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Abstract

The potential of synthetic polymer injection, swashhydrolysed polyacrylamide (HPAM), in
reservoirs has been a field of study since the '$9g). The main intension of polymer
injection is to improve the problems with watereicion due to high mobility ratio between
oil and water and reservoir heterogeneity. Polyna@esadded to injection water in order to
increase the viscosity and reduce the mobilityorafihough polymers have been thought to
only improve the volumetric sweep and not the ngcopic sweep, recent research argue the
opposite due to viscoelastic effects and high tedidil saturation after water injection. The
application of water and polymer injections in s to heavy oils were also regarded as non
beneficial, but new research proposes a favouradtevery of viscous oils. However,
because the mechanisms behind polymer injectiovisoous oil reservoirs are poorly
understood in virtue of high fluid complexity antet non Newtonian behaviour, more

research is required.

In this thesis, a two-dimensional core scanneseduo perform a combination of in-situ high
resolution X-ray imaging of fluid movements and gaasray counts of fluid saturation.

Together with rheological effluent analysis, thss used in order to identify mechanisms
behind increased recovery of viscous crude oil bg tise of HPAM. Two identical

Bentheimer sandstone rock samples (hamed WF+PFP&)dare used to observe the
difference between a primary and secondary polymjection. To investigate the effect
polymer may have on the displacement of oil, atiahcondition with dampened capillary
pressure is preferred. Ageing the rock materiahvatude oil at elevated temperature is
assumed to alter wettability and thereby dampernilaaty.

Earlier experiments performed with the two-dimensiocore scanner at the Centre for
Integrated Petroleum Research (CIPR), have prokiedstanner suitable for in-situ high
resolution X-ray imaging in order to observe fingehaviour at both miscible and immiscible

displacements [2, 3].



For this thesis, effluent dispersion tests reveal@togeneous samples, where flow was little
affected by dead-end pore volume, but more affebiedhe configuration of the inlet and
outlet. The ageing process at 70°C for six wee&se@ moderate change in wettability from
strongly water-wet. This was supported by the netabil permeability for both samples and

the observed fingering and capillary end-effecthanWF+PF sample.

No distinct oil bank was observed in the secongeymer injection in the WF+PF sample.
However, the water-cut was kept constant, and iinjgossible to exclude the effect of the
polymer. The primary polymer injection in the PFmgde showed a more piston-like
displacement compared to the water injection in t¥E+PF sample. The polymer front
arrived 0.4 pore volumes earlier than the dispar$iont in the WF+PF sample, something

which indicates inaccessible pore volume and deglityer effects.

The final recovery in both samples after polyméedtion was similar, but it was achieved in
different time scales. In the PF sample it onlykt@pproximately one pore volumB\() of
polymer solution to obtain the same recovery asodk for the WF+PF sample, with
approximately 1PV of polymer in addition to PV of water. This indicates that a direct
polymer injection accelerates the recovery. Thé nagovery might be explained by the high-
permeable porous medium and few dead-end poregaa hydraulically communication.
No dramatic change in polymer viscosity was obsmesffluent fluids, which indicate little
mechanical degradation and mixing between polynmer r@sident water. The chase water
injection into the polymer solution showed an ubktamiscible displacement between the

two fluids.

An unexpected phenomenon was observed during lmyimpr injections, where a dark ring
surrounded the injection front. The effluent ansyonfirmed no connate water banking, and
it was verified by comparing images to the volumjedted, that the darker area was a correct

description of the displacement.
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Nomenclature

Variables

A adsorption, g - §

A area, crh

C concentration, g - cth

C constant, dimensionless

C concentration, g - cth

Co initial concentration, g - cth

dp average particle diameter, cm

D dispersion/diffusion coefficient, cm s*

Do bulk molecular diffusion coefficient, ¢m s*

De effective molecular diffusion coefficient, éms*
Dp frontal advance loss, dimensionless

Er recovery factor, dimensionless

F formation resistivity factor, dimensionless

I Amott-Harvey index, dimensionless

h height, cm

J flux, mol -cm? - &'

K absolute permeability, (1D = 9.87 - 10" m?)
Ke.i effective permeability of phase i,>lD = 9.87 - 10" )
Kii relative permeability of phase i, dimensionless
L length, cm

M mobility ratio, dimensionless

N oil reserves, th

Npe Peclet number, dimensionless

NRre Reynold’s number, dimensionless

Nyc capillary number, dimensionless

P pressure, bar

PV pore volume, dimensionless

IX



Q flow rate, cni - '

rR radius, cm

S saturation, dimensionless

t time, s

to dimensionless time, dimensionless

u darcy velocity, cm -5

\Y; volume, cni

WC water-cut, dimensionless

X measured concentratiof,- m/ count - ¥ cP

depleted layer, cm

A difference, dimensionless
y shear rate, s

0 contact angle, °

A mobility, m? - (cP)™*

VI viscosity, cP

p density, g - ci

o interfacial tension, N - th
T shear stress, Pa

@ porosity, dimensionless
Subscripts

A area

abs absolute

b bulk

BT breakthrough

c capillary

D microscopic

dead dead volume

e end



eff effective

i component (phase)
[ irreducible

i initial

i concentration (Nal)

ineff ineffective

] concentration (NaCl)
0 oil

pol polymer

p pore

p produced

r relative

r residual

rem remaining

R recovery

sp spontaneous

tot total

Vv vertical

vol volumetric

w water

w well
Abbreviations

2-D two-dimensional

bbl oil barrel

CDC capillary desaturation curve
CF capillary force

CIPR Centre for Intergrated Petroleum Research
CP cone plate

XI



DG
EOR
IOR
IPV
HPAM
PF
PFA
ppm
R&D
rpm
uv
VF
WF+PF

double gap

enhanced oil recovery
improved oil recovery
inaccessible pore volume
hydrolysed polyacylamide
polymer flooding sample
perfluoroalkoxy

parts per million

research and development
revolutions per minute
ultraviolet

viscous force

waterflooding and polymer flooding sample
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1 Introduction

The importance of oil in the world cannot be ovatest, and methods for recovering oil will
be the subject of much scientific and engineeriegearch for many years to come [1].
Nations such as China and India, with over onealthirthe world’s population, are growing
economically faster than anyone could have predidtais growth puts an enormous pressure
on the world energy demanBigure 1.7).
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Figure 1.1 World energy demand for long term energy resources [4].

In order to meet the growing demand for energyhbehewable and non-renewable energy
companies must continue to develop technology aackase efficiency. If renewable energy
resources are to become sustainable and more Hosers, funding from technology

companies (e.g. the oil and gas industry) is reguiTo ensure investments in renewable

technology, oil and gas companies needs to piroiih ftheir own business.

However, the oil and gas industry faces new chgeras much of the large conventional oil
and gas reserves is expected to already have loegnl fand produced. This forces the
industry to move into new areas with unconventioa#&land gas resources, e.g. higher
pressure, temperature and viscous to heavy oibddlition to exploiting the maximum out of

existing fields. The remaining hydrocarbon potdrdifter the application of conventional oil

recovery technology is so vast that the successfalof improved oil recovery (IOR) must

remain a major industry goal [1].



Enhanced oil recovery (EOR) using polymers in itijec water have been an area of
investigation for many years. The main objectivepotymer injection is to improve the

problems with water injection, caused by high mopilatio between oil and water, or

because of reservoir heterogeneity. Polymers wiese duggested in the early 1960’s as a
means of reducing the mobility ratio by increading injection water viscosity and therefore
reducing the formation permeability [1]. On the Wegian Continental Shelf (NCS), research
on polymer injection was under investigation espicduring the 80’s and 90’s, but the large

decrease in oil price forced the industry to staphler research.

The focus on enhanced oil recovery has grown ogasmdogether with the increased price of
oil, where high oil prices opens up new possileitior oil and gas exploration as it allows for
new technology to be applied. Recent research coimgepolymer injection is emerging all

over the world, and the most used type of polymeasrihanced oil recovery is HPAM, due to

its availability and environmental benefits.

Polymers have commonly been applied in reservargaining oils with low to medium
viscosity, but recently oil viscosities of severflousand centipoises are investigated.
Numerous studies [5-7] which have appeared receibgifically targets the application of
polymer injection in heavy oil reservoirs. Thesadsts have shown a clear potential for
polymer flooding in heavy crudes with viscosityragh as 10 000 centipoise (cP). It has also
been reported that simple water injection perfomvedl at unfavourable viscosity ratios,
which is explained by capillary forces and imbibitiin a water-wet context. Capillary
pressure and imbibition become more important esrjection rates become low enough and

capillary forces have time to act [8].



Even though polymer injection is thought to mosthprove the sweep efficiency and not
reduce the residual oil saturation, some argueogposite. A polymer injection can reduce
the residual oil saturation of viscous oils ifstsufficiently high enough after water injection,
but this effect diminish with an increased degrédaaierogeneity [9]. Some authors [10-12]
argue that the reduction of residual oil saturatesults from the viscoelastic behaviour that
HPAM shows at high shear rates. At such shear,ritedHPAM molecules are stretched and
become more elastic, i.e viscoelastic. This visasted behaviour of HPAM makes the

solution displace immobile oil in dead-end porekick was regarded as unable to produce.

Indentifying mechanisms behind enhanced oil regov®nmportant experimental research,
and The Centre for Integrated Petroleum ReseartPhR)Chas developed an experimental
setup to specifically study viscous unstable disptaents for both miscible and immiscible
displacements by the use of a two-dimensional soemner. The scanner has been used to
investigate viscous unstable miscible fingerindath sandstone and carbonate material [2].
X-ray imaging of porous media allows for visual eb&tions of frontal displacements, and

can reveal such mechanisms in different types ofymomaterial.

Because the mechanisms behind the injection ofnpedyinto heavy oil reservoirs are poorly
understood in virtue of high fluid complexity anfietnon Newtonian flow behaviour, more
research needs to be implemented. The two-dimealsaore scanner at CIPR was used to
investigate such mechanisms in Bentheimer matkmigheavy oil (7000 cP at 23°C) at both

pore and core scale together with rheological nreasents [3].

The two latter sections above form the basis of wlek performed in this thesis, where
Bentheimer material is used together with viscous (%3 cP at 23°C) to investigate
mechanisms behind the increased recovery in twdasisamples, one with a primary and a
secondary polymer injection. These investigations performed by applying the two-

dimensional core scanner together with rheologtfiient fluid analysis.






2 Theory and Background

This chapter will review the theoretical aspects this experimental thesis. Sufficient
theoretical background material is intended to ustdad the different mechanisms during oil
displacement by water and especially polymer.

2.1 Enhanced oil recovery

With a growing global demand for energy, leadingato increase in the oil price, new
techniques are continuously being developed toaekimore hydrocarbons from petroleum
reservoirs. In this context, it means methods tprowe recovery from existing fields and to
maximise the recovery for future reservoirs. Su@ithods are known as EOR. The term EOR
is narrower than improved oil recovery (IOR), arakshmostly been used to describe the
tertiary recovery methods. New research investgyatee possibilities for primary and

secondary recovery by EOR processes [13].

The definition of EOR is linked to the use of uneentional recovery methods, and is
referred to asdil recovery by the injection of materials normatigt present in the reservoir
[14]. Examples of such materials can be polymetsfastants or Low Salinity water
(LowSal) to name a few. Recent research examireepdhksibilities of a combination of these
methods, also known as hybrid EOR [15, 16].

Water injection is the most used secondary recowethod, cost are relatively low and the
efficiency high. However, after water injection,large amount of oil is still left in the
reservoir Figure 2.1). The oil is immobilised either by capillary fosza.e. residual oil, or left
behind as unswept oil.



Injector Producer

I !

. Ol

Waterflooded area
c‘
{
el
Water
Figure 2.1 0il distribution after water injection [17].

The injection of water into heavy oil reservoirssradeen regarded as non-beneficial due to
the unfavourable mobility ratio. This problem israntly under investigation [3]. A nhumber
of studies [5-7] have appeared recently which dadly target the application of polymer
injection in heavy oil reservoirs. These studiesehahown a clear potential for polymer
flooding in heavy crudes with a viscosity as highl@.000 cP. On the other hand it has been
reported that ordinary water injection also perfernelatively well at very unfavourable

viscosity ratios [8].

In the 1980’s and 90’s a large number of Researdbhe&elopment (R&D) projects where
funded by the authorities and industry on the Ngiere Continental Shelf (NCS),
investigating the possibility for polymer floodings a result of the high prices for chemicals,
such as polymers, the EOR projects came to a sustdprin the mid 90’s, when the oil price
plunged to about 10-15 USD/bbl [18]. Projects wabandoned over night and valuable

competence was lost.

Since the 90’s, the industry has recovered fromItwe oil price, the interests for EOR
implementations has increased as a result of tbendan oil production and hence incline of
the oil price.



The amount of oil which can be produced from amase depends on the initial conditions
(i.e. rock properties and fluid saturation disttibn), production strategy and the will to adopt
new technology.

The recovery displacement efficiency is definedhesratio of produced reserves to reserves
in place:

N
ER :Wp = ED[EV DEA = ED[EVO| Equation 2.1

whereEr is the recovery efficiencyy, are the produced reservébare the total reserves, and
Ep, Ev, En andE,q are the microscopic, vertical, area and volumeadigplacement sweep

efficiencies respectivelfep andE,q are defined as [18]:

_ Volumeof oil displaced
Volumeof oil contacte

D Equation 2.2

a Volumeof oil contacted
Volumeof oil originally in place

Evol

Equation 2.3

Volumetric sweep efficiency is shown kigure 2.2and is the product of vertical and area
sweep efficiency.

F
I Yaswet
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Swept zone -.n#
\3{“
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|
EV [
I
Figure 2.2 Vertical (Ev) versus area (Ea) sweep displacement efficiency [18].

The main objective for all EOR methods is to imm@dfie volumetric sweep efficiency and
enhance the microscopic displacement efficiencypbath compared to an ordinary water
injection.



2.1.1 Mobility
Mobility is a measure of how easily a phase, i.atew oil or gas, flows through a porous
medium in multiphase flow [18, 19]. It is giventhg ratio between the effective permeability
and the viscosity to the phase:
k ;

i —_ el .
. Equation 2.4
K

where/ is the mobility ke is the effective permeability andis the viscosity of phase

The mobility ratio is the defined as the ratio betw the mobility of the displacing fluid
(water) and the mobility of the displaced fluidljoi

M :i kI’W g‘o

70 kI’O mlw

whereM is the mobility ratio andk,, andk,, are the relative permeability for water and oil

Equation 2.5

respectively. The term relative permeability wil Biscussed under chapter 2.2.4.

Mobility is often given in terms of end point reiad permeability values:

0
0 — /1w - krw,or ulo .
M"=—=——— Equation 2.6

}“c()) kro iw ww

whereM ° is the endpoint mobility ratickwor is the relative permeability for water at residual
oil saturation &), meaning that only water is flowink i is the relative permeability for oil

at irreducible water saturatio), i.e. only oil is flowing.

Favourable conditions for stable displacement aleeaed when the mobility ratio between
water and oil is equal to or less than ode®< 1). This implies that oil is nearly piston
displaced by water through the porous media. Ifnidility of the displacing fluid is greater
than for the fluid being displaced, the mobilityiods said to be unfavourablsi > 1).



The mobility ratio can be made more favourabledwdring the viscosity of oil, or increasing
the viscosity of water by reducing the relativerpeability of water [18]. Development of
microscopic displacement efficiency with dimensesd time/pore volume injecteth/PV)

for different mobility ratios are illustrated Figure 2.3

E, M %~ 10 E;q M 0~ 1 E, ‘I‘ M°~0.1
> > "M, W_—
BT t BT L, Br I,
Figure 2.3 Relationship between endpoint mobility ratio (M°) and microscopic displacement

efficiency (Ep) as a function of dimensionless time (tp/PV). The dashed line
expresses the ultimate microscopic recovery efficiency, Ep™max [18].

However, no matter how loM ° might be, the ultimate microscopic recovery isited by

the residual oil saturation:

SO r

Emax :1_
D SO

Equation 2.7

max

where Ep” " is the ultimate microscopic displacement efficign&, is the residual oil

saturation an&,; is the initial oil saturation.

It is important to know that the mobility ratio & Buckley-Leverett consideration, and is a
shock-front description (piston-like displacemenithis consideration is limited in a system
with viscous fingering, hence the value calculatedsuch a system may not be entirely

correct.



2.1.2 Residual and remaining oil saturation
The main intension for all oil production is to nraise the production, hence achieve the
lowest possible oil saturation in the reservoir.ddls have been made to describe the residual
oil saturation after water injection. The two mamechanisms responsible for residual oil are

snap-off and bypassing (pore doublet).

The residual oil is made immobile due to the swfemnsion between water and oil, i.e. the
water pressure is unable to overcome the capipaggsure required to mobilise the oil [20].
In the pore doublet model, oil is trapped due ® ¢hpillary pressure and radii differences in

two pores Figure 2.9.

Wetting ]
?/" i/ N_.,
Nonwetting 1292 /_
AP

{a) Before trapping

7, wenting 2R,
/,/I;;?Flz‘/ MNonwetting -

(b} After trapping

Figure 2.4 Pore doublet model. a) The wetting fluid intrudes the narrow channel quicker
because of the capillary differences. b) Due to the capillary difference, the non-
wetting fluid is left behind in the large pore [14].

In the snap-off model, residual oil is left behinecause of water swelling around the oil until
it snaps off in the pore throats and traps théenagllobules Figure 2.5.

10



(a) Low aspect ratio

Qil trapped by Coliar of
snap-off water

{b} High aspect ratio

Figure 2.5 Different geometries of the snap-off model. a) Large pore throats. b)Small pore
throats [20].

In any realistic porous medium, various combinaioh both the pore doublet and snap-off
model will occur. From detailed experimental obséion in consolidated cores, it was
determined that approximately 80% of the trapped-wetting phase occurs in snap-off
geometries, with the remaining 20% in pore doubtah geometries that are combinations of

both categories [20].

In a porous medium with unswept zones, e.g. a sample, the known total oil saturation
determined by material balance may be referred tihe@ remaining oil saturatio®er) and

not the residual oil saturation.

11



2.1.3 Capillary number
The capillary numberN,c), describes the dimensionless ratio between theous YF) and

capillary CF) forces [21]:

W = VF _ulu Equation 2.8
CF o

whereu is the Darcy velocity of the displacing fluid,is the viscosity of the displacing fluid

ando is the interfacial tensiorlKT) between the displaced and displacing fluid.

Studies [14, 20] show that the residual oil sataratorrelates to the capillary number. To
achieve as low residual oil saturation as possitde produce the maximum amount oil, the
capillary number needs to be drastically increa3é&es can be achieved by adding polymers
to the injection water in order to increase theaesity. Darcy velocity can also be increased,

but not significantly due to capacity and pressuméations for the injection equipment.
Another definition of the capillary number is giviealow:

_VF _KI4P
2 CF o

Equation 2.9

whereK is the absolute permeabilitqP is the pressure difference aads the interfacial
tension between the displaced and displacing flBithsequently, an increase in the absolute
permeability or the pressure difference would iasee the capillary number, as well as a
reduction of the IFT.

Capillary desaturation curves (CDC) show the realidaturation as a function of the capillary
number, as illustrated iRigure 2.6for different types of rock. It is a clear diffe@nbetween
the residual oil saturation for carbonate and vgelited sandstone. A bend in the curves
occurs at the critical capillary number and theidws saturation starts to decrease. The
region of low capillary number, where the residsetluration is constant, is called the plateau
region. This is typically where traditional watévdding takes place [14].
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Figure 2.6 Relationship between the pore size distribution and capillary number [14].

The wettability of the rock affects the capillargséituration curves [14]. The rock surface has
a preference to the wetting phase and it is e&sigrobilize the non-wetting phase. Therefore,

a reduction in the residual saturation will occtiraalower capillary number than for the

wetting phaseKigure 2.7).
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Figure 2.7 Relationship between the wettability and the capillary number [14].
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2.1.4 EOR with polymers

Polymer injection will be favourable in reservoigere the oil viscosity is high, or in
reservoirs that are heterogeneous with oil beadaggrs at different permeability [22]. The
main intension with polymer injection is to improv@veep efficiency and accelerate
production. Polymer injection is thought not toeaff the residual oil compared to water
injection. Residual oil is made up by disconneadddwhich is immobilised as a result of
capillary forces [23]. To mobilise the residual, dle quantity olN,. has to be increased by
several orders of magnitude from the value it ndigrtzas in a waterfloodNy. ~ 10°%). The
only realistic way to achieve this is by lowerirgetinterfacial tensiong,,, between water

and oil by adding for instance surfactants [1].

In the transition from water to polymer floodinggtviscous forces are usually considered to
be increased by up tmeorder of magnitude, which is thought not to bdisignt to mobilise
residual oil. Thus, the target for polymer floodisgconsidered to be any oil that is bypassed
in the water injection and does not include inrégsdual oil [1].

However, recent studies [9] argues that a reducdtidhe residual oil saturation is possible. It
was found that the impact of residual oil reductigna polymer flood is more pronounced in
reservoirs where residual oil saturatiofss)(are high at the start of a polymer flood. It was
also shown that the impact o, reduction diminishes with increasing degree of
heterogeneity.

Some authors [10-12], to name a few, argue that datep efficiency an,, reduction may
be caused by the viscoelastic behaviour of themetyat high shear rates. This behaviour
forces polymer molecules to stretch and become ratagtic and hence displace dead-end

pore oil, which is normally regarded as oil unatiolgroduce.
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2.2 Petrophysical properties
In oil recovery it is vital to make calculations poedict the quantity of oil that can be
recovered from a reservoir. In order to understlad flow in porous medium, basic

concepts and definitions of rock properties shdagdnvestigated.

2.2.1 Porosity
Porosity is a dimensionless parameter and is difame the void part of the rock's total
volume, unoccupied by the rock grains and mineeahent [24]. In the oil and gas industry
porosity is referred to as a measure of the potanwe in the hydrocarbon reservoir. An

example of pore volume is shownHigure 2.8

T |l'-"‘|
TN
e

(7

Pore volume

Figure 2.8 Illustration of pore volume.

The term porosity is divided into ineffective anffeetive porosity. Effective porosity is
defined as the pore space which interconnectsatitér pores and allows fluid flow, whereas

ineffective porosity includes the porosity whiclclesed for fluid flow.

— Catenary pore ——— - poares that communicate with others
. . by more than one throat passage.
Effective porosity —
Total porosity | Cul-de-sac pore > & - pores that have only one throat passage
(dead-end pore) connecting with another pore.
Ineffective porocity —  Closed pore ———————1P O - pores with no commurication to other pores.

Figure 2.9 The three basic types of pores [25].
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The three basic types of pores are showhigure 2.9 Cul-de-sac pores are also referred to
as dead-end pores, and affect dispersion of tfemerthrough the porous media. This will be
discussed further under chapter 2.5.2.

Absolute porosity is the sum of effective and ieefive porosity:

Pabs = Peti T Piners Equation 2.10

where gapsis the absolute porosityer is the effective porosity anginers is the ineffective

porosity.

However, there is no need in this thesis for tlegf@ctive porosity, hence the equation above
is reduced. Effective porosity can be defined asr#iio between the effective pore volume

and the bulk volume:

- Vp,eff .
Peit = vV [10C%0 Equation 2.11
b

whereV, et is the effective pore volume aiM is the bulk volume to the rock.

Effective porosity depends on several factors, saghhe rock type, grain size range, grain
packing and orientation, cementation, weatheriegcting and type, content and hydration of
clay minerals [24].

2.2.2 Permeability
Permeability of a porous medium is the medium’satélgy to transmit fluids through its
network of interconnected pores. Permeability iscdbed through Darcy’s law, which for

linear, horizontal flow is given by [24]:
k[A AP
Q - % Equation 2.12
y2i

whereQ is the volumetric flow rateK is the absolute permeability is the cross sectional
areaJ is the fluid viscosityAP is the pressure difference over the mediumlargdthe length
of the core sample.
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The Sl-unit of permeability is f but for practical purposes the much smaller Dtcy
(1 D = 9.87 x 18° m?) is commonly used. The permeability is often expes in milliDarcy
(mD). In reservoir rocks there is a wide rangeh® permeability, ranging from 0.1 mD to
more than 30 D.

When the flow is vertical, gravity has to be taketo consideration and Darcy’s law rewritten

becomes:

KCA( 4P
Q= _(T -p Eg] Equation 2.13
U

wherep is the fluid density and is the gravity.

For radial flow Figure 2.10, Darcy’s law is defined as:

P-P
_2ehiK P.-P,

0T )

Equation 2.14

whereh is the height of the samplE; is the pressure at the end of the samg,is the
pressure in the production well of the sampleis the radius of the sample, anglis the

radius of the well.

— —= I Ty
— - A

h [— — Q: Injection rate
Pw Pe

Figure 2.10 Radial flow toward a production well in a cylindrical shaped reservoir. Modified
from Lien [26].
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2.2.3 Fluid saturation
The amount of fluid contained in a porous mediurdapendent on the porosity, but also on
the saturation of a particular phase. A reservormally contains more than one fluid phase,
e.g. oil, water and gas. The saturation of eacls@lsthe volume fraction of the pore volume

containing the respective phase:
SI =— Equation 2.15

whereV; is the volume of the fluid respectively, is the pore volume and the subsciipt

denotes the phase.

The total saturation of the fluids is equal to di¥g+S.,=1). Flow conditions are highly

dependent on saturations when more than one 8yidesent.

2.2.4 Effective and relative permeability
If more than one incompressible fluid is preserd jporous medium, the permeability change
drastically. Darcy’s law when multiphase flow iepent is changed and the permeability for
each single phase is referred to as the effecevagability:

_ . LQ

k =y —— Equation 2.16
e, M AAPI q

Relative permeability is defined as the ratio betmvehe effective permeability and the

absolute permeability:

k., =—2 Equation 2.17

Relative permeability is strongly dependent on rpobperties such as pore size distribution
and wettability. Relative permeability for two pkas(e.g. oil and water in a water-wet
system) is schematically representeéigure 2.11
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Figure 2.11 Relative permeability of an oil-water imbibition system [27].

The blue line irFigure 2.11 represents the water phase whereas theneedelpresents the oil
phasek,w andk.w o are the endpoint relative permeability for oidamater, respectively.
Note that oil is immobile at oil saturations lowtan S, and that water is immobile at

saturations lower tha8,,. Sy is the irreducible water saturation.

2.2.5 Wettability
The wettability of a solid can be defined as thedency of one fluid to spread on, or adhere
to, a solid surface in the presence of another suible fluid [28]. The molecules of each
fluid are to some degree attached to the moleafles adjoining solid by an electrostatic
force called adhesion. In a reservoir, where mioaa ffluid is present, the most adhesive fluid
sticks preferentially to the solid's surface idexhlthe wetting fluid. The distribution of fluids
in the rock pores reflects the balance between stebeand adhesive forces [24]. The
wettability of the pore walls depends on the chammmposition of the phases (e.g. the

asphaltene content in the case of oil) and the raim@mposition of the rock.

The wettability of a solid system is an importaattbr controlling the location, distribution
and flow of fluids [29]. It has also been proveattichanges in the wettability influence the
electrical properties, capillary pressure, CDCatieé permeability, water flood behaviour

and residual saturation [30].
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The wettability of a reservoir rock can be estimdaby measuring the angle between two
liquids in the presence of a solid surface. Thigl@ncalled the contact angle, reflects the
equilibrium between the interfacial tension of th® phases and their individual adhesive to
the solid.

o1l
A8 W N\

water- wet oil- wet

Figure 2.12 Contact angle and interfacial tension balance [30].

If the measured angle is less than 90°, the ddhsdris the wetting phase. If the angle is
larger than 90°, the lighter fluid is consideredbi® the wetting phase. Most reservoirs are
neither water nor oil-wet, but fall in between tho extremes. In an oil-water system the

porous media can be classified according to thevaikr contact angléable 2.).

Table 2.1 Wettability classification based on contact angle [29].
0° < By < 75° Water-wet

75° < oy < 105° Intermediate-wet

105°< foy < 180° Oil-wet

When the contact angle is around 90°, the rockefindd as neutral-wet. When a rock is
neutral-wet it has no clear preference for eitieoowater. Intermediate wettability is quite

common in reservoirs [31].
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2.2.6 Wettability alteration
The wettability of all reservoir rocks is initiallyater-wet pre-oil migration. When oil
migrates into the reservoir, it starts to interaith the rock surface leading to an alteration of
the wettability. The alteration is induced by th#sarption of polar compounds and/or the
deposition of organic materials originally in theide. The degree of alteration is determined

by interaction of the oil constituents, the minesaiface, and the brine chemistry.

When performing core flooding experiments in théolatory, wettability alteration is
essential for the realism. If experiments are deitle water-wet cores, the oil would solely be
produced by spontaneous water imbibition, and &amadlon in wettability is preferred.

The Amott-Harvey I(n) index is one way of measuring the wettabilitypofous media, and
is defined as the water indelg ) minus the oil indexI):

\Y

osp _ Vw,sp

V.

w,tot

Equation 2.18

>_
I
=
o

<

o,tot

whereV, g, is the volume of oil produced by spontaneous waatdibition, Vo «tis the total
volume oil producedy,spis the volume of water produced by spontaneousntlbition and
V.ot IS the total volume of water produced. The Amotralg index range from -1 to 1
(Table 2.2.

Table 2.2 Amott-Harvey index for wettability [30].
03 < lpyu < 1 Water-wet

-0.3 < Ipy < 0.3 Intermediate-wet

-1 < lay < 0.3 Oil-wet
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Amott-Harvey index

Figure 2.13 Residual oil saturation measured on cores from 30 different North Sea fields [18].

A large number of core analyses experiments onscfszen the North Sea reservoirs have
been carried out, and Figure 2.13residual oil saturation for the cores in 30 fiehdse been

measured. There are varying results, but the thérid line show a smiling face shape and the
lowest residual oil saturation (i.e. highest reegyés obtained in the intermediate section of

the scale.
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2.2.7 Capillary pressure
Capillary pressure is defined as the molecular qunes difference across an interface in a
capillary separating two immiscible phases at dopiiim. The pressure difference in this case
results from the difference in both cohesive (inédy and adhesive (external) electrostatic

forces acting upon the two fluids [24].

For the fluids and their interface to be at stagiilibrium, a stronger pressure is required in
the non-wetting phase due to wetting preferencéthefcapillary. This can be illustrated in
Figure 2.14where a capillary tube with radiuss suppressed in water and oil.

Figure 2.14 Capillary tube suppressed in water and oil [26].

The capillary surface is water-wet, so the forcesea by interfacial tension forces the water
to rise in the capillary tube. The interface of timamiscible fluids in a narrow cylindrical
channel will normally be curved in the form of amezus. The curvature of a meniscus
surface can be characterized by two radii, anthiesface will always be convex towards the
wetting fluid, whose internal pressure is greater.
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The relationship between the capillary pressurethacturvature of the interface is given by

the Young-Laplace equation [26]:

P = a(i + LJ Equation 2.19

: R R,

whereR; ; are the two principal radii of curvature. If theemscus is spherical, the two radii

become equaR;= R,= R). Following it is possible to write the latter edion as:

P=— Equation 2.20

R can be described by the pore radius and contayge,d&r= r / coséd (Figure 2.14. In this

case, the former equation become a function optire radius and contact angle:

20, [CcOSE,,
r

P=4P =P,-P, = Equation 2.21

where P,, P, and P; is the oil, water and capillary pressueg, is the interfacial tension
between oil and wateé,,, is the contact angle between oil and water asdhe radius of the
capillary. The capillary pressure is the resulintérfacial tension and pore wall wettability,
and it is inversely proportional to pore radius.efidfore, P. depends strongly upon the

reservoir pore size distribution and is very sévesito rock heterogeneity.

As proven aboveR;is the molecular pressure difference between thigngeand non-wetting
fluid:

R: = R,W_ Pw Equation 2.22

whereP,,, is the pressure to the non-wetting fluid d&hds the pressure to the wetting fluid.
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2.3 Sandstone rock sample

Sandstone is a common reservoir rock and a largeepege of the world's petroleum
reserves are located in sandstone reservoirs. ®areds a sedimentary rock originating from
breakdown of pre-existing rocks by weathering amasien. The sand and sediments that
form sandstone reservoirs tends to be carried thatances by rivers and currents before
settling in sites such as deltas and beaches. Leedienents are buried, compacted by the
overburden pressure and bound together by the ggafecementation. Grains are rounded by
transport and sorted in size by depositional emvirent. Generally grains in sandstones are
relatively well rounded, ranging in size from 1/h6n to 2 mm [32].

Sandstone is much more homogeneous than carba@wkteHowever, all sedimentary rocks
are heterogeneous materials, meaning they havatioas in their properties. The extent of
heterogeneity varies for different types of roclegBrdless of rock type, heterogeneity is
highly dependent on scale. A rock with elementbaitrogeneity on micro scale might have
fairly homogeneous properties on macro scale. Sigpendency of rock properties is very

important when performing research, and essemtialaking a reservoir model.

Inlets

Figure 2.15 Left: Slab of Bentheimer sandstone used in this master thesis. Right: A model of the
sample with inlet attached in the bottom and dispersion rail on top. Dimensions of
the samples are approximately 30 x 30 x 2 cm.
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The sandstone used in the experiments in thisshedentheimer sandstonéiqure 2.15,
which originates from a quarry in Germany. Benthminsandstone is quartz-rich, fine
grained, rounded, well sorted and can be treatesl fagly homogeneous isotropic medium
[33].

The porosity is in the area of 22 £ 1% and the patoiity around 2.5 + 0.5 D, i.e. relatively
high-permeable. Bentheimer sandstone has overat geservoir qualities and is very
suitable for testing higher pressure without frac However, for this thesis the epoxy
coating limits high pressures (~ 2 bars).
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2.4 Polymers
There are basically two types of polymers whichwsed in EOR applications, synthetic and
biopolymers. The main type of synthetic polymerdigrolysed Polyacrylamide (HPAM)

and for biopolymers, Xanthan is mostly applied.

Xanthan is produced in fermentation process byrmelysation of saccharide molecules. The
structure is helical and rod-like and gives higélgiof viscosity in water. Though Xanthan is
quite tolerant in terms of salinity, it is suscef#i to bacterial attacks. To prevent bacteria
from degrading the polymer, biocides are addedciBeis intended to Kill living organisms
and is harmful to the environment. In terms of @ri¥anthan is more expensive than HPAM
per unit amount, but when compared on a unit amowttility reduction, particularly at high

salinities, the costs are not so different.

HPAM is relatively resistant to bacterial attacldajuite inexpensive, but is largely sensitive
to brine salinity. Both classes of polymers tend dieemically degrade at elevated
temperatures and shear rates [1]. In terms of fhlielology, both Xanthan and HPAM
changes from Newtonian to shear thinning behavieitih increasing flow rates. Over a
certain point, HPAM exhibit elastic properties aghflow rates Figure 2.19. Due to the
bacterial aspect where biocide is added to protecithan, HPAM is considered to be the
most reliable and manageable polymer.

The type of polymer used in this thesis is HPAMs Iby far the most used type of polymer in
oil recovery processes [1], due to its availahilifrice and environmental advantages
compared to Xanthan. This was the main argumemtsgplying HPAM during a polymer
injection at an offshore field [34]. Although HPANad been used in other industries, it was
the pioneering studies performed by several autf8%<38] in the 1960’s which established

this polymer as a potential mobility control agenimproving water injection.
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2.4.1 HPAM structure

HPAM is a synthetic straight-chain polymer of aaryide monomers, some which have been

hydrolysed, as shown Figure 2.16

"CHE—?” Polyacrylamide (PAM)
(:|)=
NH,
L dn
— —_ — Partially
hydrolysed
- - CH.—CH L polyacrylamide
CHe ?H 2 | (HPAM) and its
J— — corresponding
([;_'O (i: sodium salt,
NH, OH
- - g . —tn-x
TCH,—CH CH,—CH -
cl;: (I;=
NH, O-
- —x L —n-x

Na®

Figure 2.16 The primary chain structure of polyacrylamide (PAM) and partially hydrolysed
polyacrylamide (HPAM) [1].

The HPAM molecule is a flexible chain structure stimes known as a random coil in
polymer chemistry. It is a polyelectrolyte, and lwilteract quite strongly with ions in
solution. The effect the ionic strength has onftp@rodynamic size of the molecule is shown

in Figure 2.17

i * ow

N~ &

Figure 2.17 The effect of solution ionic strength on the conformation of flexible coil
polyelectrolytes such as HPAM. Salinity is increased from left to right [1].
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2.4.2 Rheology
Rheology is the study of flow of matter, primarily liquid state, in response to an applied
force [39]. Viscosity is a measure of a fluids stsnce to deform when under the influence of
an external force. It is not a fixed value, andapends on the fluids nature, temperature and
the amount of force applied. The viscosity is defiras the ratio between shear stress to shear

rate:

T

4

n= Equation 2.23

whereu is the viscosityz is the shear stress apds the shear rate. The different parameters

are illustrated irFigure 2.18

Z A

shear stress,
gradient, —
0z

.
y

shear rate, f}/

Figure 2.18 Modified figure of laminar shear flow [40].

Fluids can be divided into several classes basdati@nbehaviour compared to the shear rate
applied. A flow curve is a function of shear rateshear stress, and can be used to determine
which class a certain fluid belongs to. For Newdarfluids the viscosity is independent of
the shear rate, i.e. the viscosity is constaxtypical example of a Newtonian fluid is water.
The majority of fluids are non-Newtonian. HPAM sidms are known to exhibit
non-Newtonian behaviour during shear flow. This ngethat the viscosity is dependent upon
shear rate [1]JFigure 2.19shows a typical flow curve for a dilute polymerwgan with four

distinct regions.
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Viscosity
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Figure 2.19 Schematic viscosity curve of a polymer solution as a function of shear rate where

1)

2)

3)

4)

each number represents a specific region [41].

Newtonian region: Viscosity is constant, i.e. independent of theashrate. This
behaviour can be interpreted as the shear foraesatr high enough to break the

equilibrium structure of polymer molecules in tlodusion.

Shear thinning region: The viscosity decreases with increasing sheax. above a

certain shear rate, the shear forces start to lupake equilibrium structure and un-
coils the molecules, resulting in a reduced numblerassociations between the
polymer molecules [42]. This results in a decreagedosity as more molecules are

un-coiled and aligned with the flow direction.

Bottom point of shear thinning region: The viscosity is at its lowest as the polymer

molecules are at their most aligned conformation.

Shear thickening/dilatant region: Viscosity increase with increasing shear ratds Th
behaviour can be interpreted as elastic stretchimdythe following relaxation of the
already aligned polymer molecules. This phenomem®nalso known as the

viscoelastic effect.

For a polymer flood the ideal scenario would beash@ates around region 3 in the near-

injection area (i.e. good injectivity), and sheates in the left part of region 2 during transport

through the reservoir, as the flow rate declineyafsam the injector.
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2.4.3 Retention
This study has focused on oil mobilisation at ageemobility ratio, and polymer retention
has not been measured. The present thesis ainmvdstigate the mechanisms behind the
increased recovery. However, in the real world, necaoy is always essential for the
implementation of a project. Retention is an imaottissue regarding the economics of a
successful polymer flooding. Therefore a smalladtrction to the term retention is necessary

to understand which variables influence retention.

When polymers are added to a displacing fluid, abgective is to increase its viscosity.
However, there may be significant interactions leetmvthe transported polymer molecules
and the porous medium. Such interactions will cabsepolymer to be retained. Polymers
experience retention in porous media due to adsorpinto solid surfaces or trapping within

small pores [14].

Polymer retention varies with polymer type, molecuilveight, rock composition, brine
salinity, flow rate and temperature. Field-measwades of retention range from 7 to 150 pg
polymer/cni of bulk volume, with a desirable value being lésan about 20 pg/cm3 [18].
Retention causes loss of polymer from solution laads to a delay in the rate of the polymer
and generated oil bank propagati@np.is called thdrontal advance losand corresponds to
the polymer slug size needed to satisfy the redganti

V xp x(1-
D = =Aw psx(1-9) Equation 2.24

P V ¢ X CpoI

p

whereV,q is the volume of polymer solutioV, is the pore volumel, is the adsorption of
the polymerps is the solid densityp is the porosity an@, is the polymer concentration in
solution. Dy, is useful as it expresses the retention in pofere units which are consistent
with slug size. In order to estimate the slug siereded in a practical field case application,

the following formula has been suggested:

D; =13 DEV0| DDp Equation 2.25

where D*p is the practical frontal advance loss dag is the volumetric sweep efficiency.
As a rule of thumbD, has been increased by 30% in order to prevent doxak of the
polymer slug before breakthrough [18]. If the sisidollowed by chase water, fingering may
cause instability in the zone between water angrpet solution.E,q is included in the
formula since polymer can be retained only in #gions swept by the polymer slug.
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2.4.4 Inaccessible pore volume and depleted layer
Inaccessible pore volume (IPV), originally reported 972 [43], consider the volume flooded
by polymers in porous media. Due to the size of/pe@r molecules, the smaller portions of
the pore volume will not be invaded by the polymsetution [1]. This forces the polymer

front to advance through the porous media, herneednly breakthrough{gure 2.20.

aal  Inaccessibl

aal  porevolume Retention

o Depleted

08F  Jayer
05

Elmg:mra‘.im
-

Figure 2.20 Fractional flow curve of polymer. Adsorption will decrease the front velocity, IPV
and depleted layer will increase the front velocity. Modified from Moctezuma-
Berthier [44].

Though IPV increase the front velocity of the pogmretention will try to decrease the front
velocity (Figure 2.20. Both HPAM and Xanthan may, under certain flowmditions, show

depleted layer effects in their in-situ rheologid®haviour during flow. Depleted layer
develop because the centre of mass for a largemaolynolecule is sterically unable to

approach within a certain distance from pore walls.
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If a layer of low-viscosity water comes between ploee wall and polymer, this presumably
could lubricate flow for the polymer solution [IThis will cause the polymer to advance
through the porous medi&igure 2.23.

c(r)

Figure 2.21 Schematic of polymer concentration prate, C(r), due to depleted layer [45].
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2.5 Miscible displacement

One of the earliest methods for producing additiomié is through the use of solvent
injection; a displacement fluid which is misciblathvthe crude oil in the reservoir. This
method for producing oil will not be discussed dosther since it is not the case for this
thesis. However, miscible displacement is importagarding characterization of a porous

rock sample.

2.5.1 Diffusion
If two miscible fluids are in contact with a shamnperface, they will slowly diffuse into each
other. Diffusion is the process where particlesr@gions with high concentration are
transported to regions with low concentration tigtowandom motion, i.e. Brownian motion.
The sharp interface between the two fluids willdrmee a diffuse mixed zone from one pure
fluid to another [46].

In general there are two types of diffusion whiate &nown. Chemical diffusion is the

transport of mass due to the presence of a coratmmirgradient, which always occurs in a
non-equilibrium system. Self-diffusion is a sporgans mixing of molecules taking place in
the absence of concentration diffusion and can tdee during equilibrium. The mixing

caused by diffusion is described by Fick’s first/|g 7]:

J= —DO [Clc Equation 2.26

whereJ is the flux, Dy is the diffusion coefficient¢ is the concentration of the diffusing
substance.

Usually the diffusion coefficientDo, is a function of mixture composition. Deriving this
equation is quite complicated and data are gendeaiking. However, it is often possible to
get an adequate representation of the diffusiveasielr by selecting an effective average

diffusion coefficient [46]. The continuity equatialescribes the transport of conserved mass:

O+ O_C =0 Equation 2.27

ot

wheret is time.
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Combining the continuity equation and Fick’s filatv gives Fick’s second law:

@ =D, M2c Equation 2.28

ot

Fick’s first law, which is also known as the diffois equation, applies both to bulk diffusion

and to diffusion in homogeneous and heterogeneormip medium.

In a porous medium the molecules cannot diffuselyreThe molecular movements are
restricted by the surrounding geometries [48]. Tdreuous path which a diffusing molecule
must travel in a porous medium must be accountedf féick’s first law is to describe the

diffusion.

An effective diffusion coefficient may be calculdtigom the equation [46, 49-51]:

D, 1 .
e Equation 2.29

D, Fo

whereF is the electric formation factoe is the effective molecular diffusion coefficientch

¢ is the porosityThe effective molecular diffusivitide has been reported to be less than the

molecular diffusivityDg [46].

2.5.2 Dispersion
When fluids flow through a porous medium, more mixtakes place in the direction of flow
than from molecular diffusion alone. A convectiveximg term must be added which results
from flow paths caused by rock heterogeneitiesp@isionis used to describe diffusive
processes which are not tied to molecular moveneig.an important transport property in

displacement processes such as miscible displadcsraed gas injection.

The overall transport and mixing of fluids flowitigrough a porous medium is described by

the diffusion-convection equation [52, 53]:

0D dc) - vc = % Equation 2.30

wherev is the average velocity amilis the dispersion coefficient.
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Dispersion in the direction of flow is called lohglinal dispersion while dispersion
perpendicular to flow is called transverse disparsiThey arise from different mechanisms,
and two separate coefficients are used to quatitégn. Some has argued that the transverse
dispersion coefficient is 24 times smaller thanltrgyitudinal one [54].
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Figure 2.22 Mixing of solvent and oil by longitudinal and transverse dispersion [55].

Dispersion coefficients may be determined by expental methods and analyses as
described by several authors [46, 56, 57].

The effect of dispersion on a displacement protesften given by the Péclet numblsy),
which is given as the ratio of viscous to dispexdiwrces:

uld, ull
pe— < — T —= Equation 2.31
D ¢D

whereu is the velocityD is the dispersion/diffusion coefficierit,is the sample length and
is the porosity.

The parameter is analogue to the capillary numbsrduin immiscible displacement.

Interesting and complex behaviour occurs at higbleeéhumbers (infinite Péclet number
means that there is zero dispersion).
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The Reynold’s numbeiNgg), also a dimensionless numbergiven as the ratio of inertial to
viscous forces:

_pML

NR - Equation 2.32
© o

wherep is the fluid density angd is the viscosity.

Reynold’s number is used to identify flow regimeaminar and turbulent flow are different
with regards to flow patterns and as to which ptelsiaw that is valid. For loWge the flow
is laminar and viscous forces dominate, whereagiffit Ngre the flow is turbulent and inertial
forces dominate.
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Figure 2.23 Wilhelm'’s illustration of longitudinal and transversal dispersion [58].

Figure 2.23displays which forces are dominant depending enctiaracteristics of the flow.
Transversal dispersion is more important for highdugs of Reynold’s number and is
unimportant for this thesis, because turbulent ftmmditions are not likely to be encountered

in a petroleum reservoir or in a rock sample atidberatory.

Dispersion characteristics are commonly obtainedthyglying effluent concentration changes
when tracer is injected in a miscible process. W@ that the mixing zone travels with the
same speed as the injection rate [59]. This leadle conclusion that the 50% concentration

should occur at one pore volume injected tracethé& medium is homogeneous and no
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adsorption or ion exchange exist. However, for togfeneous samples the 50% concentration

is normally reached before one pore voluiigre 2.24.

Figure 2.24 Dimensionless effluent dispersion curves are a signature of strong or weak
heterogeneity [44].

Characteristics may also be affected by the swéfspeacy, as well as the distribution of
dead-end pored-{gure 2.25. Both sweep efficiency and dead-end pores cat teaa tall
production in the dispersion curve [60]. Dead-emdep, termed cul-de-sac pores [25] in
geology, is pores where fluid flow is low or absamid diffusion is the only mixing agent
(Figure 2.25.

Nal

Diffusion and
mixing zone

Nal

Figure 2.25 Dead-end pores and mixing during a brine-tracer miscible displacement. Tracer
represents sodium iodide (Nal) and brine sodium chloride (NaCl).

In the figure above, brine displaces the tracethan system. Due to dead-end pores, where
fluid flow is lacking, diffusion is needed to totakeplace the tracer. The situation of tracer-
brine displacement is represented during the dssprertests performed in this thesis. Also

during a water-oil displacement, oil may be lefhinel in dead-end pores.
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2.6 Immiscible displacement
Immiscible displacement of oil by seawater is thestncommon and cheapest way to
maintain reservoir pressure and increase the regovde first immiscible displacement
which happened in a petroleum reservoir though, mileons of years ago when oil migrated
into it, a process called drainage.

2.6.1 Drainage
The process where a wetting fluid is being displabg a non-wetting fluid is defined as
drainage. Originally, most petroleum reservoirs assumed water-wet and 100% saturated
with water. The process where oil for the firstéimmigrates into the reservoir and displaces

the water is called primary drainageadure 2.26.

Water-wet system

Secondary drainage

Primary drainage
Spontaneous
water imbibition

J—

Threshold pressure

w

"~ Spontaneous
oil imbibition

Figure 2.26 Capillary pressure curves [26].

In a porous media saturated with a wetting fluigpiltary forces prevent oil from entering
spontaneously. Oil may enter the pore by applym@xernal pressure to the oil phase, such
that the equilibrium is disrupte®{- P, > P.). Although a pore could be occupied by oil at a
given capillary pressure, there are two reasons thhyoil is prevented from invading this

pore.
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The first reason is that the particular pore mayinaecessible, for example if there are no
neighbouring pores already filled with oil. An assible pore is by definition connected to a

previously oil invaded neighbouring pore.

The second reason is trapped water within the Weder is trapped in a pore if there are no
continuous chains of water filled pores from theepbeing filled and to the outlet of the
porous medium (hydraulically disconnected). Draamatthe pore scale level can only occur

through piston-like displacemeriigure 2.27%.

——p

Figure 2.27 Piston-like displacement between water and oil in a pore [61].

2.6.2 Imbibition
In an imbibition process the wetting phase satamais increasing. This occurs when the
pressure difference between the non-wetting phasetlae wetting phase is less than the
capillary pressurePq. - Pw < Pc). The imbibition curve can be split into two disti sections;
one section where imbibition occurs spontaneoust td the wetting preference of the rock,
and one section where imbibition must be forcedapplying an external pressurgigure
2.26).

Imbibition at the pore scale level can occur bytgrdike displacement or snap-off. Piston-
like displacement of oil by water is exactly thengaas for drainage, except that the sign of

the capillary entry pressure has changed.

The second displacement type, snap-off, is assatiaith the flow of the wetting phase
through films which swell around the bulk phasd)(m a pore. Continuous swelling of the
water films forms a collar which eventually, atappropriate pressure, causes the oil to snap-
off. Isolated oil blobs left behind in this proces® called residual oil since it is trapped and

cannot move unless the viscous rather than capiitaecces are changeéigure 2.2§.
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Oil trapped by Collar of
snap-off water

Figure 2.28 The snap-off effect [20].

The capillary pressure for snap-off is lower thand piston-like displacement, approximately

half the value. Piston displacements are prefeassdng as the pore is accessible:

=) = 2_U> P =g Equation 2.33

c,piston = ¥ c,snap-off
r r

where P, piston IS the capillary pressure for piston-like displaegmandPc, snap-oft IS the
capillary pressure for snap-off. The balance betwgiston like displacement and snap-off
displacement depends on a range of factors supbrassize, pore geometry, connectivity of

the pores and the presence of wetting films.
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2.6.3 Capillary end-effect
The capillary end-effect or the holdup of a wettpigase at the outlet of a porous medium,
have been studied by many authors [62-64]. A ongedsional illustration of the end effect is

shown inFigure 2.29

Outlet ™

Su(Pc=0)
attgr

Figure 2.29 Illustration of the end effect. The front reach the outlet at (¢3), and production of
water occur at Sy (P.=0) at tgr. Modified from Lien [26].

The end effect occur because of the discontinuityapillary pressure when the flowing
fluids leave the porous medium and enters a regibare no capillary pressure is present
[64].

The discontinuity in capillary pressure makes itdea for the wetting phase than for the non-
wetting phase to leave the porous media. Henceg tkads to be a build up of wetting phase
at the outlet of the systerfkigure 2.29.

A relation can be made to capillary pressure cifigure 2.26. Before the wetting fluid can
flow out of the porous media and into a system wibhcapillarity, a certain saturation of the

wetting fluid must be reached, i.e. capillary ptesseaches zer&((P.=0)).
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2.7 Unstable displacement

The displacement of one fluid by another in a pserotedium is an important aspect of
reservoir engineering. The effects of gravity, usity, capillary pressure and heterogeneities
could give frontal instabilities leading to an wade displacement. Unstable flow is
characterised by interface changes due to shiftelative forces. These forces include
viscosity forces driven by adverse mobility ratgravity forces driven by fluid density
gradients, capillary forces due to interfacial tensand dispersive forces caused by

concentration gradients [65].

A typical instability phenomenon occurs in the dtisement of a viscous fluid by a less
viscous one, e.g. between viscous oil and watesimilar instability may occur in the vertical
displacement, known as gravity segregation. Botbcibie and immiscible displacements are
subject to instabilities. In both cases, viscoaitgl density differences across the interface are
the driving mechanisms of the instability. The aislity phenomenon appears at many scales,

but is most frequently studied through laboratoqgeziments [2, 66, 67].

R . :
PV =010; M=1]1.63 PV =0314; M= 11.63 PV =056, M=11.63

Figure 2.30 Example of finger pattern during unstable miscible displacement at 0.1, 0.3 and 0.6
PV injected with the adverse mobility ratio, M=11.63 [68].

All miscible displacements with adverse viscosd#tia are inherently unstabl&igure 2.30.
Even in homogeneous porous media instabilities feitin, though reservoir rocks rarely are
homogeneous. Hydrodynamic instabilities which oamuirthe fluids interface typically form
patterns of penetrating fingers, also known asousdingers. The original linear instability
analysis [66] considering viscous and gravitatidnates and by [69] including the effects of
capillary forces, established the foundation faaifetical analysis of unstable flow [70].
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2.7.1 Viscous fingering
Viscous instabilities are associated with the dispiment of a more viscous fluid by a less
viscous one. The less viscous fluid tends to be e mobile and can experience
perturbations which finger through the system. Tikiknown as viscous fingering or the
Saffman-Taylor instability [66].

When a finger moves ahead of its average positieneates a path of low resistance which
makes the more mobile fluid follow. When it haseally occurred, the finger mechanism
rapidly becomes dominant. Dispersive forces tenghtear out and dampen viscous fingers in

miscible displacements, while capillary have themsa&ffect on immiscible displacements.

Viscous fingering increase with an increase in riybiatio, as shown irFigure 2.31 The
initiation of fingers is often caused by small gchkterogeneities in the porous medium [71].
A criteria for conditions where perturbation migitcur, is a mobility ratio greater than one
[2]. Even though these conditions are valid foraitike displacements, other factors such as
capillary pressure and relative permeability affdot initiation of fingers in immiscible
displacements.
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Figure 2.31 Displacement fronts for different mobiity ratios and pore volumes injected in a quarter

of a five-spot pattern [72].
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3 Experimental

The theory and background chapters have hopefublyiged the necessary knowledge to
better understand the experimental approach. Is thiapter, experimental methods are
introduced, along with the instruments, tools aratlets used to interpret the results.

Two suitable rock slabs were chosen, where prapasaand characterisation of both samples
lasted for eight months before they unfortunately destroyed. The epoxy detached from the

rock surface during the ageing process, resultirgby-pass area which could not be fixed.

It was discovered that the batch of epoxy had expiwith the margin of a couple of months.
In combination with this fact, and that a heat egrprocess of the epoxy was not performed,
it was concluded that these two reasons were niosly [the mistakes which led to the
destruction of the old samples.

The main tools used in this thesis are the two-dsimal core scanner, which provides in-
situ high resolution imaging of displacement preess The QUIZIX pump provides accurate
flow control throughout the experiments, while tRbheometer by Anton Paar is used to

measure the viscosity of the produced effluent.

3.1 Preparation of the porous medium

After discarding the destructed samples, two n@abssivere prepared. The main intention for
the first sample was to conduct a primary wateedtipn followed by a secondary polymer
flooding. As for the second sample, the main intemsvas a primary polymer flooding.

Further on, comparisons between these two indiViekgeriments were mad€ljapter 4.3.

Instead of calling the samples Bentheimer 1 anth@,experiments they are going to be
exposed to will reflect the names. Bentheimer dciseduled to be both injected by water and
polymer, hence the name WF+PF. Bentheimer 2 isdstbdo be directly polymer flooded,
hence the name PF.

Table 3.1 Bentheimer sandstone slab dimensions.

Sample Height [cm]|Width [cm] | Depth [cm] | Bulk volume [cnT]

Bentheimer 1 — WF+PF30.10 + 0.0530.10 £ 0.05 2.16 £ 0.01 1958.79 £ 0.05

Bentheimer 2 - PF 30.13 £ 0.030.03 £ 0.05 2.17 £ 0.01 1958.90 = 0.05
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The new samples were measur&dtle 3.), and kept in a heat cabinet at approximately

60 °C for a couple of days to remove any liquids.

Figure 3.1 Inlet and outlet dispersion rail attached to the sample.

The next step was to find suitable inlets and ¢sitiEigure 3.1. The inlets, made by

Swagelok, have a surface area of 59.452rrmispersing rails distributors connected by a
central port which distributes the liquid througlgraove of dimensions 290 mm x 1.0 mm x
1.7 m, serve as outlet for the sample. The ousletsinlets were glued to the rock surface by

epoxy applicable for metal surfaces (Axson A175)400

After the inlets and outlets epoxy had dried foreoday, the samples needed to be
encapsulated in adhesive epoxy. Axson GC1 150 wad as resin and GC15 was used as

hardener, with a 100 to 20 mixing ratio by weight.

87 147
g— o w— o w— o w— 105
- 2nd coat of
p
’
R —
80 87
135
| Tacky time | 15t coat of
gelcoat
0 27
Time (mn)
Figure 3.2 Application diagram for the epoxy gel from Axson technical datasheet.

As seen from the application diagrafigure 3.2, the pot life of the epoxy mix serves as
time were you have to apply the gel on the rockaserbefore it hardens. The gel coat is first
applied on one side and then left to dry for apprnaely 30 minutes. The slab is turned 180°,
and the first coat is applied on the other sides Té repeated on both sides within a time
frame, ensuring that the first gel coat would di@l in a tacky statd~(gure 3.2, allowing a
second coat to attach to the first layer.
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A rack was used to keep the slabs in position wapplying the epoxy and also allowing the

slabs to be turned relatively easiRigure 3.3.

Figure 3.3 Epoxy covered slab mounted in rack.

After the epoxy had dried for one day, the sampds placed in a heat cabinet for the curing
process Kigure 3.4. Starting at 40°C and leaving it for two houifse {process was repeated
by increasing the temperature by 20°C every seduwd until 100°C was reached. The
process was completed by cooling the sample quidialyn to 20°C againFigure 3.4. This
cycle would make the epoxy withstand high tempeestand make it more elastic.

Temperature ('C)

Time (hh:mn)

Figure 3.4 Curing cycle of the epoxy gel from Axson technical datasheet.

When the curing process was completed and the $lablscooled down, brackets were
attached on the sides on both samples with the AR4d5/400 epoxy.
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Before conducting any experiments, the epoxy cosltas were pressure tested with nitrogen

at 2.5 bars to uncover possible leakages. Someadeskwere found, especially around the

brackets, and were patched with more epoxy. THessleere pressure tested, once again, to be
sure of no leakages. However, pressure limitatias wot tested due to the risk of breaking

the sample. Earlier experiments performed at Cl@pont an injection pressure of 9.0 bars

before leakage and 10.0 bars before breaking tmplea[2]. To be sure that the worst case

scenario would not occur one more time, a safegsqure of 5.0 bars was applied to the

pump. However, pressures above 2.0 bars were meaehed. Passing the pressure test, the
slabs were mounted in the 2-D core scanner calfjiigure 3.5. The next step was to

saturate the samples with an aqueous solutiondifispiodide (Nal).

Figure 3.5 Slabs with valves and fittings mounted inside the 2-D core scanner cabinet.
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3.2 Chemicals

Salts:

For preparation of saline polymer solutions and ¢beresponding brine solutions, sodium
chloride and sodium iodide salts were applied. Briigs of the salts are shownTiable 3.2

Table 3.2 Properties of salt used for experimental solutions.

Type Manufacturer Purity [%]
Sodium Chloride | Sigma-Aldrich, Switzerlahd >99,5
Sodium lodide Sigma-Aldrich, Switzerland  >99

Polymer:

The polymer used in the experiments was the Floppartial hydrolysed polyacrylamide

(HPAM) manufactured by SNF Floerger, France. Thimer was assumed to have 10%
water content, i.e. a purity of 90%. The reasonafoplying this polymer was that it remained
stable in a 10 wt% sodium iodide aqueous soluttoacér), used to saturate the samples in
this experiment. All applied chemicals were usedreseived and the properties of the

polymer are shown ifiable 3.3

Table 3.3 Properties of FLOPAAM HPAM polymer.

Product name | Appr.Molecular weight [MDa] | Hydrolysis degree [mole %]
3630S 20 25-30
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3.3 Fluids

The salts were used to make their correspondingaausolutionsTable 3.4 for injection
into the samples. Tracer is the synonym for sodiodide (Nal), whereas brine is the
synonym for sodium chloride (NaCl) in aqueous sotutTracer is the fluid which attenuates
X-rays most efficiently and therefore appears ak-deey on the images. It was tested with
different concentrations (3 and 5% by weight), buentually 10% was found as the best
option. The high salinity proposed problems witgamrels to the polymer solution, but it was
tested out and found satisfactory for tracer (Nhl)order to avoid density differences, the
brine had the same amount of NaCl salt (% by weidtite tracer and brine was made in 5 kg
batches and stored in 5 L bottles at room temperaAiviscosity measurement is performed
to identify differences between tracer and brind #re results can be seenTiable 3.4 The

viscosity measurement procedure is described nmmadetail undeChapter 3.6.5

The most common way to trace fluids in a watersgdtem is to dope the oil with iododecane
to be able to see the difference on X-ray imageshis thesis the resident water was doped
with sodium iodide because there was lack of hexdlyyand the less viscous Heidrun oil had
to be applied. The viscosity of the oil at 22°C veggproximately 53 cP, and if it had been
mixed with iododecane it would have been even Wssous and less fingering effect would
probably appear. The Heidrun oil was put in flasks heat cabinet at 80°C for a couple of
days to remove the lightest parts of the crudeTdils was done in order to avoid vaporizing

of the crude during the ageing process.
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Figure 3.6 Viscosity for the WF+PF and PF polymer solutions at different shear rates.

Viscosity measurements of the polymer solutionsxshalecreasing viscosity as a function of
increased shear ratBigure 3.9, which is expected. The viscosities at T0and 100 § are

shown inTable 3.4

Table 3.4 Fluid properties.

Substance Density [g/cr} |Salt [% by weight] | Viscosity at 10 & [cP]| Viscosity at 100 & [cP]
Brine (NaCl) 1.065 10 1.2+0.2 1.2+0.2
Tracer (Nal) 1.073 10 1.0+£0.2 1.0+£0.2
Heidrun Oil <1 - 53+1.0 53+1.0

WF+PF polymer| - 10 11.4+0.2 6.6 £0.2

PF polymer - 10 11.2+1.6 6.3+0.2

For reference viscosity measurements on the Rheomatpolydimethylsiloxane solution
manufactured by Sigma-Aldrich was applied. Notet th@ viscosity provided by the
manufacturer is the kinematic viscosifyaple 3.5.

Table 3.5 Properties of reference fluid for viscosity measurements.
Type Manufacturer Viscosity [cSt]
PDMS200 | Sigma-Aldrich, Switzerland 5 (25 °C)
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3.4 2-D core scanner

The main tool for the experiments conducted in tiigsis is the two-dimensional core
scanner build by InnospeXion in Denmark, which &lofor high resolution in-situ X-ray
imaging and photon counting scan of epoxy coated stabs. The shielding scanner cabinet
is suspended on a steel frame with two sliding sledrich gives easy access to the interior of

the scanning systenkigure 3.7. An inspection window gives visual access to ¢hbinet

interior while scanning is performed.

7

Figure 3.7 The 2-D rig placed inside the shielding cabinet made of lead. Two sliding doors
provide access to the interior.

To minimize the risk of radiation outside the cadtjra safety sensor makes it impossible to
start scanning before the doors are properly clofkd entire system can be used in vertical
or horizontal position, and rock samples can be ntexliinto a completely extractable tray
while tilted to the horizontal positiofrigure 3.9. The rig is based on quantitative attenuation
and is applicable for samples up to 1 x 1 m. Twaependent software programs, providing
control of the scanning parameters, are used tnpemphoton counting scanning or X-ray
image scanning. The instrumentation has numerdisa#on options to tailor the system for

specific flow experiments.
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Figure 3.8 The rig can be tilted for horizontal flooding experiments. The shuffle provides easy
access to the sample.

Top View

Figure 3.9 Schematic top view of the 2D rig. The source and detector/camera are moving on
rails, with the sample placed in between.

The applied experimental setup is developed at CHd the two-dimensional scanner is
designed specifically for analysis of viscous ubkadisplacements for both miscible and
immiscible processes [2]. The sources and detectonge simultaneously along the rails in
horizontal and vertical direction, which is conteol by a computer connected to digital
servomotors. Either an X-ray source or a low enegggnma-ray source is used to emit a
narrow beam of electromagnetic radiation which tierauated by a porous rock sample
(Figure 3.9.
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Gamma- and X-rays are distinguished by their origgamma-rays are produced by
radioactive gamma decay in a nucleus, while theayérare produced when fast moving
electrons are retarded by a metal target. Thedotiens between electrons and target result in

a conversion of kinetic energy into thermal eneagyg electromagnetic energy, i.e. X-rays.

The gamma source is a 7.4 GBq isotope®Brthalf-life = 433 years) emitting an energy of
59 keV. Anf* decays to N’ emitting alpha particles of different energies.c8ese
numerous of the resulting states are metastaldg,émit gamma-rays with energies between
26.3 and 158.5 keV [73], but the main peak is at ¥@8V. The X-ray source may be operated
between 40 and 60 kV, at a maximum current of OM The ranges used in this experiment
are 47 kV and 300 pA for the gamma scans, and 68rd/320 pA for image scans.

A Nal crystal scintillation photon counting detectand an X-ray camera measures the
intensity of the attenuated beantsgure 3.10. The amount of attenuation depends on the
porous media and its composition together withftiig it is saturated with. E.g. the higher

the attenuations the darker the X-ray images get.

| |
X-ray

ource

i

A tToIIimator ca{era 1
’ l \\.&\ '

Figure 3.10 Left: X-ray source. Right: Gamma-ray collimator and X-ray camera.

The X-ray source is a Magnatek CS-60 unit with @@ x 0.5 mm focal spot and fan beam

geometry and the X-ray camera is an AJAT SCAN 30dFe linear detectoiF{gure 3.10.
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For the gamma-ray scans, a circular (5 mm diameletgctor collimator is used to filter a
stream of rays so that only those travelling pafalh a specified direction are allowed
through Figure 3.1). The use of the collimator excludes secondaryateeh caused by

interactions like Compton scattering.

Rock sample Rock -.\'.m:ph-
- fi %

i — T —
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y-source y-source
Detector Detector

Figure 3.11 Schematic of photon counter. Left: Without collimator. Right: With collimator.

3.4.1 X-ray imaging
The X-ray camera, a linear array which moves actlossample simultaneously with the X-
ray source, provides high resolution real-time imggof miscible and immiscible
displacements in porous rock samples. X-rays pgsbimough the porous media are detected
by the camera and outputted as X-rays imagegufe 3.13. The angle of X-ray emission
used for image scan is typically 20°. The X-ray esarmust be switched on some time before
use and put on a warm-up sequence to reach oppratinperature (30 £ 0.5°C). It takes
about 15 minutes to stabilize the temperature.

Filtration Actual Object
.---"" Camera

X-ray Source E

Variable X-ray Incident
Spectrum which the camera
uses to construct the image.

Figure 3.12 Schematic view of the X-ray camera setup.
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The camera is approximately 12.5 cm tall and 6.5 wide and has no collimator in front.

Each image strip is 64 x 1510 pixels. The strigscnllated together to form the 1352 x 1510
pixels images which are stored. X-rays moves iaragattern towards the camera, and all
rays are counted. The camera will count an areahrfagter than the photon detector, which
makes it ideal to monitor rapid saturation changdéss technique is not as accurate as photon
counting, but allows for real time attenuation iregghat can be correlated to actual flow
patterns. Images obtained by the camera provideshiape and extent of the flowing front

during a displacement. Fingering and unswept are@s be detected and observed

qualitatively.

The whole 1 x 1 m available scanning area is divitiéo sub-areas of 9 x 9 matrix sectors,
where each area can be scanned individudigufe 3.13. Each sector is a square of
approximately 11 x 11 cm, and the areas which@betscanned are selected in the belonging

computer software.

The images of each sector are saved on the comipartérdisk during the scanning process,
and the size of the 3 x 3 matrix (conducted ini)es approximately 60 megabytes (mb).
Image resolution can be changed, but in this thesidest resolution is used, which naturally
require longer scanning speed (3 cm/s). An imaga &mr a 30 x 30 cm core sample require a

3 x 3 matrix (blue areas igure 3.13, and takes approximately five minutes to complete

9

Figure 3.13 Scanning area of the 2-D core scanner.

Adsorption of radiation depends on the materidgtavels through. Intensity detected by the
camera is a function of the porous media and thil fit is saturated with. The different
detected intensities are captured with varying destels ranging from black to white. To

improve the contrast between fluids in oil- briygstems, one of the fluids is normally tagged.
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The brine is most often tagged by iodide (i.e.dracwhich has a high level of attenuation,

giving a darker grey colour of the displacing flwd the X-ray image.

The raw data received from the X-ray camera is iL@uhsigned data for each pixel, where
each pixel has a value in the range 0-65535. Agasiget by the software before each scan
and the data is saved as jpg, tif and large.t#f grey scale. The range was set from 0-3500 for
all experiments, and intensities higher than 3508eit to be white in the image. A limitation
is that only a portion of the raw data is kept &ves hard disk space. However, real-time
saving of data would result in a rate of approxeha3 mb/sec. This would quickly occupy

much storage if all data was saved.

3.4.2 Image processing

The image file stored in the computer is approxetyab0 mb, and is the sum of all nine
sectors scanned. Every sector has four elemenfisegrwhich are automatically stored at the
end of a scan. The four files are text, jpg, tiddarge tif, where the text file contains
information of threshold- and X-ray values (voltaged current). The three other files are
image files, where jpg, tif and large tif are offelient sizes in increasing orddtigure 3.19.

Image sectors are put together to form a finalupét which is used in the thesis, and is
performed by MATLAB. The MATLAB scripts are writtegspecially for these tasks [55, 74].

One or more images are taken before every newifigogikperiment to form an initial image.
Every image taken during the flooding is retradtedh the initial picture to form a difference

image. It is possible to use all three types ot@scimages, but the jpg format was used in

this thesis.
EHlBuffer_7-1.jpg 364 KB
= Buffer_7-1.tif 2,747 KB
[Z] Buffer_7-1.txt 1 KE
|=| Buffer_7-1Large.tif 3,746 KB
= P

Figure 3.14 Example of type and size of the 7.1 sector file (marked in red).
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A code in MATLAB is used to retract all images wiitha folder, e.g. all images for water
injection, which is quite time saving. Mostly rettad images are used in this thesis, but

original images which contain lots of noise areasicnally used.

3.4.3 Image filtration
The X-ray camera may cause noise in the originahadified image. Images used in this
thesis are mostly pictures which are retracted foora or more initial images taken before
each experiment. There are mainly two reasons witnacgted images are used: Firstly, the
difference between the initial image and the réshe images is useful during secondary and
tertiary injections, where only the current injectiis of interest. Secondly, retracting images
from each other remove some noise, improving traditguof the images.

It is possible to remove more of the noise witlhotamade filters in MATLAB. Such a filter
has been applied to see how it can improve imafes.filter code is developed by a PhD

student at CIPR, and is still under constructiod mmprovement.

Instead of jpg images, like in this thesis, lanjémnages are used. The original images taken
by the X-ray camera has pixel intensity betweerb08® roughly, which is reduced to range

between 0-3000 because noise is normally in thieenigange of the scale. The image size is
reduced and retracted from the initial image arelrtew image is converted to a frequency
domain instead of an image domain. The code looksnbise frequencies and suppresses
these frequencies. A filter is applied in the emdrnoothen the frequencies before the images

are converted back to an image domain.
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3.4.4 Sources of error
Image scans start from the top and scan each réavebis moves down to the next row. The
total scanning time for each rock sample for th& 3 sector matrix is five minutes. A
consequence of this is that more solvent is ingeetelower sectors than captured on image,

and displacement patterns may have changed duméngcanKigure 3.15.

0
n
1

1
o
-
—

Figure 3.15 Left: Scan order of a 3 x 3 X-ray image sector matrix. Right: Exaggerated illustration
of injection affected by X-ray camera delay.

The effect of possible changed patterns dependghenflow rate. Different rates are

corresponds to the different types of injectiond enshown inTable 3.6

Table 3.6 Effects of injection rate to camera delay.
Type of injection | Rate [mL/min] Vqu_me Injected per % of PV
image [mL]
Water and polymer 0.1 0.5 0.12
Chase water 1.0 5.0 1.16
Dispersion 2.0 10.0 2.33

Chase water injections and the effluent dispergeésis might be affected to some extent, but
the standard injections of water and polymer atesoanuch affected. The original image file
created at each scan registers the time the seais.s¥When images are put together by
MATLAB, this time is used to calculate the volunmgeicted to each specific image. The X-
ray camera delay may affect the calculated volutiibeastart of a scan, if 5 or 10 mL extra is
injected during an image session, which might bet®0100% extra compared to the

calculated volume.
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The X-ray camera is 12.5 cm long, but the top amttbin of the sector images cannot be used
due to noise and overlap. The overlap is fixed wthenimage sectors are put together by
adding cutting values in the MATLAB code. Cuttinglwes fix this by removing parts of the
top and bottom of the images, resulting in a hewfhapproximately 11 cmKgure 3.1§.
From image sector 1 the rays detected above thénguboundary is removed, and
correspondingly from image sector 2 the rays detedbelow the cutting boundary is
removed.

Image sector 2

Sector 1 upper boundary bt i@ b

Image cutting boundary

Sector 2 lower boundary

Image sector 1

X-Ray iy

Figure 3.16 Outer boundaries of X-rays measured from two different source positions [55].

As shown inFigure 3.11 the radiation moves in a fan pattern towards dhmera. Field
strength of the X-ray source is weaker at the qom@pheral area than at the centre. This
results in a non-uniform intensity along the camegralding less radiation towards the top
and bottom edges of a sector than in the centreesudts in a darker area on the images, i.e.
higher saturation of a specific fluid. This was @akinto consideration when performing

image pixel counts.
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3.4.5 Image quality and cutting limits
During the work of this thesis, the noise levetlt# images obtained by the X-ray camera had

significantly increased. The water injection penfied three months after the dispersion test,

showed a decrease in image qualiig(re 3.17.

Figure 3.17 Example of decreasing image quality. Left: Initial image from effluent dispersion
test. Middle: Initial image from water injection. Both images from the WF+PF
sample. Right: Zoomed area of middle image.

A dark stripe is observed at the top of each roweaftor images, blocking the view in certain
areas of the image, leading to a reduction of médfon availability. The reason for the
drastic change is unknown and several attemptaliorate the X-ray camera was performed,

without any improvement.

Cutting values for MATLAB was found by placing aykéigure 3.1§ between two image
sectors and simply cutting pieces by pieces uatisf/ing boundaries were achieved. The
exact shape of the key was however difficult tcedeine due to the black stripe between the

images.

Figure 3.18 Cutting values are found by placing a key between two image sectors.
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3.5 Pump and associated equipment

For every experiment involving a pump, QX-500 by I@QKX is used. The QX-500 has many
operational modes but in this experiment eitherstamt rate or constant pressure mode is
used. The pump has two 150 mL cylinders workingetbgr, assuring continuous flow.
Maximum pressure is 34 bars, and the pump deligggsrof up to 500 mL/min (30.000
mL/h). Each cylinder is operated by a sprocket antiming belt. One step on the belt
displaces a volume of 0.000025 mL (25 nanoliters) gives the outgoing rate an excellent
resolution. The pump operation is controlled byoenputer program, allowing recordings of
cumulative volume injected. However, rate and dyitessure are only displayed in real time

and is not recorded.

-

Figure 3.19 Left: Quizix QX-500 pump. Right: FUJI FCX series differential pressure transmitter.

Measurement of the differential pressure over ttolk samples have been carried out by FUJI
FCX-Series differential pressure transmitter (DPTIere are two available DPTs to the core
scanner, named dP-high with the range over 1000mbdrDP-Low with the range under
1000 mbar. Since the experiments in the presesistivéll operate with pressures from 0-400
mbar, the dP-low DPT was chosen. The uncertaintgtased by the manufacturer to be
+ 0.04% of the measured value. It was calibratefrbeevery experiment to ensure low

uncertainty.

A problem occurred during the experiments, wheeestbftware stopped logging the pressure.
This problem happened especially during night timejn periods were the computer had

been left unused, and resulted in no pressure promt
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3.5.1 Valves, fittings and tubing
The tubing setup is constructed of Swagelok 1/&ingss steel valves, fittings and
perfluoroalkoxy (PFA) tubing. To avoid any oxidigiiron ions in the system, all components
should ideally be non-steel. However, this is astjoe of availability and practicality as the
total flow through steel is minimal compared tottbhthrough PFA. The PFA tubing is also
very convenient when removing air from the systeimge its transparency reveals air bubbles

easily.

3.5.2 Piston and measuring cylinders
Piston cylinders were mounted in the circuit betwélee pump and the rock slabs. Two
chambers are separated by a piston in a stainidssler, with valves at the in-and outlet
(Figure 3.2Q. The piston assures no contact between the fasdsell as an output rate equal
to the pump rate. The main reason for using pistgdimders is that the injection fluid can
easily be switched between brine, oil or polymethaiit having to clean the cylinders inside
the pump. Another important reason is that bringhwigh concentration of salt may cause
corrosion of the pump components. For all experisé&rD L piston cylinders are used, which

should be cleaned and dried as soon as possibleuat to avoid oxidation.

Tubing
—»

Figure 3.20 Piston cylinder used in all flooding experiments.
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Note that piston cylinders which have been expase@ressures above 1.0 bar must be
handled with care. The pressurised air system dsedg this thesis holds 5.0 bars, and is
used to push the piston in the cylinder back to gtet position when emptied. Before
unscrewing the outlet (tubing end) to refill thdigter, it must be confirmed that that the
cylinder has been emptied for the pressurisedrhis can be done by opening the valve at the
end and letting the air out. A piece of paper towgdut in front of the outlet opening to catch
any fluids that may be sprayed out due to the presdf the cylinder is not de-pressurised
before unscrewing the outlet, it may pop off ag@eqztile and cause injuries to people and

equipment.

Measuring cylinders are used to collect the effienm the flooding experiments-igure
3.21).

=

L g

Figure 3.21 100 mL measuring cylinder from Brand Eterna, Germany.

Table 3.7 Different measuring cylinders used in experiments.

Measuring cylinders [mL]

250 £1.50
100 +0.80

50+0.75

25+0.38

10+ 0.15
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3.6 Procedures

The different procedures during the experimentakvave described in this section.

3.6.1 Porosity and permeability measurements

Porosity:

The samples were first evacuated down to approeiyn&t mbar by a vacuum pumpigure
3.22. The amount of air left in the sample after e\aig it, corresponds to less than 1% of
the total pore volume when the sample is returredtimospheric pressure. An aqueous

solution of sodium iodide was pumped into the samypitil a preset pressure was reached.

INSIDE 2-D CABINET

Control unit

( TRACER (

PUMP PUMP

YACTURM|

Figure 3.22 Setup for porosity measurement.

The pump was put in constant pressure delivery matth a constant pressure of 2.0 bars.
This function enables the pump to adjust the rateraatically. The max rate is set to 50
mL/min which is reduced to 10 mL/min when the ptwessreaches 1.0 bar. This is done to
reduce the shocks that may occur when rates sipiftllly from 0 to 50 mL/min. The porosity
calculation is based on the amount of liquid whihised to saturate the core with respect to
the bulk volume of the whole sample, measured leyghmp. Because it is impossible to
saturate closed pores, the porosity calculated kellthe effective porosity. Due to the
difficulty of moving the samples out of the 2-D emcanner cabinet, which could also change

the position, the comparison of weighing the samplefore and after is not performed.
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Permeability:

Tracer is pumped through the sample and the diffexle pressure is measured for the
different rates Kigure 3.23, which is quite linear Higure 3.24. The permeability is
calculated by the use of Darcy’s law. Due to théedent inlet and outlet areas, two methods

are used to calculate the permeability.

INSIDE 2-D CABRINET

Data agquisition
and control
unit

( TRACER [
PUMP | |

Figure 3.23 Setup for permeability measurement.
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Figure 3.24 Example of differential pressure as a function of injection rate.

Method 1: Assume equal area at inlet and outlet, A=66.cm
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Method 2: Assume radial flow:

— =Ty i-_-—-\
\__________ ___________/

r”f |:> — Q: Injection rate

l+— 15 cm —#— 15 cm—H

Seen from ahove

ﬁ 0: Injection rate
=

Figure 3.25 Radial flow model in cross sectional view and from above.

Assuming the flow is radial in a sector (blue pfrEigure 3.25 of a circle the permeability
can be calculated. Unknown parameters like thaugadj, arc length of the blue sectdx,and
the angle of the blue sector has to be calculdbexn the dispersion experimefigure 3.26

when brine displaces tracer, it seems as if brageahconing behaviour towards the producer.

Direction of flow

Figure 3.26 Image of brine displacing tracer from Figure 4.5 at 0.85 PV.

Ideally the shape should be more like the blue afé&agure 3.25
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Pore volume injectedP{) is calculated by the following formula:

PV = Qt Equation 3.1

Vv

p

whereQ is the flow ratet is time andv, is the samples pore volume.

3.6.2 Effluent dispersion test
Previous tracer effluent tests have been perforoséag UV spectrometry after injection of
brine with 4-fluoro benzoic acid as tracer. Howevéar the effluent dispersion tests
performed in this thesis, the tracer (sodium ioficiencentration at the outlet was found by
measuring the electrical resistivity to the flunkeo a measuring celF{gure 3.27%.

A new method was tested simultaneously with thestiggy test. By measuring the gamma
radiation through a cellFgure 3.27, the transition from one fluid to another can be
monitored. There are two independent programs clhing both the counting scan and the
image scan. It is not possible to use both programthe same time, e.g. a numbers of
measurements are preset, and it is required to aflgnswitch between the different

programs.

Because the viscosity of the oil was low (53 cP)vas not possible to dope (trace) the oil as
it would further decrease the viscosity. The sasiplere initially saturated with aqueous
tracer and the test started by injecting brinec@&rahas a higher electrical conductivity and
attenuation than brine, and the effluent dispersiane in the transition between the different
fluids is obtained by measuring the resistivity gadnma rate, which is recorded and saved to
a computer connected to the apparatus. Duringftheet dispersion test, the fluid front will
also be monitored by images. When the 2-D rig abis closed, the temperature rises,
especially when the source is nearby the measaghgAn increase in temperature makes the
measured resistivity decrease. This can be sedheirvarious effluent dispersion curves
underChapter 4.1.4
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Inside 2-D scanner

Measuring cell

Data aquisition
and control unit

( TRACER |[]
( TRACER (

Figure 3.27 Setup for effluent dispersion test during tracer injection.

The resistivity method is more favourable compaiedhe UV spectrometry as it prevents
adsorption, and increase the amount of data psigtéficantly. The total analysis time is also
reduced. Results are displayed in graphs whereetave concentration of traceC/Co) is a
function of pore volume injected. The resistivitgtinod measures the resistance of an electric
current through the measuring cell while the ganmooant method measure the amount of
radiation which passes through the cell. The nsdationcentration for both methods is found

by dividing a measured concentration by a knownahconcentration [75]:

_In (x)-In(X;)

C
C_O Equation 3.2
where X is the measured concentration (both resistivitg gamma rate) during two phase
flow, X is the concentration during one phase flow of aggesolution with sodium iodide
andX; is the concentration during one phase flow of agaesolution with sodium chloride.
Normalising of the data enables results from bahkistivity measurement and gamma
counting scans to be displayed in the same graplefifhient dispersion tests were started at
100% tracer saturation and run until 100% of thaeébconcentration was reached. Due to the
shape of the sample, and the difficulty of sweeplregcorners, 100% concentration occurred
at approximately 4.8V (just under 2 L, which is two cylinders of tracerbrine).
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3.6.3 Drainage and wettability alteration
Drainage:
The slabs are drained with North Sea oil origimatirom the Heidrun field. The viscosity
ratio during this immiscible displacement is 53ahd hence it is supposed to be a stable
injection. Injection rate is set to 0.25 mL/minawoid unstable displacement, and to get the
lowestS,; as possible. Because the Heidrun oil is lightanttvater Table 3.4, it is injected

on top to utilize the gravitational forces. The idege shown inFigure 3.28is from the

broken samples, but used as an illustration.

0.07 PV 0.26 PV 0.64 PV

0.77 PV 1.52 PV — Last image

Figure 3.28 Drainage in the broken WF+PF sample at different PV.

From the images ifrigure 3.28it is observed a capillary end-effect, which it expected
in a drainage process [64]. There was observedgrafi effect at oil breakthrough, and little
water was produced after. By material balance tit&i oil volume was found\{,), and the
irreducible water saturatiors) is calculated along with the initial oil satuati(S,)). The PF
sample was drained exactly by the same proceduteddF+PF sample.
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Wettability alteration:

After the slabs had been drained, they were patheat cabinet at 70°C, connected in series
to a cylinder with fresh oil in one end and a cgten which would receive oil in the other end.
The pump was connected to the cylinder with oit] #re rate was set to 0.03 mL/mkidure
3.29.

Inside heating cabinet at 70 °C

Control unit

Crude oil filte\r |

PUMP | |

Figure 3.29 Setup for wettability alteration.

In theory, the oil-containing cylinder should beiad in one week and the oil filter should
be removed and the direction changed. It was pthnmeepeat this process of changing the
direction two more times. Unfortunately, the pregegssure limitation forced the rate to be
decreased, which occurred because the pump wde setonstant delivery rate mode with
pressure limitations. The slab was not directlyspuge monitored inside the heat cabinet, but
the outlet pressure of the pump was used to sdinittations. In fear of breaking the samples
one more time, the pressure limitation was set@dars, but outlet pressure of the pump rose
to 2.0 bars in less than one day. The pump, whiak get to constant delivery mode with

pressure limitation, reduced the rate correspongitogstay below the limit.
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It soon became obvious that the injection ratehef @il was low, and it was believed to be
caused by the plugging of the crude oll filter blgalty components and patrticles in the oil.
The filter was changed, but the problem persis&x.weeks later after the ageing process
started, the volume of oil injected was only 200.rtilwas concluded, after consulting with

other researchers, that 70°C during a six weelogexias sufficient to change the wettability,

despite the lack of oil flow through the samplese Wilemma of time consumption was also a
reason to stop the ageing process and continuethathrest of the experiments. The slabs
were put back into the 2-D core scanner and thag weady to start the water and polymer

injections.
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3.6.4 Polymer solution
The polymer solutions of HPAM were prepared by mixdry polymer granulate with tracer
(10% Nal) solution. To assure sufficient stirrirgHeidolph rack mounted overhead mixer
was used instead of a magnetic stirfeg(re 3.3Q. The mixer propeller was custom made by
the polymer manufacturer, with rounded blades toichunwanted shear. The concentration

for a solution was 1000 ppm, and was prepared ®fP& modified SNF procedure:

1) HPAM granulate and the 10 wt% Nal solution wasighied in separately onto a
weighing tray and 800 mL beaker respectively.

2) The beaker was placed on jack plate and placei@ruthe Heidolph mixer and the
propeller should be centred in the beaker, appratety 2.5 cm above the bottom. The

mixer was set to 600 rpm, and a vortex withoutrsaag air bubbles should appear.

3) HPAM granulate was poured slowly into the vert@thout contacting the propeller
shaft. A quantity of approximately 0.5 g of granat per minute proved to be

adequate.

4) The mixer ran for 12 to 24 hours mixing at 6Pén. A Parafilm seal on top of the

beaker was applied.

Figure 3.30 Right: Heidolph mixer. Left: Mixing of HPAM solution.

Prior to an experiment, the solutions were grafiltgred through a 4@um filter to remove
precipitations and/or microgels. After filtratiolnet solution was poured into a piston cylinder.
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3.6.5 Viscosity measurements

The viscosity measurements were performed with dutao compact rheometer, the Physica
MCR300 by Anton PaarHgure 3.3). The MCR300 features two measurement geometries.
The cone plate geometry (CP-75) is preferred fonas with a presumed viscosity higher
than 10 cP (e.g. polymer solutions) consisting afmple plate stator and a slightly coned
plate rotor Figure 3.3). For samples with a presumed viscosity below BO(e.g. diluted
solutions, brines and tracers) the double gap gagr(ieG-26.7) is preferred. However, there
will be several transitions from tracer/brine toymeer solution in both slabs and the cone
plate geometry is assumed as the best choice ter ¢be large range of viscosities in the

experiments.

FLUID
SAMPLE

STATOR

Figure 3.31 Left: MCR300 Rheometer by Anton Paar. Right: Cone plate measuring geometry.

The Rheometer measures the rotor speed, and aanatalthe shear rate by multiplying with

a known constant £ Similarly, the shear stress is given by the tergqoultiplied with a
constant G. The viscosity is then calculated as the sheasstdived by the shear rate.dahd

the G constants are unique for each measuring systemteRgerature control, both stators
are mounted on a Peltier apparatus with water kgaind electric heating. All experiments
are carried out at 22 + 0.1°C. Periodically anthé geometry is changed, the Rheometer has
to be checked for erratic behaviour. This is dopeneasuring the viscosity of the Newtonian
fluid PDMS200.
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Before each measurement, all parts that are iracomtith the sample fluid were thoroughly
cleaned and dried. First with soap and water, tivesed 3-5 times with distilled water and
finally dried with clean pressurized air. Beforgyaneasurements can be done, the Rheometer
and corresponding software must be turned on aiidlimed. The sample cup or plate is
fastened in the holder and levelled with a tubslarit level and the fluid sample is carefully
dispensed with a pipette onto the plate or cup.vidieme required is 4.1 mL for the DG and
3.0 mL for the CP. After the Peltier apparatus basn set to the desired temperature, one
should wait a few minutes with the rotor placedneasuring position to let the heat distribute
through the sample. During measurements a Plexigasr is put over the Rheometer to

protect the sample from air fluctuations.

For both geometries, the measurement procedures stdh five minutes of temperature

equilibration, thereafter the software starts theasurements automatically when the
temperature has been constant at 22 + 0.1°C fasdeonds. The measurement starts with 21
measuring points with logarithmic increase in thheas rate range of 0.1 to 1000 (1/s).

Finally, the same points are measured again withe@sing shear rate. The measuring time
for each point varies logarithmically from 10 sedsrior the highest shear rate, and up to 30
seconds for the lowest. After the viscosity measams, the data is transferred to Excel

sheets in order to make proper graphs of the medsamples.
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4 Results and Discussion

In this chapter the results are presented in chogieal order. Sample characterisations such
as porosity, permeability measurements and digpersists are reported. The main scope of
this thesis is to investigate the mechanisms beéimginced oil recovery by studying the high
resolution images provided by the 2-D core scansepplemented by figures, curves and
tables of effluent analysis. Final images (retrdcteere put together by MATLAB and if
unmodified images are used, it will be specifiedthat section. The differential pressure

measurements during all main experiments are disglan Appendix A.

4.1 Porous media characterisation
Basic parameters such as porosity and permeabil@ycalculated, and dispersion tests are

performed to characterize the porous medium wigfamgs to heterogeneities.

4.1.1 Porosity and oil saturation

Porosity:

From the cumulative pump volume, the slabs seelpetguite similar in terms of porosity
(Table 4.). The porosity of 22% is as expected (from Chapigy.

Table 4.1 Pore volume and porosity for the slabs.
Sample Vead [ml—] Vp [mL] ‘peff[%]
WF+PF 6.0+0.5 431 +4 221

PF 55+0.5 430 +4 221

Oil Saturation:

The slabs are drained with viscous oil (53 cP) @nredvolume of water from the measuring
cylinders is calculated. Drained volumes are shawiiTable 4.2. The samples are quite
identical in terms ofS,; values, which were expected because the samples fwan the
batch.

Table 4.2 Drainage values of the WF+PF and PF sample.
Sample | VimL] | Si[%] | Si[%]
WF + PF 354 +£3 18 82
PF 350+3 19 81
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4.1.2 Effective permeability
Calculating the permeability of the samples is swhight forward. In Darcy's law it is
assumed that the surface area of the sample isrknbwe problem for these samples is the
different surface areas between inlet (0.59)cand outlet (60.0 cA It is has been calculated
in earlier experiments that Bentheimer sandstorse drma average absolute permeability of
around 2.5 £ 0.5 D [3, 55] and comparisons wilhtede to these known values. Two specific
methods have been used to find suitable permeaabilibr the two slabs. The results from

permeability measurements are showiable 4.3

Table 4.3 Calculated permeabilities of the WF+PF and PF sample.
Sample Permeability method 1 [D] Permeability methd 2 [D]
WF + PF 0.58+ 0.04 29+0.2

PF 0.52 £ 0.04 27+0.2

It seems that this method 1, where equal inlet@uritet area are assumed, underestimate the
permeability. This is to be expected as the asswsuddce is much higher than in reality, and
the pressure should be much lower if this was #se.c The values calculated for method 2,

radial flow, seem to match the expected valuesnaayg be regarded as satisfactory.

The permeability of the PF sample seems to be |ohaar for the WF+PF sample. The reason

for that will be investigated later on during tH#éuent dispersion tests.

4.1.3 Relative permeability and mobility ratio
After the assumed wettability alteration, the efifiex oil permeability at irreducible water
saturation was measured for both samples usings#me equipment as for absolute
permeability measurements. For the WF+PF sampée etfective water permeabilitykdy)

was measured after water injection at remainingatliration.

Table 4.4 Endpoint values of relative permeability.
Sample kro,iw ['] krw,or ['] MO [']
WF + PF 2.1 0.13 3.2
PF 2.7 - -
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By the calculated values ifable 4.4it can be made some assumptions about the wétgabil
alteration. The relative oil permeability for bagamples are higher than 1, something which
is not stated in theory. However, in practice thsurs frequently and the reason for this is
that in a water-wet porous medium the oil will lmedted in the middle of the pore. If no
wettability alteration has happened, the oil wiill e situated in the same location as before.
When measuring oil permeability during these coadg, the oil has no contact with the
tortuous rock walls. This enables a gliding effieetthe oil, and thus higher oil permeability

is correctly measured. It can be concluded thaskhles are not strongly oil-wet.

Relative water permeability for the WF+PF samplguge low, which indicates a water-wet
case. It is not possible to state that the samaitesstrongly water-wet either due to the

uncertainty of the inlet and outlet configuration.

The endpoint mobility ratio for the WF+PF sample#dculated tavl ° = 3.2, not as high as

expected. However, the mobility ratio calculated fle WF+PF sample might not be so
reliable. The relative endpoint water permeabiltyneasured in a system with both fingering
and unswept zones, and since the mobility ratia Buckley-Leverett consideration it may

affect the calculated value.
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4.1.4 Effluent dispersion tests

WF+PF sample:

To identify heterogeneities in the porous mediundispersion test is used. The viscosity
ratio during the miscible displacement, i.e. dispar test, is 1:1, and should accordingly be
stable.The samples are initially saturated with tracenn®&ris slightly lighter than tracer
(Table 3.4, and will be injected from the top of both sangp/hen the brine has fully
replaced the tracer, tracer will be reinjected frtdm lower injection point, and by time

displace all brine in the sample.

The dimensionless number, pore volume injecid),(is calculated by MATLAB when the
images are put togethd?V is calculated at the start of every image takemchkvis written to
the original image file. One image takes about fiviautes to complete, and the MATLAB

calculated pore volume injected is therefore slighhcertain.

The injection rate is set to 2 mL/min for all dispen experiments. All images shown in
Figure 4.1are drawn from an initial image, which means thay differences from an initial

image are captured.

.'L—-:—_le-,, =,
1l B

Tracer

saturated

Initial image 0.05 PV 0.10 PV
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Sharp distinction

Tracer
between brine and

tracer Disturbances along

interface

0.17 PV 0.25 PV 0.33 PV

0.42 PV 0.64 PV 0.76 PV — Last image

Figure 4.1 Brine displacing tracer in the WF+PF sample at different PV.

A sharp interface between brine and tracer is oesein addition to some disturbances
(Figure 4.). The rest of the images indicate a heterogenastye and coning behaviour

towards the producer at the end of the injection.
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Figure 4.2 Effluent dispersion curve for brine displacing tracer in the WF+PF sample.

The shape of the curv€ifure 4.2 above is not symmetric aroundPY. This most likely due

to the coning shape in the end of the flow andatiea sweep efficiency.

Table 4.5 C/Co of tracer at 1 PV of brine in the WF+PF sample.
Method C/C,at 1PV
Resistivity 0.20
Gamma count 0.38

The values fromTable 4.5indicate that the front arrives before an ideanseio, and is
affected by the fingering coning shape of the froht 1 PV the resistivity measurement
shows 20% tracer concentration instead of the i8@% tracer concentration for no fingering,
retention and dead-end pore volume. The gamma caundifferent and displays a
concentration of 38% atRV. It is not speculated any more in the differenegMeen gamma
and resistivity measurements. When the brine ilgeds completed, tracer can be reinjected

into the sample as shownkingure 4.3
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Initial picture 0.08 PV 0.14 PV

0.23 PV 0.30 PV 0.45 PV

Poor area sweep

Disturbances

0.60 PV 0.66 PV

Figure 4.3 Tracer displacing brine in the WF + PF sample at different PV.

The reinjection of tracer confirms the heteroggnednes in this sampl&igure 4.3at 0.66
PV shows a poor displacement at the sides of the Isampis may have a connection with
the fact that the ratio of the area of the injettpmint (0.6 crf) and the outlet dispersion rail
(60 cnf) is quite large.
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Figure 4.4 Effluent dispersion curve for tracer displacing brine in the WF + PF sample.

The shape of the curve Figure 4.4is not symmetric around RV and is most likely caused

by the sweep efficiency.

Table 4.6 C/Co of tracer at 1 PV of tracer in the WF+PF sample.

Method C/C,at 1PV
Resistivity 0.50

Gamma count 0.63

At 1 PV (Table 4.9 the concentration of tracer is 50%, which indésad piston displacement
and little dead-end pore volume. The gamma cousigates from the resistivity measurement

at 50% tracer concentration.
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PF sample:

The dispersion test is performed in the polymeodiog sample. At first, the injection of

brine into the sample is performed with an injectrate of 2 mL/min.

0.43 PV 0.53 PV 0.61 PV
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0.85 PV 1.30 PV 1.84 PV

Figure 4.5 Brine displacing tracer from top in the PF sample.
It can be observed from the images Higure 4.5 that the PF sample seems more

homogeneous than the WF+PF sample. The same cbahayiour observed in the WF+PF
sample, also occurs in the PF sample.
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Figure 4.6 Effluent dispersion curve for brine displacing tracer in the PF sample.

Figure 4.6is not symmetrical arounBV injected. This is most likely, as for the WF+PF

sample, caused by the sweep efficiency.

Table 4.7 C/Co of tracer at 1 PV of brine in the PF sample.

Method C/C,at 1PV
Resistivity 0.30

Gamma count 0.51
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As for the WF+PF sample, thePV value of tracer is lower than 50%. The injectioont has
the same fingering coning shape as the WF+PF samvpieh is probably the reason for the
early breakthrough. The measurement of gamma gsuntt satisfactory, due to its deviating
values and lack of measurements.

When the brine injection is stopped, tracer isjesited into the samplé&igure 4.7. Note that
the initial picture is not drawn from another pigtpit is unmodified. That is the reason why

noise is more visible than in the other images.

Initial picture 0.08 PV 0.28 PV

0.52 PV 0.69 PV 0.84 PV
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1.16 PV

Figure 4.7

From the imagesHigure 4.7 a stable front is observed and the sample seemts q
homogeneous. Note that the front has reached tthet @t 0.84PV and it takes an additional
0.81PV to a total of 1.63°V to improve the sweep. However, when the injectsostopped,
in the upper right corner at 1.65/ a small area is still unswept. The sample isdelitfor 21

hours, and as expected diffusion corrected foldhk of sweep. Effluent dispersion curve of

1.65 PV — Injection stop

the injection is shown ifigure 4.8

21 hours after jaction stop

Tracer displacing brine in the PF sample at different PV.
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Figure 4.8

Figure 4.8is not symmetrical around RV injected, which is most likely due to the sweep

efficiency.

Effluent dispersion curve for tracer displacing brine in the PF sample.
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Table 4.8 C/Co of tracer at 1 PV of tracer in the PF sample.
Method C/C,at 1PV
Resistivity 0.52
Gamma count 0.52

The tracer concentration at AV is just above 50%, which indicate little dead-grate
volume and relatively piston-like displacement. Thamma count coincides with the

resistivity method at PV, but deviate at all other points.

Summary of effluent dispersion tests:

Effluent resistivity measurements are compared éetwthe two samples, whereas gamma

counts are left out due to the poor data qualitthefmeasurements.

1 N vﬁ
0,9 \
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0,7 \
— 0,6
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° =—|nj Brine - PF
3 04
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/ \ = |nj Tracer - PF
0,2 l \
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0 g; - l . \I"\_ 1
0 0,5 1 1,5 2
PV injected [ - ]
Figure 4.9 Comparison of effluent resistivity measurements for the WF+PF and PF sample.

FromFigure 4.9it is observed a difference between the brinectiges. The front of brine is

faster for the WF+PF sample compared to the PF ksamhereas the tracer injections are
quite similar. The most likely reason for the earlbreakthrough of brine in the WF+PF
sample is because of the enhanced coning behagimuto the heterogeneity of the sample.

The injection of tracer is more stable, and heheecurves overlap.
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WF+PF sample:

The images from both the brine and tracer injecéind the effluent dispersion curves indicate
a heterogeneity zone in this sample (image&igure 4.1 and Figure 4.3). The effluent
dispersion curves show tail production (unsymmatreround 1PV), and the most likely

reason for this is that it takes time to sweepvwthele area of the sample.
PF sample:

Both the images and the effluent dispersion cumdiate a relatively homogenous porous
medium. The curves show signs of tail productiord a possible and most likely reason for
this is that it takes time to sweep the whole arfethe sample, which is the same conclusion

as for the WF+PF sample.

Based on the images and effluent dispersion curtres,PF sample seems to be more
homogeneous than the WF+PF sample.

The gamma count scan test was not satisfactorgcesdly not for the PF sample. It was an
experiment to see the possibility for a new methadmeasuring effluent concentration,
which proved invaluable. The reason for this is trmebably the lack- and quality of the

measurement, compared to the resistivity method.
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4.2 The water flooding and polymer flooding sample (WF+PF)

The main experiments for each sample are run iddally to obtain the best image
monitoring possible. The WF+PF slab is going teekposed to a primary water injection and
subsequently by a secondary polymer injection. interesting and realistic next step will be

to inject chase water and observe how it will floehind the polymer.

4.2.1 Water injection
The viscosity ratio during this immiscible watet/displacement is 1:53, and hence it is an
unstable injection. The injection is monitored itudy the 2-D core scanner. This water is
referred to in the dispersion test as tracer, ee#us doped with iodide. It is the same water
which is injected in this experiment, but heresisimply called water. The injection rate is set
to 0.1 mL/min and the water injection went on coatiusly for four days. Lack of
measurements and images has its natural reason afght-time monitoring. Five initial

pictures were taken before the flooding started.

Finger initiation

e,

- N

0.0065 PV 0.02 PV 0.03 PV

Two distinct fingers

bk
= .
SN A

0.04 PV 0.07 PV 0.09 PV
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Possible finger
Fingers coalesce

0.13 PV 0.17 PV 0.21 PV

Capillary end-effect

no water production

0.42 PV 0.44 PV 0.47 PV



0.49 PV 0.51 PV 0.66 PV

1.03 PV 22 hours after 1.04 PV Enhancéedage

Figure 4.10 Water injection in the WF+PF sample at different PV.

There was less fingering than anticipated andoksdike finger initiation is dampened in the
front of the injection Figure 4.1Q. Behind the fingering zone, there is just watéich flow
without instabilities. This situation is similar tbe numerical simulations performed by Riaz
and Tchelepi [76] irFigure 4.11 where the front is exposed to instabilities aetiibd the

front the flow is piston-like.
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Figure 4.11 Numerical simulation of fingering in front and Buckley-Leverett behind the
instabilities [76].

Initiated fingers grew together during the disptaeat, and from the different images it looks
like the area sweep efficiency is quite gobdyire 4.1Q. The reason for the good recovery is
most probably due to the high permeable porous unedi.e. low capillary forces). The

unswept areas at the sides of the sample and #idua¢ oil saturation in the swept area

remain target for the polymer injection.

The sample suffers from capillary end-effects betw8.44PV to 0.66PV, where the water
front reaches the end of the sample, but no wateraduced befor§,(P.=0). With regards to
Figure 4.10at 1.03PV and 1.04PV (21 hours later) it can be seen that little ordiftusion
has occurred towards the unswept areas. Duringjrtfeescale at this level, diffusion can be

neglected.

The enhanced imagé&igure 4.1Q has some interesting areas. The darker the dejrgey
colour, the higher the concentration of tracer. Ddwthe right in the enhanced image, a zone
which is almost white is unswept and still contagis The zone which is called partially
unswept has a grey scale in between white and gieig. indicates that the area has been
partially swept in distinct layers. The latter calso be observed in previously images in
Figure 4.10 Porous media may experience layers with variatopermeability which will
affect the front velocity, and hence the verticaéep efficiencyE,).
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4.2.2 Polymer injection
During the polymer injection there are three difar fluids present in the sample, which
means that polymer pushes on both the water andTbi viscosity ratio during the
polymer/oil displacement is approximately 11:53jekhmakes it a more favourable injection
than water but still unstable. Viscosity ratio beém polymer and water is approximately
11:1, and hence it is a stable displacement.

The polymer solution is injected with a rate of @L/min. Three initial pictures were taken
before the flooding started and put together asawagage. The areas of interest are shown
below in the initial image ofigure 4.12 The rest of the images are retracted from th&ini

image, showing only the difference (i.e black caojou

Initial image - Unmodified 0.01 PV 0.02 PV
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0.77 PV 0.86 PV 1.03 PV — Last image

Figure 4.12 Polymer injection in the WF+PF sample at different PV.

From the images it is observed that the oil mo&ii® happens mostly at the volumetric
level, at both sides and some in the red squatharupper right corneiF{gure 4.13. The
effluent is collected in different sizes of measgricylinders and analysed for viscosity.

Viscosity is measured for each measuring cylinderia shown irFigure 4.13
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The samples are displayed both at 1@sd 100 ¢ to see the difference the shear rate do to
viscosity measurement.

11

N

Viscosity [cP]

—— Viscosity at 100 s-1

f
/
/
/l f/ —e— Viscosity at 10 s-1
I/

1

O P N W & U1 OO N 0 ©

0,00 0,20 0,40 0,60 0,80 1,00
PV injected [ -]

Figure 4.13 Viscosity measurement of effluent from polymer injection in WF+PF sample at
different shear rates.

Somewhere between 0.50/ and 0.71PV the polymer front breaks through judging by the
images and the effluent viscosity measuremBigure 4.13. In the end of the injection the
polymer solution viscosity is measured to be apjpnaxely 10.5 cP for the 107's
measurement and 6 cP for the 1dseasurement. Comparing original unused polymer wit
the produced polymer effluent, the difference &Pl probably caused by shear rate and some
water mixing into the polymer solution. The redaoatis not of any large significance, which

is typical for practical cases [77].

Comparing the effluent profile of the polymer irjea with corresponding dispersion test for
the sample may yield useful information about wkiatl of flow mechanisms the polymer is
exposed to in the porous medium. When the polymeanjected into the sample it does not
flow in the whole pore volume of the sample. Theepgpace occupied by oil has to be taken
into consideration, which means that the pore veluvhere the polymer flows is the effective

pore volume R Vet).
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The effective pore volume is found by:

PV =PV [ﬁl— So,rem) Equation 4.1

Effluent from the polymer injection together withet effluent dispersion test is normalized by
the use oEquation 3.2 calibrated to effective pore volume and companetthe same graph
(Figure 4.19.
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Figure 4.14 Comparison of polymer injection and effluent dispersion test.

From Figure 4.14it is observed that the polymer injection arrivedrlier than the ideal
dispersion displacement. Factors contributing ® éarly breakthrough are most possibly
depleted layer and inaccessible pore volume (IPNQ #he latter probably the most.
Comparing the two individual displacements at 508acentration it is possible to find the
difference inPV injected (0.4PV in difference). If only IPV contributed to the aberated
flow, it would be 40%. Similar values have beenorégd in sand packs with permeability of
12 D [78].The acceleration is most likely causedalgombination of IPV and depleted layer
effects.
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4.2.3 Chase water injection
Chase water was flooded through the sample witbheirtg captured by image, and the slab
had to be refilled with polymer and subsequentipjeeted with chase water. The injection
therefore starts at 4RV instead of approximately 2RV.

The viscosity ratio of the water/polymer displacemeés approximately 1:11, hence an
unstable miscible displacement in theory. In thigegiment, retention has not been taken into
consideration. However, it is vital to know theemtion of full scale polymer injection to be
able to save as much polymer as possible. Whepdlymer slug has been injected, water is
injected to push the polymer slug through the remer How the water will displace the
polymer solution is visualised iRigure 4.15.To be able to see the water, brine is used

instead of tracer. It will appear as white in theages because it has low attenuation

compared to tracer. The injection rate is set taLImin.

0.01 PV 0.05 PV 0.07 PV

Two fingers

Polymer solution
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0.64 PV 0.74 PV 0.90 PV — End of injectio

Figure 4.15 Chaser water injection in the WF+PF sample at different PV.

From all flooding performed in this sample befodéspersion, water injection and polymer
injection), the clearly heterogeneity zone is seethis experiment as welF{gure 4.15. This
forces two distinct fingers to develop and folldve theterogeneity. After the breakthrough the
fingers grow in width, which is an expected behavion a fingered system. A viscosity
analysis of the effluent is shown iRigure 4.16.
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Figure 4.16 Viscosity measurement of effluent from chase water injection in the WF+PF sample.

From Figure 4.16it can be observed that the chase water frontkbrgathrough in the
WF+PF sample just before 0R. The fingering of chase water through the polyswution
can present a problem. If the chase water fingatshcup with the polymer front, it will
reduce the solution viscosity at the front and timesease the mobility ratio between polymer
and oil. In the end of the injection the viscosg#tyneasured to be approximately 1.5 cP, which

is just above water viscosity.
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Comparing the effluent profile to an ideal situatievhich is piston-like and no mechanisms
retard or accelerate the displacement, can supgpervisual analysis of the displacement.
Relative concentration and effective pore voluniguation 3.2 and Equation 4.lis

accounted for.

1,1
1 -—P‘—&*‘
0,9
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Relative concentration of polymer C/C,

T 05 \ == Chase water WF+PF
o’4 .\ - |deal displacement
0,3 \\ 50 % concentration
0,2
0,1

0 T T T T T T T T T 1

o o1 02 03 04 05 06 07 08 09 1
Effective PV injected [-]

Figure 4.17 Comparison of chase water injection in the WF+PF sample to an ideal situation.

This chase water injection starts at £Y according to the production history, whereas
Figure 4.17only regards this injection alone. It is obsertleat 50% concentration is reached
by the chase water after 0.46/ injected, 0.43PV before an ideal displacement. This is a
guantified measure of the degree of fingering whihyuite pronounced during the chase

water injection.
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4.2.4 Recovery

Water injection:

The recovery for the different injections in the YWAF sample are displayed and discussed in
this chapter, where the water injection was th& finain injection performed in this sample.
The recovery efficiency and water-cWQC) for the water injection is shown below Figure
4.18

o 0,6
“EJ 0,5 } —=— ER water injection
~ 04 / —a— Water-cut

0.3 / ——Expected breakthrough
0,2 /
0,1

0,0 0,2 0,4 0,6 0,8 1,0
PV injected [-]

Figure 4.18 Recovery efficiency (Er) and water-cut (WC) as a function of pore volume injected
for water injection for the WF+PF sample.

Table 4.9 Observed values from water injection in the WF+PF sample.
Event PV [] | Er[%] | Average WC [%] | Sorem [%0]
Breakthrough water 0.58 69.0 0 25.4
End of water injection 1.04 76.0 90 19.7

Water breakthroughF{gure 4.9 is estimated by linear trend lines to be at 038 The
capillary end-effect started at approximately ORM and it took 0.14PV (10 hours) before
the water saturation was high enou§h(P.=0)) to escape the porous medium. Capillary end-
effects support the argument that the sample isstrtongly water-wet. The water injection
was stopped whenWC of 90% was reached at 1.8/ and the recovery was calculated by
material balance to be 76%. This can be descrilsed eelatively high recovery for water
injection. The most likely reason for the high reexy is that the permeability is high and
therefore the capillary forces low, in additiona@hange in wettability towards intermediate-

wet. The remaining oil saturatioB(en) is calculated to be 19.7%.
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Polymer injection:

The production characteristics for the polymerdtign are shown ifrigure 4.19

(1):2 | ’x& ﬁxx )@“ :x.
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J 04 —B—ER polymer injection
ol / WC water injection
0,2 // = WC polymer injection

0,1
0,0 ~/
00 02 04 06 08 10 12 1,4 16 1,8 2,0 22
PV injected [ - ]

Figure 4.19 Recovery efficiency (Er) and water-cut (WC) as a function of pore volume injected
for water injection and polymer injection in the WF+PF sample.

Table 4.10 Observed values from polymer injection in the WF+PF sample.
Event PV [-] Er [%] |Average WC [%] | Sorem [%0]
Water injection 1.04 76.0 90.0 19.7
Polymer injection, end 2.09 86.9 90.5 10.8
Difference 1.05 10.9 0.50 8.9

During the polymer injection the recovery efficigns increased from 76.0% to 86.9%. This
is an increase of 10.9%. There was no build umgnadibbank, simply continuous production.
The slope of the polymer injection is the same fshe water injection and can be an
indication that the same recovery would be obtaibgda continuous water injection.
However, theNCis kept constant at about 90.0% and it is impdsgin exclude the polymer
effect. The remaining oil saturation is calculate®.9% after the polymer injection.

From observations of the images, the polymer saena¢fect the sweep efficiency the most
and the microscopic efficiency not so much. Witremaining oil saturation of 19.7% after
water injection, which is considered to be in theér range, residual oil mobilising is not so

pronounced as Kamarej.al [9] described.
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Chase water injection:

The total production and water-cut for all injecisoare presented Figure 4.20 The reason
for all the curves are that the first chase watggction was not captured by image and a new
portion of polymer solution had to be injected intte sample before performing the

visualised chase water injection.

(1)8 Lt Pl T —=—ER Water injection

0,8 jii —i—ER Polymer injection
—= 0,7 —8- ER 1.st chase water injection
%I- 82 =@=-ER 2nd polymer injection
= 0’4 i ER 2.nd chase water injection
ﬁ 0:3 I —o—\WC water injection

0,2 -# II WC polymer injection

8(1) 10-1 WC 1.st chase water injection

00 05 10 15 20 25 30 35 40 45 5,0 WC 2.nd polymer injection

PV injected [-] WC 2.nd chase water injection

Figure 4.20 Recovery efficiency (Er) and water-cut (WC) as a function of pore volume injected
for water, polymer and chase water injection in the WF+PF sample.
Table 4.11 Observed values from chase water injection in the WF+PF sample.
Event PV [-] Er [%0] AverageWC [%] | Sorem[%0]
Polymer injection, end 2.09 86.9 90.5 10.7
1.st chase water injection, end 3.14 89.8 99.0 8.3
Difference 1.05 2.90 8.50 2.4

The first chase water injection produces 2.9% aatthd oil (Table 4.1) and the second chase
water injection is the one which can be viewedFig(re 4.15. A large factor for increased
oil recovery, is most likely due to oil which washile during the polymer injection and is
simply pushed through to the producer by chase rwittes also a chance that the oil is
mobilised during the chase water injection, becatsechase water displaces the polymer
solution. The injection rate of the chase wateteis times higher than during the polymer
injection, and could possibly contribute to theonezry. A final recovery of 90% is obtained
after 3.1PV of water, polymer and chase water injection. TWerage water cut is 99% during
the chase water injection, and the remaining dilrséion is calculated to be 8.3%. No
additional oil was produced during the secondaryrper- and chase water injection, which
means that a final displacement efficiency wasaalyereached.
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4.2.5 Overall discussion WF+ PF sample

The WF+PF sample was exposed to a primary watection, a secondary polymer injection
and a chase water injection. The water injectiahrdit yield as much fingering as expected.
The fingering had similarities to numerical simidas performed by Riaz and Tchelepi [76],
where instabilities in front was followed by Bucydeeverett shock. Two distinct fingers
developed in the early stage of the water injectiut as time went on they grew together. A
capillary end-effect was observed between ORPM and 0.58PV, and at the water
breakthrough the recovery was estimated to be 691H8é final recovery after 1.0BV
injected water was approximately 76.0%, with anrageWC of 90.0%. Main reasons for the
high recovery may be large pore throats (i.e. lpghmeability) which lead to low capillary

pressure in addition to a changed wettability fr&tnongly water-wet.

The polymer injection gave an additional recoveirl ©%, mostly due to volumetric sweep.
The remaining oil saturation was calculated to 8% 2t the end oil the water injection and
WC average was 90.5% throughout the entire injection.

Chase water injection showed miscible unstableefimg between the chase water and
polymer solution. An additional 2.9% of oil was guwed during the first chase water

injection and the averag/Cwas 99% in both chase water injections.

Table 4.12 Summary of injections in the WF+PF sample.

Event PV [-] Er [%] | WC average [%)] |So rem [20]
Water breakthrough 0.58 69.0 0.00 25.4
Water injection, end 1.04 76.0 90.0 19.7
Polymer injection, end 2.09 86.9 90.5 10.8

1. st chase water injection, end 3.14 89.8 99.0 8.3
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4.3 The polymer flooding sample (PF)
The PF sample is going to be exposed to a primalyner injection and subsequently by a
chase water injection. Comparisons to the WF+PFpgam made later in this thesiSHapter

4.4). All further injections are made from the lowaejection point.

4.3.1 Direct polymer injection
The viscosity ratio during the immiscible polymaelr/displacement is approximately 11:53.
This is an unstable displacement, but more favderditan the water injection case. Injection

rate is set 0.1 mL/min, and the direct polymeratign is shown irFigure 4.21

a ._ -‘D-i;.éétiéa.of —t ETREREIT I i £ g &

flow

Initial unmodified image at S,; 0.04 PV 0.22 PV

 Dark ring
— infrontof

displacement
Stable front splaceme

0.31 PV 0.40 PV 0.52 PV
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0.56 PV 0.62 PV 0.99 PV - End of PF

Figure 4.21 Polymer injection in the PF sample at different PV.

The direct polymer injectioriF{gure 4.2) seems like quite a stable immiscible displacement
which is opposite of the expected. If we look a timage at 0.5PV it has a coning shape
towards the producing side. After the breakthroughich occurs at 0.6PV, the polymer
front stretches in width and sweep oil in the cosnat 0.56PV, 0.62 PV and 0.99PV in
Figure 4.21 The unswept may be recovered by the chase wagection (Chase water
injection, Chapter 4.3.2).

Throughout nearly all images it is observed a dargg around the front. During the polymer
injection at the WF+PF sample a similar scenarjpeaped and it might be a bank of connate

water in front of the polymer solution. Such effecillustrated schematically fRigure 4.22

3
Production

Polymer

PV injected

Figure 4.22 Schematic of direct polymer injection and potential connate water bank (Swi).
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If the observed darker ringrigure 4.2) was connate water of the irreducible water sétuma
(18.6% of totaPV) it would correspond to a volume of approximai@lymL. However, if 80
mL of water was pushed in front of the polymer atien the viscosity would drop more
significantly (0.67PV at Figure 4.23. The effluent from the direct polymer injectios i
collected and viscosity is measured, and the résglhown inFigure 4.23 Viscosity is quite
stable during the polymer injections, which is ® dxpected if no connate water banking is
the case. The darker ring is investigated moreotnginly undeChapter 4.5

—o— Viscosity at 10 s-1

Viskositet [cP]
0]

—@— Viscosity at 100 s-1

0,55 0,65 0,75 0,85 0,95 1,05

PV injected [-]

Figure 4.23 Viscosity measurement of effluent from polymer injection in PF sample at different
shear rates.
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4.3.2 Chase water injection
A chase water injection is performed. The viscosiye of the miscible water/polymer
displacement is approximately 1:11, and is accaofgimn unstable displacement. The
injection rate is set to 1 mL/min. Brine is usedcasse water, and will appear as white (i.e.

low attenuation). The chase water injection in Bte sample is visualised below kigure
4.24

0.01PV 0.07PV 0.14PV

0.24PV 0.32PV 0.37PV
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~ Fingers grow in width

0.40PV 0.50PV 0.89PV — End of injection

Figure 4.24 Chaser water injection PF sample at different PV.

The images irFigure 4.24show unstable miscible fingering between polyn@ution and
injected chase water (brine) and after breakthrabhghfingers grow in width. At 0.0V in
Figure 4.24 one can observe the flow of polymer (dark areal) the flow of oil (upper white

area at the 0.0PV image). It seems as if the whole sample has beeptsfrom the last

image.
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Figure 4.25 Viscosity measurement of effluent from chase water injection from PF sample at
different shear rates.

A misunderstanding lead to the use of too largesun@ag cylinders to collect the effluent in
this experiment, and it is difficult to observe theeakthrough of chase water. Looking at
Figure 4.25 it can be assumed that the breakthrough happmenevshere between 0.1V
and 0.44PV. A better estimation of the breakthrough is magelbserving images iRigure
4.24 more specific at 0.3PV which seems like the timing of the breakthrough. I
corresponds more or less to the breakthrough cfechater in the WF+PF sample (0RYY),
which can be expected due to the similarities efto core samples.
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A comparison of the effluent profile to an ideastpin displacement is shown kiigure 4.26
where relative concentration and effective poraina Equation 3.2 and 4)lhas been taken
into consideration. According to production histting injection starts at approximatelyY,
whereas in this figure it is treated alone. It Iiserved that the 50% concentration is reached
at about 0.44°V, which is 0.47PV before an ideal displacement. This shows thaketiera

large degree of fingering during the chase watfection, which corresponds to the images.
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Figure 4.26 Comparison effluent chase water injection in the PF sample to an ideal situation.
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4.3.3 Recovery

Primary polymer injection:

The recovery for the different injections in the #ample are displayed and discussed in this
chapter, where the polymer injection was the fingction. Recovery efficiency and water-
cut (WC — actually polymer-cut in this case) for the dirpolymer injection is shown in
Figure 4.27
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01 / f injection
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0 0,2 0,4 0,6 0,8 1
PV injected [-]

Figure 4.27 Recovery efficiency (Er) and water-cut (WC) as a function of pore volume injected
for direct polymer injection in the PF sample.

Table 4.13 Observed values from polymer injection in the PF sample.

Event PV [-]| Er [%] | WC average [%0]| Sorem [%0]
Breakthrough of polymer 0.6 72.5 0.00 22.3
Direct polymer injection, entF 1.04 89.3 88.0 8.7

Table413 show observed values froRigure 4.27 Polymer breakthrough, estimated by linear
trend lines, occurs at 0.64V with a respective recovery efficiency 62.5%. When th&VvC
reaches 90% the injection is stopped. The amoufitiof injected at that stage was 1.B¥,
and the recovery efficiency was calculated by niatéralance to be 89.3%. This recovery
efficiency is quite high, and the remaining oilwsation at the end of the polymer injection is
calculated to be 8.7% and might also indicate angban wettability towards intermediate-

wet.
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Chase water injection:

The total production and water-cut for the diffdrerethods are presentedkigure 4.28
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Figure 4.28 Recovery efficiency (Er) and water-cut (WC) as a function of pore volume injected
for direct polymer injection and chase water injection in the PF sample.

Table 4.14 Observed values from the chase water injection in the PF sample.
Event PV [-] Er [%] WC average [%] | Sorem [%0]
Direct polymer injection, end 1.04 89.3 88.0 8.7
Chase water injection, end 1.96 96.3 93.4 3.0
Difference 0.92 7.0 5.4 5.7

The chase water injection, with duration of 0PY¥, produces some additional oilgble
4.14). Like in the WF+PF sample, the chase water puiteepolymer through the PF sample
and hence the polymer can intrude in the unswepézoThe injection rate is 10 mL/min,
which is ten times higher than for the polymer atign and might affect the recovery. During
the chase water injection the recovery efficienogréases from 89.3% to 96.3%, a 7%
increase and a very high final recovery rate. Wie average is approximately 93.4% during
the whole injection sequence. Remaining oil satomais reduced to 3%, a difference of 6%
from the polymer injection, which most probably dam referred as residual oil due to the

high sweep efficiency seen frofigure 4.21andFigure 4.24
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4.3.4 Overall discussion PF sample

The PF sample was exposed to a primary polymectioje and a chase water injection. As
expected, the immiscible polymer injection was mstable than the primary water injection
in the WF+PF sample. However, it was still an ublstanjection due to the viscosity ratio
(11:53). When the polymer front reached the endhef sample, it stretched in width and
produced more oil. At breakthrough the recovery wsaimated by linear trend lines to be

72.5%. Final recovery after polymer injection w&336 andNCwas 90.5% in the end.

Chase water injection revealed miscible fingerieg®en the brine and polymer solution. It
was approximated by the use of the images, dugettatk more and smaller samples, that the
breakthrough of chase water occurred around B\37An additional 7% of oil was produced
andWC average was 93.4%. The reason for such a highriacavery is most likely due to
high permeability which leads to low capillary fescin combination with a more favourable
mobility ratio than during the water injection imet WF+PF sample. A change in wettability
from strongly water-wet might also contribute toiaarease in the recovery. The remaining
oil saturation is 3%, and can be referred to aslues$ oil saturation due to very good sweep
efficiency. All observed values from all the injects in the PF sample are shownTiable
4.15

Table 4.15 Summary of observed values from injections in the PF sample.
Event PV [-] Er [%] WC average [%]| Sorem[%0]
Breakthrough of polymer 0.61 72.5 0 22.3
Direct polymer injection, end 1.04 89.3 88.0 8.7
Chase water injection, end 1.96 96.3 93.4 3.0
Difference, polymer and chage 0.92 7.0 - 6.0
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4.4 Comparison and summary of results
Comparing the results from both samples is vitaltrio explaining the difference of a
secondary polymer injection to a primary polymgedation. The recovery efficiency for both

samples is shown iRigure 4.29

1,0
0,9
0,8 —@—ER water injection WF+PF
0,7

— 0,6 —8—ER polymer injection

- ’

! +

205 WF+PF

& 0.4 ER polymer injection PF
0,3
0.2 Breakthrough water

' injection WF+PF
0,1
00 & . . . . !3r'eak'through polymer
injection PF
0,0 0,5 1,0 1,5 2,0
PV injected [-]
Figure 4.29 Recovery efficiency as a function of pore volume injected for all the injections in the

WF+PF and PF sample.

The main difference in the polymer injection difgdin the PF sample, compared to the
polymer injection in the WF+PF sample is that teeovery is accelerate&igure 4.29. The
difference is roughly 1PV injected to obtain the same recovery in the WFdample
compared to the PF sample. Observed values anerehifes from different injection are
shown inTable 4.16Table 4.18

Table 4.16 Observed values in breakthroughs between the WF+PF and PF sample.
Event PV ['] Er [%] So,rem [%]
BT water injection WF+PF 0.58 69.0 25.4
BT polymer injection PF 0.61 72.5 22.3
Difference BT's 0.03 35 3.1

The production of oil for both sample$able 4.16 can be compared. Although the water
injection is the WF+PF sample is very efficient,igt observed a difference from the PF

sample. Breakthrough (BT) of water occurs at ®%8nd polymer BT occurs at 0.8V.
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The polymer injection delays the BT compared to weer injection which affects the
recovery efficiency. A delay of 0.0BV corresponds to 3.5% additional oil. The delay ttue
the polymer injection most likely occurs becauseadietter mobility ratio between oil and

polymer solution, and thus a better displacement.

Table 4.17 Comparison of the first injections in both samples from Figure 4.29.
Event PV [-] Er [%0] WC average [%)]| So rem [%0]
Water injection WF+PF, end 1.04 76.0 90.0 19.7
Direct polymer injection PF, end 1.04 89.3 88.0 8.7
Difference 0 13.3 2.0 11.0

FromTable 4.17t can be observed that the direct polymer inggtts the PF sample recovers
13.3% more oil than the water injection. The realduil saturation is reduced by 11% more
with the direct polymer injection. The polymer icj®n is more stable compared to the water
injection, probably due to a better mobility rabietween oil and polymer solution, which also

yield a better recovery.

Table 4.18 Comparisons of the polymer injections from Figure 4.29.
Event PV [-] Er [%0] WC average [%] | So rem [%0]
Direct polymer injection PF, end 1.04 89.3 88.0 8.7
Polymer injection WF+PF 2.09 86.9 90.5 10.7
Difference 1.05 2.4 25 3.0

From Table 4.18one can see the difference between the two polymections. The direct
polymer injection in the PF sample yields a betemovery. This is most likely because
applying polymer as a primary injection will givenaore favourable displacement from the
start, while the WF+PF sample already has beendddoby water when applying the
polymer. Hence, a better start yields a bettel fieeovery.
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4.5 Concentration and residual oil saturation

WF+PF sample:

As pointed out irFigure 4.12at 0.06PV, the polymer injection seem like it is of a ditet
concentration than of the resident water. The esgigvater has the same concentration as the
injected polymer, so there should not be any difiee. Some investigations must be done to
clarify this phenomenon. It must be checked ifitjected fluid displaces an area equal to the
volume injected. By concluding that the correcta&arelume ratio is observed, it proves that
the dark ring observed in both samples is a triserg&ion of the displacement.

Figure 4.30 Area check of polymer injection at 0.04 PV in WF+PF sample.

As can be seen fromigure 4.3Q the injected polymer has a radius of 5 cm. Bywation,

the area of the injection is 4.36% of the totabavéthe slab. It corresponds approximately to
the injected volume which is 4% ofPlV. However, the radius is measured manually and is a
large source of potential error. By changing théius by £ 0.5 cm it affects the area by +
20%. One has to assume that the measured radiithia the error limit. The area has also
been checked for 0.088, 0.12 and O.RY in Figure 4.12 and they all correspond
approximately with the area. It may be concludeat the area displacement of the injection is

approximately equal to tHeV injected.

Checking the collected effluent samples from tH&edint injections with X-ray imaging and
gamma-ray counts might determine if there is aeddfit concentration. 100 mL measuring
cylinders are used~{gure 4.3 for these tests.
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It is important when checking the count rates fackecylinder, that the conditions are the
same (i.e. the size of measuring cylinders andtiposis the same). A small shelf is mounted

inside the 2-D cabinet which assures the sameipodgdr each cylinder.

Figure 4.31 X-ray images of different measuring cylinders containing; a) Original polymer
solution. b) Effluent water injection from the WF+PF sample. c) Effluent polymer
injection from the PF sample. d) Effluent polymer injection from the WF+PF
sample.

The images of the different measuring cylindéig(re 4.3} are, by the intensity of contrast,
exactly the same. If the eye cannot see the diftexea gamma count test might. All four
cylinders were checked by gamma-ray at four spe@bints on the cylinder. An average

value for each cylinder is shownTable 4.19

Table 4.19 Average gamma radiation count values for effluent samples (Figure 4.31).
Sample Content Gamma count rate[cps]

a Unused polymer 158+1

b Effluent water injection WF+PF sample 169+1

C Effluent polymer injection PF sample 153+1

d Effluent polymer injection WF+PF sample 163+1

By looking atTable 4.19one can see that the values are quite similare Nait low values
corresponds to a high attenuation, i.e. less copatsseconds (cps) and hence a lower

radiation.
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The lowest value (c), containing effluent polymemfi the PF sample measured 16 counts per
second less than the highest (b), containing efflveater from the WF+PF sample. One
would expect the lowest value from clean water i{sodiodide). A difference of 16 cps,
between those extremes, may be regarded as négliginese two tests show no significant

difference in effluent concentration.

A third option is to use MATLAB to check the coumates in the image pixels. A certain pixel
value is associated with a certain concentratiosaafium iodide. The images used in the
results are drawn from an initial image, and thdyaing which is displayed is the

difference. To get the real values from pixels,caiginal image must be used to investigate

the count values. The image which has been chaskstbwn inFigure 4.32

By using MATLAB it is possible to check differentems of images to see what the average
pixel value is. A simple code is written in MATLAB retrieve an average value for a
specified area. The different areas investigatedaind by using Image Tool in MATLAB to
locate the coordinates. Once the area is knowrgdte can run and an average value pops up

automatically when the run is completed.
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Figure 4.32 Testing pixel values at an original image during polymer injection in the WF+PF
sample at 0.19 PV.

Areas which possess little noise (different nunmestatectangular ifrigure 4.33 have been

checked for count rates. The size and positiorhefdifferent rectangular corresponds to the

areas which are investigated. The average valeadf area is shown irable 4.20

Table 4.20 Counting numbers from red areas in Figure 4.32.
Area | Count rate [cps]
1 1415
2 1476
3 1090
4 1005
5 1446

As seen fromTable 4.2Qthere is not a large difference in counting nureldeom inside of
the polymer injection (1) to outside of the injecti(2). Zone 1, 2 and 5 confirms this
statement. However, in zone 3 and 4 there is gotee difference from the other zones

checked which is caused by a higher sodium iodisheentration.

The zone around the injection front (the half @rah Figure 4.33 has higher values than
inside and outside the polymer injection. By théssts it seems like the concentration of
sodium iodide is higher around the half-circle whindicates no concentration difference in
the displacing and displaced fluid. The reason g polymer injection is visualised is
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because of the higher concentration around thetioje front. To find out what is causing the
increase of concentration around the injection tfromore pixel counts are performed at a

diagonal path from the inlet, such as the onéigure 4.33

Direction

of flow

Figure 4.33 Testing pixel values at 0.09 PV of an unmodified image during polymer injection in
the WF+PF sample.

The red zones correspond to the path investigatedddition to the investigated areas in
Figure 4.33 pixel value forS,; to the left in the image is also checked. Valuesphotted as a

function of areaKigure 4.3
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Figure 4.34 Pixels values from Figure 4.33.
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The trend inFigure 4.33is increasing from the injection point towards fireducer, which
means that the water saturation is decreasing. thatdow counting value is a sign of high
water saturation. Around the injection front a #igant decrease is observed around point 6.
This would have to mean that there is a higher eptration of water at the front than what is
originally mixed in the water and polymer solutighidecrease is observed around point 12,
which indicate a low concentration of water at thpécific point. This might be the effect of
the angle of the X-rays, where intensity is lowethea top and bottom of the imag&h@pter
3.4.9.

A straight forward path is investigated at differ@ore volume injected~{gure 4.35 to try

and investigate the reduction of oil saturation.

Direction
o —— 1 | [ of flow

B R L]

Figure 4.35 Testing pixel values at 0.33 PV of an unmodified image during polymer injection in
the WF+PF sample. Front of injection marked in red.

The black rectangular correspond to the area ofpthtd investigated. In addition to the
investigated areas figure 4.35 S, is also checked in the left side of the sample.
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Figure 4.36 Pixels values from Figure 4.35.

From Figure 4.36the front of the polymer injection is observednirarea 7 to 11. It is
observed a small increase in pixel value along sample, but probably not enough to
represent a reduction in residual oil saturatiomsTcan be explained by the dispersion tests
which proved little or no dead-end pore volume. pbe/mer can only reduce the residual oil
saturation by its viscoelastic effect on the dead-fype of pores. If no pores like this where

existent, the polymer solution could not affect tesidual oil saturation.
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PF sample:

As in the WF+PF, an unexpected observation occuedng the polymer injection, a dark
ring surrounded the displacement front. The phemamewith the black ring around the
displacement front ifrigure 4.21must be discussed. MATLAB is used to check the toun

rates in some specified sectiond-ajure 4.37

Figure 4.37 Testing the tracer concentration from the direct polymer injection in the PF
sample. The image is the unmodified image at 0.52 PV from Figure 4.21. Red zones
haven been checked for counting rates.

Areas which possess little noise, i.e. differenteuated red rectangular igure 4.37 have
been checked for count rates. The size and posfidine red zones corresponds to the areas

investigated. The average values from the invetgtthaones are shown Trable 4.21

Table 4.21 Counting rates from red areas in Figure 4.37.
Area | Count rate [cps]
1 1538
2 757
3 1000
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As seen fronTable 4.2 there is quite some deviation from the differames. Note that low
numbers indicate a zone with a high concentratiosodium iodide (Nal). Zone 1 indicates
the lowest Nal-concentration measured, and is éacat the middle of the polymer injection.
Zone 2 has the highest concentration of Nal anddated at the upper right side figure
4.37. Investigated zone 3 has an intermediate valugpaoea to the other two zones. This is
just below the tip of the front. The edge of thation consistently has higher concentration
of sodium iodide. The PF sample show the sameeptieg as the WF+PF sample, which is a

consequently higher Nal concentration at the daskkeas around the injection front.
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4.6 Image filtration
In the end of this thesis image filtration was #&lto see the difference in image quality. A

filter derived in MATLAB by a PhD student at CIPRav the transformation in image

quality.

Original image Filtered image Retractedmage

Figure 4.38 Polymer injection at 0.04 PV in the WF+PF sample illustrated by different versions
of one specific image.

A clear difference is observed Figure 4.38where the original image is simply raw data
from the X-ray camera and the two other imagesfifiszed and retracted from the initial
image (i.e. before polymer injection).

The reduction of has clearly improved the image ailered image reveals a much more
detailed image where it is easier to observe pyrsavept zones and saturation distribution.
In the retracted image only differences are obskrard can be useful to see which areas has

been swept.

A combination of more processing of images witls thpplied filter together with a better
quality of the X-ray camera could have improved Wsal results with regards to details.
However, it is possible to improve the resultsutufe works.
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5 Conclusions

The scope of this thesis was to investigate meshanbehind increased recovery of viscous
oil due to polymer injection and compare recoveeyween primary to secondary polymer
injection in two similar samples called WF+PF arfdlrBspectively. At water-wet conditions,
capillary forces would dampen any viscous fingersnied. To investigate the effect polymer
may have on the displacement of oil, an initialadiion with dampened capillary pressure is
preferred. Ageing rock material with crude oil &wated temperature is assumed to alter
wettability and thereby dampen capillarity.

High values of relative oil permeability most ligeéxclude an oil-wet porous medium. The
relative water permeability of the WF+PF samplejolhis not a good indicator in this case
due to the inlet and outlet configuration, suppartsater-wet sample. Fingering and capillary
end-effects indicate that the sample is not stromglter-wet. The low residual oil saturation
also indicates a change in wettability towardsrimidiate-wet.

Effluent dispersion tests revealed homogeneous lesnahere flow is little affected by dead-
end pore volume, but more by the configuratiorhefinlet and outlet.

During the polymer injection in the WF+PF sample, ail bank is observed, which might
indicate that the same production could have bebieged by a continuation of the water
injection. However, the water-cut is kept relativelonstant during the injection, implying
that the effect of the polymer cannot be excludéa: polymer front arrived 0.4 pore volumes
earlier than the dispersion front in the WF+PF dampsomething which indicates

inaccessible pore volume and depleted layer effects

A piston-like displacement is observed in primarglymer injection in the PF sample

compared to the unstable water injection in the RFsample.

The polymer injections basically reached the sageewvery in both samples, but the WF+PF
sample needed approximatelyPV of water in addition to PV of polymer solution to
achieve the same recovery as the PF sample. Tongsshat polymer injection accelerates the
recovery. The high recovery efficiency might be laxped by low capillary forces due to high
permeable material, in addition to a change in aidity towards intermediate-wet. No
dramatic change in polymer viscosity is observedhm polymer injections, which indicate

limitations in mixing between water and polymer &itite mechanical degradation.
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The chase water injections fingered through thgmet solution, which indicate an unstable

miscible displacement, i.e. an unfavourable scenari

Investigations of pixel values to images have idiect water saturation along the samples.
These tests show that the residual oil saturatias hot decreased significantly by the
viscoelastic effect in this Bentheimer rock materfdne most likely reason for such a case is
that the effluent dispersion tests revealed that fkead-end pores where existent in the

samples, which is the spaces that is the targehéviscoelastic effect.

Injection of polymers revealed a dark zone surraugthe polymer injection in both samples.
It is difficult to explain the dark zone, which hashigher sodium iodide concentration than
the displacing and displaced fluid. The area dogmlaon the images corresponds to the
volume injected, which indicates that images oledimre a true description of the front

displacement.
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6 Recommendations and Further Work

There are a lot of room for improvement relateéxperimental work on polymer injection in

porous material.

The wettability alteration procedure might be chethwith regards to a higher temperature. A
Wettability closer to neutral-wet might yield afeifent flow regime with more fingering, and

hence more visualised effects during polymer impect

Maximizing contrasts by alternating between sodimaide and sodium chloride in every
other injection, together with image filtration rhiggive better images which are easier to
interpret. More detailed effluent profiles can lmhiaved by a more accurate accumulation of

the effluent production.

Automatically preset sequenced X-ray imaging wquriavide a larger quantity of images and
therefore a more detailed description of the fldigpblacement.

Better setup for the differential pressure equipimeould provide relative permeability
measurements, whereas pressure points along theesaould give an accurate description of

the pressure distribution in the porous media dufliow.

Identifying the cause of change in polymer coneditn, which is either by mechanical

degradation (shear) or by mixing with connate water

Polymer slug injections can be made to investitfaeaetention of the porous media, which is
compulsory before field testing. Quantification ioficcessible pore volume in a specific

porous material will give useful information abeatk characteristics.

The dark ring observed in the polymer injections ba an area of further investigation. More
accurate measurements using smaller measuringdeyinin addition to concentration

mesaurements could yield useful information abbist phenomenon.
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Appendix A: Differential Pressure — Main Injections
WF+PF sample:

Differential pressure curves for the different otjens in the WF+PF sample are foundAin
Figure 1to A - Figure 3 Due to the problems with the differential pregswransmitter, where
logging simply stopped at certain periods (note neh® data points are present), a trend line

is added to illustrate the possible developmemire$sure.
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A - Figure 1 Differential pressure during water injection in the WF+PF sample.
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A - Figure 2 Differential pressure during polymer injection in the WF+PF sample.
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A - Figure 3 Differential pressure during chase water injection in the WF+PF sample.
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PF sample:

Differential pressure curves for the different otjens in the WF+PF sample are foundA -
Figure 4andA - Figure 5
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A - Figure 4 Differential pressure during polymer injection in the PF sample.
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A - Figure 5 Differential pressure during chase water injection in the PF sample.
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Appendix B: Differential Pressure — Absolute Permea  bility

B - Table 1 Permeability measurement data for the WF+PF sample.

Measurement | Rate [mL/min]| Average dp [mbar]
1 38
55
69
71
80
76
58
41
29
17

N
VA WINIR[RINNWIRROIOEA|IW|N

Only measurement 2 and 3 were used due to thequadity of measurement 1.
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B - Figure 1 Permeability measurements for the WF+PF sample.
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B - Table 2

Permeability measurement data for the PF sample.

Mesurement

Rate [mL/min]

Average dp [mbar]

1

21

40

50

58

72

66

56

41
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B - Figure 2 Permeability measurements for the PF sample.
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Appendix C: Differential Pressure — Relative Permea  bility

Relative oil permeability:

C-Table 1 Relative oil permeability measurement data for the WF+PF sample.
Rate [mL/min] | Average dp [mbar]
0.1 70
0.2 87
0.4 138
0.8 243

N N
o wn
o o

[EEN
wn
o

/

Differential pressure [mbar]

100 /
50
O T T T 1
0 0,2 0,4 0,6 0,8
Rate [mL/min]
C - Figure 1 Relative oil permeability measurement for the WF+PF sample.
C - Table 2 Relative oil permeability measurement data for the PF sample.
Rate [mL/min] | Average dp [mbar]

0.1 60

0.2 63

0.4 115

0.8 232
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C - Figure 2 Relative oil permeability measurement for the PF sample.

Relative water permeability:

C-Table 3 Relative water permeability measurement data for the WF+PF sample.
Measurement | Rate [mL/min] | Average dp [mbar]

0.033 2.2

0.05 3.2

1 0.066 5.6

0.1 7.4

0.1 9.9

0.066 7.6

2 0.05 6.0
0.033 3.8
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C - Figure 3 Relative water permeability measurements for the WF+PF sample.
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