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Life does not consist mainly

I or even largely
of facts and happenings.

It consists mainly of the storm, that is
forever Dblowing throc

Mark Twain
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Abstract

Initial reservoir rock wetting conditions ad the main factors influencing the overall
oil recovery (primary, secondary and tertiary). Depending on the conditions under which an
oil field was formed, different rock/oil/brine systems have been established ovéons of
years. In this study, the effect that the composition of formation water has on the wetting
state of Stevns Klint Chalk cores was examined. More specifically, for carbonate rocks it has
been experimentally observed that the existence of Sul{&8?), Magnesium (M%) and
Calcium (C#%) ions in the formation water contributes towards an improved oil recovery.

The fact that the active oil compounds (e.gCRQO are responsible for the mixed wet
conditions justifies this observation, because these compounds serve as anchor molecules,
creating a very strong bonding with the calcite surface. For high oil recovery to occur, the rock
needs to be at least partiallyater-wet. In order to improve watewetness, part of the oil
active polar compounds must be removed by chemical reactions with injected water. Sulfate,
Magnesium and Calcium ions operatesabstituents of these oil active polar compounds, by
creating symhwtic interactions with the rock surfac&eawater enriched in specific ions has
been injected in several operators. For instance, in the Ekofisk fielglJOC) in the
Norwegian sector injection afeawater enriched in Sulfate and Magnesium ions basn
proved as an enhanced oil recovery fluid. Additionally, the high reseevoperature(130°C),
acts complementary for wettability alteration to take place.

To examine the effect of eadlon separately on the wetting conditions, three Chalk
cores, dilled from the same quarry were used. Each core was saturated with a brine ehrich
in one of the above thre@ns. Afterwards, a mixturef Hdadrun field crude oil (60%) and
Heptane (@ (40%) was flooded through the cores aPGOEffluent samples weiellected
and analyzed for negatively and positively charged polar compounds. For that reason, a
potentiometric titrator was used and the properties related to the amount of negative and
positive polar compounds are the Acid Number (AN) and the Base NuBidgrespectively.
The cores were then aged at %D for two weeks to acquire a uniform polar compound
distribution throughout each core. Afterwards, oil recovery wettability tests took place. More
specifically, spontaneous imbibition and forced displacetn@ocesses were performed to
the cores withValhallBrine depleted in Sulphate (VBO0S). Finally, Mild Cleaning procedure was
conducted to restore the initial wetting state of the cores and compare the wetting state after
the oil flooding and after the Mil Cleaning procedure. To measure the wettability of the
cores, additional oil recovery wettability test (spontaneous imbibitions and chromatographic
wettability test) took place, at ambient conditions.

The experimental results show that both Magnesiund éulfate ions improve oil
recovery, with Sulfate to bear the greatest impact. The effe¢cenfperatureon oil recovery
wettability tests (at 20C and 5€C) and the resulting wettability alteration is also discussed.
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1. Introduction

1.1 Reservoir rocks
¢CKSNBE NS GKNBS VYIAy (eéeLlSa 2F NBaSNI2AND:
Limestones. Each type of rock has developed different propertieschathcteristics (e.g.
porosity, permeability, wettability etc.), regulated mainly by the circumstances under which
they were formed, the minerals they consist of and the grain structure that they exhibit.

Sandstonds a mediuragrained clastic sedimentargck, which is composed of sand
particles, quartz, clay and other minerals, such as: hematite, ilmenite, feldspar, amphibole and
mica.®

Dolomite belongs to the carbonate group. It is a sedimentary rock, which consists of
the mineral dolomite (Ca, Mg)().. Dolomite has the same environmental origin as
limestone: warm, shallow marine environments. The difference is that the underground water
where dolomite was formed was rich in Magnesium. That was how calcite was converted into
dolomite. This chemicdd K y3S Aa (y26y la aGR2ft2YAGAT I GA2YyEd
place, the whole rock is transformed into dolomite otherwise, dolomitic limestone is formed
(partial alteration)[”

Limestoneis a sedimentary rock which consists of the mineral @IC&Ce@ It is an
organic rock, formed by the accumulation of shell, coral algal and fecal debris. It is formed in
low-energy marine environments, where the organisms are capable to form calcium
carbonate shells and skeletons, since the ocean water caily ga®vide the ingredients
needed. When these animals die, their shells and skeleton debris accumulate as a sediment
that under the proper conditions, might be lithified into limestoffé.

It can also be formed by direct precipitation of calcium carbonate, from marine
environments (lakes, oceans). This type of rock formation is considdreahically formed
and it is less abundant, than biological limestori@s.

In case evaporation takes gk, precipitation of calcite occurs and the rock that is
formed, belongs to the evaporate group.

By definition, carbonate rocks contain at least 50% calcium carbonate in the form of
calcite by weight. It can also be consisted of small particles of otieerals such as: quartz,
feldspar, clay minerals, pyrite, siderite and otH&r.

Depending on the different compositions, appearance, the way that the rock was
formed and other factors, many different names are used to describe a limestone. The most
common varieties used are: chalk, coquina, fossiliferous limestone, lithographic limestone,
oolithic limestone, travertine and tufé’

10



12/ KF£1Qa aAySNeRf2z238 YR F2NXYIA2Y
Chalk is the type of rock which will be examined and utilized duringdbese of this

study. It is classified as biochemically produced sedimentary rock and when pure, it appears

to have the same chemical composition as calcite (Ga@2herwise, impurities might be

present, such as: clay, iron, magnesium etc. When puig aitwhite in colour, soft in touch,

fine-grained, porous rock.

Most of the worldwide chalk deposits, were Land g
F2NX¥SR RdzNAYy3a GKS / NBGFO . - ae -
extend from approximately 145 to 66 million years agme -1 ==
and appears as the last period tfie Mesozoic Era. @ PrT——
I NBGlF O0OS2dza YIN]la GKS &3
also known as the Great Extinction, during which t
conditions were suitable for petroleum to be formec
During this geologic period, which spans 79 million yee
ANBFG OKFy3aSa 200dzZNNBR i
CKS (62 &adzLGdndRena/tb the/SDuyfhj angires
Laurasia (to the North) separated from each other. As
result,the South Atlantic Ocean joined the North Atlanti
Ocean (miebceanic ridge was formed) and smalle
continents started to form (e.g. Africa, South Americ
Antarctica connected with Australia etdy. The Tethys
Sea started to disappear as Africa moved North towards
Eurasid® This tectonic displacement led to a sea levrigure 11: Schematic lllustration of Marine
elevation thus, creating inland seas. That geological evTransgression eveif
is called Marine Transgressionand created proper
geological conditions for Chalk (CaL@® form, since deeper sea sediments were being
deposited on top of continentaligerived beach sediments (sand). As a result, the sequence
of rocks which was formed from bottom to top is: sastthlelimestone.®

ur
c

O
(p))
N
o

Time
lines

Old land surface

Additionaly, Chaltvas formed in low
energy marine environments, mainly from
calcareous shells, remains of microscopic
marine organisms, such as foraminifers, or
from the calcareous remains of numerous
types of marine algae, planktonic skeletons.
That is the reason why Cesteous Chalk has
low impurities, which can be recognized by
. the white or light grey colour it usually has. It
is asoft limestone with a very fine texture and
LGaQ o0A23SYyA0 2NRIAY AA& dza
presence of fossils on the rocks surfa€dlt
has a low concentration in magnesian calcite, which makes the rock very chemically and
mineralogy stable.

Figure 12: Visible fossil on a chalk core

11



1.3North Sea Chalk Reservoirs

According to Hardman R. F.[#, the creation of North Sea Chalk reservoirs was a
result of fortunate circumstaces, which will be analyzed b&l. Initially, during the
Cenomonian period, the deposition of Chalk started under the gradually rising sea level
(Marine Transgression). As it has been mentioned, those times were characterized by warm
weather, allowing cocolithophorid algae and coccoliths population to increase. As it has been
pointed out by Bromley (1979) and Hardman & Kennedy (1980), the particle settling took
place mainly as entire or disintegrating fecal pellets. They suggest that the coccolith®avere
small to settle by themselves. After settling, sea/wave current could not affect the formation,
YdzOK |yR FFGSN) aOKIf]1 VYdRk221S¢ 06S0OFrYS RSslH
AyiGaSyaS OdaANBYIA: 2NI af | YR

Furthermore, because of Marine Transgg®n that took place at the North Sea, from
the Upper Turanian to the Lower Santonian times and during the Maastrichtian period,
terrestrial material (e.g clay) was reduced or disappeared from the North Sea Chalk formations
thus increasingthe purity of the formation. In case Chalk contains more that 5% of clay, it
compaction is affected. More specifically, when compaction takes place, clay prevents the
formation of the initial open framework of the rock, as it works as an adhesive material
(cement). In ddition, the degree of compaction is greater compared to pure chalk because
the clay flakes rotate normal to the stress. Additionally, the clay minerals have the ability to
absorb magnesium ions, leading to carbonate precipitation (might create dolomite
[(Mg,Ca)(Ce)]). Sq in the case of North Sea sectioe-deposition of clays in the form of

cement and overgrowthswasnot to a great extent, henceure chalkformed. (Hardman,
1982).

Another fortunate factor, according to
Hardman and Kennedy (1980), tHat to oil 107 FOROENY & SATURANON
reservois formation was that during the early
diagenesis (compaction and burrowing), abo
50% of the initial water quantity inside the
porous medium dropped off. Due to this
dewatering effect, coccospheres and coccoli
scales were broken andfractures were
created. As a result, oil migration and o
saturation were able to take place
Additionally, due to geological factors
diagenesis did not reduce the porosity of th
rock. Normally diagenesis reduces porosit
from approximately 50% at theea bed to 10%
at depth between 3000 and 4000m. (Hardma
1982) For instanceyalhall oil Field, which is

PORASITY
fa
1004

GFFER d00 MER
TEoE HoP e

oOR FORMATNON
CoNER 7] [TCLE

1504

ABOVE DAlUM [meters)

e More space
water fllied

ayy filled

HEIGHE

g = = gy

L3
located in the Norwegian sector of the Nortl
Sea, has approximately 50% porosity at T
depth of 2500m. E:;::"“mm‘u;::‘ ENtRY PRESSURE
. . s . LATuM @ . ' . . 141+ INDICATION
As burial continued, lithification and w s s @ 0 o

e SATURATION

loss of porosity VAVOVUId oceur, but the vpresenE"Figure 13: Oil SaturationPressure for different average rc
2F YIF3AySaadzyy A2ya

S formations (The Hod fields reservoirs (After Hardman and Ker2 )f €
As a result, oveipressuring and 0il1980))
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SYLX I OSYSyid aGLINRPGSOGSRE GKS F2NXYIGA2Yy& |yR NB
compaction, weakhponded coccoliths are crushed and porosity is mechanically reduced even
more and led to size reduction and was inaiiaely susceptible to further rapid solution.

Generally, due to the composition of the porous medium (grain size, fine grained,
spherical shape), right after burial, the chalk rock has high porosity-588%) and low
permeability (:3mD). Due to this f&, it forms a reservoir with micrpores. In order for fluid
to enter into the porous medium, adequagessuredifferential is needed. Beneath these
KERNROINb2y FAStRaX GKAO]l doSR&¢ 2F YAYYSNARIS
the Tertiary riod. During the Oligocene, fractures were created, due to the structural growth
and as a consequence hydrocarbons escaped. The amount of hydrocarbons which were
generated started to accumulate within the structural openings.

Due to these fractures andyr2 OF Nb 2y aQ RSyaAdGe owedzzel yOedo:x
FofS G2 SYyiSNI Ayha2 (GKS OKFf1a4Q FT2NXIGA2Yy&a 6 NB:
the already resident fluid, a givesressuredifferential was required. As shown in Figur8,
dependingon t& F2NXIF GA2Y X IlpresBuieT TONBY (0 S SYGLINEBASR® { L
formations with higher amount of sand and clays, exhibit lower oil saturation. Additionally,
the Diagram in Figur&.3 shows that the lower the initigdressureneeded, the higher theil
saturation.

13



2. Oil Properties and Oil Recovery

Crude oil is a complex mixture of: hydrocarbons (H/C), Nitrogen (N), Oxygen (O),
Sulfate (S) and other elements and compounds. Depending on the different ways these
compounds are connected, crude exhibis different chemical and physical properties.

In order to design the oil exploitation in the most efficient way, the oilrabgeristics
need to be known. Some ohé main oil properties are: molar mass (M), equilibrium
coefficiens (K-value)at given temperatures and pressuragnsity (d, APl index))OP index,
viscosity ¥), PVT Rressuré/olume/Temperaturg parameters (B B, R, R), GOR and
compressibility factor (c).

Molar mass(M) is defined as the mass of one mol of a substance and it is expressed in [g/mol].
It is calculated as the suof theatomic masses of each atom

Equilibrium coefficient (or Kalue) is defined for each individual componerdt given
temperature and pressure conditios the ratio of its molecular fraction in the vapor phase
to its molecular fraction in the liquid phase:

o - [2.1]

Specific Gravityfor a gas mixture of H/C is defined as the ratio of the density of the mixture
to the density of dy gas asstandard conditions. One the other harfdy a liquid mixture of
H/C, the density of the mixture is divided to the density of water at ambient conditioE,(60
14.696psia).

APlis an index correlated tthe specific gravity of H/C and is defined as:

o7 o 8
ouv O

p o8 [2.2]

9

According to the equation above, the higher the specific gravity of an H/C mixture the
lower the API index.

UOP Indexs an index correlated with the boiling point and the specific gravity, which is used
in order to characterize the H/C. The classes are

Table:
Class UOP
Mixture of paraphinic 12.513
Rich in naphthenic 11-12
Rick in aromatics 9-11

14



Viscosityof a fluid is a property that defines the resistance of the fluid ke gradually
deformed by shear or tensile stress (flow). Itespressedas a) Dynamic (absolute) viscosity
(>) andb) kinematic viscosity (V).

a) Dynamic viscosityX) is expressed as:

- [2.3]

Where,

1 >: dynamic viscosity [N*s/@
f .Y AKSINRAyYy3a FiNBaa Ay TFfdzAR wbkY
1 :shear rate [3] (' =dc/dy)

0 dc: unit velocity [m/s]

0 dy: unit distance between layers [m]

S A S S S G SV A AV S S A A 4

Figure2.1: lllustration of the shearing stregretween the layers of a neturbulent fluid in straight parallel lines.
(www.engineeringtoolbox.com

b) Kinematic viscosity (Mp defined as the ratio of dynamic viscosity to the density of the fluid:
o - [2.4]
Where,

1 v: kinematic viscosity [f/s]
1 >: absolute viscosity [N*s/A)
1 d: density of the fluid [kg/rfj
Kinematic viscosity depicts the thickness of the fluid.

PVT parameters

Depending on th@ressureandtemperatureconditions under which the oil reservoir
was formed, the oil acquiresftiérent volume and properties. Some dfet main oil properties
arepresentd below.
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Oil Formation Volume Factor (FVF o)) B defined as the ratio of liquid oil volume at reservoir
conditions (where gas is dissolved) over the vauof oil at ambient conditions after the
dissolved gas is released

0 - [2.5]

Gas Formation Volume Factor JBs defined as the volume of gas, &servoirconditions
[bbl] that one gas volume unit occupiasambient conditions [scf].

6 T8IC Q- [ft3/scf] [2.6]
Where:

1 T:TemperaturdRankin]
1 P:Pressurdpsia]
Solution gas/oil ratio (R) is defined as the volume of gas at standard conditions that
dissolves into one STB of oil under reservoir conditions and is expressed as standard cubic feet
per stocktank barrel [scf/STB].

Gas/Oil ratio (GORIs defined as the volume of produced gas at ambient conditions,
divided by the volume of produced oil amnbient conditions.

2

00 'Y

[2.7]

ol

IsothermalCompressibilityoil Factor(c,)

The compressibility factor expresgbe ability of a fluid to beompressed. Especially
for unsaturated oil reservoirs, this factor defines the amount of expansion that accompanies
the pressuredrop that occurs during the oil exploitation.

The isothermal compressibility factander these conditions defined as:

w - — [2.8]

In saturated oil conditions, ddlow the bubble point pressure oil isothermal
compressibility is defined from oil and gas propertiesatcount for gas coming out of
solution. The corresponding saturated oil compressibilityeitned as!®?

& - — 6 — [2.9]
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2.1 Classification of crude oil polar components

It is well known thatn generalkrude oil isanon-polarsubstance Bhough depending
2y AGaQ ljdzZ-fAdes 2NRAIAY FyR 3I3S2123A0 KAAG2NERZ
to dividein the labthe oil polar components, into groups, is cal®ARA fractionationMore
specifically, this methodaditsthe crude oilcomponents according to themolarity. It has been
named that way by the initial letters of the crude oil components: Satgr&mmatis, Resis
and Asphalteas The &turates fraction consists of nopolar compounds (linear, brancte
and cyclic saturated H/garaffin). Aromatic components areassociating with low reactivity
and polaritysince they consists of nesaturated cyclic H/GQResinsand Asphaltenes are both
polar, also known as heteroatoms (NSO). The difference is thatlisphs are insoluble in
excess of heptane {J; whereas resins are miscible.

Depending on the relative percentagéeach group, anil is characterized as: Heavy
oil, Light oil or Intermediate oil. The skification can be illustrated graglaily as shown in
Figure2.2.

Asphaltene + Resin

Heaviest
Degraded Oil
E A

Intermediates
v

Aromatic » Saturated
Hydrocarbon Hydrocarbon

Figure2.2: Crude oil components classification (IFP)

2.2 Reservoir Fluid Types

Depending on he circumstances under whichrack reservoirwas formeddifferent
rock/oil/brine systems are formedwith respect to he brine composition and the
hydrocarba fluid that the rock retains. Below, the different reservoir fluid types will be
analyzed.

In general, highpressureand temperature increasethe attractive forcesand the
kinetic energy of the mecules, in a solutionMore specifically, in an hydrocarbon mixtures, a
temperature increaseghe repulsion forcesire also developecthencethe molecules irthe
solution tend to develop repulsive forces. As a result, gnguilibrium established in the
systemis regulated by the interaction between the attractive and repulsive forées
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bubb.lc point line ciicoiidenbi
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’ —1
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220 240 260 280 300
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Figure 2.3: Typical phase envelope

These conditions result to
different reservoir fluid types which are
expressed graphically through tpease
envelope (Diagram 1). The phase
envelope isa thermodynamic diagram
which is described by the composition of
pressure, temperature values for which
phase change will occur.

[ SG Q& ahaénasidstance systenthen the properties below, belong to the phase
envelope and can be defined as:

1 Dew point: point which for specificP,T conditionghe first (liquid) droplet of olil

appears.

91 Bubble pointpoint whichfor specificP, T conditionshe first bubble appeatrs.

=

Saturation points:are called the dew point and the bubble point.

9 Critical pointiis the point on P, T graph where the geometric loci of dew and bubble
points converge.

For values of P,Thside and on the line that defindse envelopethe mixture appearsd
be on two-phase equilibrium, whereas on any other pdingé mixture exists as onphase.

Depending on the pressure, temperature conditions, the origin of the organic matter and
the composition of the mixture, theeservoirfluids are clasified into five ($ categories:

aprwbnpE
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Pressure

o P - Dry Gas:
s 9 1 Due to the high temperature and

Wellbore pressureconditions that occurred during the
catagenesis, the heavier hydrocarbon
molecules broke down to lighteThegraph
shows that in case of reservaxploitation,
21 / wsi this type of reservoir will only produce dry
®> gas, since, by reducing thgressureduring
production, under stabletemperature the
mixture which willbe produced will be in
singlephase. Due to the fact that the points

that depict the production are on the right

Resenvoir

iy g

Separator

Temperature

Figure 2.4: Typical phase envelope of Dry gas

reservoirl4 hand sideof the critical point, the phasés
gas.B!
Wet Gas
|t iS noticed that thmhaseenvelope iS Wet Gas Pressure path in reservoir

being shifted to the right, with respect to the
previous oneThat occurred due to the fact that
the mixture of hydrocarbons (H/C) has hight
concentration of heavier H/C. Apressure

drops, during the reservoir exploitatipronly

gas is produced. The difference with the dry g
NBEASNP2AN Aa OKFHGNI AL
shown on the graph is inside the phas
envelope, liquid willbe formed at ambient
conditions in the separator. The amount o

Wellbore

Reservoir

Pressure

Critical

liquid to be condensediepends on the initial Temperature

.. 3]
composition of theeffluent. Figure 2.5: Typad phase envelope of Wet Gas resenir

— Gas Condensate:

Pressure path
Condensate/Retrograde  In resenelr
Gas

It is a ype of reservai fluid which
has heavieH/C compoundsompared to a
Wet Gas fluid typelt is easy noticed that
part of the hydrocarbongroduced will be
liquid and part will be gas, since the
temperature of the reservoir (&) is higher
than the critical temperature (Tc). The
percentage of each phase depends on the
amount of heavier H/C in the mixture. The
fluid in the separator will also be both liquid
and gast®

Reservoir

Pressure

Jﬁ % liquid
+
®:

Wellbore

Temperature

Figure2.6: Typical phase envelope of Gas Condensate resefvoir
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Pressure

Volatile Oil:

This type of fluiccontains an even higher
concentration of heavier H/Gwith respect to the
previous onelts phase envelope is more shifted t
the right and the reservoitemperature (Tes) iS
lower than the criticatemperature(Tc). Hence, the
fluid produced will be mo$t liquid. At point 2, the
bubble point (B) is reached, which means that ge
will be produced. Inside the separator, both ge

and liquid will be produced

Black
Qil

Pressure path
in reservoir

Critical Point

Wellbore —=

Reservoir

% liquid

Figure 2.8: Typical phase envelope of Black oil reséfo
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Volatile
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Pressure path
in reservoir

Wellbore — =
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Pressure
Resenvoir

Separator
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ot

Temperature

Figure2.7: typical phase envelope of
Volatile Oil reservoifl

Black Oil:

This type of flud has low
concentration of volatile components. For
gas to form the reservoirpressureneeds
to be decreased significantl.



2.3 Oil Recovery Methods

Oil recovery is defined as the oil extraction process that takes place in the field.
Initially, oil arrives to the surface due fwressuredifference between the reservoir (high
pressurg and the atmosphere (1atm). In this stageimp jacks or other artiial lift devices
might be used, to stabilize the system and maintain a stable oil recovery. This stage is called
Primary Oil Recovergnd usually only 5% to 15% of O@Recovered?

Thefollowing stage ofecovery isSecondary Oil Recoverpuringthis process, gas or
water is injected, so more oil is being displaced and fotoeftbw through the perforations
Typically, an addityg I £ o m> 2F (KS produced.dHowedes BoMIhs atag® | y o
and on recovery requires expertize and well tiged professionals (at the field) and
researchers (at the laboratory¥For that reasonmany different techniques have been
developedin order to increase therecovery beyond the secondary stdpa . Flyese
methods are calledertiary Oil Recovergnes,known also ag&nchanced Oil Recovery (EOR)
ones In contrast with the previous twatages, these methods aim to altdre properties
either of the rock or of the hydrocarbonsijth purpose to enhance the oil recoveryhe three
most commoty appliedEOR techniques ar&t

w

1 Thermal Recoverys a technique which aims to reduce the viscosity of the
2Af Y dzadzZ tte o6& AYUNRBRAZOAYy3I aGSFY AYyaiARr
ability to flow is enhanced.

I Gas injectionby this method, natural gas, nitgen or carbon dioxide, is
injected inside the reservoi The gases are able txpand reduce the oail
viscosity by dissolving and push oil to be produced.

1 Chemical flooding:many different chemicals have beenfound to act
complementary, with respect tche recovery. Some of them arpolymers,
surfactants, alkaline, matlar, emulsion etc. All these chemicalsn to alter
the rock and fluid interactions and increase the oil recovery.

1 Other EOR methodsicrobial EOR, foam, low salinity watejeiction, wder
alteration gas injection.

21



3. Fundamentals of Fluid Flow

3.1 Fluid Flow inside the porous medium

There are three main forces that interact with each othad are involved in the flow
of fluids througha saturated porous mediunT.hose areCapillary action, visers forces and
hydrostaticforces. Each one is examined separately in the paragraghk,3.1.2 and3.1.3.

3.1.1 Capillary Action

Capillary action is the result of surface tension and adhesive forces. At-diguid
interfaces, the surface tension is caused by cohesion within the liquid (e.g. net effdnt).
Figure3.1, the capillary action is illustrated. For liquid to rise itule, the adhesive force
needs to be greater than the cohesive forces.

Figure3.1 Capillary action on tubes

¢KS KSAIKG 2F (GKS O2fdzvYy Aa 3IABSYy o0& WAzNRAYyQa

zZ Z

N —— [3.1.1.1]

z Z

Where,

1 h: height of diquid column [m]

1 :liquidair surface tension [N/f)

1 ‘:contact angle [degrees]

1 :density of the fluid [kg/rf{

1 g: local acceleration due to gravity (9.818)/s
9 r:radius of the tube [m]

The capillarypressureis defined as the difference between tipeessureprevailingthe
non-wetting phase and theressurein the wetting phase (view Chapter 4. Wettability):

~ ~ ~

L U 0 [3.1.1.2]
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According to the Younbaplace equation, the capillapyessureis given by the equatior:

5 zZ Z

o — [3.1.1.3]

Where,

=

Pe: capillarypressuregfN/m3)
1 !:interfacial tension [N/rfj
I ‘:contact angle [degrees]
1 rc effective radius of the interface [m]

Capillary pressure can serve both as opposinge, for the fluid most imbibed onto the
surface (wetting phaser as driving forcéor the nonwetting phase since due to the surface
tensioncause by the presse differencebetween the wetting and nomwetting phase (eq.
3.1.1.2)the nonwetting phase tends to acquire the least surface area posgi|e.1.1.3)%

It is important for the capillary pressure to be known, in order to properly estimate certain
core properties (e.g. wettability, relative permeability) and optimize oil recovery.

3.1.2 Viscous Forces

[ SG Q& alfifed @Y Boving) plate and a plate moving due to a for¢Eidgure
3.2). Between the two plates, there is a fluid. By moving the plate with a velocity v, the first
layer of the fluid closer to the ate will start moving. The stronger the force applied on the
plate, the more layers gradually move. At the bottom, the fluid will remain stagnant until all
the layers above have started moving.

A

Figure3.2: lllustration of viscous force during fluid flow (sourb#ps://cnx.org/contents/pCk wk3i@5/Viscosity
and-LaminarFlowPoj)

The force applied on the upper plate is callastcous force, and is defined as:

O -z7 — [3.1.2.1]
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Where,

Where,

T

T
T
T

=

Riscous Viscous forces [N]
' : kinematic viscosity [N*s/Aj

A: area [mM]

Nvy: velocity difference at-axis [m/s]
ny: Displacement difference between the two plates [m]
2y GUKS O2NNBftlI A2y o0SGe¢SSy

5SLISYRAY3
Number is defined:

YQ

Re: Reynold Number

": density [kg/n]

u: velocity of the fluid [m/s]
L: characteristic linear dimension [m]

>: dynamic viscsity

[N*s/n?]

[3.1.2.2]

[3.1.2.3]

[3.1.2.4]

It is noted that the inertial force defines the force thatopposite in direction to an
accelerating force on a body.

wSey2ft RQa
medium. Depending on its wa theflow is characterized as shown in Table 1:

bdzyo SNJ A &

Tablel: Flow classificatioregarding Re number

dza SR

02

RSUSN¥YAYS

Flow Types Re
Laminar flow <2300
Intermediate flow 23004000
Turbulent flow >4000

iKS 7Tt

Laminar flowis characterized by the smooth flow of the fluid in layers that do not mix, while
Turbulent flow is characterized by eddies and swirls that mix layers of fluid together.

Intermediate flow as the appellation betrays, is referred to an intermediate conditio

between the initial two flow conditions.
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3.1.3Hydrostatic Pressure

[ SGQa Ireservdiyr8ecksaturated with oil and brine. Gravity forces have an
impact on the oil droplets, which are mainly determined by the density difference. In case the
densty difference between the two immiscible fluids is large, the gravity forces need to be
taken under consideration in a multiphase flow systamthe depth of burial is increased
I O0O2NRAY 3 (2 t | Fpsshrddgivep by ha equaios: I NI OA G &

0 0" [3.1.3.1]
Where,

=

G: gravitypressurglkg/(m*s?)]

1 n :density difference [kg/d)

1 g: local acceleration due to gravity (9.8118)/s
1 h: height of the fluid column [m]

3.2 Permeability

The fluid flow inside a reservoir rock is carried tubugh the pores of the rock.
Permeability of a rock is a measure of its ability to transmit fluid through it. The greater the
permeabilityof the porous mediumthe easier the fluid flows?

no unconnected connected
pore spaces pore spaces pore spaces

p—

~— -

non-porous porous porous
non-permeable non-permeable permeable

Figure3.33: Porous medium and perra®ility

Permeability is related to the porosity, the shape of the pores and the level of their
connectivity and tortuosity. Figure. 3illustrates the relation between connected and ron
connected porous mediums. The more connected the porous are, therttigh@ermeability.
Generally permeability is defined with respect to the direction that it is examineztt{cally,
horizontally or ata random angle).

Permeability islsoclassified into: Effective permeability and relative permeability.

Absolutepermeability (k) is the permeability of a porous medium saturated with a single fluid.
It can be calculated from the steady( I G S T 2 gfor SneaNibadripessiplé fid
flow:
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[3.2.3.1]

Where,
k: permeability (D)
Q: flow rate(ml/sec)
NnP:pressuredifferential (atm)
A: area (crf)
L: length (cm)
>: absolute viscosity (cP)
LY 2NRSNJ F2NJ 51 NDéeQa [lg (2 68 | LIWIXAOLoESS

There is no chemical interaction between the fluid and the porous medium.
The fluid inside the porous medium does not change phase.

The flow must be laminar.

The pores are considered connected.

= =4 =4 =4

However, usually oil reservoirs contain two or three different fluids. For that reason
effective and relative permeability must lb@ken under consideration.

Effective permeability(k,) is a measure of the conductance of a porous mediumafgiven
fluid phase, when the medium is saturated with more than one fluid. It is calculated from the
equation:

[3.2.3.2]

—~

Where,

1 gn: volumetric flow rate for a specific phase, n’[min]

1 A:flow area [m]

1 n wu: flow potential drop for phase, n.

1 " n: density of a specific phase [kgim

1 > fluid viscosity for phase, n. [N*sAin

1 L: flow length [m]

The different phases that might exist in general in a reservoir are: oil (0), gas (g) and water
(w) and the effective permeability of each phase is symbolized,as;, kv respectively.

Relative permeability(km) is the ratio of the effective permediiy of a fluid at a given
saturation, to some base permeability. Usually, the base is either the absolute permeability
(k) or the permeability of oil at connate water saturation:

Q — [3.2.3.3]
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Where,

1 km: relative permeability of phase n [D].

1 ka: efficient permeability of phase n [D].

1 k: absolute permeability [D].

Similarly, the relative permeability of each phase that exists in a reservois, ity land
kw for oil, gas and water respectively.

3.3 Waterflooding

As it has already been mgoned (Chapter 2.3: Oil Recovery Methods), waterflooding
is applied in the field, in order to maintain reservpiessureand prodwe oil through oll
displacementOften waterflooding is conductedxperimentally in the laboratorin order to
examinethe potential oil production froma rock under specific conditions.

Water a1 Oll ’ Unaffected
bank | bank reservoir
Trapped gas — [ X
i N nitial
Water free gas

Connate water

he—

Saturation

Distance —a=

Figure3.4: Saturation profile during waterfloodirig

In Figure 3.4the linear waterflooding process inside a reservoir is depicted. Initially,
water flows through the porous mediumhere part of the oil is being displaced and part is
being trapped in deaénds or by capillary forces.

The efficiency of waterflooding depends on a variety of properties, such as: oil and
brine viscosikes pores geometry, permeabilityetc These factors regulate the time water
breakthrough will occur and consequently the amount of oil produced.

Water breakthrough is a term used to determine the time that the water injected for
improving oil recovery, arrives at the production welffAfter water breakthrough, dl
production rates are reduced.

Probably the most simplified and widely used method that estimated the oil recovery
from water injection is the Buckleyeverett theory (1942). This theory makes the
assumptionst®!

9 Flow is lineaand horizontal

1 Water is injected into an oil reservoir

91 Oil and water are both incompressible

1 Gravity and capillary pressure effects are negligible
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Inside a hydrocarbon reservoir three different flow zones can be defined as
waterflooding takes place:

1 Water zone (@F100%):Only water will be produced from a well completed
in this zone.

1 Oil zone (§S:): There is connate water which is essentially immolaited
only oil will be produced from this zone.

9 Transition zoneBoth oil and water will be producednd at each point the
fraction of the flowrate that is watefwater fraction)will depend on the oil
and water saturations at that point.

Flow through a small volume element, with lengfix) and crossectional area (A)
can be expressed as:

n n n [3.3.1]
R \z0 [3.3.2]
n [zQ [3.3.3]

Where,

1 q total flow rate

gw: water flow rate

Jo: Oil flow rate

fw: water fraction(water-cut)
fo: 0il fraction

= =4 =4 =4

The water and oil fractional floware given by the equations 3.3.4 ar®i3.5
respectively:

Q — [3.3.4
Q — [3.3.5
Q Q p [3.3.6]

Where,

1 gw: volumetric water production rate [bbl/day]
1 qo: volumetric oil production rate [bbl/day]
1 q: total production (g=g+q,) [bbl/day]
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0.05 =

Water Saturation, % PV

Figure3.5: Fraction of water flowing with respect to water saturatigh

The tangent shown in FiguBsh originates at the initial water saturation. The average
water saturation (¥) behind the fluid front is determined by thatersection between the
tangent line andf=1. The G determines the water saturation at the front.

The slope of the fractional flow curve at conditions of the front is equal to:

— — [3.3.7]

In order the equation 3.3.7 to be valille tangent to the fractional flow curve, from
the pointSy = S, Wwhered, = Q must have a point of tangency with-oodinates(Sv = $ & &
I' s)aand extrapolated tangent must intercept the lide= 1 at the point & = S, & = 1)
Additionally, his equatiol®h 3y 2 NBEad GKS STFFSOG 2F GKS OFLAT I NEB

The water accumulation per unit tinJgS./nt is given by the formula®

z

[3.3.9

z z

Where,

1 . Yorosity
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3.3.1 Properties affecting waterflooding

Oil/Water Viscosity ratio £/ >v) on waterflooding

The water/oil viscosity ratio has an impact on relative permeability curves. More
specifically, ahigh water/oil viscosity ratio the relative permeability curve and the water
breakthrough resembles the preferentially wateet system.In contrast, if theratio is low,
then water breakthrough occurs rapidly andhe system appears as having an-vedt
preference. This behavior is described by fiteetional flow equation

Q [3.3.1.1]
Or,
AT B i [3.3.1.2]
Where,
1 Q 0 . oil/water relative permeability ratio
1 . : oil/water viscosity ratio
1 "Q: fraction of water flowing
The overall mobilityn, is defined as®
a — [3.3.1.3]

Before water breakthrough, production is regulated by both the viscosity and the
relative permeability ratio. Theil/water viscosity ratio isinversely proportional to the
oil/water relative permeability ratio, as it is shown above, interpreting the connection
between viscosity ratio and wettability.
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Figure3.6: Effect of viscosity ratio on fractional flow,)f"!

Figure3.6 illustrates the effect that the oil/water viscosity ration has on fractional
flow. The higher the difference between oil and water viscosities, the less efficient the oil
recovery is.

With respect to the experimental procedures, it shoukd tioted that since viscosity
is often sensitive téemperature experimental tests conducted to evaluate the behavior of a
specific oilfield, must be performed at reservoir T, P conditibhs.

Porous medium geometry

As it has already been mentionedgetBhape of the pores and thienterconnectivity,
affect the fluid flow inside the porous medium.

Figure3.7: Flow paths in porous medium
Depending on the openings existing between the pores, the flow is characterized as:

1. Macropore flow:when the flow among the pores occurs relatively easily.

2. Mesopore flow:is defined as the flow through pores that stand closer to each other
and for flow to happen, a high@ressureneeds to be applied.

3. Micropore flow: where flow occurs more difficult ith respect to the previous ones
due to the size of the pores.
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The homogeneity or heterogeneity of the porous medium is an important rock
characteristic, since the more homogeneous the rock is, the more pores are connected and
the easier the flow occurs.

Relative Permeability

Relative permeability affects waterflooding, since the higher the relative water
permeability in comparison to the relative oil permeability, the easier the water flows through
the porous medium.

32



Left blank on purpose.

33



4. Wettability

Throughout millions of years of geological changes, an equilibrium between the
rock, the oil and the brine has beestablished From a chemical and thermodynamic point
of view, the oil and the brine interact with the rock in order to create the most stable system
OLINARYOALX S 2F f26SN) SYySNHeovo LG Aa ¢Sttt 1y26y
migration has taken placehe rock is saturated with brine. When the oil escapes from the
source rock and accumulates inside the reservaoir, it displaces part of the brine. The amount
of brine which will be displaced out of the rock depends on the wettabilitytehgperature
the pressure the oil and the brine composition.

Wettability is the relative adhesion of two fluids to a solid surfd€&he immiscible
FtdzARa OFy SAGKSNI aLINBIFIR 2NJ F RKSNBE 2yi2 GKS NJ
depends on different propertiesvhich will be analyzed in detail below.

[ SGQa | aadzyS | NE O\ k)2thefpreferbidee/of thedréckitd BeY 6 CA 3 dz

wetted by one of the phases, depends on the contact angle that is created between the
oil/water/rock/system.

TT T T T I I T T T 77777777
Oso Osw

Figured.1: Rock/Oil/Water system (petroleum expolitation notes N. Varotsis)

The contact angle is calculated according to the equation:
Al —— [4.1]

Where,

1 °:water/rock contact angle

1 o solidoil surface tension

1 s solidwater surfacegension
1 " wo wateroil surface tension

As it has already been mentioned (Chapter 3.lixfaxe tension is caused by the
unbalanced forces between the hydrocarbons, the brine and the minerals at the rock surface.
Depending on the value of the calculatezhtact angle, the wettability is classified as shown
in the Table 1:

34



Tablel: Wettability classification based on contact angles (Source: Iglauer et al. #)015)

Wettability state Contact angle (degrees)
Complete wetting or speading of water 0
Strongly waterwet 0-50
Weakly waterwet 50-70
Neutrally wet 70-110
Weakly nonwetting to water 110130
Strongly nonwetting to water 130-180
Completely nonwetting to water 180

4.1 Wettability Classification
The mainreservoir porous media wettingtates arewater-wet, oikwet, mixed wet
and fractionally wet. These conditions are described below:

4.1.1 Waterwet

Water-wet is considered the porous medihat leads to a condition, where in a
rock/oil/brine system more than 50% of its surface is covered with brine (water). Water fills
GKS avYlff SN LISONRS ¢ R/RIISEAGERIS R & | FAEY O21 (A
as droplets in the larggwores and may cover surfaces where preferentiallynait minerals
exist. It should be noted that the highest the water saturation the more discontinuous the
non-wetting phase is. Water exists as continuous phase in case the water saturation is equal
or greater to the initial water saturation (J. Additionally, in case a wat&et rock is
saturated with oil, water will spontaneously imbibe into the rock, displacing the oil, until a
static equilibrium is accomplished, between the capillary forces andaidaergy forces of
the fluids and the rock surfaces.

4.1.2 OHwet

In case of a preferentially eiWet system, the condition is reversed. Since the rock is
initially wet with water, when oil accumulates inside the porous medium, it spontaneously
imbibes into the surface. Oil occupies the smaller porous and displaces the brine Wiltegn
exists in the larger poee it is usually in the centre, on the film of oil. Consequently, oil is
present as a continuous wetting phase in the porous medium, asadsttige oil saturation is
equal or greater to the residual oil saturationJS"

4.1.3 Mixedwet
Thetermmixeds SG A& dzaSR (2 RS&AONARGS GKS aidlFrdsS oK
are waterwet and filled with water, whereas the larger pores arevedt and filled with olil,
Ay O2yiGlF OO0 6AGK GKS LRNB glftfta GKFEG F2NXY | 02\
(41 Salatheil (1973) supported that this condition occurs when the oil that accumulates inside
the reservoir is composed by surfaaetive compounds, which would gradually displace the
remaining films of water on the pore surface. Due to the strong capillary forces in the smaller
pores, the water displacememiressureis too high for oil to enter!
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In Figuret.2, the different rock weting conditions are presented. The film layer of the
wetting phase can be noticeable in the two extreme conditions.

Water- wet ixed- Oil-wet

Oil D Brine (water) . Rock grains

Figured2y 2 Sl oAtAlGe O2yRAGA2YE 642dNDSY aFdzyRIYSyidlta 2F ¢

4.1.4 Fractionally wet

Thistermisusedta OK I NI OG SNA T § K SofitSep@essrif@ewdmre 6 S G A y 3
0KS LINBFSNBYyGAlLt ¢SOGGAy3a Aa NUYUBREnyah®FatkRA a i NRA 0 dz
1956). Usually, this kind of state occurs in heterogeneous rocks, where minerals are randomly
distributed and there is no continuous oil networks through the rock.

It should be noted that both mixedet and fractionallyg SG ' NB NBFSNNBR | a
5S¢

4.2 Properties and Conditions that Affect Wettability

Wettability is a result of the contributioaf many different properties and conditions.
In order to study and measure wettability it is important to refer to the parameters that it is
depended on. These parameters are: oil polar components, brine composition, minerology,
surface reactivityfemperature and pressure Additionally, the effect that ageing has on the
wettability stabilization is discussed.

4.2.1 Oil polar compounds

Polar components play a key role in oil recovery mainly because they regulate the pH
conditions of the system. Itigell known that pH indicates the concentration ot present
in a solution and pOH, the concentration of [OH]the solution, expressed in [mol/L].

For equilibrium to be established, oil polar components attach to the surface.
Depending on the diffrent chemical bond, some of them attach strongly and other weakly.
The stronger the oil polar compounds are attached to the surface, the more oil wet the rock
is, since, more energy is required to break the bonds.
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The properties that indicate the amounf surface active negatively charged (acidic)
and surface active positively charged (basic) polar components are called Acid Number (AN)
and Base Number (BN) respectively. Both are expressed in [mg KOHI@ifycid Number
indicates theng of KOH needkto neutralize the acids components in 1g of @G the other
hand the Base Number indicates the amountro§ KOH needed to neutralize the amount of
acids that is needed to neutralize the bases in 1g ofTdie higher the Base Numbéehe
higher the number of acidic componentge.g. RCOO) that are present in the oil, whereas a
high Base Number indicates higmount of basic compounds (elgasic Ncompound$

More specifically,

o s z z 8
ou [4.2.1.1]
Where,
v: Volume of titration solvenfml)
b: Volume of blank solution (ml)
N: Normality of the KOH solution
w: Weight of the sample (g)
And,
60 — z{p 18 [4.2.1.2]
Where,

1 BN: Base Number [mg KOHij

Girant: Concentration of titrant [eq/L]
Viitrant: VOlume of titrant [ml]

Vhiank Volume of blank solution [ml]
Netirant: NUmber of & in the titrant solution
Msampis Massof sample [g]

MkoH Molar mas®f KOH solution [g/mol]

= =4 4 -8 A4 -4

Normality is a measure of the concentration of a liquid solution expressed in molar
equivalents [meq] of a chemical compound or an ion, diluted in one (1) litre solution.

Molarity isa measure of the concentration of a liquid solution expressed in grams of
a chemical compound, diluted in one (1) litre solution.

There are severamethods that estimate those properties (e.g. photometric
determination, thermometric determination, condtametric determination, spectrometric
determination}*¥. The one that will be used in this study is capjetentiometric titration. It
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reaction. Sincean electrochemical @action is definedas any process ither caused or

accompanied by the passage of an electric current and in most cases exchange of electrons

occursi® Such reactions are the reductianxidation (redox) reactions.

¢tKS bSNyaioa SldzGAz2zy Aa SELINBaasSR &y
®@ O —110 [4.2.1.3]
Where:
E: Reduction potential in @n-equilibrium condition.
E: Standard reduction potential in steady state ddrons.
R: Gas constant (8.314 J/(mol*K)).
n: Number of ethat are being exchanged.
CY CIFN}YRIFI&Qa O2yaidlyld odcInypdonmp / KY2
vY NBIF OUA2y Qa A Y R dnorstdadyskate gonditisnS ae aid Sy

v [4.2.1.4]

Note: At equilibrium:
9 vilY ONBI OGAz2yQa Oz2yaidlyiduv | yR

1 E=0 (no ionic exchange)

The method is similar to direct titration of neutralizatioeactions, but in this casep
chemical indicator is used andstead, the potential across the analyte is measured. More
specificallythe electrode used for the potentiometric titration is calibrated byngsbuffer
solutions of pH=4, pEF and pH=10A blank solution isan acid or base that is added to
increase the acid or base content for better resolutidhe content of the blank is subtracted
from the sample measurement, in order to get the result of the acid or base content of the
actualsample.The current of the blank solution which is measured by an electrode, is used as
an indicator for the sample measurements. The Acid and Base number in both blank and
sample measuremestis indicated by using a titrant solution which is added automatibslly
the potentiometric titration device until the solution is neutralized. The solution of the titrant
and all the chemical used for the potentiometric titratare shown in Tables 1 and 2.
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The parts that the potentiometric titration
device consists dre:

1: Onelitre bottle which contains Titrant
solution.

2: Removable plastic container.

3: Stirrer.

J...

-
/
y {

e

4.a: Electrode ¢ Reception for the
electrode to come in contact with the
solution needed to be measured.

b

4.b: Electrode ¢ Reception for the

electrodes to be placed after the
measurement has finished. Contain liquid
KCI [3M] for the electrode not to be dried.

Figure 4.3: Compact Potentiometric Titrator G20 Mettler
Toledo International Ind2

5: Punps

Table2: Solutions used in potentiometric titration for Acid and Base Number measurements

Solution Chemicals for AN Chemicals for BN
measurements measurements
Titrant KOH, Perchloric acid,
2-propanol Acetic Anydrite,
AceticAcid
Titration Solvent DI water, Methyl-isobutyl ketone
2-propanol, (MIBK)
Toluene
Spiking Solution Stearic Acid, Quinoline,
Titration solvent Decane
Electrode/Electrolyte KCI Sodium perchlorate,
2-propanol

The potentiometrictitration device is connected t@a personal computer and the
signals of the electrode are recorded and visualized through a software. The software depicts
graphically the current measured through the electrode in millivolts [mV] in relation with the
volume (ml) of titrant added in order to neutralize the solution measured.

The endpoint of the titration isekignated by the software lalculating the first and
the secondintegral of the curve. In Figure.4, a typical potentiometric titration curve is
depicted and the main features of the curve are described below.



mV

endpoint
break

Y

_,_’l—/—’// endpoint volume
v po

Titrant Volume

Figure4.44: Typical Potentiometric titration cur(!

Features of the titration curvé*!’!

w The waveike shape occurs because of theapid change in voltagaround the
endpoint of the reaction.

w Theendpoint breakis thelarge change in voltagafter the endpoint.

w Theendpoint breakshould be as large as possibéeimprove accuracy of detection:
this is done by choosing the titrant volume carefully.

Theendpaint volume is defined as th@olume halfway up the endpoint break

Thevoltage valueshefore the endpoint are due to thanalyte.

w Thevoltage values aftethe endpoint are due to thétrant.

4.2.2 Brine composition

The formation water affects thimitial wetting condition of the reservoir rocks, since
the polar components of the brineeact first with the surface. It has been experimentally
verified that the interaction between Magnesium (kg Calcium (G4 and Sulphate (S©)
play a key role o limestone watemwetness!*?? From previous experimental studies, it has
been observed that the higher the concentration of these ions, the more wabtrthe
limestone appears to be.

4.2.3 Surface reactivity

Another property that determines wettahili is the relative magnitude dhe forces
of interaction between the two liquid phases and the rock surfééé24 These interactions
are classified into nopolar (Lifshitzvan der Waals interactions) and polar (agdidse
interactions) ones. Theusgface reactivity is determined by the adi@se interactions. More
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specifically, it is the interaction between the polar componemtkich makes iotbridge like
chargeghat regulate the wetting conditiol.,

It is noted that the lager polar compouds do not exhibithigh interactivity. In
contrast it has been noticetthat these compounds reducgurface reactivity. As a result, it is
the smaller polar components that regulate the surface reactivity. This phenomenon is
attributed to the kinetic energy that the smaller molecules (or ions) have, which leads to
greater reactivity.

Another way for polar compounds to be adsorbed onto the surface is through surface

precipitation. For chalk rocks, sulfate precipitsts the sifaceandh & 0 SAy 3 a 02y adzy SR

strong bonding has been experimentally recorded though, since the sulfate aidsocan be
removed by floodin@pproximately three pore volumes (3PV) of DI water through the core.
However, Sulphate precipitationls akey role on improving oil recovery on Chalk rocks and
it is considered one of the main factors affecting the wetting state of the rock.

4.2.4 Mineralogy

Each type of reservoir rock contains a variety of minerals that interact with the oil and
brine dfferently. For instance, clay is the main wetting maden Sandstones, which makes
their surface negatively charged. As a resplisitively charged oil polar compounds (e.g.
amine group, RNH") mostly interact with the surface. In contrast, Carbonatésact
negatively charged oil compounds (e.g. carboxylic aefeiDR). Carbonates develop stronger
bonds with oil polar compounds which makes their surface usually mevestjlcompared to
sandstones.

Na' ca®
", @ @ & cl
:'-.. oy H
H . \
L+ N Na’ Na Na Na
', . S &
= ~) S 2l o
& o (©n {oF “:,',O_O\;l cr) (er) (e
) ' o Ca ca® ca® co®
S (W 4 ——r y
L / 4 / /
P / ;-/ FEL A L 2 /
1 CaCoO,(s)
Figure 4.5Charged Sandstone surfe Figure 46: Charged Carbonaturface (UiS
(UiS wettability presentation) wettability presentation)

However there are field observations that show that the existence of Anhydrite
(Casg@) in Carbonate reservoir rocks, tends to make the serfawre water wet. It is
considered that sulphate precipitation is responsible for the water preference of the
Carbonate rocks.
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4.2 .5Temperatureandpressure

The effect oftemperature and pressure on wettability has been experimentally
investigated. It has been found that aemperature and pressure increase in a
sandstone/oil/brine system, the contact angle increaé3.As a result, the system tends to
be more oilwet. The opposite occurs faarbonates. As théeemperatureand the pressure
increase, the contact angle decreases, which means that the system becomes more water
wet. [“?’However, more research needs to be done with respect to the reservoir conditions.

4.3 Methods to measure wetbaity

Measuring wettability is not an easy task. Several techniques have been developed
and proposed, for this purpose. It is important to express wettability as a number (or
percentage), in order to relate b different properties (e.g. surface tensipcapillary forces
etc). In addition, rocks with similar wettability, appear alike in behavior. As a result, being able
to quantify wettability numerically, makes the comparison between different rocks
straightforward. The for most weltknown methods tomeasure wettability are presented
below.

4.3.1 Contact angle measurement

In order to measure the contact angle, many different devices and techniques can be
used. Some of them are: static sessile drop method (goniom&terpendant drop
method*4, dynamic sessile drop methGd, dynamic Wilhelmy methdtf!, singlefiber
Whilhelmy metho#f” and other&*®l. It is not considered necessary to describe each method
separately.

4.3.2 Core Oil Recovery tests

In order to measure the wettability of a rock, oil recovery tests can experimentally be
conducted. More specifically, two procedures are used: Spontaneous Imbibition (SI) and
Forced Displacement, either separately or oneaasuccession of the other. &tability is
expressed as percentageof the oil displaced, according to the equation:

PO U "O0 ————2zp 11 1T (%) [4.3.2.1]

Where:

1 %OO0IP: percent of original oil in place
T[ Voil produced OI produced thrOUgh the teSt
1 PV: pore volume

4.3.2.a Spontaneous Imbibition Process (SI)

Spontaneous imbibition process is used as a macroscopic method to measure
wettability. This experimental procedure is the most widely used, by the oil industry. The rocks
that imbibe water spataneously are at least partially wateret. 1% According to that
technique the core is placed inside the spontaneous imbibition cell made of glass, which has
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a volumetric tube on top, where the oil is collected and measured. A spontaneous imbibition
fluid, usually formation water, is used in order to fill the cell and imbibe onto the surface. In
order to examine the capillary forces, the fluid is ought not to react chemically with the rock
surface, since a chemical interaction would result to a waélitsalteration. This procedure
occurs at the sam&mperatureconditions that the oil saturation or oil flooding took place.
Typical temperature values: ambient conditions (20), 50C, 70C, 120C. Higher
temperatures are usudy used in order to decre oil viscosity and acquire better oil
saturation.

Thevolume of the oil recoveredepends orthe capillary fores and the time that the core
has beereft inside the cell. Assuming a water wet system then:

9 The strongr the capillary forces, the highthe oil recovery.
1 The more time the core is left inside the cell, the greater the oil recovery.

4.3.2.b Forced Displacement

Forced Displacement (or Viscous Flooding) is a technique usually applied after the
Spontaneous Imbition, in order to maximizeil recovery and study the interaction between
the capillary and the viscous forca&scous forces refer to the force applied by pumping the
fluid through the core. During this processflooding seup is used, where the core is placed
inside a rubbemholder. A faced displacement fluid is puneg through the core in order to
displace the oil. This procedure takes placahat same temperaturg50°C) and the same
displacement fluid is used (VBOS)rathe Spontaneous Imbibition process.

The oil prodution through the Forced Displacement process depends onto the
capillary and viscous forces that develop inside the porous medium during the oil
displacement, on the homogeneity of the core, the flow rate, the confimressure the
temperatureand the pemeability.

In Forced Imbibition, strong capillary forces or high water wetness can lead te snap
off and a lot of oil can be bypassels long as the force that drives the oil out of the core
(viscous force) is greater than the capillary foro# produdion will be obsered, regardless
of the wetting state of the coreln case a core is &ast partiallywater-wet, the capillary
forcescan act in addition to the viscous forces and oil can be dispfagadthe smaller pores.
This occursnly in the casgéhat the microscopic sweep is larger than the skaf since snap
off is also taking place at watgret conditions.

The morehomogeneoughe core is, the more oil is
displaced, since the pores are connected and the forced
displacement fluid coverkigher percentagef the porous
medium (Figure 4)7

The application o€onfining pressureensures that
the core is sufficiently hold by the rubber sleeve and the
fluid is passing through the core only. Furthermore, it
simulates the overburdepressurewhich is applied on the
Figure 47: Two different Stevns Klin formation. It is not ought to exceed a specific value (typical

Chalk cores after oil flooding cutin ~ value:20bar), for the core not to be damaged.
half (UiS)
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The temperature acts complementaryto the oil production, since the higher the
temperature the easier the oil flowssince viscosity of the decreas@ewer relative oll
permeability). It is noted that the highéine permeability, the faster the oil recovery occurs.

4.3.3 Amott Index

The Amott index is the most widely used index by the oil indudtrydefine
wettability. It is based on two spontaneous imbibitions and two forced displaceménits.
(Anderson 1986b, Morrow 1990):

The initial condion is at point X (view Figu#e8) where the core is saturated with oil
(Sr). Spontaneous imbibition takes place and the amount of oil displaced by the (dige
is noted (point B). Until that pointhe brine imbibes naturally onto the surface. Afterwards,
viscous floodig (or centrifugation)sappied until no more oil can be dplaced (point Y). Then
the Water Index is calculated as:

WO Mg QQw— [4.3.3.1]
Where,

1 Vasp volume of oil displaced by spontaneous imbibition (SI)
1 S« amount of oil displaced (by Sl and forced displacement)

On diagram (Figure 4.8hese values are referred as:
W0 WE QQe& [4.3.3.2]
Where,

1 AB:space on Amott index diagram which refers to the spontaneous water imbibition
area
1 AC:space on Amott indedliagram which refers to the totavater imbibitionarea.

The same procedure is followed in order to calculate the oil index, but this time
instead of using brine as spontaneous imbibition fluid on an oil saturated core, the core is
saturated with bringS,)) and oil is used in order to displace the brine. Initially, spontaneous
imbibition with oil is performed untipoint D, where no more oil can naturally imbibe into the
rock (Vesp). Afterwards, forced displacement (or centrifugation) with oil until the X point is
applied (V). Oil displaces brine, until equilibrium is established. The Qil Index is calculated
through the equation:

0 e QQw [4.3.3.3]
Where,

1 Vesp amount of water displaced by watenbibition
1 Vw: total amount of oil displaced (by water imbibition and forced displacement)

On diagam (Figure 4.Bthese values are refexd as:

0 COE Q Qe [4.3.3.4]

44



Where,

1 CbD:space on Amott index diagram which refers to #mount of water displaced by
the imbibition.
1 AC:space on Amott index diagram which refers to the total water imbibitioraare

The wettabilityAmott indexW is then calculated as the difference:
W wwo WE QQWE QQw [4.3.3.5]

The wettabilityAmottindex can take values from zero (0) to one (1). The more oil wet
the system is, the closer the value of Wettability Index (W) is to 0. The opposite occurs for
water wet cores. As it can be shown in Figdi® the Amott indexcanalsobe expressed as
Amottternary diagramin order tobetter interpret the wetting condition

A X
Amott Ternary Wettabillity Diagram
: !
' Imbibition —»
‘D - Drainage —»»
o )
g ' Water Wetting Index Neutrality
= '
m U
E " C » Water
a A : ¥ Saturation
[ \ Sw=100%
= Sw=0% g '\ So=0%
= So=100%
3]
) /</\/\/\>/\></\>\.
X
1
a
A 4 Y i 0z 04 06 0.8 1
Oil Wetting Index
Figure 4.8Ammot Wettability Index Calculation Figure 49: Ammot Wettability Index Ternary Diagrd#i
(1316

4.3.4 Chromatographigettability test

The chromatographic wettability test fararbonates was proposed by Strand et al.
(2006).The operating principle of lon Chromatography is the same as of the liquid or gas
chromatography. It is based on the delay time for each ion to bteded by the ion
chromatograph. That waythe concentrations of the desd ions of each effluent are
measured.

The brines flooded during the chromatographic wettability test is Sea Water without
tracernor sulfateand Sea Water enriched with a specifianount of tracer (SCNand sulfate
The firstoneis used in order to displaceibes floodedirom previous tests (e.g. VBOS during
the forced displacement) and remove igtike sulphate (S®) that could affect the test. The
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tracer present in the SWAT is used as a calibrator, since it does not adsorb onto thecgurfa
at all, whereasSulfate adsorb onto the watewet calcite surfaces anthe delay time that it
takes for sulfate to be detected is proportional to the wateetness of the core. (Figure 4.9)

The chromatographic wettability test is ought to benducted at ambient conditions
for the results to be representatiysincehighertemperaturecan cause wettability alteration
and turn the core into more watewet. During floodingeffluent samplesof the brine which
contains tracer (SCNare collected in order to be analyzed by the Dionex3Q® lon
Chromatograph devicéore spedfically, therelative concentrations of the tracé5CN and
the sulphate(SQ?%) measured by the lon Chromatograph are plotteith respect to the pore
volumes fboded. herelative concentrationof each ion(SCN SQ?%) is calculated as:

6 — [4.3.4.1]

Where,

1 Guent the concentratiorof SCNor SQ? of the effluent sample
1 Gaiwi: the initial concentration o8CNor SQ? of the brine flooded.

The effluent samples are collected iglass containers that have a capacity of
approximately seven milliliters (7ml). The weight of these containers is measured before and
after the flooding. Tie weight difference is the mass the brine colected. The massan be
converted intovolume usinghe density of the brineThat way, thegore volumedlooded can
be calculated.

0 ® _— [4.3.4.2]

Where,

1  miniia: the initial weight of the container [g].
1 muanar the final weight of the containdp].
9 duine: the density of the brine flooded [g/ml].

As it was mentioned above, the tracer does adsorb ontothe surface of the rock,
whereas the amount of sulphate that is being adsorbed by the rooiased to its water-
wetness. The longet takes for sulphate to flood through the core, the more wateet the
core is.*9 |t is noted that the chromatographic bringSWOT and SWT) both have
approximatelythe same density and viscosity.

In Figure 4.10the relative concentrations of sulfate ($Q and the tracer (SC\are
plotted with respect to the pore volumes floodeSlince separation between the tracer curve
and the sulphate curve is exhibited, the core shows a degree of watress. Both lines
follow a logisticdgmoidcurve(Sshaped cuve). 32
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Figure4.10 Schematic illustration of the chromatographic wettability test separation (Aksulu 2010)

The wettability index dw) proposedby Strand et al. (2006¥ given by the ratio:
O — [4.3.4.3]

Where,

1 Auwe: areadefined by thesulphatecurveand the tracercurve(hatched area).
1 Aww: area defined by the sulphate curve and the tracer curva completely water
wet system (reference area)

The core used in order to define the reference aieas mentionega completely water
wet core (Si=1as it has not been flooded with oil) and is called reference cditee area
definedbetweenthe sulphate curve and the tracer cunes(the hatched one iRigure 4.1)
for that core, will be bigger compared to any othmixedwet or oilwet case, since there is a
larger surface for sulfate (39 to be adsorbed onto.

That means that whertlis equal to 1 (100%), the surface is completely water wet,
when it is equal to 0.5 (50%), the surface is neutral wet, whereas if it is equal to 0 (0%) the
surface is completely oil wett?! This test in general exhibits good repeatability and it is
corsidered reliable for reservoir cores and more specifically for cores that appear to be
homogeneous.However it is limited to carbonate cores and material that contain low
amounts of anhydrite (CagQbecauseulphate adsorbs onto carbonatdse to its paitively
charged surfacé*® 21 This mehod has not been developed for othe¥servoir rocks, yet.

4.4 Properties affected by Wettability

The wetting state of the rock has an impact on relative permeabilities (k) and water
flooding behavior, since wettability regulates, the flow and the fluid distribution in the rock.
Other parameters that are being affected by wettability is the initiabailration and the oil
recovery.

Wettability affects thaelative permeabilities since it controls the distribution of the
immiscible fluids on the rock surface. This occurs due to the capillary forces, which
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