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ABSTRACT

USE OF PORE SCALE SSIMULATORS TO UNDERSTAND THE EFFECTS OF
WETTABILITY ON MISCIBLE CARBON DIOXIDE FLOODING AND
INJECTIVITY

Uzun, llkay
M.Sc., Department of Petroleum and Naturd Gas Engineering
Supervisor: Assoc.Prof. Dr. Serhat AKIN

December 2005, 63 pages

This study concentrates on the modelling of three phase flow and miscible CO,
flooding in pore networks that captures the naturd porous medium of areservoir. That
isto say, the network, that isaMatlab code, consists of different Sded triangles which
are located randomly through the grids. The throats that connect the pores are also
crested by the model. Hence, the lengths and the radii of the throats are varying. The
network used in this research is assumed to be representative of mixed-wet carbonates
in 2D. Mixed wettability arisesin red porous mediawhen oil renders surfacesit comes
into prolonged contact with oil-wet while water-filled nooks and crannies remain weater-
wet. The model developed is quas-tatic approach to smulate two phase and three
phase flows. By this, capillary pressures, relative permesghilities, saturations, flow paths
are determined for primary drainage, secondary imbibition, and CO, injection cases. To
cdculae the rdative permegbility, capillary entry pressures are first determined. Then,

hydraulic conductances and flow rates of the network for each grid are obtained. Phase



aress and saturations are aso determined. It is accepted that the displacement
mechanismin drainage and CO, injection is pistortlike whereas in imbibition it is
ether piston-like or snap-off.

The results of the modd are compared with the experimental data from the literature.
Although, the pore sze distribution and the contact angle of the mode are inconsstent
with the experimentd data, the agreement of the reative permesabilitiesis promising.

The effect of contact angle in the same network for three phase flow whereimmiscible
COs isinjected as athird phase at supercritica temperature (32 °C) isinvestigated. And
it isfound thet, the increase in the intringic angles causes decrease in relative
permeghility vaues.

As another scenario, two phase model is developed in which miscible CO, — water is
flooded after the primary drainage of the same 2-D network at supercritical temperature
(32 °C). This case is compared with the previous case and the effects of miscibility are
investigated such that it causes the relaive permeability values to increase.

Adsorption is another concern of which its effects are anadlyzed in asingle pore modd.
The modd is compared with the reported experimenta data at high temperature and
pressures. A reasonablefit is obtained.

Keywords: Pore Networks, Three Phase Relative Permeahility, CO,, Misdhility,
Wettability, Adsorption
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GOZENEK OLGEKLI SMULATORLERIN KULLANIMIYLA ISLATIMLILIGIN,
KARISABILIR KARBON DIOKSIT OTELEMES!I VE ENJEKSIYONU
UZERINDEKI ETKILERININ ANLASILMASI

Uzun, llkay
Y Lisans, Petrol ve Dogd Gaz Muhendidigi BolUm
Tez YOneticis: Dog. Dr. Serhat Akin

Aralik 2005, 63 sayfa

Bu calisma, rezervuardaki doga gozenek ortamini yakadayan gozenekli aglarda Uc fazli
akis ve karisabilir CO, dtdemesinin moddlenmes (izerine yogunlagtiriimigtir. Matlab
ile kodlanmis olan ag, hatlar icinde rasigele yerlestirilmisfarkli kenarli Giggenlerden
olusmaktadir. Gozenekleri birbirine baglayan gdzenek bogazlari damodd tarafindan
olusturulmaktadir. Boylece, gegitlerin uzunluklari ve yaricaplari degiskendir. Bu
cdigmada kullanilan agin iki boyutlu karisk idatimli karbonatlari temsi| ettigi
farzedilmektedir. Gergek gézenek ortamlarinda karisk idatimlilik, petrolin yiizeyi
erirken uzun sire petrol idatimiylatemas eimes bu arada su ile dolmus kose ve
calaklarin suidaimli kdmed ile orataya cikar. Gdidirilen modd, iki fazli ve Uc fazli
akidarin Imulasyonunu ygpan quad-datik yaklasmdir. Boylece, kilca basnglar,
gordi gecirgenlik, doymuduklar ve akis yolu birincil dreng, su ételemes ve CO,
enjeksyonu durumlari icin ede edilmigtir. Gordi gecirgenlikleri hesgplamak icin ilk
once kilcd esk basinglari tayin edilmigtir. Daha sonraagdaki herbir hat icin hidrolik
iletkenlikler ve &kis hizlari bulunmustur. Bundan baska, faz danlari ve doygmuduklar
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tayin edilmigtir.Dreng ve CO, ételemesinde pistorttipi, su 6telenmesinde ise pistont-tipi
veya kopma gozenek diizeyinde yerdegism mekanizmaari olarak kullanilmidtir.

Moddin sonuclari, literattirde bulunan deneysdl verilerle karsladtirilmigtir. Modein
gOzenek boyut dagilimi ve degme acis deneysd verilerden farkli olmasinaragmen
gordi gegirgenligin uyumu umut vericidir.

Slper kritik scaklikta (32 °C) Ugtincti bir faz olan karismaz CO- dtdemes ile Ug fadi
akisn ayni agdatemas agis etkileri incdenmidtir ve gercel acilardaki artisin gorecdi
gecirgenlik degerlerinin azalmasina neden oldugunu bulunmustur.

Diger bir senaryo ise, karisabilir CO, — suyun hirincil drengidan sonraayni iki boyutlu
agdan sliper kriritik Scaklikta (32 °C) dtlemes ileiki boyutlu model gelitiriimesidir.
Bu durum, bir 6noeki durumla karsladtiriimis ve karisabilirligin gordli gegirgenlik
degerlerini atirmes gibi sonuclar de edilmidir.

Sogurulma, tek gozenekli bir modelde etkileri aradtirilan diger bir faktérdir. Modd,

yazili deneysd verilerle yiksesk scaklik ve basncta karslagtirilmitir. Kabul edilebilir
uygunluk elde edilmidir.

Anahtar Kdlimder: Gozenek agji, Ug-Fazli Gorecdi Gegirgenlik, CO,, Karisabilirlik,
Idatimlilik, Sogurma
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CHAPTER 1
INTRODUCTION

Pore-scale network models provide a unique computational bridge between the pore and
continuum scales. A smulated network of pores as a computationd system within
which pore-scale physica processes are modelled. The pore networks are used mainly
to describe the macroscopic properties such as relative permeability (Dixit et d., 1997),
capillary pressures (Jerauld and Salter, 1990), and dectricd properties (Oren and
Bakke, 2002). The macroscopic descriptors of multiphase flow of fluids, such as
relative permeabilities and capillary pressures, are the volume-averaged continuum
functions with origin in the digplacement mechanism a the microscopic or pore scde
(Bear, 1972). Therefore, these functions can be predicted if there is an adequate
description of essential geometry and topology of the pore space, and a representation
of the multiphase flow physcs (Al-Futais, 2002). Pore networks are also used in
fractured reservoirsin single, two or three phase flows (Chatzis and Dullien, 1977,
Bakke and Oren 1997).

The macroscopic transport properties of two phase flow are determined not only by the
geometry and topology of the porous medium, but also by the spatia digtribution of
wettability and the extent of wettability dteration in individua pores (Al-Futais, 2002).
Severd studies have used pore network models to investigate the effect of wettability

on the macroscopic descriptors of two phase flow (Blunt, 1997a; Blunt, 1997b; Heiba et
a., 1983; McDougal and Sorbie, 1995).

Pore networks are used to smulate the reservoir since they are representatives of
reservoirs where conducting experiments are expensive; time consuming and even not

possible, for instance, experiments at supercritical temperature of CO» is very difficult.



In this study, a pore network model to study CO- injection at supercritical temperature
(32 °C) is studied that has gone through primary drainage, secondary imbibition. This
thessisorganized asfollows. In Chapter 2, literature overview is briefly described. In
Chapter 3, the physics of two and three phase flows in asingle pore is described, i.e.,
the theory for calculating capillary entry pressure, phase aress, saturations, hydraulic
conductances, flow rates and relative permeabilities are described. In Chapter 4,
statement of the problem is presented. In Chapter 5, the results are shown. The
smulator is vaidated againgt experiments and for other cases, smulator isrun, i.e., the
cases for immiscible and miscible CO, at supercriticd temperature (32 °C). Findly, in
Chapter 6, the thessis concluded with the most important findings and

accomplishments of this research.



CHAPTER 2
LITERATURE OVERVIEW

Pore network modelling is a technique to modd multiphase flow at the small scale and
to predict average macroscopic properties, such as permeability, capillary pressure,
relative permeability and resdud oil saturation. Traditiondly, network modds
represented the void space of arock by aregular two- or three-dimensond |attice of
wide pores connected by narrower throats. Each pore or throat is assumed to be
cylindricd, triangular or spherical (Figurel) and hence contain just one phase. The
coordination number (the number of throats connected to a pore) can vary depending on
the chosen lattice. In order to match the coordination number of agiven rock sample,
which typicaly is between 3 and 8 (Jerauld and Salter, 1990), it is possible to remove
throats from a lattice of higher coordination number. To better reflect red porous media
it is possible to randomly distribute points within the modd area and then congtruct a
network from the triangulation of these points.

Figurel Different types of pore shape



Most petroleum reservoirs and many heavily polluted soils are not strongly wetted by
water in the presence of ail, even though most of the minerals making up soils and rock
are naturaly water-wet. During oil migration, oil invades the pore space by a primary
drainage process meaning that the system behaves as though it is water-wet. Where

oil directly contacts the solid, surface- active components of the oil called asphatenes
adhere to the surface, dtering its wettability. Regions of the pore space for which a
wetting film of water coats the surface remain water-wet, as do the corners of the pore
space where water gill resides, and pores that remain completely water-filled. Within a
single pore, the surfaces have different wettability, as shown in Fig. 2. Thisresultsin a
number of different possible fluid configurations during waterflooding, Fig. 3. Most
importantly, oil may reside as alayer in the pore space, sandwiched by water in the
corner and water the centre Fig. 3f. (Blunt, 1998).

Oil

Water

Figure 2 Oil and water in atriangular pore after primary drainage (Blunt, 1998).
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Figure 3 The different pore- scde configurations for waterflooding and gasinjection

in mixed-wet pores. A bold line indicates regions where the fluid/surface contact is
pinned and the contact angle continually varies with capillary pressure. Light grey
indicates water, dark grey oil and white is gas (Hui, 2000).

The capillary network modelling concept was first developed by Fett (1956). Since
then, this phenomenon has become a ratively widespread computationad modelling
gpproach in the fieds of petroleum engineering, chemica engineering and
hydrogeology. By digtributing the pores and throats on aregular 2D lattice and
sequentidly filling them in order of inscribed radius using the Y oung- L aplace equation,
he was able to produce capillary pressure and rel ative permesbility curves for drainage
(asafunction of average saturation) that had the same characteristics as those obtained

experimentaly.



Further advances in network modelling didn’t occur until the late 1970s when computer
processing power became more readily available (Vavatne, 2004). Chatzis and Dullien
(1977) focused on the assumptions made earlier by Fatt. They observed that 2D
networks are not satisfactory to predict the behaviour in 3D. They aso noted the
importance of coordination number z in pore scale networks. Their networks consisted
of both pores and throats having assigned volumes.

In the 1980s, percolation theory was used to describe multiphase flow propertiesisthe
theoretical foundation for drainage (Koplik and Lasseter, 1985; Wilkinson and
Willemsen, 1983; Helba et al., 1983). Micro-mode experiments of drainage and
imbibition alowed the pore-scae physics of digplacement to be understood. Lenormand
et al. (1983) used models with rectangular cross-section capillaries to observe and
describe the displacement processes in imbibition thet Htill are at the foundations for
network modeling — pistortlike displacement, snap-off and cooperative pore-body

filling

By the early 1990s interests in pore scale modelling had waned due to the financia
problemsin the ail industry. But, recently there has been an explosion of interestsin
pore-scae moddling (Al-Futais and Patzek, 2003; Dillard and Blunt, 2000; Dixit et d.,
1999; Fenwick and Blunt, 1998; Jackson et al., 2003; Man and Jing, 2000; Okabe and
Blunt, 2003). Some advances have been facilitated by increase in computational power.
This alows for more comprehensve treatments of displacement processes and more
accurate representations of the pore space. As network models continue to improve,

their roles are going to be expanded.



CHAPTER 3
THEORY

In pore networks, there are two basic models of multiphase flow such that dynamic and
quas-ddtic. In former case, capillary, gravity and viscous forces in the fluids are taken
into account. On the other hand, in the latter case, capillary forces dominate, gravity
modifies the magnitude of capillary pressure and the microscopic fluid digtributions are
frozen at each leve of the capillary pressure (Al-Futais, 2002). In this study, quasi-
static gpproach is chosen and the viscous forces are ignored. The hydraulic conductance
and relative permeabilities of the phases present in the network are then cacdated as a
result of this model. Moreover, due to its smalness the effect of Buoyancy forces are
aso ignored. With the developed modd, the capillary pressure, saturations and relative
permeabilities are calculated during esch phase of flooding of oil, water and CO,.

Firgly, the pores are assumed to be fully saturated with water. Secondly, the capillary
pressures for the primary drainage mechanism are calculated. Afterwards the phase
aress, and saturations are caculated. Next step is to calculate the conductances for each
pore and using these vaues rlative permegbilities for each pore are caculated. This
procedure is repeated for both secondary imbibition and CO, injection.

There are two network models on which the approach is based on:
B Quas-static network modd: where capillary pressure isimposed on the network

and the find datic pogtion of fluid-fluid interfaces is determined. Displacement
sequence is controlled by invasion capillary pressures.



B Dynamic network modd: where acertain inflow rate of one of thefluidsis
imposed on the network and the subsequent transient pressure response and the
associated interface positions are cal culated. Displacement decisions are based
on pressure difference rules.

3.1 Capillary Entry Pressuresin Displacement M echanisms

The gtuation of arock surface when two immiscible fluids contact depends on how

well each of the fluids wets the rock. This wetting ability is measured by the contact
angle, ?. Drainage occurs when oil or gas displaces water, whereas imbibiton is the case
of digplacement of water through oil. These two displacement mechanisms have
different contact angles such that in drainage receding angle is taken into account and in
imbibition case advancing contact angleis used. It is shown in the literature that
advancing contact angle is greater than receding contact angle (Vavatne, 2004). The
model is Smulated as a quas-gatic modd while cdculating the pressures and relative
permegbilities.



3.1.1 Primary Drainage M echanism

In drainage type mechanisms, piston-type displacement isvaid. The threshold capillary

entry-pressure in drainage in an angular poreiis,

4GQ (E; - E)

S »_
pe == (1+1/1- i=1 3.1
C,PD(qR) r ( COSZ(qr) ( )

where E) and E, are constants calculated with 0, =g, , and, n isthe number of corners

in the angular duct, thet isn=3 for the triangular cases.

The congtants are;
By =5-a- b (32)
£ = %4 *b) (3.3)
sin(b,)
, _cos(g, +b;)
E, =——————~co9(q; 34
2~ " dn(b) s@;) (34)
For a given geometry shape factor (G) is defined smply astheratio of areato the
perimeter squaredi.e.,
G=A/P? (3.5)

Thus the shape factor is purely a geometric property of the pore body (Rgjiv, 1999).



3.1.2 Secondary Imbibition Mechanism (Piston-Type)

If there is contact angle hysteresis, each Arc Meniscus (AM) hinges about its contact
line until the hinging contact angle,q,, ; , reaches advancing cortact angleq, (Al —
Futaisi, 2002).

For a given capillary pressureP,, the AM q,, ; isasfollows

e P u
ani (P) = arCCOSéPTCaX cos@, +b;)y- b, (3.6)
ere a

The piston+type digolacement in secondary imbibition can be either spontaneous or
forced. The difference between spontaneous and forced isthat in the former case the
capillary pressure is positive whereas in the latter case it occurs at a negetive capillary
pressure.

The maximum advancing contact angle a which spontaneous secondary imbibition is

é n u
&  -4Gjcosg, +b) 0
e i=1 u
a,max » arcCos; .. e 3
Ga. CaP™ 1 O . u 37
e———3- cos(q,) +4nGsin(q, )u
S g 3|

where P™ | is the maximum capillary pressure in primary drainage. The threshold

capillary pressure in spontaneous imbibition can be caculated by solving iteratively the
following two equations,

1 s u
g, =minjq,; (—).da.y (38)
| Moy E
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r (- i
E"’ rF%Té. (Eo - Ez)
= L (39)

ey = 5

i r -
2rer  Eb g 2rera Ei)cos(q,)

i=1 i=1

From Eqg. 3.8, it is shown that the contact angle is the smdlest vaue of hinging and
advancing contact angle. The obtained contact angle isthen used in caculation of

congants E} , E; and E}, whichin turn are used to cdculate the radius of curvature

I'er, a the capillary entry in Eq. 3.9 (Al — Futaisi, 2002).

Finaly, the threshold capillary pressure in pistorttype imbibition is caculated from,

(s

— if 9, £0d, ma
Mot
e X cos(q, , .
I:)c,PT = < % if qa,max <qa <%+mr( b|)
- PP -al) ifg.° Samin(b)  (310)

The congtants, E; , E; and Ejarenow caculated with g, =p - q,

11



3.1.3 Secondary Imbibition Mechanism (Snap-Off)

Snap-off occursif two or more of the AMs meet and fuse a a threshold capillary
pressure. At this critical pressure, the AMs become unstable and the entire porefills
with water. Snap-off can only occur if thereisno Man Termind Arc Meniscus

(MTAM) waiting at the end of the pore (i.e. if pison-type isimpassble).

The maximum advancing contact angle a which spontaneous sngp-off (postive
capillary entry pressure) can occur is,

qa,max = %' mn( bi ) (311)

The radius of curvature of the menisci for each sides of the triangle (i.€.7 15, Ms13, @d

I'023) OUght to be calculated for the determination of the snap-off threshold capillary

entry- pressure. Below equation is used to find out the redius of curvature of the menisci,

__cot(b;) +cot(b ;)
rsoij_r E1i+E1j

(3.12)

It should be noted that, the constants E; and E. are obtained by using the minimum of
the hinging angle and the advancing contact angle for cornersi and j.

The threshold radius of curvature that causes snap-off in both triangular and square
poresis found by the below equation using the radius of curvature of the menisci for

each sdes of the triangle.
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mn( r.5012’ rsoZS’ r5,013) if n=3

r

cosq.) - (L) if n=4 (3.13)

Findly, the threshold capillary entry-pressure for the sngp-off is found by the equation,

-
S_ If qa < qa.max
rSO
e max Cos(q +mn( b)) 1 I
P°. = P a ' if <g.<p - mn(b.
C,so < C Cos(qr + mr( bl)) qa,max qa p ( |)
-1 . )
pme ifg. 3 p - mn(b, 3.14
" costa, +min(b)) 9a * p - min(b;) (3.14)

Notethat, inthecaseof q, .., =d, thethreshold capillary entry-pressure for snap-off

will be zero.

Moreover, the exact flow mechanism (pistortlike or snap off) at any stage during
imbibition depends on the P offered by the two. The event which offers the highest
capillary pressure wins (Rgiv, 1999).
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3.1.4 CO, Injection M echanism

In CO; injection type mechaniams, the displacement procedures are dl the same with
primary drainage that is the only displacement type is the piston type case (Hui et d.,
2000). The threshold capillary entry-pressure in drainage in an angular poreiis,

] 4G4 (E;- ;)
Ris @) =1 W1 — 20 (315)

where E) and E, are congtants calculated with g, = g, for the CO, case, and, nisthe

number of cornersin the angular duct, that isn=3 for the triangular cases.

The constants are;
Ey=2-q-b (3.16)
2
i _cos(; +b,)
=" an(b) (347
[ COS(qi + b|)
> = " an(b)) cos(q;) (3.18)
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3.2 Phase Areas, Total Areasand Saturations
The determination of areas and saturations of water, oil and gasin each poreisthe next
step.
The total area of apore of inscribed radiusr is.
A, =r?cota, (3.19)
where a; isthe corner angle for each vertex of the triangle (Hui et d., 2000).

The area occupied by fluid occupying the corners of a pore, with an interfacid radius of
curvaurerg is

A, =r2;[cosq(cota cosq - sng)+q +a - p/2] (3.20)
where g isthe contact angleand a isthe vertex angle.
In the primary drainage case, A, is the area of water a the corners and found by Eq.
3.20 (g isthe advancing contact angle). A, isthe area of oil at the centreand it isthe
difference between totad area and the area of water.
However, in the imbibition case, the corner arealis the area of both oil and water at the
corners. Therefore, by using Eg.3.20 (q isthe receding contact angle), total area of il

and water a the corners are found. If the area of water a the corners found in the
primary drainage case is subtracted from the area of oil which is sandwiched can be

15



found. The area of water in the centre can be found by taking the difference of tota area

of the pore from the area of oil and water at the corners.

In the gasinjection case, CO, will be at the centre therefore, at the cornersthereisail
sandwiched between water phases. Using Eq. 3.20, the area of oil and water phasesis
found. The area of CO, isthe difference between the total area and area at the corners.

The saturation of each phase isthe sum of the cross-sectiona aress of each phasein
each pore, divided by the total areas of dl the pores.

Su = A Ac
S =A Ay
S, = A/ Ay (3.21)
and, S, +S, +S, =1. (3.22)

3.3 Conductances and Flow Rates

For aporetotdly full of asngle fluid, the following goproximetion for g based on
Poisauille slaw for flow inacircular cylinder isused (Bryant at d., 1993):

o PbAD)

128
The above formulais used during the caculation of conductances of the throats.

(3.23)
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Primary Drainage: The conductance of oil and water in the primary drainage caseis
found by,

4
_plyATp)
9o = g (3.24)
wd g = AZ(1- dna)*{f,cosq - f, ) 2 (329
" 12n.sn?a(1- L) (F, + )’
where:
f,=p/2-a-q (3.26)
f, =cota cosg - Snq (3.27)
f, :g- agtana (3.28)

f is used to indicate the boundary condition at the fluid/fluid interface. In this case f =1
(Zhou et d., 1997).

Secondary I mbibition: The conductances of water in the corners are found by using Eq.
3.25. The conductance of oil layer sandwiched between water phases can be found,

A(1- sna)’tanaf 2

o 2 A,
12 1-f G+ ff,- (1- f,f,) [ 2
nA sn’a( )§+ ( ) A

where fi=1=1.

9, = (3.29)

I---O

Q
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The conductance of water a the centreis found by using Eq. 3.23. Aot vdueinthe
equation is subdtituted by A,y at the centre.

With ail layers present, the water conductance has two components — from water in the
corners and water in the pore centre. Thetotal conductances are the sum of these two
contributions (Hui et d., 2000).

COz2 I njection: Gas dways occupies the centre of the pore space. Thus Eq.3.23 isused
for the gas phase conductance with the area of CO,, Ay, substituted for Aot.

In this case, water occurs both in the corners and layers, aswel asan oil layer. The

conductance of water in the cornersis found by the below equation with f =1,

3

0 = AZ(1- sna 2(f ,cosq - f, - cota{i- £, )2 2
" 12ndn?afl- £ 2)°(F ,cosq - £,)2(F, + ff, - cota(l- T ,))?

(3.30)

The sandwiched oil layer conductance is obtained by using Eq.3.29 with f1 =f2 =1.
Eq. 3.29 isagain usad to find out the conductance of the water layer by subgtituting A,
with Ay, Aw With Ag + Ayc and Ac = Ay + AnctAyi. Thetota water conductanceisthe

sum of the conductances of water in the corners and the water layer.

Flow rates: Inlaminar flow, the volumetric flow rate of fluid | between thetwo
connected nodes | and Jis given by,

g
Q= I_IJ(PH - Ry) (3.31)
1J
where |5 is the spacing between the pore body centres.
g.1sisthe overdl conductances.
The overdl conductance, g ,15is Smply the harmonic mean of conductances of the

connecting throat and its two pore bodies;
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3.4 Relative Permeability

Rdative permesaility of water, oil and gas are found by dividing the flow rate of each
phase by the tota flow rate.

3.5 Adsor ption Effect

During the flooding processes there are some concepts which should be taken into
account such that adsorption, chemical reactions between phases and solublity effects.
In this study, the effects of adsorption in asingle pore are andyzed.

Physica adsorption isamgor factor governing the behaviour of geotherma reservoirs.
That is, adsorbed water on the rock surfaces in a geothermal field has been thought to
provide amgjor source of fluid within the reservoir. In addition to this, the effect of
carbon-dioxide flow through water is another main concern for geothermal reservoirs. A
single pore modd was developed to investigate adsorption consdering CO-, presencein

water.

Using this modd, adsorption effects with CO, presenceis discussed at varying

temperature and pressure. The modd isrun at temperatures ranging between 90-130°C
at different relative pressures. Stanford experimental adsorption data (Horne et a. 1995)
were compared to the results of this developed mode. It has been found that, thereisa
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reasonable fit between the experimenta data and the model. A critica pore radius that
alows vapour molecule to enter the pore was calculated. It has been observed that the
amount of CO, adsorbed as well as water in geothermal fields is consderable.

The modd is based on three main principles:

The amount of phase in the pore is known both for the water and the CO, —
water solution systems since it is assumed thet the entire poreisfilled with the
fluid.

The system dtarts by the presence of water .By using Langmuir equations, the
amount of adsorption can is calculated. The vapour pressures for the

temperatures are gathered from literature.
The next step is to compute the amount of adsorption due to the CO2 with

presence of water. At this point BET equations are used. The vapour pressure of
the solution is computed according to the Raoult’ s equations.
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3.5.1 Bet (Brunauer, Emmett and Tdler) Isotherm

The BET theory was first developed by Brunauer et d. (1938) for aflat surface (no
curvaure) and thereis no limit in the number of layers which can be accommodated on
the surface. Thistheory made use of the same assumptions as those used in the

Langmuir theory. Let 5, S1, © and s, be the surface areas covered by no layer, one layer,
two layer, and n layers of adsorbate molecules, respectively (Do 1998).

Figure35.1  Schematic Diagram of Multiple layering in BET theory. (Do, 1998)

The concept of kinetics of adsorption and desorption proposed by Langmuir is applied
to this multiple layering process, that is the rate of adsorption on any layer isequd to
the rate of desorption from that layer (Do 1998).S0, in generd:

AiPsi1=bisexp(-E/RT) (3.33)
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Thetotd area of the solid isthe sum of dl individuad aress, that is

S=2s (3.34)

The volume of gas adsorbed on the section of the surface having “i” layersis

—
Vi=Vn (i s ) (3.35)

Hence, the tota volume of gas adsorbed a a given pressureisthe sum of al these

volumes
3 .
VAR als
V= Em ais =Vm i;O (3.36)
i=0 é S

i=0

An expression for s; in terms of gas pressure is needed in order to obtain the amount of
gas adsorbed as a function of pressure. Therefore, afurther assumption should be made.

That istheratio of the rate constants of the second and higher layersis equa to each
other:

I
(e}

&
1
&L | &
I
1

(3.37)

o |
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According to Langmuir isotherms; it is assumed that the heat of adsorption of the
second and subsequent layers are the same and also equal to the hest of liquefaction, E, :

E=E=..=E=E (3.38)

Therefore, the surface coverage of the section containing | layers of moleculesis.

S= % ssgexp(el—-q) [(g) expe] l (3.39)

fori =2, 3..., where @_isthe reduced hest of liquefaction

=
= — 3.40
o= or (3.40)
Asareault,
v Csog I X;
Yt SEE (3.41)
" 5, (L+CA x)
i=l
where the parameter C and the variable x are defined as follows:
1
y=Pep(e) (342)
by
P
= 9 exp (eL) (343)
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— a, g e (el-eL) (344)
bl

C=

x |<

The equation then can be amplified in the following form:

V. 20 (3.45)
VvV, (@- x@1- x+Cx)

In order to relate this equation with pressure ingtead of x, the procedureis asfollows:

Thismodd isvaid for infinite layers on top of aflat surface. Therefore, the amount
adsorbed must be infinity when the gas phase pressure is equa to the vapour pressure,
that is P = P, occurswhen x = 1. Thus,

P
= 3.46
X P (3.46)
E
where P =g. exp (- EL ) (3.47)

So, the famous BET equation containing two fitting parameters C and Vim becomes:

\% CP

V. (P,- P)+(C- )(P/P,))

m

(348)
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CHAPTER 4
STATEMENT OF THE PROBLEM

In this study, a quas-static pore-scae network mode of two and three-phase flows to
compute relative permeabilities, saturation paths and capillary pressuresfor avariety of
displacement processes will be developed. The model will be based on arandom
network of pores and throats with triangular and circular cross sections that represent

the complex pore space observed in carbonates.

Themain god in this study will be to obtain the effects of different wettabilities of a
different-Sded triangular pore network in a system which involves CO» at the
supercritica temperature. Since a Significant amount of the world' s hydrocarbon
reserves are located in carbonate formations the network will be conducted for

carbonate cases.
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CHAPTER 5
METHOD OF SOLUTION

The following agorithm is used to devliop the pore network smulator:

1) Createthe coordinates of the vertices of the trianglesin each grid.

2) Cdculate each sides, areas and perimeters of the triangles to obtain inscribed

radii and interior angles of each triangle.

3) Cadculate shapefactor of thetriangles (Eq. 3.5)

4) Primary Drainage : Refersto the displacement of water by oil.

Cdculatethreshold capillary - entry pressures (Eq. 3.1).

Obtain the flow status of the invaded pores by choosing the minumum of the
entry — pressure of neighbour pores.

Cdculate total area of the triangles (Eq. 3.19).

Caculate the areas of each phase: Aw isthe area of water a the corners and
found by Eq. 3.20 (9 isthe advancing contact angle). A, isthe areaof oil &
the centre and it is the difference between total area and the area of weter.
Creste the coordinates of the throats and then obtain the lengths and radii of
the throats.

Cdculate the conductances of each phase: Eq. 3.24 and Eq. 3.25 are used to

obtain oil and water conductances respectively whereas EQ. 3.23 isused to
cdculate throat conductance. And Eq. 3.32 is used for overal condcutance
of each phase.

Cdculate flow rate (Eq. 3.31) .
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Calculate saturation of each phase (Eq. 3.21).
Cdculate redltive permesbility : Obtain by dividing the flow rate of eech
phase by the totd flow rate.

A mean vaue for each bin, that is a average saturation of the zone - 5%
saturation bin, is then caculated and used in the rdative permresbility plots

5) Secondary Imbibition: Refersto the displacement of oil by water.

Cdculae threshold capillary - entry pressures for piston-like displacement (Eq.
3.10) or snap-off (Eq. 3.14).

Obtain the flow status of the invaded pores by choosing the maximum of the
entry — pressure of neighbour pores.

Caculate the aress of each phase: Use Eq.3.20 (q isthe receding contact angle),

to find total area of oil and water at the corners. If the area of water at the
corners found in the primary drainage case is subtracted from the area of oil
which is sandwiched can be found. The area of water in the centre can be found
by taking the difference of tota area of the pore from the area of oil and water at
the corners.

Calculate the conductances of each phase: Eq. 3.29 and Eq. 3.23 are used to
obtain oil and water conductances respectively whereas Eq. 3.23 isused to
cdculate throat conductance. And Eq. 3.32 is used for overdl condcutance of
each phase.

Cdculate flow rate (Eq. 3.31) .

Calculate saturation of each phase (Eg. 3.21).
Cdculate redltive permeability : Obtain by dividing the flow rate of each phase
by the total flow rate.

A mean vaue for each bin, that is a average saturation of the zone - 5%
saturation bin, is then calculated and used in the rdative permegbility plots
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6) CO, Injection: Refersto the displacement of water by immiscible CO..

Cdculate threshold capillary - entry pressures (Eq. 3.15)

Obtain the flow status of the invaded pores by choosing the minimum of the
entry — pressure of neighbour pores.

Calculate the aress of each phase: CO, will be at the centre therefore, at the

corners thereis oil sandwiched between water phases. Using Eq. 3.20, the area

of oil and water phasesisfound. The areaof CO; is the difference between the
total areaand area at the corners.

Calculate the conductances of each phase: Eq.3.23 is used for the gas phase
conductance with the areaof CO, , Ag ,substituted for A¢et. The sandwiched oil
layer conductance is obtained by using Eq.3.29 with f; = f, =1.Eq. 3.29isagain
used to find out the conductance of the water layer by subgtituting A, with Ay,
Aw With Ag + Anc and Ac = Ao + AuctAw. The total water conductance isthe

sum of the conductances of water in the corners and the water layer.
Cdculate flow rate (Eq. 3.31) .

Calculate saturation of each phase (Eq. 3.21).

Cdculate redltive permeability : Obtain by dividing the flow rate of each phase
by the tota flow rate.

A mean vaue for each bin, that is a average saturation of the zone - 5%
saturation bin, isthen caculated and used in the relative permeability plots

7) Simulate the code for the displacement processes described with experimental
data.

8) Simulate the code for the displacement processes described above with different
contact angles.

9) Smulate the code for the miscible CO, — water case after primary drainage.
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CHAPTER 6
RESULTSAND DISCUSSION

The proposed modd isfirst compared with the experimental resultsin order to vaidate
the mode. The experimentd results are taken from mixed-wet intergranular carbonates
as reported by Vavatne (2004).1n the experimental study, the system was flooded by
water as a secondary imbibition case just after the primary drainage is done. After
comparing with the experimenta data, the effect of contact anglesis investigated where
in this case immiscible CO;, is flooded into the system after the secondary imbibition.
Findly, the results of the same modd are compared with the case of miscible CO2
flooding.

6.1 Description of the Network

The pores are generated randomly by the mode written in Matlab. The pores are
assumed to be irregular trianglesin order to have aredigtic reservoir. Thet isto say, the
coordinates of the vertices of the triangles are determined by the code. The network
represents a cube of length 300y, therefore having avolume of 27+ 10° u3. The modd
isa2-D network having agrid size of 30 by 30, i.e. 900 pores. There are 1740 throats
which are dso located randomly to connect the neighbour pores, i.e. the radii and both
the lengths and end- coordinates of the throats are varying. The coordination number is
fixed as 4 and the cross-sections of the throats are al assumed to be circular in the
mode. The gatigtica data of the network is tabulated at Table 6.1.1 and the fluid and
rock properties for both immiscible and miscible run can be seen a Table 6.1.2 and

6.1.3 respectively.

29



The digtributions of the inscribed radii are shown in Figure 6.1.1.The pore Size
distribution in the experiment was assumed to be the pore body to throat radius aspect

ratio from the origina Berea network since there was no spontaneous displacement data
available (Vdvatne, 2004).In order to handle with the end effects, the first and the last
10 columns of the mode are not used while congtructing the relative permegblity
curves . While caculating relative permegbilities the zones are binned according to the

average saturation of the zone, using a 5% saturation bin (increments). A mean vaue
for each bin isthen calculated and used in the relative permesbility plots (Hughes and

Blunt, 2000).

Table6.1.1; Statistica data of the network

Poreradius (microns)

Throat radius (microns)

Mean 0.7766 0.2022
Standard deviation 0.5563 0.1019
min 0.0014 0.0232

max 2.7789 0.4988
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Table 6.1.2: Fluid and Rock Properties Used in Runs of the contact angle effect case

Casel Case?2
Temperature  (°C) 32 32
Advancing contact angle (deg) in imbibition 80 82
(Vavatne, 2004)
Receding contact angle (deg) in drainage 25 40
(Vavatne, 2004)
Receding contact angle (deg) in gasinjection 40 85
(Hui, 2000)
IFT (N/micron) 2.8629e-08 | 2.8629e-08
(Bradley, 1992)
Viscosity of oil (N/micron’/sec) 6.17e-09 6.17e-09
(Bradley, 1992)
Viscosity of water (N/microrf/sec) 0.927e-09 0.927e-09
(Bradley, 1992)
Visocosity of CO, (N/microrn/sec) 0.01522e-03 | 0.01522e-03

(Bradley, 1992)
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Table 6.1.3: Fluid and Rock Properties Used in Runs of the miscible CO, case

Miscible Case
Temperature (°C) 32
Advancing contact angle (deg) in imbibition 80
(Vavatne, 2004)
Receding contact angle (deg) in drainage 25
(Vavatne, 2004)
Receding contact angle (deg) in gasinjection 40
(Hui, 2000)
IFT (N/micron) 2.8629%-08
(Bradley, 1992)
Viscosity of oil (N/micron?/sec) 6.17e-09
(Bradley, 1992)
Viscosity of water (N/microrf/sec) 0.927e-09
(Bradley, 1992)
Visoosity of CO, (N/micron/sec) 0.01522¢-03
(Bradley, 1992)
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Figure 6.1.2 (a) The distribution of inscribed radii of the mode proposed, (b)
Didtribution of pore to throat radius aspect ratio for origind Bereanetwork by Vavatne
(2004).
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6.2 Comparison of the Model With The

Experimental Studies

The relative permeahility of the network model was compared to experimenta data of
intergranular carbonates obtained from literature (Vavatne, 2004).

Table 6.2.1 Huid and rock properties used in predictions for mixed-wet intergranular

carbonates

Surface tension (10~ N/micron) 29.9
(Vavatne, 2004)

Water viscosity (10~ N/micron-sec) 0.927
(Vavatne, 2004)

Oil viscosity (10™ N/micron-sec) 6.17
(Vavatne, 2004)

Oil-wet contact angle (deg) 80
(Vavatne, 2004)

Water-wet contact angle(deg) 25
(Vavatne, 2004)
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Theflow path that is predicted during primary drainage is obtained by choosing the
minimum entry- threshold pressure where the capillary entry-pressures are calculated
with the above fluid and rock properties of mixed-wet intergranular carbonates.
Whereas in the secondary imbibition case the flow path that is predicted is obtained by
chooding the maximum entry-threshold pressure.

Flow Path During Primary Drainage (Experimental Case) Flow Path During Secondary Imbibition (Experimental Case)

8

B 8 &8 8 8

8

Figure 6.2.1 Flow Peth of experimenta datarun

The colour bars on the right hand side of the figures (Figure 6.2.1) represent thefilling
sequence of the porous with the invading phase. That isto say #1 isfilled before #900.
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Reative permeghility vs. saturation graph (Figure 6.2.2) data was in good agreement
about approximately 44% and 31% error for irreducible oil saturation and water
saturation respectively (Table 6.2.2). The errors are due to the differences between the
pore size didtribution used in the code and in the experiment. Moreover, the contact
angle used in the model as an input is assumed to be fixed for the whole network.
Vavatne (2004), on the other hand, uses different contact angles for different pores.

Table 6.2.2 Comparison of irreducible fluids

Sor SWir
exp pred exp | pred
0.18 0.125 012 | 0175
Relative Permeability of Oil vs. Sw
Relative Permeability of water vs. Sw
1.0
a ¢ kro(exp) 10
08 mkro(pred krw(exp)
: 0.8 mkrw(pred)
N 06
E : .
0.41 041 4
4 .
* 1]
0.2 > o4
0.2 .
o . o o 0 o ]
o %4 ~
0.0 T T 0.0 T
0.0 0.2 0.4 0.6 08 10 0.0 02 0.4 06 0.8 10
Sw Sw

Figure 6.2.2: Experimenta (Vavatne, 2004) and modd Relative Permeability Vs.

Saturation comparison for primary drainage
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The results of the proposed pore network in this study is in accord with the results
presented by Vavatne (2004) since the flow response is not affected much by the
wettability.

Asasecond step, water is introduced to the system which adds an additiona
complexity in the wettability characterization. In order to compare the results of the
secondary imbibition, water isinjected through the proposed mode and an error of
31% and 17% areobtained for irreducible water and oil saturation respectively
(Table 6.2.3). Thus, it can be accepted as afairly good agreement. During secondary
imbibiton, thereisadecrease in errorsfor irreducible water and oil as seenin Figure
6.2.3.

Table 6.2.3 Comparison of irreducible fluids

Sor S\Nil’
exp pred ep | pred
04 0.275 027 | 025
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Relative Permeability of oil vs. Sw Relative Permeability of water vs. Sw
1.0 1.0
& kro(exp) & kro(exp)
0.8 1 kro(pred, 0.8 1 krw(pred)
.
061 061
° 2
= - =
04 . 0.4 4
0.2 0' 0.2 1 o?
. ] D
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0.0 T T + T 0.0 po—tr—G— = T
0.0 02 0.4 0.6 0.8 10 0.0 0.2 0.4 0.6 0.8 1.0
Sw Sw

Figure 6.2.3 Experimentd (Vavatne, 2004) and model Relative Permegbility Vs.
Saturation comparison for secondary imbibition.

Although the output of the code, i.e. the relative permeability data, for intergranular
carbonates has an error, the constructed network can be considered as representative of
the carbonates snce the pore size digtribution and the values of contact anglesin the
experimenta sudy are not the same with the proposed model.

The output of the code when immiscible CO; isinvaded into the system is compared
with the data from the literature (Driaet d., 1993). The data from literature (Driaet d.,
1993) are the experimenta results of CO, flooding into a dolomite core (Figure 6.3.4).
The temperature and the pore Sze digtribution are different from the network proposed
in this sudy. Therefore, the vaues of raive permegbility are differing (Driaet d.,
1993).
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Relative Permeability vs. Sw
1.0000 o
. * kg(exp)
010004 ° 2 kq(pred)
£ 0.0100 T *
.
% o
0.0010 A .
® o
<*
0.0001 T
0.0 0.2 0.4 0.6 0.8 1.0
Sw

Figure 6.2.4 CO-, relative permegbility data comparison with
experiments conducted by Driaet d. (1993) and this study.

6.3 Effects of Contact Anglewith Immiscible
CO, Injection

The network presented isthen run for the three- phase flow in which CO;, injected asthe
third phase that is introduced to the system at supercritica temperature (32 °C). There
is neither experimenta nor computationd study for the CO2 injection in three-phase
flows above supercritical temperature; therefore the results cannot be compared to any
published data. In this section the effects of contact angle at both two phase and three-
phase flow isinvestigated. We have seen that as contact angle isincreased in al three
flooding processes, the relative permesbility data of the fluids had some differences.

The results of relative permegbility dataare tabulated without smoothing.
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The colour bars on the right hand side of the figures (Figure 6.3.1) represent thefilling
sequence of the porous with the invading phase. That isto say #1 isfilled before #900.

Flow Path During Primary Drainage (Case1) Flow Path During Secondary Imbibition (Case1)
T T

800

700

600

500

400

300

800
700
600
500
400
300
200
100

200

100

Figure 6.3.1: Flow Path during primary drainage (a), secondary imbibition (b) and CO»
injection (c)

It can be concluded from the relative permeability Vs. S, graphs (Figure 6.3.2.aand
6.3.2.b) during primary drainage, when receding contact angle increases (Table 5.1.2),
the S;r and S,ir decreases.
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Figure 6.3.2.a Rdative Permesgbiility

Vs. Sw during primary drainage

for ol casss1& 2

Relative Permeability of oil vs. Sw Relative Permeability of water vs. Sw
1.0 10
@ kro(case 1) & krw(case 1)
087 kro(case 2) 08 krw(case 2)
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Figure 6.3.2.b: Relative Permegbility

Vs. Sw during primary drainege

drainage for water for cases1 & 2

The oil gave more response than does the water. That's why the relative permesbility of
oil is much more scattered (Figure 6.3.3.a, Figure 6.3.3.b). Thisis due to the fact that oil
is more dependent on the saturation history. Wheress relative permegbility of water is
least scattered indicating that it does not depend on the saturation history. Similar
observations are aso reported by the studies of Al-Futais (2002) and Blunt (1997).
Moreover, it is seen that the increase in the advancing angle causes adecrease in
resdud fluid (oil and water) saturations.
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It isfound that as the advancing and receding angles in the imbibition and drainage cases
respectively increase (Table 5.1.2), the relative permesability of oil decreases when the
network is under the supercritica conditions of CO,. On the other hand, it is observed
thet relative permesability of water did not change much as the intrinsic angles change.
Also, CO, decreased dightly ignorable when theintrinsc angles increase (Figure 6.3.4).
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6.4 Miscible CO, Injection Case

In this section miscible CO; in weter is introduced to the network after the ail is flooded
asaprimary drainage process. The effects of the miscibility a the supercritica
temperature of CO, are examined. In this casg, it is assumed that CO, is mixed with
water at 50% ratio. It isfound that, as CO, becomes miscible in weter the relative
permegbilities increase that is the vaue of relative permesbility of water-miscible COz
is greater than the values of water obtained in the immiscible case (Figure 6.4.1).
Besdes, the ol rdative permesbility vaues obtained for theimmiscible case are

smadler than the values obtained in the miscible case. In addition to these, it is observed
that the Sy vaue in miscible case is amdler than the immiscible case. On the other

hand, S,ir inthe miscible case is greater than in theimmiscible case.
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6.5 Comparison Of The Calculated Amount Of Adsorbed Water With
The Experimental Data

The effect of adsorption in aporeis sudied in this part by usng single pore modd. The
amount of adsorbed water from the literature was compared with the amount of
adsorbed water calcuated by using Langmuir isotherms. The comparison was made at
high pressures and temperatures. This part of the study has stressed adsorption
phenomenon to understand the fluid inclusion behaviour and to interpret adsorption
properties of water and carbon-dioxide. One of the keys to extracting this information
liesin understanding the phase rdlaions of the rlevant fluid systems.

Figure 6.5.1 shows the trend of amount of adsorption of water with varying
temperaturesin a core from The Geysers MLM -3 (Horre et d., 1993) and the

rel ationship between the amount of water adsorbed and relative pressure obtained by the
proposed modd. It is obvioudy seen that thereis alinear behaviour below relative
pressure of 0.6 for both the experimenta data and the proposed modd. The relative
pressure is the ratio of pressure to the reference pressure which in this study isthe
vapour pressure. While congtructing Fig. 6.5.1 Langmuir isotherm equations were used.
When the amounts of adsorbed values were compared, a reasonable fit was obtained.
Thereisan error of average 7% when the experimenta datais compared with the
proposed method up to arelative pressure of 0.6.
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Figure 6.5.1: Adsorption Isotherms on Geysers MLM -3 Sample a Different
Temperatures (after Horne et al., 1995) and the data calculated by the proposed model

On the other hand, for relative pressure the va ues above 0.6, some deviaions with
respect to the values gathered from experimenta data are observed. The error between
the computed data and the experimental data becomes significantly more than an

average of 25%. When temperature or pressure increases the error becomes higher. This
may be due to the fact that Langmuir type isotherms would not give accurate results at
high pressures. The Langmuir theory holds for low pressures (Knight et d.). The

problem with the Langmuir theory isthat a high pressures, there may be more than just
monolayer coverage (Knight et d.).
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6.6 CO,-Water Adsorption

The next step isto investigate adsorptionof CO, with presence of water Since agueous
solutions that contain volatile (gas) components are one of the most important types of
fluid in the Earth’s crust (Diamond 2001). In this study, 5% molar fraction of CO2 was
mixed with water. The secondary adsorption process was investigated in which water
was primarily adsorbed. The relative vapour pressure of the mixture was calculated
according to this assumption. Later, BET isotherma equations were used in order to
calculate the amount of adsorbed vaues for both CO, and wate.

The solubility of CO, decreases with risng temperature, but increases sharply with

risng pressure up to the saturation pressure and a lesser rate thereafter (Spycher et d.
2003). Relatively, the adsorption process of CO2 has the same trend. Figure 6.6.1 shows
the relationship between pressures ranging between approximately SkPato 44.5kPa. In
thisfigure, alinear behaviour up to areative pressure of 0.2 is obtained. But, after that
point, as the pressure increases, the amount of CO, adsorbed increases .Since adsorption
is an exothermic process, the amount of adsorbed CO,, increases as the temperature

increases.
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Figure 6.6.1: CO, Adsorption isotherms

Figure 6.6.2 shows the comparison of the adsorption tendencies of water and CO,-water
solution a 90°C. It iseasly observed that amount of adsorbed water is higher than that
of CO; a the same temperature and pressure. The mgor dissimilarity between CO, and
water arises from the fact that CO, is large and nonpolar, whereas H,O isamndl and
dipolar.
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Figure 6.6.2: Comparison of adsorbed amounts at 90°C

Although there are dissmilarities between CO; and water in their physica properties,
both water and the CO,-water solution had increasing trends during adsorption
processes. Figure 6.6.3 shows the adsorption at 130°C. If the trends both at 90°C and
130 °C are compared, it is observed that at the same pressures, the amount of adsorbed
molecule at the secondary adsorption process was more than that of water for the

primary adsorption.
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Figure 6.6.3: Comparison of adsorbed amounts at 130°C

The rgpid increase of adsorbed molecules in mixture at higher pressures is due to the
accuracy of BET equations at higher pressures (Do, 1998). Thisrapid increaseisa
result of capillary condensation.

Critica radius r¢, which is equivaent to the radius of space extended by a steam
molecule, rg, a agiven temperature and pressure is a.concern to be discussed in an
adsorption process. Critical radius controls the entrance of the vapour molecule. A pore
having radius smdler than this vaue can not be filled with the vapour since capillary

condensation cannot take place. Critica radiusis obtained as 2.98micrometre.
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CHAPTER 7
CONCLUSION

A state of art pore scale network model coded in Matlab is developed in order to
represent the real system of reservoir by using irregular triangles as pores, which are
located randomly in the grids of the network, and the throats which connect the pores,
that are located rardomly on the Sdes of the triangles.

The network is vaidated with published data. Although the pore size distribution and
the assumption that intrindc angles (advancing and receding angles) are fixed through
out the network and are not the same with the experimenta study, the proposed model
can be accepted as a representative model for mixed-wet carbonates.

It is observed that, during primary oil flooding relative permegbility is controlled by the
network geometry and the pore-scae displacement. It isaso observed that values of
relative permesbility of oil decreases, whereas relative permesbiilities of water increase
as the system becomes more like a sandwiched layer.

A single pore modd to see the effects of adsorption in a poreis tudied. A comparison
of the adsorption of water with the literature and an gpproach which deals mainly the
tendency of adsorbed amounts of CO,-water mixtures towards higher pressures and
temperatures is presented. This Smple modd, taking advantage of Langmuir and BET
isotherms, calculates the adsorption of carbon dioxide in water.
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It is concluded that water is adsorbed more rative to CO,. The adsorption behaviour is
determined by the ratio of the fluid-wal attractive interaction. For water thisratio is
very smdl, due to the strong hydrogen bonding (H-bonding) between water molecules.

The critica radius that enables vapour molecules enter into the poresis found as 2.98

microns.

54



RECOMMENDATION

With the outlined methodology aredistic network is amed to be generated by random
pores and throats. The model was smulated by using afix contact angle dthough in a

redl reservoir, pores have different contact angles.

In this study, the miscibility effect of CO, was obtained computationdly at the
supercritica temperature. The results can be compared by conducting experiments at
the same conditions such that miscible CO2- water isinjected to a mixed-wet carbonate

at supercritica temperature (32 °C).

The adsorption effect which was ignored at the pore network modd can be investigated
by implementing the developed single pore modd into the whole system.
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NOMENCLATURE

Molecular weight

Gas congtant, 8.314 Jmol K
Temperature

Langmuir congtant

Heat of adsorption

o O T 4 X Z

Vapour pressure

>

Areaof cross section of anode/ throat

Acst Effective area occupied by nonwetting phase.
Ao Areaof occupied by non+wetting phase.

Aw Area occupied by the wetting phase

G Shape factor

g Fluid conductance
IR Distance between the centres of 1th and Jh nodes.
P Perimeter of cross-section of a node/ throat

Pc Capillary pressure
P MAX Maximum capillary pressure

Pest Effective perimeter of nonwetting phase dong the node/ throat cross section.
Qi1 Volumetric flow rate of ith phase between Ith and Jth nodes.

r Inscribed radius

I'sij Radius of curvature of the arc menisci.

Sw Wetting phase saturation

56



Greek letters

p  Spreading pressure

a Corner hdf angle

?r Receding contact angle
?a  Advancing contact angle
?H  Hinging contact angle
p Fuid viscodty

s? Huidintefacia tenson

Subscripts

A Advancing
ef Effective

H Hinging

[ Numeric index for identifying corner angle/ node 1D/ throat 1D
MAX Maximum

o] Oil or non-wetting phase

R Receding

w  Water or wetting phase

57



REFERENCES

Al-Futas, Ahmed Mohammed,.” Physicaly-Based Quas- Static Pore Network
Simulator of Drainage and Imbibition in Two and Three Phase How of Immiscible
Huids’, Thess of Doctor of Philosophy, Civil and Environmentd Enginesring inthe
Graduate Divison of Univerdity of Cdifornia, Berkeley, 2002.

Al-Futaig, A., and T. W. Patzek,.” Impact of wettability ateration on two-phase flow
characterigtics of sandstones: A quas-datic description”, Water Resources
Research, 39, 2003, 1042.

Al-Gharbi, Mohammed, S,, Blunt, Martin, J.,;” A 2D dynamic pore network mode! for
modeling primary drainage’, 2002.

Bakke, S. and @ren, P.E.: “3-D pore-scae moddling of sandstones and flow
smulationsin the pore networks,” SPE Journal 2, No. 2, 1997, p. 136-149.

Bear, J.,; Dynamics of Fluidsin Porous Media, Dover, Mineola, N.Y ., 1972.

Blunt M.J. and King, P.R.,:""Macroscopic Parameters from Simulation of Pore
Scae Flow", Phys. Rev. A, 42, 1990, 4780.

Blunt, M.J. and King, PR. ,:"Rdative Permesahilities from Two and Three-
Dimensiona Pore-Scale Network Modelling”, Transport in Porous Media, 6, 1991, 407.

Blunt, M.J,, King, M., and Scher, H.: "Smulaion and Theory of Two-Phase Flow
in Porous Media’, Phys. Rev. A, 46, 1992, 7680.

Blunt, M.J. and Scher, H. "Pore Levd Modelling of Wetting", Physical Review E,
52, 1995, 6387.

Blunt, M.J.: “Effects of heterogeneity and wetting on rdaive permeshility usng
pore level moddling”, SPE Journd, 2, March 1997a, 70-87.

58



Blunt, M.J.: “Porelevel moddling of the effects of wettability”, SPE Journal, 2,
December 1997b, 494-510.

Blunt, M.J.: “Physicdly based network modelling of multiphase flow in
intermediate-wet media’, Journd of Petroleum Science and Engineering, April
1998.

Bradley,B. : Petroleum Engineering Handbook , Society of Petroleum Engineers,
Richardson, TX, USA, Third Printing, February 1992.

Brunauer, Stephen, Emmett, Paul Hugh and Tdller, Edward,:” Adsorption of Gasesin
Multimolecular Layers’, Journd of the American Chemical Society. 309, 1938.

Brennan, John, K., Bandosz, Teresa, Thomson, Kendal, T., Gubbins, Keith, E: “Water
in porous carbons’, Colloids and Surfaces A: Physicochemica and Engineering Aspects
187-188, 2001, 539-568.

Bryant, S., Blunt, M.J.: “Prediction of Relative Permegbility in Smple Porous Media,"
Physical review A 46, August 1992, 2004-2011.

Bryant, S,, King, P.R., Mdlor D.W.: “Network Model Evauation of Permegbility
and Spatid Correation in a Red Random Sphere Packing," Transport in Porous Media
11, 1993, 53-70.

Bryant, S., Cade, C.A., Mdlor D.W.: “Permeahility Prediction from Geologica
Modds," AAPG Bulletin 77, 1993, 1338-1350.

Chatzis, |. and Dullien, F.A.L.: “Modéelling pore structures by 2-D and 3-D networks
with gpplication to sandstones,” Journal of Canadian Petroleum Technology 16, No. 1,
1977, p. 97-108.

Crittenden, Barry and Thomas, W., John, Adsor ption Technology & Design, pp.1-7,
1998.

59



Diamond, Larryn, W.,: “Review of the systematics of CO,-H,O fluid indusions’,
Lithos55, 2001, pp. 69-99.

Dillard, L. A., and M. J. Blunt, Development of a pore network smulation moded to
study nonaqueous phase liquid dissolution, Water Resources Research, 36, 2000,
439-454.

Dixit, A.B., McDougdl, SR., and Sorbie, K.S.: “Pore-leve investigation of rdetive
permesbility hysteressin water-wet systems,” SPE 37233, Proceedings of the 1997
SPE Internationa Symposium on Qilfield Chemistry, Houston, Feb. 1997.

Dixit, A. B., S. R. McDougdll, K. S. Sorbie, and J. S. Buckley, Pore-scde modding
of wettability effects and their influence on ail recovery, SPE Reservoir
Evadudion & Enginesring, 2, 1999, 25- 36.

Do, D., Duong: Adsorption Analysis: Equilibria and Kinetics, 1998.

Drig, D.E., Pope, Q.A., Sepehrnoorl, “Three phase Gag/Qil/Brine/Relative
Permeabilities Measured Under CO, Fooding Conditions’, SPE Reservoir Engineering,
May 1993.

Fatt, I. "The Network Modd of Porous Medial. Capillary Pressure
Characterigtics’, Trans. AIME, 207, 1956, 144.

Fenwick, Darryl, H., Blunt, Martin, J.,:” Use of Network Modelling to Predict Saturation
Peths, Relative Permesbilities and Oil Recovery for Three Phase Flow in Porous
Media’, SPE, 1997.

Fenwick, D. H., and M. J. Blunt, Network modeling of three-phase flow in porous
media, SPE Journd 3, 1998, 86-97.

60



Heba, A.A, Davis, H.T., and Scriven, L.E.,:” Effect of wettability on two phase relative
permeability on two-phase rdative permesabilities and capillary pressures’, Proceedings
of SPE Annua Conference, San Francisco, SPE 12127, 1983.

Hoory, SE., and Prausnitz, JM.:”Molecular Thermodynamics of Monolayer Gas
Adsorption on Homogeneous and Heterogeneous Solid Surfaces’, Chemica Eng.
Symposium, vol. 63, 1967.

Horne, N., Roland, Ramey, Jr. Henry, Shang, Shubo, Correa, Antonio and Hornbrook,
John,: “Improving Modds of Vgpour-Dominated Geotherma Fidds The Effects of
Adsorption”,1995.

Hughes, Richards, G. and Blunt, Martin, J., :” Pore Scde Modeling of Rate Effectsin
Imbibition”, Transport in Porous Media, 40, 2000, 295-322.

Hui, Mun-Hong and Martin J. Blunt,:” Pore-Scale Modelling of Three-Phase Flow and
the Effects of Wettability”, SPE 59309,2000.

Jackson, M. D., P. H. Vdvatne, and M. J. Blunt, Prediction of wettability variation
and itsimpact on flow using pore- to reservoir-scale smulations, Journa of
Petroleum Science and Engineering, 39, 2003, 231-246.

Jerauld, G.R. and Sdlter, S.J.: “Effect of pore-gructure on hysteressin rdative
permeability and capillary pressure. Pore levd moddling,” Transport in Porous Media
5, No. 2, 1990, p. 103-151.

Ja ,Liping, “Resarvair Definition Through Integration Of Multiscae Petrophysica
Datd’, Thesis of Doctor of Philosophy, Department of Petroleum Engineering Stanford
Universty, March 2005

Koplik, J. and Lasseter, T.J. "Two-Phase Flow in Random Network Models of
Porous Medid', SPEJ 22, 1985, 89.

61



Kovscek, A.R., Wong, H., and Radke, C.J.: “A Pore-Leve Scenario for the
Deveopment of Mixed Wettahility in Oil Reservoirs™ AIChE Journal
39, No. 6, June 1993, 1072-1085.

Knight, Andrew, Hauser, Rob, Oshier, Joe,: “ Gas Adsorption” Chem. 4411L.

Lenormand, R., C. Zarcone, and A. Sarr, “Mechanisms of the Displacement of One
Fluid by Another in a Network of Capillary Ducts’, Journd of Huid
Mechanics, 135, 1983, 337-353.

Man, H. N., and X. D. Jng,: “Pore network modeling of ectrica resgtivity and
capillary pressure characteristics’, Transport in Porous Media, 41, 2000, 263-286.

McDougdl, SR., and Sorbie, K.S.: “The impact of wettability on waterflooding: Pore-
scde smulation”, SPE Reservoir Engineering. 10, 1995, 208-213.

Nguyen, V.H., Sheppard, A.P., Knackstedt, M.A., Pinczewski, W.V.: “A Dynamic
Network Modd for Imbibition," paper SPE 90365, presented at 2004

SPE Internationd Petroleum Conference in Mexico held in Puebla, Mexico, 8-9
November 2004.

Okabe, H., and M. J. Blunt, “Pore Space Reconstruction usng Multiple-Point
Statitics, Journd of Petroleum Science and Enginearing”, submitted, 2003.

Oren, P.E., and Pinczewski, W.V.: “Fluid Distribution and Pore- Scae Displacement
Mechanismsin Drainage Dominated Three-Phase Flow," Transport in Porous Media,
20, August 1995, 105-133.

@ren, P.E. and Bakke, S.: “Process based reconstruction of sandstones and prediction of
transport properties,” Trangport in Porous Media, 46, No. 2-3, p. 311-343, 2002.

Rgiv Nand Lulla, " Pore Scde Moddling Of FHow In 3-D Random Networks”
Thesis of Magter of Science, Department of Petroleum Engineering Stanford University,

Spring 1999.

62



Spycher, Nicolas, Pruess, Karsten, and Ennis-King, Jonathan,.” CO2-H20 mixturesin
the geologica sequestration of CO2.1.Assessment and caculation of mutuad solubilities
from 12 to 100C and up to 600bar”, Geochimica et Cosmochimica Acta, Vol 67, No.
16, 2003, pp.3015-3031.

Vavatne, Per Henrik, : Predictive Pore-Scale Modelling of Multiphase Flow, Thess of
Doctor of Philosophy, Department of Earth Science and Engineering of Imperid
College, London, 2004.

Wilkinson, D. and Williemsan, JF.: “Invasion Percolation: A New Form of
Percolation Theory", J. Phys. A. Math Gen, 16, 1983, 3365-3376.

Zhou, D., Arbabi, S. and Stenby, E.H.: “A Percolation Study of Wettability
Effect on the Electrica Properties of Reservoir Rocks" Trangport in Porous Media
29, June 1997, 85-98.

63



