.1: Power Law-, Carreau-Bird-Yasuda- and measured @igies for a 300/10/0.5 LPS of
HPAM 3430S, as a function of shear rate.

As seen on Figure 4.5.1, the PLM neglects the Neato and the shear thickening region
and has a constant slope approaching zero viscogiy CBY model neglects the shear
thickening region, but has a flattening slope taisathe infinite shear viscosity. Figures for
all applied solutions can be found in appendix A.8.

Due to the lack of viscosity measurements for shates below 10 1/, is set as a “free”
variable under the assumption presented in Tallel 4Therefore, neither, nor the time
constanf. should not be emphasized. The constant K’ is s¢$@s a free variable to obtain a
good fit for the Power law viscosities in the sh#anning region and cannot be used for

interpretations.

Table 4.5.2: Values for zero-shear viscosities, K’, Power Ladeixes, and, for LPS and polymer
solutions of HPAM 3430S.

HPAM 3430S
Model | Parameter LPS (30:1 PtC-ratio) Polymer
0.5% | 5% CeB 0.5/4.21 05% | 5% CeB 0.5/4.21
CBY W [mPas] | 9.84 | 5.84 12.15 6.00 | 3.60 3.60
Power Law K’ 5.33 | 3.87 5.98 5.39 2.70 2.99
Power Law n 0.84 | 0.86 0.76 0.86 0.94 0.92
CBY A 5.00 | 3.66 3.98 0.64 | 12.65 2.24
CBY n 0.71 | 0.74 0.59 0.76 0.88 0.83
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As seen in Table 4.5.2, the Power law indexes ppeoximately equal for LPS and polymer
when solved in 0.5% NaCl. When solved in 5% Na®thkthe polymer and LPS solution
shows an increased where the increase for the polymer solution shavwaightly higher
increase than the LPS solution. These trends aseredéd for both models.The trends
suggest that increased ionic strength results slight increase in the affinity between
polymer particles. This effect is even less forssrinked polymer patrticles, this could be due
to the difference in particle size for coils andoils.

For addition of calcium, LPS solutions have a digant reduction oin, while the polymer
solutions have approximately unchangedhe trends apply for both models. This suggests
that C&" results in reduced affinity between LPS particlest has minor impact on the
affinity between polymer particlehese results are seemingly contradictory to thdiriigs
presented in sectioh4.4 Variation of solvent compositiomhich indicated that the observed
enhanced Log-Jamming ability of LPS systems soiwedalcium enriched brines could be
due to higher affinity between the x-coils. Theutes may be explained by taking the
differences in process into account. In rheologioalasurements, rotational forces will tear
the particles apart. On the other hand, a filteodl involves a pressure gradient that forces the
particles through pores. The distance betweengestmay influence whether the interactions
are repulsive or attractive, it is therefore possthat the applied method for characterization

may influence the interpretation.

For a more precise determination of the discussedl-Pand CBY model parameters,
viscosity measurements should be performed witapparatus capable of measurements for
shear rates lower than10 1/s, and as low as pes3ibis could have provided more consistent
data for the magnitude of the zero-shear viscoaitg, the vertex between the Newtonian and
the shear thinning regime. In turn, this would haaerowed the free variables down to only
the Power law exponentin both the PLM and CBY-model.

Conclusion
The determination of Power law and CBY-parametedgcated that:

The affinity between particles in polymer soluticare increased for increased ionic strength,

but shows little variation for addition of &€a The affinity between cross-linked particles
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shows good resistance to increased ionic strermthseems heavily dependent upon the
presence of divalent ions.
Interpretations of data regarding the affinity beéw particles may be dependent upon the

method applied to obtain the experimental data,raay therefore not be directly comparable.

4.5.2 Intrinsic viscosity and Huggins constant
As presented in sectidh3.3 Intrinsic viscosity and Huggins constathie quantities intrinsic

viscosity (n|), Huggins constant (), and the critical overlap concentration (C*) ngiye
useful information for characterization of the pubr itself, the solvent and the particles in
the solution. Samples of all LPS/polymer systentgesbin the applied brines where prepared
in concentrations of 300, 900 and 1500 ppm. Theé Ji#n solutions have per definition too
high polymer concentration to fall under the terraPS”, as discussed in section
1.Introduction.Nevertheless, they are included to provide a @efit span in concentrations
for the experimentsThe viscosities of the applied solutions where mest and plotted to
calculateln|, Ky, and C* from a plot of reduced viscosity versusaantration as shown in
Figure 4.5.2.

The intrinsic viscosities were found by intersectaf the linear regression of the data points

with the y-axis, in accordance with Formula 2.6:
n—1s

NsC

Il = limeo =2 = lime, ™2 (2.6)
Wheren is the solution viscosityy,is the solvent viscosity; is the polymer concentration,

andny, is the specific viscosity.

Huggins constant was calculated by solving fornfulafor Ky, i.e. Ky is dependent on the

slope of reduced viscosity as a function of polyc@rcentration.
Nsp = |77|C + kH|TI|ZCZ (2.7)
Where n,, is the specific viscosity|n| is the intrinisc viscosity, ang is the polymer

concentration.
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Several models for estimation of C* directly frohetintrinsic viscosity has been suggested.

Sorbie " suggested that the critical overlap concentrationld be estimated by the

0.7

expressiorC* = = while Chauvetedt?’ suggested that the relationship wds= m

Inl’
Figure 4.5.2 shows a plot of reduced viscosity werpolymer concentration for 3430S
300ppm LPS solutions at 30:1 PtC-ratio, solvediffeent brines. Plots for all fluid systems
can be found in appendix A.2.

3430S LPS at 30:1 PtC-ratio
1,0E-02
€
2 38,0603
- y = 9,72E-07x + 4,88E-03
Z  6,0E-03 /’/./ —
"
S ©0.5%
(7]
ks 4,08-03 y = 4,71E-07x + 1,98E-03 m5%
()]
3 2,0e-03 = CeB 0.5/4.21
& y = 2,72E-07x + 1,50E-03
0,0E+00
0 500 1000 1500 2000
Polymer concentation [ppm]

Figure 4.5.2: Plot of reduced viscosity as a function of polyemncentration in HPAMB430S LPS
solutions at a fixed PtC-ratio, for the three sailtsedescribed in the legend. Viscosities are
given at 220.1°C and a reference shear rate of 100 1/s.

Addition of salts to a solution will partly screghe repulsive forces along the HPAM
backbone, resulting in a progressively more sphermonformation compared to the
conformation in a non-ionic solvent. This will rdétsim a reduction of the polymers ability to
viscosify the solution, thus a lower intrinsic viscosity. #&en in Tables 4.5.3 and 4.5.4, the
intrinsic viscosity is lower for all systems solvied5% NaCl than those in 0.5%. Even though
the ionic strength for the brines is equal, thedfeystems solved in CeB 0.5/4.21 have lower
intrinsic viscosities than those in 5% NaCl. Thigigests that G4 have a more detrimental

effect on the intrinsic viscosity than Nan accordance with previous findings by Sandvik
and Maerkéef?.
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Table 4.5.3: Estimated properties of HPAM 3430S. All LPS sys@msit a 30:1 PtC ratio.
Viscosities are compared at a reference shearo&t0 1/s and 20.1°C.

HPAM Ir_ltrinsi_c Huggins | Critical overlap concentration
3430S Solvent viscosity | Constant | c*=1/|p| C*=0.7/n|

[1/ppm] - [ppm] [ppm]
0.5% NaCl 0.0045 0.13 222 156
Polymer 5% NaCl 0.0018 0.52 556 389
CeB 0.5/4.21| 0.0012 0.79 833 583
0.5% NaCl 0.0049 0.04 204 143
LPS 5% NaCl 0.0020 0.12 500 350
CeB 0.5/4.21| 0.0015 0.12 667 467

Table 4.5.4: Estimated properties of HPAM 3630S. All LPS systara at a 30:1 PtC ratio.
Viscosities are compared at a reference shearo&t0 1/s and 260.1°C.

HPAM Ir_1trinsi_c Huggins | Ciritical overlap concentration
3630S Solvent viscosity | Constant | c*=1/ || C* = 0.7/n|

[1/ppm] [-] [ppm] [ppm]
0.5% NaCl 0.0056 0.08 179 125
Polymer 5% NacCl 0.0034 0.12 294 206
CeB 0.5/4.21| 0.0023 0.28 435 304
0.5% NaCl 0.0049 0.08 204 143
LPS 5% NaCl 0.0021 0.27 476 333
CeB 0.5/4.21| 0.0014 0.40 714 500

The Huggins constant characterizes the hydrodynaimieractions between dispersed
particles during shear fldf!. As seen in Tables 4.5.3 and 4.5.4, Huggins cohs&
increasing with ionic strength and addition of Cor all systems but the 3430S LPS, where
the Huggins constant is equal for 5% NaCl and C&BI@1. For the systems solved in 0.5%
NacCl, Ky ranges between 0.04 and 0.13, indicating that O\N&8&l is a good solvent for the
applied polymer types and concentrations. The systsolved in 5% NaCl has, ranging
from 0.12 up to 0.52, which suggests that this esaiis good to neutral for the applied
polymer types and concentrations. The systems @dlveCeB 0.5/4.21 hav&, ranging
between 0.12 up to 0.79, which indicates that CéB4®1 is a good to neutral solvent.
Chauvetedf suggests that increase &f; is caused by relatively stronger attractive

interactions between the colloidal particles. Tihterpretation suggests that addition of Ca
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to the solution increases the affinity betweenditoss-linked particles as discussed in section

4.4.4 Variation of solvent composition

The critical overlap concentrations, C*, are estedaby the approximations described
initially and presented in Tables 4.5.3 and 4.5He two approximations results in a certain

span in C* for each fluid system, as seen in Figuse3.

900
|
600 -
E ] .
2 r 34308
*
< 300 - +-- @8-+ Polymer
a "
|
ceo@--- LPS
0
0.5% NacCl 5% NaCl CeB0.5/4.21
900
"
T 600
£ - ~ 3630S
Z n
* ) .
O 300 L . ---@--- Polymer
[ [
2 =
ceo@-- LPS
0
0.5% NaCl 5% NaCl CeB0.5/4.21

Figure 4.5.3: Span in estimated C* by the two approximationsaficapplied fluid systems..

As seen on Figure 4.5.3, solutions solved in 0.54€INhas the lowest C*, solutions solved in
5% NaCl has intermediate C*, while the solutionvad in CeB 0.5/4.21 has the highest C*.
These trends apply to both polymer types. By applyhe Einstein relation (Formula 4.4) and
the relationship between C* aihgl, an increase of C* can be interpreted as a deziieahe
specific volume of the particle. When comparing @™ solutions solved in 5% and CeB
0.5/4.21, it is therefore suggested that additib@a " decreases the particle size above the

contribution of the ionic strength.

The filter-floods performed to investigate Qc ha&eib carried out with a constant polymer
concentration of 300 ppm. This means that all systsolved in 0.5% NaCl and 3630S
polymers solved in 5% NaCl were above C*, wherémsrest of the applied systems was

below C*. For estimation of Huggins constant/ingimviscosity, solutions of up to 1500ppm
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were prepared for all solvents and both polymeesyPrecipitation or gel formation may be a
problem when AICit or polyvalent ions are addedtpolymer solution with a concentration
above C¥.. In spite of 1500ppm being significantly higheatthC* for all solvents, none of
the solutions showed visual signs of precipitatiamsgel formation. However, solutions
should be filter-flooded to determine whether podaies or gels may affect their flow
performance. Some of the 300ppm LPS solutions dalv®.5% NaCl that were prepared for
filter-floods did cause plugging of the filters. dfogels or particles present due to incomplete
hydration of the polymer granulate should have besmoved during the pre-filter-flood

filtration, so the plugging could be caused bypbé/mer concentration being above C*.

Conclusion
The intrinsic viscosities decreased for highermsigliof the solvent, and for addition of €a

This may be caused by the increased degree ohgaili the polymer molecules for higher

ionic strength and the addition of divalent ions.

Huggins constant ranged between 0.04 up to 0.@¢ahng that the applied brines ranges
from good to neutral solvents within the experina¢manges. 0.5% NaCl had the lowest, K
followed by 5% NaCl and CeB 0.5/4.21. For all sysebut the 3430S LPS, addition of
calcium under constant ionic strength resulted ricreased K. In accordance with

Chauveted(!, this may indicate higher attractive forces betwee particles.

C* was found to decrease for addition of’Cander constant ionic strength. This suggests
that C&" results in smaller particles than those cross-tinkg APF*. C* was found to be
below 300ppm for LPS/polymer solutions solved i8%.NaCl. This may be the reason for

observed plugging of filters during filter-flood$ 800/10/0.5 LPS solutions.

Nordli® estimated|n|, Ky, and C* for HPAM 3630S solved in 0.5% and 5% NaUhe

obtained comparable data from this thesis concitsthe reported findings.
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5. Overall conclusions

A novel method for characterization of LPS solusidwy filter-flooding under variation of
flow rate, combined with viscosity measurementss waaluated and qualified. The method

determined a critical rate, Qc, for a sudden inseaa dP*(Q) for polymer and LPS solutions.

An applied model for non-Newtonian flow behaviowggested that the increased dP*(Q)
observed for polymer solutions could be explaingalear thickening behaviour. However,
the increased dP*(Q) for LPS solutions could noekplained by shear thickening behaviour

alone, but was also suggested caused by the Logrdaneffect.

The LPS solutions where characterized under vanasf polymer molecular weight, solvent
salinity, and solvent composition. The Log-Jammaiglity of LPS solutions seems to be
reduced for higher ionic strengths, most likely doeenhanced coiling of the polymer
molecules. Addition of 0.5% by weight CaQlinder constant ionic strength seemed to
improve the Log-Jamming ability of LPS solutionsis&osity measurements suggested no
increase in the particle size, and this is integates that Ca either increases the density of

x-coils, the number of x-coils, or the affinity baten x-coils.

It is suggested that €acan cross-link polymer solutions without additioha dedicated
cross-linker. The experimental data indicates #mdition of 0.5% by weight Cagko a
300ppm polymer solution under constant ionic stilergve equivalent Log-Jamming ability
as a 300ppm LPS solution cross-linked by 10ppfi gdlved in 5% NaCl.

Addition of 1% by weight CaGlto a polymer solution under constant ionic strerggemed

to reduce the Log-Jamming ability of the solutiprpbably because of repulsion between the

particles due to oversaturation of the negativessin the polymer molecules.
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6. Further work
The perhaps most interesting finding in this thegs the increased Log-Jamming ability of

LPS solutions observed for addition of 0.5% by wei@aC} under constant ionic strength. A
natural continuance of this clue, could be to extdre variables to include higher polymer
concentrations and an equivalent increase in thel,Gabncentration (under constant ionic
strength) to keep the Polymer-to’Caatio constant. This could determine whether the

improved Log-Jamming ability is reproducible fohet systems.

An increase from 0.5 to 1.0% by weight Ca@ider constant ionic strength seemed to reduce
the Log-Jamming ability of polymer solutions withoAl®". Filter-floods and viscosity
measurements involving a wider range of GaBGhcentrations under constant ionic strength
and polymer concentration could be performed, tonede the fringes in whether the CacCl

concentration improves or reduces the Log-Jammiiilgya

Another approach to obtain experimental data reggrithe attraction/repulsion between LPS
particles in calcium enriched brines, could be mclide Zeta-potential measurements.
However, such measurements may be challenging fdutiens with high ionic

concentrations- Therefore, the applied solutionsukh have low ionic strengths, and

equivalent reduced polymer concentrations.

With an offshore LPS application on the Norwegiamntmental shelf in mind, further
investigation of the flow properties of systemsvedlin synthetic seawater (SSW) would be a
possible approach. LPS solved in SSW with a neitiaddof CaC} (not constant ionic
strength) could also be implemented in such exparmto further investigate cross-linking

without a dedicated cross-linker.

Further investigation of preparation of AlCit satuts could be performed, involving a buffer
or addition of agents for pH-control of the solaso LPS solutions prepared by pH-controlled
AICit solutions should also be characterized toestigate possible side-effects of the pH-

controlling agents.
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Appendix

A.1. Mixing procedures - Intensity distributions
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Figure A.1.1: PSD-charts of 3630S 600/20/0.5 LPS solutions peggpay method A and B
respectively, and the corresponding polymer soiytizvo hours after preparation.
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Figure A.1.2: PSD-charts of 3630S 600/20/0.5 LPS solutions peggpay method A and B
respectively, one day after preparation.

101



18
16
14
12
10

e PS - A

Intensity [%]

=== |PS - B

J A

1 10 100 1000 10000

o N b OO

Particle Hydrodynamic diameter [nm]

Figure A.1.3: PSD-charts of 3630S 600/20/0.5 LPS solutions peggpay method A and B
respectively, two days after preparation.
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Figure A.1.4: PSD-charts of 3630S 600/20/0.5 LPS solutions peggpay method A and B
respectively, and the corresponding polymer sofytibree days after preparation.
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A.2. Plots for estimation of intrinsic viscosity ail Huggins constant

3430S LPS at 30:1 PtC-ratio
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Figure A.2.1: Reduced viscosity as a function of polymer coneaénotr for 3430S 300/10
LPS solved in three different brines accordingh® egend.
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Figure A.2.2: Reduced viscosity as a function of polymer conagéntr for 3430S 300 ppm
polymer solutions solved in three different briaesording to the legend.
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3630S LPS at 30:1 PtC-ratio
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Figure A.2.3: Reduced viscosity as a function of polymer conaénotr for 3630S 300/10
LPS solved in three different brines accordingh® legend.
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Figure A.2.4: Reduced viscosity as a function of polymer conaéotr for 3630S 300 ppm
polymer solutions solved in three different briaesording to the legend.
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A.3. Estimation of filter permeabilities
Table A.3.1: Measured differential pressures and estimated pehitiges for 0.5um filters.
Differential pressures are given relative the zpaint of the measuring range, minus 100

mbar.
0.5um filter
Q[ml/min] dPTotal [mbar] dl%ypasimbar] dI:?:ilter K [m D]
110.0 100.0 10.0 129.4
1.0 108.5 100.0 8.5 158.4
109.0 100.0 9.0 149.6
159.0 107.5 51.5 125.6
5.0 151.0 107.5 43.5 154.8
154.0 107.5 46.5 144.8
223.5 116.5 107.0 120.9
10.0 204.0 117.0 87.0 154.8
205.5 117.0 88.5 152.2
Average 143.4 [mD]

Table A.3.2: Measured differential pressures and estimated pahitiges for 2um filters.
Differential pressures are given relative the zpoint of the measuring range, minus 100

mbar.
2um filter
Q[ml/min] dPTotal [mbar] dl%ypasimbar] d&ilter K [m D]
105.0 100.0 5.0 269.4
104.0 100.0 4.0 336.7
1.0 105.5 100.0 5.5 244.9
104.5 100.0 4.5 299.3
105.0 100.0 5.0 269.4
136.5 107.5 29.0 232.2
130.0 107.5 22.5 299.3
5.0 132.0 107.0 25.0 269.4
134.0 107.0 27.0 249.4
140.5 107.0 335 201.0
170.5 117.0 53.5 251.7
163.5 117.0 46.5 289.6
10.0 170.0 117.0 53.0 254.1
179.5 117.0 62.5 215.5
185.0 117.0 68.0 198.1
Average 258.7 [mD]
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Table A.3.3: Measured differential pressures and estimated pahbifiges for 7um filters.
Differential pressures are given relative the zpoint of the measuring range, minus 100

mbar.
7 um filter

Q[ml/min] dProtal [Mbar] dRypasimbar] dRiter | K [MD]
102.0 100.0 2.0 647.0

102.5 100.0 2.5 517.6

1.0 102.0 100.0 2.0 647.0
102.0 100.0 2.0 647.0

102.0 100.0 2.0 647.0

119.0 107.0 12.0 539.1

121.0 107.0 14.0 462.1

5.0 118.5 107.0 11.5 562.6
118.0 107.5 10.5 616.2

117.5 107.5 10.0 647.0

140.5 117.0 23.5 550.6

144.5 117.0 27.5 470.5

10.0 143.0 117.0 26.0 497.7
141.5 117.0 24.5 528.1

141.0 117.0 24.0 539.1

Average 567.9 [mD]

A.4. Viscosities of polymer stock solutions

Table A.4.1: Measured viscosities of stock solutions of botlirper types at a reference
shear rate of 100 1/s and 22.1°C.

Solution | HPAM type Concentration | Viscosity
[ppm] [mPa-s]
A 3630S 4500 67.0
B 3630S 4528 67.5
C 3630S 4986 82.0
D 3430S 4977 77.5
E 3430S 5017 76.6
F 3630S 5042 81.7
G 3430S 5005 77.2
H 3630S 5011 77.6
I 3630S 5004 75.4
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A.5. Raw data from filter-floods
Viscosities are given at 20.1°C and a reference shear rate of 100 1/s.

Table A.5.1: Flow rates, normalized differential pressures, tsgpdifferential pressure of the solvent
and viscosities of all solutions tested in expentaematrix A

Matrix A - 0.5um filter

LPS Polymer
3430S 300/10/0.5 3430S 300/0/0.5
Q dP* ps Bypass dPyyine Viscosity Q dP*potymer Bypass dPyine Viscosity
[ml/min] | [mbar/mPa-s] [mbar] [mPa-s] [ml/min] | [mbar/mPa-s] [mbar] [mPa-s]
0.35 120.22 0.57 2.39 0.35 58.50 0.16 2.59
0.50 141.16 -0.05 2.39 1.00 179.57 1.26 2.59
1.00 287.29 5.69 2.39
2.00 652.34 4.54 2.39

Table A.5.2: Flow rates, normalized differential pressures, sgdifferential pressure of the solvent
and viscosities of all solutions tested in experitaematrix B.

Matrix B- 2um filter

LPS Polymer
3430S 300/10/0.5 3430S 300/0/0.5
Q dP* ps Bypass dPypyine Viscosity Q dP*poiymer Bypass dPypine Viscosity
[ml/min] | [mbar/mPa-s] [mbar] [mPa-s] [ml/min] | [mbar/mPa-s] [mbar] [mPa-s]
0.50 33.81 0.00 2.46 0.50 18.16 6.10 2.59
1.00 73.10 3.12 2.46 1.00 60.39 6.47 2.65
1.50 87.53 7.76 2.60 1.50 84.65 4.92 2.75
3.00 200.94 7.22 2.60 3.00 193.30 16.17 2.75
5.00 396.47 19.34 2.46 5.00 279.17 32.95 2.75
7.00 688.85 16.61 2.46 7.00 563.55 26.07 2.59
10.00 1206.27 18.39 2.39 10.00 983.84 18.80 2.59
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Table A.5.3: Flow rates, normalized differential pressures, tsgpdifferential pressure of the solvent
and viscosities of all solutions tested in expentaematrix C.

Matrix C - 7um filter

LPS Polymer
3430S 300/10/0.5 3430S 300/0/0.5
Q dP* ps Bypass dPyyine Viscosity Q dP*poiymer Bypass dPy;ine Viscosity
[ml/min] | [mbar/mPa-s] [mbar] [mPa-s] [ml/min] | [mbar/mPa-s] [mbar] [mPa-s]
4.00 157.75 14.97 2.37 4.00 132.16 20.03 2.59
10.00 444.54 17.43 2.37 15.00 704.79 26.85 2.67
15.00 654.57 24.12 2.37
20.00 747.18 44.60 2.37
25.00 1053.91 45.34 2.21

Table A.5.4: Flow rates, normalized differential pressures, sgdifferential pressure of the solvent
and viscosities of all solutions tested in experitaematrix D

Matrix D- 2um filter

LPS Polymer
3630S 300/10/0.5 3630S 300/0/0.5
Q dP* ps Bypass dPyyine Viscosity Q dP*poiymer Bypass dPyine Viscosity
[ml/min] | [mbar/mPa-s] [mbar] [mPa-s] [ml/min] | [mbar/mPa-s] [mbar] [mPa-s]
0.25 11.03 0.00 2.50 0.50 54.38 4.21 2.71
0.50 60.94 1.59 2.50 1.00 128.11 241 2.67
1.00 121.85 5.14 2.50
2.00 809.99 6.23 2.50
3.00 1997.04 2.96 2.50

Table A.5.5: Flow rates, normalized differential pressures, tsgpdifferential pressure of the solvent
and viscosities of all solutions tested in expentakematrix E.

Matrix E - 7um filter

LPS Polymer
3630S 300/10/0.5 3630S 300/0/0.5
Q dP* ps Bypass dPyyine Viscosity Q dP*poiymer Bypass dPyine Viscosity

[ml/min] | [mbar/mPa-s] [mbar] [mPa-s] [ml/min] | [mbar/mPa-s] [mbar] [mPa-s]

1.00 25.40 5.48 2.50 Q dp* Bypass DP

2.00 83.11 4.32 2.50 1.00 55.52 3.50 2.71

3.00 141.65 8.15 2.50 5.00 392.38 10.40 2.67

4.00 316.81 9.17 2.50

6.00 1924.35 15.52 2.50
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Table A.5.6: Flow rates, normalized differential pressures, tsgpdifferential pressure of the solvent
and viscosities of all solutions tested in expentaematrix F.

Matrix F - 0.5um filter

LPS Polymer
3430S 300/10/5 3430S 300/0/5
Q dP* ps Bypass dPyyine Viscosity Q dP*potymer Bypass dPy;ine Viscosity
[ml/min] | [mbar/mPa-s] [mbar] [mPa-s] [ml/min] | [mbar/mPa-s] [mbar] [mPa-s]
1.00 148.24 4.60 1.64 1.00 320.42 4.87 1.90
3.00 589.50 10.81 1.64 3.00 1170.72 8.42 1.90
5.00 939.48 4.46 1.64 5.00 2049.75 10.40 1.95
6.00 1327.06 14.86 1.66 6.00 2432.60 8.56 1.95
8.00 2711.00 13.61 1.66

Table A.5.7: Flow rates, normalized differential pressures, sgdifferential pressure of the solvent
and viscosities of all solutions tested in experitaematrix G.

Matrix G- 2um filter

LPS Polymer
3430S 300/10/5 3430S 300/0/5
Q dP* ps Bypass dPypyine Viscosity Q dP*potymer Bypass dPyine Viscosity
[ml/min] | [mbar/mPa-s] [mbar] [mPa-s] [ml/min] | [mbar/mPa-s] [mbar] [mPa-s]
3.00 155.95 5.52 1.69 7.00 720.09 31.91 1.90
7.00 444.05 45.83 1.69 15.00 1767.33 31.63 1.90
15.00 1289.38 31.09 1.69
25.00 2248.15 60.58 1.69

Table A.5.8: Flow rates, normalized differential pressures, sgdifferential pressure of the solvent
and viscosities of all solutions tested in experitaematrix H.

Matrix H - 0.5um filter

LPS Polymer ‘ ‘
3630S 300/10/5 3630S 300/0/5
Q dP* ps Bypass dPyyine Viscosity Q dP*potymer Bypass dPy;ine Viscosity
[ml/min] | [mbar/mPa-s] [mbar] [mPa-s] [ml/min] | [mbar/mPa-s] [mbar] [mPa-s]
0.50 157.51 7.60 1.69 1.00 361.06 2.14 2.16
1.00 205.16 4.38 1.69 3.00 1183.89 10.40 2.21
3.00 632.50 7.74 1.69
5.00 1528.37 13.88 1.69
6.00 1979.18 13.06 1.80
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Table A.5.9: Flow rates, normalized differential pressures, tsgpdifferential pressure of the solvent
and viscosities of all solutions tested in experitaematrix |.

Matrix I- 2pum filter

LPS Polymer
3630S 300/10/5 3630S 300/0/5
Q dP* ps Bypass dPyyine Viscosity Q dP*potymer Bypass dPyyine Viscosity
[ml/min] | [mbar/mPa-s] [mbar] [mPa-s] [ml/min] | [mbar/mPa-s] [mbar] [mPa-s]
3.00 167.25 5.89 1.73 3.00 344.48 14.43 2.16
7.00 608.89 16.34 1.73 7.00 1084.98 13.65 2.21
15.00 1672.50 36.82 1.73
20.00 2269.98 48.29 1.73

Table A.5.10: Flow rates, normalized differential pressures, sgdifferential pressure of the solvent
and viscosities of all solutions tested in expentaematrix J

Matrix J - 0.5um filter

LPS Polymer
3430S 300/10/CeB 0.5/4.21 3430S 300/0/CeB 0.5/4.21
Q dP* ps Bypass dPyyine Viscosity Q dP*potymer Bypass dPyine Viscosity
[ml/min] | [mbar/mPa-s] [mbar] [mPa-s] [ml/min] | [mbar/mPa-s] [mbar] [mPa-s]
0.50 53.19 -0.32 1.50 0.50 134.44 4.25 1.63
1.00 126.87 0.91 1.50 1.00 352.82 7.33 1.63
3.00 643.43 5.96 1.50 3.00 647.42 5.69 1.63
5.00 1397.77 11.22 1.50 5.00 1019.69 10.60 1.63
7.00 1880.79 16.69 1.63

Table A.5.11: Flow rates, normalized differential pressures, sgdifferential pressure of the solvent
and viscosities of all solutions tested in expentakematrix K.

Matrix K - 2um filter

LPS Polymer
34305 300/10/CeB 0.5/4.21 3430S 300/0/CeB 0.5/4.21
Q dP* ps Bypass dPypyine Viscosity Q dP*potymer Bypass dPyine Viscosity
[ml/min] | [mbar/mPa-s] [mbar] [mPa-s] [ml/min] | [mbar/mPa-s] [mbar] [mPa-s]
5.00 245.85 12.86 1.50 5.00 464.57 10.60 1.63
10.00 583.87 22.69 1.50 15.00 1703.83 33.95 1.63
20.00 1453.92 40.51 1.50
22.00 3008.07 50.75 1.50
25.00 2464.17 55.39 1.50
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Table A.5.12: Flow rates, normalized differential pressures, sgdifferential pressure of the solvent
and viscosities of all solutions tested in experitaematrix L.

Matrix L - 0.5um filter

LPS Polymer
3630S 300/10/CeB 0.5/4.21 3630S 300/0/CeB 0.5/4.21
Q dP* ps Bypass dPyyine Viscosity Q dP*poiymer Bypass dPyyine Viscosity
[ml/min] | [mbar/mPa-s] [mbar] [mPa-s] [ml/min] | [mbar/mPa-s] [mbar] [mPa-s]
0.50 16.52 3.23 1.52 1.00 248.80 4.05 1.85
1.00 184.89 5.36 1.52 3.00 825.92 9.95 1.85
6.00 1172.92 11.75 1.52
10.00 1844.75 19.62 1.52

Table A.5.13: Flow rates, normalized differential pressures, sgdifferential pressure of the solvent
and viscosities of all solutions tested in expertaematrix M.

Matrix M - 2um filter

LPS Polymer
3630S 300/10/CeB 0.5/4.21 3630S 300/0/CeB 0.5/4.21
Q dP* ps Bypass dPyyine Viscosity Q dP*poiymer Bypass dPyyine Viscosity
[ml/min] | [mbar/mPa-s] [mbar] [mPa-s] [ml/min] | [mbar/mPa-s] [mbar] [mPa-s]
3.00 216.10 5.28 1.52 3.00 326.52 5.28 1.85
10.00 767.14 21.91 1.52 7.00 992.77 17.43 1.85
15.00 1441.85 34.77 1.52
20.00 2220.92 49.73 1.52

Table A.5.14: Flow rates, normalized differential pressures, Isgdifferential pressure of the solvent
and viscosities of all solutions tested in expentaematrix N.

Matrix L - 0.5um filter
Polymer
3430S 300/0/CeB 1.0/3.42
Q dp* Bypass dP Viscosity
[ml/min] | [mbar/mPa-s] [mbar] [mPa-s]
1.00 260.03 6.92 1.53
3.00 794.19 4.87 1.53
5.00 926.34 14.70 1.53
7.00 1247.06 14.43 1.53
9.00 2279.26 21.91 1.53
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A.6. Plots for estimation of Qc

Matrix A - LPS - 3430S 300/10/0.5 0.5um filter
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Figure A.6.1: Determination of Qc by intersection of the lineatrapolations for each flow
regime. The dotted red line indicates Qc.
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Figure A.6.2: Determination of Qc by intersection of the lineatrapolations for each flow
regime. The dotted red line indicates Qc.
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Matrix C - LPS - 3430S 300/10/0.5 7um filter
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Figure A.6.3: Determination of Qc by intersection of the lineatrapolations for each flow
regime. Qc was not observed for this system.
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Figure A.6.4: Determination of Qc by intersection of the lineatrapolations for each flow
regime. The dotted red line indicates Qc.
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Matrix E - LPS - 3630S 300/10/0.5 7um filter
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Figure A.6.5: Determination of Qc by intersection of the lineatrapolations for each flow
regime. The dotted red line indicates Qc.
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Figure A.6.6: Determination of Qc by intersection of the lineatrapolations for each flow
regime. The dotted red line indicates Qc.
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Matrix G - LPS - 3430S 300/10/5 2 um filter

Pt

2500

2000
(7]
f_u /
o
£ 1500
ey
5 /
Q0
‘E 1000
*
o
© 500
0
0 5 10 15 20 25 30
Q [ml/min]

Figure A.6.7: Determination of Qc by intersection of the lineatrapolations for each flow
regime. Qc was not observed for this system.
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Figure A.6.8: Determination of Qc by intersection of the lineatrapolations for each flow
regime. The dotted red line indicates Qc.
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Matrix | - LPS - 3630S 300/10/5 2um filter
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Figure A.6.9: Determination of Qc by intersection of the lineatrapolations for each flow
regime. Qc was not observed for this system.

Matrix J - LPS - 3430S 300/10/CeB 0.5/4.21 0.5um filter
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Figure A.6.10: Determination of Qc by intersection of the lineatrapolations for each flow
regime. The dotted red line indicates Qc.
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Matrix K - LPS - 3430S 300/10/CeB 0.5/4.21 2pm filter
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Figure A.6.11: Determination of Qc by intersection of the lineatrapolations for each flow
regime. No intersection was found for this matitixis Qc is estimated as the mean point
between the two regimes. The dotted red line inesc@c.
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Figure A.6.12: Determination of Qc by intersection of the lineatrapolations for each flow
regime. No intersection was found for this matitixis Qc is estimated as the mean point
between the two regimes. The dotted red line inesc@c.
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Matrix M - LPS - 3630S 300/10/CeB 0.5/4.21 2um filter
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Figure A.6.13: Determination of Qc by intersection of the lineatrapolations for each flow
regime. The dotted red line indicates Qc.

118



A.7. Relative differential pressures for constantversus shear-dependent viscosity

Matrix A - Shear dependent vs Constant viscosity
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Figure A.7.1: dP* anddP* as a function of flow rate for a 3430S 300/10/0%5Lsolution
injected over a O4an filter.

Matrix B - Shear dependent vs Constant viscosity
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Figure A.7.2: dP* anddP*Yas a function of flow rate for a 3430S 300/10/0P5Lsolution
injected over a 2m filter.
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Matrix F - Shear dependent vs Constant viscosity
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Figure A.7.3: dP* anddP*"as a function of flow rate for a 3430S 300/10/5 ls®ition
injected over a O4an filter.

Matrix K - Shear dependent vs Constant viscosity
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Figure A.7.4: dP* anddP*"as a function of flow rate for a 3430S 300/10/CeB421 LPS
solution injected over a Qun filter.
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Matrix J - Shear dependent vs Constant viscosity
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Figure A.75: dP* anddP*Yas a function of flow rate for a 3430S 300/10/CedD21 LPS
solution injected over aun filter.
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A.8. Models for non-Newtonian behaviour
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Figure A.8.1: Measured viscosities compared to estimated visesdy the Power Law- and
Carreau-Bird-Yasuda models.
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Figure A.8.2: Measured viscosities compared to estimated viseediy the Power Law- and
Carreau-Bird-Yasuda models.
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Figure A.8.3: Measured viscosities compared to estimated viseediy the Power Law- and
Carreau-Bird-Yasuda models.
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Figure A.8.4: Measured viscosities compared to estimated viseediy the Power Law- and
Carreau-Bird-Yasuda models.
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Figure A.8.5: Measured viscosities compared to estimated viseediy the Power Law- and
Carreau-Bird-Yasuda models.
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Figure A.8.6: Measured viscosities compared to estimated viseediy the Power Law- and

Carreau-Bird-Yasuda models.
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