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ABSTRACT

Typical high residual oil saturation after primayd secondary recovery encourages
the application of EOR methods. Especially in aurafield with less force from its
driving mechanisms due to the nature of the resewiren it was discovered or even
after long time of production. Based on literatstady, CQ injection has been an
excellent solvent for EOR because of its miscipilability with crude oil at lower
pressure compared to other gases such as NitrageHylrocarbon gases. However,
the injection of CQin gas state stimulates the occurrence of eadybgaakthrough at

the producer due to fingering phenomena.

The objective of this study is to investigate @tovery by liquid C@ injection as
EOR displacement fluid. Additional study on Inteftd Tension between GCand
the crude oil was conducted and the Minimum MiditibPressure was estimated by
using the combination of Lasater and Holm-Josewrdatelation. Berea Sandstone
core plug and one of Malaysian basin light crudemais used as experiment sample
in this study. Oil recovery was generated by ctweding test to collect the produced

oil during core displacement.

From the results of the experiments, it is conalutteat oil recovery by water floods
were in such limit of 36.6% until 38% after injew}i9 PV of water. Meanwhile, the
results of CQ injection in this study gave various and interggtiecovery over the
residual oil in place with range of 24.7% until @ depend on inlet pressures (950-
1500 psig) and injection temperatures (5-20°C) 06.Crhe cumulative oil recovery

was recorded after injecting 10 PV of liquid £0

Vil



ABSTRAK

Kandungan sisa minyak yang banyak selepas pemupharer and sekunder telah
mendorong kepada aplikasi EOR. Terutamanya untl&kgde tua yang sudah
beroperasi untuk sekian lama. Kajian sastera makkanp bahawa injeksi GO
merupakan pelarut unggul untuk aplikasi EOR kerbemipaya untuk melarutkan
minyak pada tekanan jika dibanding dengan gas ¢&tnodan gas Hidrokarbon.
Namun, disebabkan fenomenéingering injeksi CQ telah mengakibatkan

penerobosan gas yang terlampau awal.

Tujuan kajian ini adalah mengkaji pemulihan minydéngan mengunakan GO
sebagai secair pemindahan dalam EOR. Penyelidiggggingan antara muka €0
dan minyak telah dijalankan. Tekanan minima unt@ Grut dalam minyak telah
dianggar dengan mengabungkan korelasi Lasater dan-Bbsendal. Teras plag dari
Berea Sandstone dan minyak mentah ringan dari gakurMalaysia digunakan
sebagai sampel percubaan dalam kajian ini. Penmulthimyak diperoleh daripada

ujian banjir teras.

Kajian menunjukkan pemulihan oleh banjir air dalaatasan 36.6% hingga 38%
selepas menyuntik 9 PV air. Sementara itu, bergantpada tekanan masuk
(950-1500 psig) dan suhu injeksi (5-20 °C) £@emulihan atas sisa minyak di
tempat adalah antara 24.7% hingga 72.6%. Pemulhgayak kumulatif dicatat
selepas menyuntik 10 PV GGQair.

viii
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CHAPTER 1

INTRODUCTION

1.1 Background

Most oil reservoir bear to a period called primaggovery after discovery. Typical
residual oil saturation in light or medium oil resar is in the range of 20-50% of the
Original Oil in Place (OOIP) during this period mfoduction [] [2] [3]. This natural
energy will dissipate eventually due to productmeriod or problems in reservoir.
When this happens, external energy must be addédetoeservoir to produce the
remaining oil. This method is known as EnhancedRaitovery (EOR). In Malaysia,
the total proven oil reserves until September 2809 billion barrels which is based
on 68 oll fields including 7 new fields that hadv® online in 200§4]. If only the
optimum recovery could be acquired by primary piiun, it means there are 2
billion barrels of oil will be the primary targedrf EOR. On top of that value, most of
the fields are already moving into mature stagepfimary and secondary depletion
[5]. This situation will further merit the applicatimf EOR processes.

Capillary force which occur because of Interfacia@nsion (IFT) that happens
between two different and immiscible fluid is orfelee important factors that cause a

large amount of the original oil in place not torbeovered by water floodin®][[7].

Different EOR techniques have been widely appleedecover the residual oil after
water flood. These techniques become increasinglgoitant to the petroleum
industry. Basically, the EOR techniques for théntigil reservoirs include chemical
method and solvent injection methods. The commametal EOR processes are
Alkaline, Surfactant and Polymer (ASP) flooding.tBdhe alkaline and surfactant



flooding processes are based on the similar mesimrsuch as the IFT reduction
between the injected fluid and the reservoir fiimdow or ultra-low valuesd] [9]. In
this case, the capillary force is greatly reducedtst higher oil recovery could be
achieved. In the polymer flooding, polymers areeatithto the injected fluid at low
concentrations to increase the viscosity of thedwd fluid. Therefore, polymer
flooding helps to prevent or reduce the early bifeakigh of the injected fluid

consequently, the sweep efficiency is improved thiedbil recovery is enhanced.

In EOR methods by solvent injection, for non hydmbon solvent (e.g. carbon
dioxide, flue gas, carbon monoxide, air, and niérggor hydrocarbon solvents (e.g.
natural gas, methane, ethane, propane, butanefiegunatural gas, and liquefied
petroleum gas), are directly injected into the mesie continuously or intermittent.
Two different displacement cases, namely miscilsld anmiscible flooding, can
occur when a solvent is injected into a reserdoirthe miscible flooding processes,
the injected solvent and the crude oil reservoxaditogether in any proportions and
all the mixture remains in a single pha&@|[ In this case, the IFT between the crude
oil and the injected solvent is reduced until apgtong zero and consequently the

capillary force is very low. As a result, the regtloil saturation is greatly reduced.

1.2 Carbon Dioxide Flooding

In the 1950’s, petroleum industry began to carygas-injection projects in search of
a miscible process that would recover oil effedtiier EOR purposesifl]. Among
the EOR methods for the light and medium oil resigsy carbon dioxide flooding had
been successful to a large extent under some faleoraservoir conditionsLp] [12).

It is sensible to underline that GEOR method not only effective in enhancing oill
recovery but also considerably reduces greenhoaseemissions1f] [14]. In the
past five decades, there have been laboratoryestudumerical simulations and field
applications of CQ EOR processes. In general, it has been foundthleae tertiary
processes could recover various range of oil ragop] [16] [17]. In addition, this
study is intended to augment the comprehension warderstanding about GO
injection generally and liquid CQOnjection exclusively by way of analyzing the core

flood experiment results and IFT measurement.



Successful Ceflooding is largely controlled by the interactiobstween the injected
CO; and the reservoir crude oil. These interactiorisrd@ne the overall performance
of the CQ EOR process. For example, when {®injected into an oil reservoir at
high reservoir pressure, the IFT between crudeamd CQ is significantly reduced.
The reduction in IFT increases the viscous forcecdpillary force ratio and thus
lowers the residual oil saturation. In additione thil and CQ relative permeability
also depend on the IFT between the crude oil ang[ TIP[ 19].

In order to have an effective G@ood, a CQ-hydrocarbon miscible solvent bank has
to be formed and maintained to maximize displaceémiéme introduction of water in
WAG process delays this mechanism and severelycesddisplacement efficiency
[19].

1.3 Problem Statement

Gas injection alone decreases the residual oifa@n in the reservoir significantly.
Gas has lower density and higher mobility therefooeuld easily sweep the oil parts
in the attic parts of the reservoir. Gas injecti@s major problems associated with it
such as early breakthrough due to fingering. Thisocause shorter contact time with
crude oil in the reservoirs. Continuous Gas,Qfection was poor in areal sweep
efficiency which resulted in early breakthrougheWous studies also indicated that
the production Gas Oil Ratio (GOR) for continuoas @ Q injection was very high
[20].

The introduction of water in WAG process delays rogdrbon-CQ bank

establishment and reduces displacement efficieh8ly[P1]. Laboratory experiment
verified that simultaneous injection of solvent awdter into water flooded core
results in trapping of both oil and solvent. Expents using Berea cores
demonstrated that WAG ratio between 1 and 3 seveeeluced oil recovery. Upon
imbibitions of water, oil was trapped over a rangfesaturation. Raimondi and
Torcasso 22] concluded that the amount oil trapped increasgudly as the water
saturation approaches the limiting value of imldms, i.e.,S, = 1- ;. The result of

this study indicated that most of the oil becamapped in the last stages of

imbibitions.



Thomas and Countryma3] mentioned that one property of a petroleum reserv
which is expected to be a major importance is tlesgnce of interstitial water. The
possible effect of interstitial water on displaceris the existing of dead-end pore in
multiphase system. There are no dead-end porésgh phase system. In multiphase
system, however, the second phase may entrap swgés of other phase or may
even isolate fingers. Dispersion in wetting compuanef two immiscible liquid
systems increased with decreasing saturation ofvéiteng fluid. This statement is
concluded based on the experimental results ofifigwvater and oil system into
Boise Sand core. The result shows that the inargagater flow rate is decreasing the

advance of oil frontal on the production.

Stalkup R4] also conducted experiments of miscible displacana high water
saturation in long and consolidated of Boise, Beseal Torpedo sandstones. The
type of oil that is used in this experiment washhigolecular hydrocarbon such as
trimethylhexane (¢) and undecane (&, and also low molecular weight hydrocarbon
such as methanebutane and-butane. By varying the flow rate of oil-water mti
the experiment at different water saturation wageliged. As a result, for miscible
displacement in the presence of high water satmmasome of the oil was blocked by
the water such that it was not able to flow andasged by solvent front. The results
indicated that rock wettability may be an importéattor that the trapping of oil by
water may not be as rigorous for weakly water-voeks as it was in strongly water-

wet laboratory sandstones.

Tiffin and Yellig [25 reported that in water-wet EOR tests, water iigdc
simultaneously with C@entraps significant amount of oil. Lower oil reeoy was
resulted during the development of miscibility. Flwondition happened because of
water shielding portions of oil from the injected£ As more water was injected,
more oil entrapped and oil recovery decreaseda#t @vident that oil recovery related
to the rate at which CQrould diffuse through the water and displace thpged oil.
Lower injection rate allowed more time for the £0 diffuse through the water and

displace the trapped oil.



Based on the above studies, it is important to fambther alternative on tertiary
recovery that could develop miscibility between G@d crude oil while maintaining
mobility in the reservoir with better sweep effioty without facing any water
blocking problems. The method proposed in thisysiado use CQin liquid state as

the solvent injected to displace residual oil ie thservoir.

1.4 Objectives of Research

The research objectives of this study are as falow

1. To measure the Interfacial Tension between cruldgaanple and C®
2. To estimate the Minimum Miscibility Pressure of £@oding experiment.

3. To conduct liquid C@core flood experiment and measure the oil recavery

1.5 Scope of Research

This research concentrates on investigating thenpiad of liquid CQ as an EOR
method by means of Berea Sandstone core and okmlaf/sian light crude oil as
sample. Before core flooding, the IFT measurerbetiveen C@and crude oil will
be conducted for analysis of the effect of variegsilibrium pressures at constant
temperature of flooding experiment. The IFT measamt will proceed at different
pressure ranging from 400 psig until 1500 psig amehperature of 25°C. The
temperature of 25°C is selected because the cood #xperiment will be conducted
at this temperature. Meanwhile, the measuremensspre range previously is
selected because the core flood inlet pressurewidirm this value. This pressure is
also selected to observe the effect of variouslibguim pressures to the IFT between
crude oil and C@ Pendant drop method is used in this experimentuse the
density of crude oil is higher compared to the dgnsf CO, along for all
measurement conditions. Every pressure conditionls require 10 minutes of

measurement period with one second of recordiregvat.

Prior to core flood laboratory experiment, the minom miscibility pressure of CO

crude oil system will be estimated by using the boration of Lasater and Holm-



Josendal correlations to ensure that the experimaranducted above the miscibility

condition.

Core flooding process will be conducted at thrdtedknt inlet pressures of 950 psig,
1200 psig, and 1500 psig. For each pressure, thpe®ture of C@injected will be
varied in 5°C, 12°C, and 20°C. At these conditidhs, CQ injected will be in liquid
phase based on the existing Othase behavior dat2q]. The core sample will be
retained at temperature of 25°C during core flogdeeiment to respresent the core

temperature.

Three fresh Berea sandstones have been preparedrioiflooding experiment and
one of Malaysian basin light crude oil as the aiinple. The dimension of these core
samples are 3 inches length and 1.5 inches in denferior measurement of crude
oil density and viscosity will be conducted for thirpose of knowing the
classification of crude oil employed. Core poroswyll be measured by using
PoroPerm equipment which occupies Nitrogen as ¢inéiraing pressure and Helium
for porosity measurement. Flooding experiment willize Temco RPS-830 HTHP
Relative Permeability Test System.



CHAPTER 2

THEORY AND LITERATURE REVIEW

2.1 Enhanced Oil Recovery

Enhanced Oil Recovery (EOR) is methods to recovede oil by the injection of
materials not normally present in the reservoiisTdefinition covers all modes of oil
recovery processes (drive, push-pull, and wellttneats) and most oil recovery
agents. After the natural energy is depleted, hyathtwon production will declines and
a secondary phase of a production begin when sugpi@al energy is added to the
reservoir by injection of water. As the producedtgvail Ratio (WOR) of the field
approaches an economic limit of operation and #teprofit is decreasing due to the
differences between the value of produced oil dreddost of water treatment, the
tertiary period of production begins. Since thistlperiod in the history of the field
commences with the introduction of solvents, chamior thermal energy to enhance
oil production, it has been labeled as EOR. HoweE€&R may be initiated at any
time during the history of an oil reservoir wherbécome obvious that some type of

chemical or thermal energy must be used to stiraydedduction 27].
General classification of EOR methods are explaastbliow Rg]:

1. Chemical EOR are characterized by the additionhefrdcals into water in order
to reduce the mobility of displacing agent and/wéring the IFT. The basic
principle of this method is the improvement of spredficiency and displacement

efficiency.



2. Miscible gas methods have their greatest potefdaraEOR of low-viscosity oils.
These processes are mainly in reducing the IFT niprave displacement
efficiency. Among these methods, hydrocarbon g&&3Lalcohol), nitrogen and
CO, miscible flooding on a large scale is expected tekenthe greatest
contribution to miscible EOR.

3. Thermal methods are for oil gravity less than 2§rde or classified as heavy oil.
These processes provide a driving force and addygr{peat) to the reservoir to
reduce oil viscosity and vaporize the oil.

4. Other process such as Microbial EOR, electricatihgaon the reservoir, and so

on.

In considering C@ feasibility, the three most important flood vatesbto consider
are as follows26):

1. Significant moveable oil saturation (which depewasoil properties, remaining
oil saturation, reservoir heterogeneity, and resiemvettability).

2. The ability to achieve and maintain thermodynamigl®in the reservoir (which
depends on the average pressure, fracture pargsgyre, injectivity impacts, and
oil properties).

3. The ability of the CQ@to contact a large portion of the reservoir inahgdvertical,
areal, and unit displacement (all of which dependmvell spacing, mobility ratio,
permeability, reservoir heterogeneity and geometngction well conformance,

areal discontinuity, gas cap, and fracture system).

2.2 Interfacial Tension

In dealing with multiphase system, it is necesdargonsider the effect of the forces
acting at the interface when two immiscible fluig® in contact. When these two
fluids are liquid and gas, the interface is norgnadiferred to the liquid surfac@9).

Danesh 30] explained that IFT is a quantitative index of thelecular tension at the

interface and defined as the force exerted atrtteeface per unit length.



One of the purposes of miscible injection is toalep very low IFT between the
injected solvent and existing crude oil. As showirigure 2.1 that if IFT between oil
and displacing fluid is reduced, thus the capillatynber becomes infinite, residual
oil saturation can be reduced to its lowest possialue 10].
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Figure 2.1The dependence of residual oil saturation on Ggithumber[10]

Here, the residual oil saturation is plotted adgasapillary number, the product of
Darcy velocity and oil viscosity divided by IFT. @illary number is an approximate
measure of the ratio of viscous to capillary forc€wver ranges of velocity, oil
viscosity, and IFT between oil and water in coniardl water flooding, residual oil
saturation is insensitive to capillary numbég][ Figure 2.1 shows that a drastic
reduction in IFT between oil and displacing flugl required to achieve significant

reduction in residual oil saturation.

A wide variety of experimental techniques have beeed in literatures for IFT
measurement. Among many existing experimental nastfior determining the IFT,
the pendant drop method is probably the most deitfal measuring the IFT between
a crude oil and test solvent at high pressuresedenbted temperatures. In essence,
this method determines the IFT from the drop shap®ysis. The first apparatus for
measuring the IFT under reservoir conditions bygishe pendant drop method was
established in the late 19481].



Hough et.al. 32] published a result of IFT measurements for théewmethane
system for 15-second-old drops, formed on a tipritgapdiameter of 0.0472 in. The
study was conducted at various pressures and tatnpes as shown in Table 2.1 and
showing that the IFT decreased as the temperatareased.

Table 2.1 IFT Values in Water-Methane SysteB2] [

Temperature (°C) 23 38 | 71 | 104| 138
Pressure (psig) IFT (mN/m)
15 755 | 700 | 635| 573 528
1,000 670 | 600 | 555| 507 46.1
5,000 530 | 230 | 247| 245] 213
10,000 486 | 220 | 26.0| 28.0| 255
15,000 465 | 260 | 300| 31.0/ 305

In this study, the pendant drop method has been tsemeasure the IFT by
photographing a pendant drop and then measuringdtbe dimensions from the
negative film. Rao and Ayirala38] concluded that IFT is much more strongly
affected by the thermodynamic variable such asspres temperature, and the

composition of the bulk than does the individudkiphase properties.

Another study by Kechut et.al34] who compared IFT measurement by using Drop
Volume Technique with previously published pend#nafp method was showing that
at temperature 77°C, the IFT of crude oil takenmfrgtock tank with C® gas
decreases with the increasing equilibrium presstine. result of this experiment is

shown in Table 2.2.

Table 2.2 IFT values in oil-gas GOystem[34]

Pressure (psig IFT (mN/m)
Drop Volume | Pendant Drop
1206 7.24 7.00
1330 5.49 5.40
1435 3.98 4.00
1515 3.53 3.50
1913 0.64 0.41
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The study of Firoozabadi and Rame3g| also reported that IFT decreased with

increasing pressure and/or temperature measuresatiown in Figure 2.2.

80

0 1
£ 607
E 2964 K
& sn o, ‘M_ﬂ_mﬁ

"n.. .
- T
a0 9 R o MNIK
Ll
1 e .. 4497 K
Q n 40 &0 . 14] [L1.1]

Pressure, MMa

Figure 2.2 Methane-water interfacial tensif@9

The IFT between gas and liquid at high pressureoramonly measured by using
pendant drop apparatus. The shape of liquid dr@plstatic conditions, controlled by
the balance of gravity and surface forces, is datexd and related to the gas-liquid
IFT [30]. The basic formula to measure the IFT with pemddrop method is
displayed in Equation (1).

Tubhe

Figure 2.3IFT Measurement by using pendant drop method.
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2
where,
o = interfacial tension, mN/m
g = gravity acceleration, nf/s
f = drop shape factor, ratio dfd., dimensionless
de = equatorial diameter, m
ds = diameter of the drop at the heightabove the bottom of drop, m
p-  =liquid phase density, kgfin
pY  =vapor phase density, kgim

2.3 CO; Displacement

2.3.1 Vaporization of Hydrocarbons by CO,

Carbon dioxide is not miscible at first contacttwitude oil. However, under the right
pressure, temperature, and repeated contact, catioxide can vaporize certain
hydrocarbons from crude oiR§]. This produces a single phase where the miscible
transition zone move toward the production wellsapbfrization involves in
converting the liquid into gaseous state or vapbase. CQ can vaporize light
hydrocarbon (- Gs) and medium hydrocarbon {&G Gs), but it does not vaporize
heavy hydrocarbon ). However, CQ does not require the presence of light
hydrocarbon components to generate miscibilitykeninethane injectior8p].

2.3.2 Mechanisms for CG, Miscibility with Oil

In general, miscibility between fluids can be agk through two mechanisms: first-

contact miscibility and multiple-contact miscibylit{26] [10]. When two fluids

12



become miscible, they form a single phase; oneal fian completely displace the

other fluid, leaving no residual saturation.

A clear example of first-contact miscibility is ettol and water. Regardless of the
proportion of the two fluids, they immediately forame phase with no observable
interface R6]. Butane and crude oil also are first-contact fibiec and butane might
make ideal solvents for oil were it not for its Inigost. To achieve the first contact
miscibility between the solvent and crude oil theegsure must be over the
cricondenbar since all the solvent-oil mixturesrabe pressures are single phases.

In the multiple contact miscible process that tgklese between C{and crude oails,
as in this study, COand oil are not miscible on first contact, but ukeg many
contacts in which components of the oil and,@@nsfer back and forth until the oil-
enriched CQ cannot be distinguished from the &énriched oil £6]. Zick [37] calls
this process a condensing/vaporizing mechanism. tipliedcontact miscibility
between C@and oil starts with dense phase £dhd hydrocarbon liquid. The GO
first condenses into the oil, making it lighter apften driving methane ahead out of
the “oil bank”. The lighter components of the dileth vaporize into the CQich

phase, making it denser, more like the oil, and tinore easily soluble in the o#§.

2.3.3 Determination of Thermodynamic MMP

The basic laboratory means of determining thermadya MMP is the slim-tube test,
which produce 1-Dimensional displacement with ay\vew level of mixing. The slim
tube is constructed of stainless steel, typicallyéh outside diameter and 40 ft long.
Commonly used packing is 160 to 200 mesh Ottawd.sHme flow diagram of slim

tube is shown in Figure 2.4.
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Figure 2.4 Slim Tube equipment schemd®&]

The slim-tube method is the most common used tgadenfor measuring the MMP
between a crude oil and ¢@10] ®¥ ¥ and has become a standard method to
determine the MMP in the petroleum industry. Snaidimeter tube is intended to
eliminate the viscous fingering effect( [39]. The common specification of the

slim-tube apparatus was reported in the literagmek shown in Table 2.3.

Table 2.3 Specification range of Slim-Tube equipm|&g]

Slim-Tube Specifications Literature
Length (ft) 5-120
Inner Diameter (in.) 0.12 - 0.63

Glass beads, Sand,
50 mesh - 270 mesh
Porosity (%) 32-45

Permeability (Darcy) 2.5-250
Displacement Velocity (ft/D) 30 - 650

Packing Material

Slim tube experiment is initiated with sand packusstion with oil at a constant
temperature. Carbon dioxide is then introduced givan pressure (controlled by a
backpressure regulator), and oil displacement iasomed as oil recovered. A high

pressure sight glass shows the number of phastageitie slim tube. Below the
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thermodynamic MMP, the sight glass shows oils witlbbles of CQ When the CQ

has miscible with the oil, there should be esséntanly one phase is flowing. The
CO, displacements are carried out for a range of press holding the temperature
constant at the reservoir temperature. For eachspre, the oil recovery at 1.2
hydrocarbon pore volume (HCPV) of Gijected is plotted. An oil recovery factor

of at least 90% is often used as a rule of thumkestimating thermodynamic MMP

[26].

2.3.4 Estimation of Thermodynamic MMP with correlation

Determining the thermodynamic MMP with slim-tubsttean be expensiv@]. The
problem with conventional apparatus includes thiéicdities associated with the
relatively large column diameter used and the dliffies in obtaining uniform

packing.

There are two possible ways to avoid slim-tubestestathematical models and
thermodynamic correlations. Mathematical modelsplsese equilibrium data and an
Equation of State (EOS) to estimate the thermodymaiMP. Significant process
has been made on these models in recent yearsf appropriate data are available
they can yield excellent result at low cost. Thare a lot of factors affecting MMP.
Some of the important factors affecting MMP are qitoperties, reservoir
temperature, reservoir pressure, and the puritiie@injected CQbecause miscibility

pressure is increasing with increasing of oil gnaaind depth4Q].

Useful thermodynamic MMP correlations have beeretigped by several researchers
[41] [42) [43] [44]. Although the correlations have limitations artbgld have been
used in the absence of slim-tube tests data aptd@se equilibrium data that can be
input to mathematical models.

Holm and JosendalP] determined that Cg@attains dynamic miscibility with crude
oil when CQ density is high enough to vaporize-ttough-Go hydrocarbons. They
found that CQ densities at the thermodynamic MMP ranged fromt6.8.65 g/crii
They also found that the thermodynamic MMP wasteeldo the average molecular

weight of G: components of the oil, as well as to the resert@mperature and
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pressure. As shown in Figure 2.5, it is clear tiesvier oil require higher pressure to
become miscible. For example, at 140°F, oil with @olecular weight of 340 has a
thermodynamic MMP above 3,000 psia. Meanwhile, ailewith lower molecular
weight of 180 reaches the MMP at 2,000 psia. Figdu® is also showing the

extensions developed by Mungan for higher molecutgght (4.

b
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Figure 2.5 Thermodynamic MMP Prediction by Holm &séndal with Mungan
Extended. 44]

Holm and Josenda#P] conducted experiments by using 41° API crudeiroiBoise
sandstone with various temperatures of 71°F, 13%ik) 190°F. The resulted
estimation from the above correlation resulted MM#Rerence in such limit of 10
psig until 150 psig below the MMP determined byngsBlim Tube experiment. In
this study, it is assumed that MMP estimation bipgigiolm and Josendad®] is also
applicable for lower temperature where the,@Oin liquid phase. This assumption is
based on the trend line in Figure 2.5 where all ¢harts approach unity as the
temperature decreases.

Holtz et.al. f0] generated an empirical correlation based on tbekwf Holm and
Josendal to determine the MMP of £& various reservoir temperature angh C
component. This relationship was resulted by deuetp an equation through
nonlinear multiple regression that allow to estienlstiMP.

MMP = —329.558 + (7.727 * MW % 1.0057) — (4.377 * MW) ..cccevvvvvereienene 2
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where,

MMP = minimum miscible pressure, psia
MW = Gs. effective molecular weight, Ib mol
T = temperature reservoir, °F

A relationship between API gravity ands.Cmolecular weight was published by
Lasater 45]. As shown in Figure 2.6, Holtz et.all(] accomplished to developed the

correlation between these two parameters as follows

1

__ (7864.9\T.0386
MW = (—OAPI ) .......................................................................................... 3)(

where,
MW = G, molecular weight, Ib mol

°’APl = Oil API degree, °API
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Figure 2.6 Relationship between.Effective Molecular Weight and API Degree of
crude oil. 0]

If the oil API Gravity is determined by using meemuent at standard condition,
atmospheric pressure 14.7 psig and temperaturé@5tbe oil specific gravity and

API° can be calculated by using Equation (4) anddign (5) respectively.
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where,

y = Qil Specific Gravity, dimensionless

Do = Oil density at standard condition, gftm

Pw = Water density at standard condition, gicm

°API = %15 1315 ettt et ettt ettt (5)
where,

°’APl = Oil API degree, °API

y = Oil specific gravity, dimensionless

2.4 Effect of Injection Pressures on CQ Flood Oil Recovery

To significantly reduce the residual oil, carbowdde injection must be above the
thermodynamic MMP. At lower pressure condition, pinessure is not high enough to
allow sufficient CQ to dissolve into the oil or vaporize sufficient wito the CQ so
that the two phases become miscible. In this redud® is not dense enough and can
only vaporize components up t& [26] [42] [41]. When two immiscible phases flow
simultaneously in a porous medium, the flow behaisodetermined by the relative
permeability characteristics of the rock. Oil relatpermeability decreases with the
decreasing oil saturation until it reaches a lingitvalue which is called the residual
oil saturation. In this region, the primary effexft CO, has is to swell the oil and

reduce its viscosity. Swelling causes some of ¢isedual oil to become recoverable.

Miscibility development between GGnd oil is a function of both temperature and
pressure, but for an isothermal reservoir, the onlycern is pressure. Oil can dissolve
more CQ as the pressure escalates and more oil componeritecaaporized by the
CO,. At some pressures, when the £d oil are intimate contact, they will become
miscible R6]. When the contact between oil and £82curs with little or no reservoir
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mixing, the pressure at which miscibility happénslefined as the thermodynamic
MMP. As shown in Figure 2.1, the purpose of miseibijection is to reduce the

residual oil saturation by lowering the IFT betwednand the displacing fluidlf0].

As shown in Figure 2.7, the displacement efficienéyCQO, is plotted against the
reservoir pressure. At pressure above MMP (highamn L300 psig), the displacement
efficiency exceed 90% and considered miscible. Hameat pressure below MMP,

the displacement efficiency decreases as the peesstduced.
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Figure 2.7 Slim tube miscibility tes]]

2.5 CO; Fluid Properties

CO; is effective in improving oil recovery for two @ns: density and viscosit24q].

At high pressure, COforms a phase which density is close to that bad, even
though its viscosity remains quite low. Under ntiddly condition in West Texas
[26], the density of C@typically is 0.7 to 0.8 g/cf not much less for oil and far
above that of a gas such as methane, which is &bbug/cni. Dense-phase Ghas
the ability to extract hydrocarbon than if it wenegaseous phase (and thus at lower
pressure). The viscosity of G@Qnder miscible conditions in West Texas (0.05.G80

cp) is significantly lower than that of fresh wa(er7 cp) or oil (1.0 to 3.0 cp).
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For a constant temperature, £0Ghanges phase from gas to liquid as pressure
increases, which cause dramatic changes in flugpegsties like fluid density and
viscosity. For example, by doubling pressure frdf psia to 1000 psia, G@ensity
increases drastically 0.08 - 0.8 gfcas for its viscosity from 0.017 - 0.074 @8]

The CQ fluid properties are shown in Table 2.4 and Figuge

Table 2.4PhysicalPropertieof CO,. [46]

CO, properties under Pressure 14.7 psig and
Temperature 0 °C

Molecular Weight 44.01 g/mol

Specific Gravity 1.529

Density 1977 glent
Critical Properties

Temperature 31.05°C

Pressure 1086psig

Volume 94 cm*/mol

Triple Point
Temperature -56.6°C
Pressure 89 psig
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Figure2.8 Phase Diagram of pure Q26

2.6 Mobility and Mobility Ratio

Mobility is defined as the ratio of the permeability the viscosy. Meanwhile,
mobility ratio is defined as the mobility of thesgiacing fluid divided by the mobiy
of the displaced fluidi10]. Mobility ratio is one of the most important parasrstof &
miscible displacement and hasgreat influence of volumetric sweep out of t

solvent slugs.

Green and Willhite47] explained that mobility of a fluid phase flowing anporous

medium is defined on the basis of Darcy equa
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w = — (’;—) (Z—Z) .............................................................................................. (6)

where,

u = Superficial (Darcy) velocity of phageD/ft?
ki = Effective permeability of phasemd

Ui = Viscosity of phase cp

p = Pressure, psia

X = Distance, ft

For single phase flowk; is the absolute permeability of porous medium. For
multiphase flow, it is the effective permeabilitifowing phase and a function of the

saturation of the phase. Mobility of the fluid paas, is given by:

A = (z—) ......................................................................................................... @)
In calculations involving displacement process, iiitybratio (M) can be calculated
by using:

M= % ............................................................................................................ (8)
where,

M = Mobility ratio, dimensionless

) = Mobility of the displacing fluid phase, md/cp

Ad = Mobility of the displaced fluid phase, md/cp

Consider in an idealized situation where solvespldices oil at the irreducible water

saturation and oil solvent mixing is negligible. Neater is flowing and the
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permeability to oil and solvent are equal. Mobiligitio in this case is simply the ratio

of oil and solvent viscositied.().

Green and Willhite47] also explained that mobility ratio can be definedh variety
ways, depending on the flow conditions in a spegifiocess. When one solvent is
displacing a second solvent with which the firdivent is completely miscible and

only one phase is flowing, Equation (8) can be e as:

M= Z—Z ........................................................................................................... (9)
where,

M = Mobility ratio, dimensionless

Ud = Viscosity of the displaced fluid phase, md/cp

UD = Viscosity of the displacing fluid phase, md/cp

Mobility ratio affects both areal and vertical sweeavith sweep decreasing as the
mobility ratio increases for given volume fluid @cfed. The flow become unstable or
showing unfavorable mobility ratio when the valdeMb> 1. Conversely, a value of

M < 1 is a favorable mobility ratiol/] .

2.7 Previous Study of CQ Enhanced Oil Recovery

Brock and Bryan I5] exclusively reported the summary of historical Q@iscible

floods as shown in Table 2.5.
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Table 2.5 Summary of Selected £Riscible Flood Projectg§15]

Field lithology  DePth Tr @ k ~ NetPay OilGravity ﬁ','l:f:; In;z:qu::;al
() CH (0 (md) ) CAP) () ol

Field Scale
Dolarhide Trip. Chert 7800 120 17.0 9.0 48 40 0.4 30 14.0
East Vacuum Oolotic dol. 4400 101 11.7 11.0 71 38 1.0 30 8.0
Ford Geraldine Sandstone 2680 83 23.0 64.0 23 40 1.4 30 17.0
Means Dolomite 4400 100 9.0 20.0 54 29 6.0 55 7.1
North Cross Trip. Chert 5400 106 22.0 5.0 60 44 0.4 40 22.0
Norhast Purdy Sandstone 8200 148 13.0 44.0 40 35 1.5 30 7.5
Rangely Sandstone 6500 160 15.0 5to 50 110 32 1.6 30 7.5
SACROC (17 Pattern) Carbonate 6400 130 9.4 3.0 139 41 0.4 30 7.5
SACROC (4 Pattern) Carbonate 6400 130 9.4 3.0 139 41 0.4 30 9.8
South Welch Dolomite 4850 92 12.8 139 132 34 23 25 7.6
Twofreds Sandstone 4820 104 20.3 334 18 36 1.4 40 15.6
Wertz Sandstone 6200 165 10.7 16.0 185 35 1.3 60 10.0
Producing Pilots
Garber Sandstone 1950 95 17.0 57.0 21 47 2.1 35 14.0
Little Creek Sandstone 10400 248 234 75.0 30 39 0.4 160 21.0
Maljamar Anhydrous dol. 4050 90 10.0 11.2 49 36 0.8 30 8.2
Maljamar Dolomitic sand. 3700 90 11.0 13.9 23 36 0.8 30 17.7
North Coles levee Sandstone 9200 235 15.0 9.0 136 36 0.5 63 15.0
Quarantine Bay Sandstone 8180 183 26.4 230.0 15 32 0.9 19 20.0
Slaughter Estate Dolomite 4985 105 12.0 8.0 75 32 2.0 26 20.0
Weeks Island Sandstone 13000 225 26.0 1200.0 186 33 0.3 24 8.7
West Sussex Sandstone 3000 104 19.5 28.5 22 39 1.4 30 12.9
Nonproducing Pilots
Little Knife Sucr. Dolomite 9800 245 21.0 30.0 16 41 0.2 22 8.0
South Pine Cryst. Dolomite 9000 205 17.0 10.0 11 32 1.8 - -

The CQ miscible flood projects were divided into threetegmries: field scale,
producing pilots, and non producing pilots. Fielshls projects involved multiple
patterns and were typically commercial project@dBcing pilots were pilot floods
that used a producing well, while non producingofgil were pilot floods with

observation wells only.

Frailey et.al. 48] published a research plan to study the use deteg oil reservoirs
with T; less thanT.coz to sequester and investigate the implications@RErom the
liquid CO, displacement processes. They found that most lofiegpleting Low
Temperature Oil Reservoir (LTOR) provide a uniqugartunity for liquid CQ
storage and its application as EOR method. Recaltulations indicate that oil
remaining resources in the lllinois Basin may bemagh as 5.9 billion barrels with
produced oil only 450 million barrels. Data showhdt the regional rule of thumb
temperature gradient of Illinois Basin is 1 °F/¥0@nd annual average temperature of
62°F at 100 ft below surface based on 40 yearsrodisen. For example, 70°F
correspond to 900 ft and 88°F corresponds to 2F@aked on these findings, it was
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concluded that the range of formation depths fpwitd CQ flooding can be identified
at the selected places as shown in Figure 2.9. o side, liquid C@ should be
applicable in other basins e.g. the AppalachianfAkdma Basin.

Figure 2.9 Qil fields producing from formations il less tha.co, and initial
pressure greater than the saturation pressure phCiat formations

temperature.48]

Al-Quraini [49] conducted simulation study of water and LJd@jection strategies in
heavy oil West Sak Reservoir, North Slope Alaskathe depth that hydrocarbon
reservoirs are usually found, the reservoir tentpegais usually above CCritical
temperature, resulting in gaseous neither supiealrgtate. However, Permafrost (soil
at or below the freezing point of water), overlayimost of this field resulting the
average reservoir temperature range between 50¢A.@0 °F. The study concluded
that by injecting 0.91 PV of C{at the rate of 150 b/d could produce 34.5 % of the
OOIP. Al-Quraini concluded that in West Sak heaityr@servoir, continuous liquid
CO; injection produced almost the same amount of @ihgared to water flood as a
result of low mobility of liquid CQ compared to C&gas.
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Lindeberg and Holtz 50] experimented and perform simulation study as the
validation of miscible C@injection in the North Sea. The laboratory expemtwas
conducted by using 60 cm long and 3.8 cm diamédt@&entheimer sandstone with
injection pressure of 310 bar and temperature &f X1 This study concluded that
CQO; injection successfully escalated the cumulativiepodduction up to 62.5% of
OOIP after 25 years injection of 0.75 PV of £Begarding pressure variation during
the experiment and simulation, it indicates thaghkr pressure in the flooding
operation enhances miscibility and flood stabil@at caused by lesser density

difference in the gravity established flood.

Beeson and Ortloffy1] published a study about investigation of watewelm carbon
dioxide bank to recover crude oil. The experimerstaldies dealt with both high
viscosity and low viscosity crude oil. The Ada ceuail with viscosity of 400 cp was
displaced from 10 ft Torpedo sandstone model. Tdgain, Loudon crude oil with
viscosity of 6 cp was displaced from 16 ft Weilemdstone. On Ada crude oil
experiment, the oil recovery equal to 52% afteecdting 1.48 PV of liquid C®
Meanwhile, 50 % of oil recovery was gained on Laudwude oil after injecting
water followed by 0.2 PV C{bank.
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CHAPTER 3

RESEARCH METHODOLOGY

This research was initiated by IFT measurement éetmthe crude oil and GQit
various equilibrium pressures. The MMP of core lamndition was then estimated
by the combination of Lasater and Holm Josendaletation. Finally, the core flood
laboratory experiment was conducted to study theces of liquid CQ for enhancing
oil recovery. The flowchart diagram of this resdaixcshown in Figure 3.1.

IFT Measurement
at T =25°Cand
P = 400-1500 psig

MMP Estimation
at T=25°C

A 4

Core Flood Experiment
at Core Holder T = 25°C
CO2 T=20°C, 12°C, 5°C

P = 950psig, 1200psig,
1500psig

\ 4

Oil Recovery

Figure 3.1 Research methodology flowchart diagram.
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3.1 CO,-Crude Oil IFT Measurement

Interfacial Tension measurement between crudendil@2 in this study is conducted
experimentally by using IFT-700. This equipment gists of Smart Software
interface, camera, positive displacement pump, high pressure chamber and
accumulator. The pendant drop method is used snetkperiment because the density

of crude oil is lower than the density of €Quring all experiment condition.

3.1.1 Flowchart Diagram of IFT Measurement

The flowchart diagram of IFT measurement carried iauthis is study shown in

Figure 3.2 and the procedures is given in AppeAdix

Clean High Pressure
Chamber Glasses

'

Fill in Crude Oil Chamber

v

Fill in CO2 Chamber/ Add
CO2 into Chamber

'

Transfer CO2 to
Accumulator

!

Pressurize Cell by
Compressing Accumulator

Below Desired

Target Loose regulator;

release pressure

Run Measurement Crude
Density

Record Data

Figure 3.2 Flow Diagram of IFT measurement.

Pressure?
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3.1.2 IFT Measurement Apparatus

Various IFT measurement techniques have been egportliteratures during the last
century B2] [33] [34] [35. One of the techniques is called pendant drophotet
Pendant drop case is used to measure the statitbeqm interfacial tensions of
crude 0il-CQ system at different equilibrium pressures and t@origemperature. In
this study, the same technique was applied to m@terthe IFT between the G@nd
crude oil. The equipment IFT-700 manufactured bgcViTechnologies can provide
the pendant drop method for IFT measurement. Arsalie diagram for IFT-700 that

is used in this study is shown in Figure 3.3.

Heater 200°C

Figure 3.3 Schematic Diagram of IFT-700.

The main component of IFT-700 in this experimergat-up is a see-through
windowed high-pressure cell. The maximum operapngssure and temperature of
this pressure cell are equal to 10,000 psig and@0@spectively. Pendant drop is
chosen due to higher density value of crude oil garad to CQ at the respected

condition. The equilibrium pressure inside the pues cell is measured by using a
digital pressure gauge.
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A light source and a glass diffuser were used twide uniform illumination for the
pendant oil drop. A microscope camera is used fuca the digital images of the
pendant oil drop inside the pressure cell at dffieitimes. The high pressure cell is
positioned horizontally between the light source #ime microscope camera. These
equipments are placed on a vibration free tabkhas/n on Figure 3.4.

Figure 3.4 A Camera and High Pressure Cell on 160-7

3.2 MMP Estimation

MMP estimation in this study is carried out by wgsithe combination method of
Lasater and Holm-Josendal. The procedures are kstdelow:

1. Crude oil specific gravity at standard condition dstermined by using
Equation (4).

Po

Y =P_w ................................................................................................. (4)

2. Oil API degree of crude oil is determined by usitguation (5).

141.5

PAPI = 222 = 1315 oo (5)
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3. The G. effective molecular weight of crude oil is detemed by using
Equation (3).

1
7864.9)1.0386

MW = ( °API

4. MMP of crude oil and C@by is determined by using Equation (2), at the

respected temperature.

3.3 Core Flood Test

The core flood experiment carried out in this stuwehs conducted in laboratory by
means of core displacement equipment which consigtgo units of parallel positive
displacements pumps and three units of high presaocumulator to collect the

injection fluid before displacement.

3.3.1 Flowchart Diagram of Core Flood Test

The flowchart diagram of core flood experiment @atrout in this is study shown in

Figure 3.5 and the detail procedure is shown inekpix B.
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Core
Porosity

Crude Oil

Preparation Viscosity

Fill Brine, Crude Oil,
and CO2 into each
Accumulator

v

Adjust CO2 Accumulator
Temperature

v

Install Core Sample into
Core Holder

v

Apply Overburden
PressuretoCoreHolder | | e e e e e e e e e mm e mm——— = m

v

Maintain Core
temperature at 25°C
+ Inject Crude Oil

Saturate Core
sample with Brine

Inject Brine Water

A 4

Inject Brine Water

Maintain Maintain

o Inlet Y Inlet Yes
Maintain Pressure at | Pressure at
Inlet 1000 psig ! 1000 psig
Pressure at :
1000 psig 1
1
1
1
1
Adjust BPR : Adjust BPR
1
1
Adjust BPR 1
1
1 Collect oil recovery from
T [—
. water flood
1
Compress CO2 :
____________ AN
Liquid CO2 Injection :

Inject Liquid CO2
(at T=20°C, 12°C, 5°C)

Maintain Inlet

Pressure
(950, 1200,
1500 psig)

Collect oil recovery from
CO2 injection

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
Adjust BPR |
1
1
1

Figure 3.5 Flow Diagram of C{Zore Flooding Experiment.
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3.3.2 Porosity Measurement

The equipment that is used to measure the porositpre sample in this study is

PoroPerm manufactured by Vinci Technologies. Twaesyof gases are required to
operate this equipment, first is Nitrogen as thafioing pressure conditioning and

valve operation, and second is Helium as porosiasarement purpose. The core
sample porosity measurement procedure carriechahis study is given in Appendix

C.

PoroPerm is completed with computer operated softwdiich helpful in operation
and data recording. The measurement is based amgteady state method (pressure
fall off) whereas the pore volume is determinechgsBoyle’s law technique. This

equipment has been calibrated previously beforenda@surement was conducted.

For measurement is simply by installing the cor® ithe core holder and run the

calculation in the software interface. The equipmgshown in Figure 3.6.

S SN
\ \ %

?ﬁ Oﬁ’ G)

i ![;E -

I

c—:’

Figure 3.6 PoroPerm equipment to measure core iparos

3.3.3 Density Measurement

The density of liquid that is used in this studynsasured by using Anton Paar DMA
35N Portable Density Meter. Anton Paar Portable dignMeter contains density
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reading and the respected temperature of measuteba equipment working
procedure is to draw the fluid into the chamberdaest and measure the density on

the respected temperature as explained in Appdhdix

Before utilizing this equipment, a calibration st@ps conducted by measuring the
density of distilled water at temperature Df= 26.8°C. The measured density of
distilled water at this condition was 0.998 gfcifihere is an error of 0.1% compared
with the density value of 0.997 taken from the dgrsble published by Pernbg].

This error value can be considered as negligibke tduits very small value and the

equipment is accurate for density measurement.

Density and temperature value is displayed in /an degree Celsius. The portable

density meter utilized is shown in Figure 3.7.

Figure 3.7 Portable Density Meter equipment to mesabquid density.

3.3.4 |Initial Core Saturation

Manual Saturator is used for initial saturationtleé core sample with brine water.
Load the clean and dry core sample into the Masaalrator and set the pressure
condition inside the chamber to 1,200 psig. Coteraion requires at least 8 hours at
the equilibrium pressure condition. The picture M&nual Saturator is shown in

Figure 3.8 and the procedure carried out in thiglystis given in Appendix E.
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Figure 3.8 Manual Saturator for core sample ing&tluration.

3.3.5 Core Flood Test Apparatus

The core flood equipment used in this experimentesco RPS-830-10000 HTHP
Relative Permeability Test System. This advanceipegent has the capacity to
measure the effective permeability of liquid-liquashd liquid-gas. The system is
provided with Smart Series SoftwaYe for data acquisition, control and report
writing. The software interface is as shown by Fey8.9.

Figure 3.9 Smart Series Softwdfdnterface on RPS-830 Relative Permeability Test
Equipment.
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The equipment consists of three separated accuoniutiatgather each of injection
fluids which could endure up to 10,000 psig andgerature 220°C. Since the tests in
this study require low temperature conditioning,aaditional water bath is installed
to level down the temperature of g@s shown in Figure 3.10 and Figure 3.11. The
water bath is placed in the equipment to sink, G@cumulator exclusively for
leveling down its temperature to the desired caowlit The image of Experiment
Schematic Diagram, Water Bath, and RPS Control IFanghown by Figure 3.10,
Figure 3.11, and Figure 3.12.

N

Figure 3.11 Water Bath for G@emperature conditioning.
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Figure 3.12 Panels to operate RPS-830.

3.3.6 Core Sample Cleaning

The core cleaning process in this study is usindeddxtractor. The principal of this
equipment is to clean any fluids remaining withire tpore space by introducing
vaporized cleaning agent into the core sample.clé@ning agent that is used in this
process is Toluene because of its ability to digsthe residual crude oil in the core
sample and flush it out of the core sample. Tharstey process requires at least 3
days to ensure the core sample is cleaned fromresiglual oil. The equipment is

shown in Figure 3.13.
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Figure 3.13 Soxlet Extractor for core cleaning Bing Toluene as Cleaning Agent.

The summary of the core flooding procedure in stisdy is shown in Table 3.1

below.
Table 3.1 Summary of injection procedures for dtwed tests.
Injection Volume Injection Rate, | Injection Time,
Procedure .
mi PV ml/min hour
Initial Brine Saturation 100 6.4 3 0.56
Crude Saturation 200 12.8 0.8 4.17
Water Flood 150 9 3 0.83
Liquid CG; Injection 163 10 1 2.72
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CHAPTER 4

RESULTS AND DISCUSSIONS

4.1 MMP Estimation by Using the Combination of Lasaterand Holm-Josendal

Correlation

There are several factors affecting MMP. Some eké¢hfactors are oil properties,
reservoir temperature, reservoir pressure, anguhngy of the injected C@[26]. This
study also give an account of MMP estimation of ,Ci®oding by using the
combination of Lasater4p] and Holm-Josendal 4p] which was empirically
correlated by Holtz et.al.4p]. MMP estimation with this method was based on
reservoir temperature and oil properties data ¢affe molecular weight of &£

component exclusively).

As published in literatures3p] [33] [34], the IFT between two immiscible fluid
decreases as the pressure increases, until fiapyoaching zero. When the IFT is
approaching zero, both of these fluids are comiyletaiscible [LO] [26]. In the
previous chapter of this thesis, Figure 2.1 shothedeffect of IFT between solvent
and crude oil in terms of capillary number to thesidual oil saturation for
displacement process. Here, the residual oil sidurgs plotted against the capillary
number, the product of Darcy Velocity and oil visitg divided by IFT. This figure
shows that a drastic reduction of IFT between crodlend solvent is required to

achieve a significant reduction in enhance oil vecyp.

Therefore, the purpose of estimating MMP in thisdgtwas to generate a miscible
displacement during the core flood experiment thieaae significant reduction in

residual oil saturation.

39



A two-step approached had been taken to estimatévitlP. First, the molecular
weight of G, components of the reservoir oil must be determibgdusing a
correlation between oil API gravity and.Ceffective molecular weight which was
published by Lasatedp]. The measured density of crude oil sample anccwat
15.6°C (equal to 60°F) was 0.82 grfcmnd 0.998 gr/crirespectively. With these
results, the calculated specific gravity of crudesample 0.822 consequently, by
using Equation (4). Afterward, oil API degree ofide oil sample was determined by
using Equation (5) which resulted 40.7 °API respety. Finally, the effective
molecular weight of € was calculated by using Equation (3). The valueftdctive

molecular weight of & from this calculation was 15818 mol.

Second, the MMP was calculated by using Holm-Josldd@] correlation which was
represented by Equation (2). At temperature 25°Qudeto 77 °F), core flood
temperature of this experiment, and effective mdkecweight 158.8 Ib mol, the
value of MMP estimated was 671 psia. The calcutatistep carried out for MMP
estimation in this study is shown in Appendix F.

The result of estimated MMP calculation steps msiarized in Table 4.1.

Table 4.1 Calculation summary of estimating MMP.

Parameter Calculation Result Unit
y 0.822 (dimensionless)
°API 40.7 ° API
MW 158.8 lb mol
MMP 671 psia

The MMP condition falls under the vapor phase wipeojected into Figure 2.8.
According to this estimation, every displacemerdgsgure higher than 671 psia at
T = 25°C results in miscible displacement betweerderoil and CQ injected with
this crude oil sample. There are two boundary dgrd required to fulfill miscibility

in this estimation. First, the displacement pressimould be above the MMP to attain

miscibility. Second, the injection pressures anthpgeratures should be within the
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liquid phase area if projected into Figure 2.8udht is acceptable whether the MMP
estimated by this method is within the vapor arealang as the displacement

condition is in liquid CQ phase region.

4.2 Effect of CO; injection to Oil Recovery on Core Flood Tests

4.2.1 Porosity Measurement Results

Three Berea Sandstone core samples were used isttloly with diameter of 1.5 inch
and length of 3 inch. The porosity measurementlisegar each core sample are
shown in Table 4.2.

Table 4.2 Porosity measurement results of Bered<$ame by using PoroPerm.

Vp Vg Vb ¢
coreNo- | i) (mi) (mi) (%)
15.76 71.11 86.87 18.14
16.83 70.04 86.87 19.38
3 15.38 71.49 86.87 17.70

The porosity difference of all cores in this stusgs not significant with value of
18.14%, 19.38% and 17.70%. The same value of pggross also produced after
measurement on opposite flow direction of the cpheg by using PoroPerm
Equipment.

4.2.2 Core Flood Experiment Results

The complete experiment results of core flood tests shown in Table 4.3 and

Figure 4.1 and the calculation procedure is showippendix.
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Table 4.3 Core flood injection profile and oil reeoy.

Water .
Exp. Inlet CO, Core ¢ OO0IP Water Flood Oil  Sorw Vo_I. €O, CO Qi
No. Pres_sure Tgmp. No. (%) (%PV) Injected Recovery (%PV) Injected Recovery
(psig) o) (PV) (% OOIP) (PV) (%00IP)
1 950 5 2 19.4 90.9 8.9 37.9 62.1 10 33.7
2 950 12 2 19.4 89.7 8.9 39.7 60.3 10 26.4
3 950 20 2 19.4 90.3 8.9 38.8 61.2 10 24.7
4 1200 5 3 17.7 96.9 9.8 37.6 62.4 10 54.8
5 1200 12 1 18.1 98.4 9.5 36.1 63.9 10 47.5
6 1200 20 1 18.1 98.4 9.5 35.5 64.5 10 43.0
7 1500 5 2 19.4 89.7 8.9 37.7 62.3 10 73.4
8 1500 12 3 17.7 97.6 9.8 37.3 62.Y 10 71.3
9 1500 20 1 18.1 95.2 9.5 38.0 62.0 10 67.7
CO, Injected VS Cumulative Oil Produced
es:o // ——950psi; 5 °C
. ——950psi; 12°C
_ 60.0 950 psi; 20 °C
i 55.0 // ilZD:psi;S'C
% 00 /y e — —o—1zoopsf;1z:c
g 45.0 + /./:/r — —ISDDZsi;S'C
e
35.0 —
30.0 7 ‘ //.:/_/H i
25.0 7 K——ﬁ’—
20.0 o
- . - CO, Injected (.PV) - -

Figure 4.1 Oil recovery as effect of liquid €@jection at various pressures and
temperatures of C{njected.

In these experiments, the crude oil was injecteddimrate the core initially. The
injection flow rate applied was 0.8 ml/min for atbt 4 hours to displace 200 ml of
crude oil. Higher injection flow rate would causgnificant pressure difference in the
porous medium due to viscosity effect of crude 8 effect of this process, the
outcome of original oil in place was such limiterfr 89.7 % to 98.4 % of pore

volume and leaving the value of initial water sation below 11%. This phenomenon
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happened due to the capillary end effect. Peté@ Explained that during
displacement if a medium is flooded with the wejtphase (brine) initially, only the
non-wetting phase will be expelled from the outed at higher capillary pressure
than outside. When the wetting phase arrives abtitiet end, the system now has the
chance to seek capillary equilibrium which will Behieved by the accumulation of
the wetting phase at the outlet end. An experinvemiducted by Perkinb4l] also
proven the occurrence of this phenomenon wherectmllary end effect was
significantly reduced at high injection pressure.

All water floods were conducted at flow rate 3 mHrand total volume water injected
150 ml. Experiment 1, 2, 3 and 7 were using theesapnre sample in core flood
experiment. Although the same water flood actiorigened to these cores, as shown
in Table 4.3, oil recovery from water flood was garg in such limits from 36.1 %
until 39.7 %. The same condition happened on expari 5, 6 and 9 which recover
36.1 %, 35.5 %, and 38 % of original oil in plade for experiment 4 and 8, oil
recovery by water flood was 37.6 % and 37.3 % efdhginal oil in place.

It was observed that oil recovery to €i@jection on experiment 1, 2, and 3 increases
with the decreasing temperature of Ci@jected. High recovery of crude oil was
produced during early CQnjection until 3 PV as shown in Figure 4.2 urkigure
4.4. This was attributed to the improved mobilégio at liquid region of C®injected
which gives better sweep efficiency. Lower tempaatat constant pressure results in
higher viscosity of C@ This condition would help in increasing the dam@ment
sweep efficiency and prevent or at least reduce dheurrence of fingering
phenomena. High viscosity of displacing agent waglduce bypassing phenomena
that commonly happens in continuous gas, @@oding [48]. The same occurrence
appeared in experiment 4, 5, 6 as well as in expari 7, 8, 9, where the oil recovery

increasing as the temperature £@)ected decreases if the pressure remains cdnstan

High recovery of crude oil was produced duringe&®, injection until 3 PV. From
this point further, injection of liquid COproduced a lesser amount of crude oil than
5% of originally oil in place. This is because tiesidual oil saturation by injecting
the liquid CQ had been reached. The viscous force of liquid ®f&cted had been
smaller to the capillary force and not able to gwéee remaining oil in porous
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medium. The velocity of liquid within the swept reg tends to be higher compared
to the unswept region. Therefore, if most of thederoil had been removed from the
pore space, the pore that is left behind tendssdyepassed by the following liquid
CO; due to no resistance by the crude oil anymore.

CO, Injected VS Cumulative Oil Produced

75.0
g 650
z
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15.0 . : . .

0.0 2.0 4.0 6.0 8.0 10.0 12.0

CO; Injected (PV)

Figure 4.2 Oil recovery as effect of gjection at 950 psig.

CO, Injected VS Cumulative Oil Produced
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Figure 4.3 Oil recovery as effect of @jection at 1200 psig.
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CO, Injected VS Cumulative Oil Produced
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Figure 4.4 Oil recovery as effect of @jection at 1500 psig.

In Figure 4.1, the oil recovery was low at injeatipressure of 950 psig although
literature P6] showed that under this circumstance the,@@s in liquid phase.
However, the C@phase changes to gas at 933 psig at temperattire @6°C. From
this threshold condition, slight reduction of pragsbelow 950 psig could vaporize
the liquid CQ to gas phase. During core flood experiment, thpegment was
conducted at constant flow rate injection at aldi The purpose of this step was to
maintain the displacement front velocity duringeciooding remain constant while
injecting at constant pressure. Thus, in order @wntain the inlet pressure at the
desired value, the back pressure valve must bestdjumanually trough all
experiment. If this condition was not fulfilled,ehdisplacement process would have
been completed in shorter time and the miscibiityuld not have been attained
completely due to short time interaction between, @ad crude oil. It was recorded
that during the C@injection, the pressure difference between inhet autlet of core
holder was in range of 37-93 psig. The small pnesslifference could transform
portion of the liquid C@to its gas state and immediately breakthrougheoautlet
end and bypass the remaining oil in the core sample

As the CQ injection pressure increased (i.e. 1200 psig abd01psig), the oll
recovery was significantly increased. The increaséddrecovery by escalating
injection pressure was due to the increased vigcasid density of the injected GO
[48] [49]. High injection pressure also acted during tluedition which displacing oll
with better performance.
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Experiment 1, 4, and 7, shows variation in oil ey with value 24.7%, 43%, and
67.7% respectively. This comparison is based orsteom temperature at different
injection pressures. It was found that the effdatsralating injection pressure gives
higher recovery compared to reducing temperatu@®finjected f8] [49] as shown

in Figure 4.5 and Figure 4.6.

CO, Injected VS Cumulative Oil Produced
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Figure 4.5 Oil recovery at constant €@mperature of = 20°C and various injection

pressure.
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Figure 4.6 Oil recovery at constant injection pueef P = 950 psig and various

injected CQ temperature.
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The same condition happens for other conditionssla®vn in Figure 4.7 until
Figure 4.10.

CO, Injected VS Cumulative Oil Produced
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Figure 4.7 Oil recovery at constant €@mperature of = 12°C and various injection

pressure.
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Figure 4.8 Oil recovery at constant injection pueef P = 1200 psig and various

injected CQ temperature.
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Cumulative Oil Recovery (%)
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Figure 4.9 Oil recovery at constant €@mperature of = 5°C and various injection

pressure.

Cumulative Oil Recovery (%)

CO, Injected VS Cumulative Oil Produced

!

—=—1500psi; 5 °C

——1500psi; 12 °C

1500 psi; 20°C

6.0 8.0

CO; Injected (PV)

Figure 4.10 Oil recovery at constant injection ptes of P

injected CQ temperature.
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All tests in this study shows that high oil recovgrelded since early production until
3 PV of CQ injected. Injecting more C{above this value only caused small effect to
oil recovery and ineffective in economic sense.sTikidue to the fact that after €O
breakthrough, the injected G@ypassed and failed to effectively displace theder
oil inside the core. In this case, the oil prodoetis significantly reduced whereas the

solvent production increases.

Subcritical solubility of C@-crude oil and liquid condensation mechanisms are
expected to reduce GQas bypassing. Table 4.4 shows the value of liqL
viscosity range in this experiment. The averageean Table 4.3 shows that liquid
CO, viscosity approximately 6 — 8 times higher togés state. At saturation pressure,
CO, gas starting to change phase and a portion bdaginndense. CPOliquid
condensation results in a viscosity increase, whattuces the mobility of the GO
and thereby reduces bypassing. The decreasew$odsity due to C@solubility and

the high viscosity of C® (compared to gaseous phase), reduces its mobhbifity

increase the C£crude oil contact period.

4.2.3 Mobility Ratio Calculations

The viscosity data of various conditions in thipesment is displayed in Table 4.4.
By applying the formula in Equation (9) into theadable viscosity data in Table 4.4
and measured viscosity of crude oil sample is Z2@8&atT = 25 °C, mobility ratio
calculation results is shown in Table 4.5.

Table 4.4 CQViscosity properties at several pressures andéeatyres in this study.
(after Jarrel et.al6])

Pressure CO, Viscosity at Temperature (centipoises)

(psig) 25°C 20°C 12°C 5°C

400 0.0162 0.0160 0.0158 0.0157 }Gas
500 0.0167 0.0166 0.0165 0.0163

600 0.0172 0.0172 0.0174 0.0965 |~
700 0.018 0.0181 0.0831 0.0990

800 0.0189 0.0169 0.0893 0.1009

950 0.0713 0.0770 0.0920 0.1035 > Liquid
1100 0.0722 0.0812 0.0949 0.1060

1200 0.0752 0.0834 0.0966 0.1075

1500 0.0818 0.0890 0.1014 0.1119 |_J
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Table 4.5 Mobility Ratio calculation results atdig CO, condition.

Pressure Mobility Ratio at injection temperature

(psig) 25°C 20°C 12°C 5°C

400 143.8 145.3 147.4 148.3 }Gas
500 139.5 140.6 141.3 142.5

600 135.5 135.1 133.6 242 | )
700 129.4 128.4 28.0 235

800 123.3 138.2 26.1 23.1

950 32.7 30.2 25.3 22.5 > Liquid
1100 323 28.7 24.6 22.0

1200 31.0 27.9 24.1 21.7

1500 285 26.2 23.0 208 |-/

As mentioned by Green and Willhitd7], that during miscibility displacement, the
mobility ratio of displaced fluid and the displagifiuid is equal to the ratio of its

viscosity in that condition. Assuming that the desil water saturation prior to liquid

CO, injection was approaching zero, this estimatioooissidered to be valid between
two existing fluid (liquid CQ and crude oil).

The calculations in Table 4.5 showed that the nitghibitio in this study varies in
value 32.7, 31, and 28.5 depend on the inlet pressndT = 25°C. Most of these
results showed unfavorable value of mobility ratczording Green and Willhitel]]
since most of the value M > 1. In spite of this dition, as the viscosity of GO
increases, the mobility ratio decreases relatitelyits gas phase at the respected

temperature as shown in Table 4.5.

The temperature of = 25°C represent the temperature of core flooditggshown in
Table 4.5, it is evident that if core flooding isnducted at lower temperature would
result in lower mobility ratio due to more viscol€, injected. Lower mobility ratio

is resulted in better displacement sweep efficidmeyause mobility ratio affects the
stability of displacement process. Because mobikitlyo is significant, a value of
M < 1 is a favorable mobility ratiod[/]. The same condition can be observed in at
CO, temperature off = 20°C, 12°C, and 5°C where the mobility decreaseshe

temperature decrease.
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Green and Willhite 47] explained that when one solvent is displacingeaoad

solvent with which the first solvent is completetyiscible and only one phase is
flowing, the mobility ratio i) could be defined as the ratio of displaced fluid
viscosity fug) to the displacing fluid viscosityf). It means that this equation can be

used when only two fluids exist within the porousdium.

By recalling the procedures in this experiment,réhés still portion of water
remaining in the porous medium before liquid O@as injected. The mobility ratio
calculated with Equation (9) is valid assuming tlathe water that remains had been

completely displaced by liquid GO

4.2.4 Continuous Gas CQ Injection

This study also reported a result of Continuous G@s Injection (CGI) EOR by
using RPS-830. Although this section is not memttmas scope of research, the
purpose of conducting CGl G@vas merely for comparison purpose. The same linitia
condition was applied during crude oil saturatiord avater flood. For Continuous
Gas CQ injection, the inlet pressure was maintained a@01psig (the same as
experiment 7, 8, and 9) and core temperature watosé0 °C to ensure the GO
injected was in gas state. The result of ContinuBas CQ is shown in Figure 4.7
and Table 4.6.

Continous Gas CO, Injected vs Oil Recovery

44
42 /—
40
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34
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CO; Injected (PV)

Figure 4.11 Cumulative oil recovery by injectingg32Q at 1500 psig and 40°C.
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Table 4.6 Core flood injection profile and oil reeoy by Continuous Gas GO

injection.
Water  Water Flood Total CQ .
EXp. f OOOIP OSWC Injected Oil Recovery OSorW Injected Gas CQ O:)l
No. (%) (%PV) (%PV) (PV) (% OOIP) (%PV) (PV) Recovery (%)
10 18.1 964 3.6 13.2 40.1 59.9 10 42.9

As shown in Figure 4.7 and Table 4.6, the injectadriO0 PV gas C@at pressure
1500 psig recover 42.9 % oil. Compared to expertniied, and 9 in Table 4.2 which
have the same injection pressure, the result hydi€G, injection were 67.7 %,
71.3 %, and 73.4 %. These results showed thatdli@@, injection gave significant
improvement with more than 24 % difference in cuative oil recovery. From the
Appendix data of JarreRp], CO, viscosity at temperature of 40°C is 0.04879 cp. By
applying the formula in Equation (9), the mobilitgtio during this core flood

experiment is 47.8.

Lower oil recovery during this experiment is resdlto the higher mobility ratio of
the crude oil to the gas GOThis condition stimulates the G@ approach the outlet
faster than liquid C@before it has enough time to contact and disptptie crude

oil within the porous medium.

By comparing experiment 7-9 in Table 4.3 with expent 10 in Table 4.6, higher oll
recovery of liquid CQ is resulted as the effect of mobility improvemend sweep
efficiency to its liquid state. C{gas tended to reach the sample end sooner because
of its higher mobility thus less crude oil would Hesplaced. Meanwhile, at liquid
state which had better viscosity, €@ave relatively favorable sweep efficiency as to

its gas state.

It is recognized that most process of gas disptpoihresulting in a very unfavorable
mobility ratio that leads to poor microscopic swesficiency. This is the reason of
immiscible gas injection is not really recommendesi an EOR alternatived§.
Looking at the displacement mobility ratio at 40dGring continuous gas injection,
CO, gas displacing a 2.33 cp crude sample at 1500h@sga mobility ratio of 47.8,
while CG, liquid displacement at this state is ranging betwe8.5 until 20.8.
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Although a mobility ratio of 28.5 is still high, i$ a substantial improvement over the

CO, gas displacement.

4.3 Measured Interfacial Tension between Crude Oil andCO»

The high pressure cell was first loaded with ,CfD a pre-specified pressure and a

constant temperature @f = 25°C. Afterwards, oil sample was introduced itie

pressurized cell by using pendant drop method. fHsellts of IFT measurement

between crude oil sample and £&de displayed in Figure 4.8 and Table 4.7.
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Pressure VS Interfacial Tension

y=-0.028x+27.99

R?=0.980

N\

"N\

AN

———
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Figure 4.12 Measured interfacial tension of crud€®, system at various pressure

andT = 25°C.

Table 4.7 IFT values measured between crude oipsaand CQ at different

equilibrium pressures.

Pressure IFT
(psig) | (mN/m)
400 175 |

500 13.68

600 9.45 > Gas CQ
700 8.15

800 579 |J

950 1.15 |)

1000 0.67 S Liquid CO,
1200 0.5

1500 0.17 |/
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From Figure 4.8, the IFT measurement results whknest linear with the constant

pressure as long as the pressure was equal or tbaer974 psig. Figure 4.8 also
displayed that once the pressure was higher thiantlihreshold pressure, the IFT
outcome become around 1 mN/m or even lower. Indage, escalating the pressure
would give small effect to IFT reduction. The imfaont threshold pressure from the
equilibrium IFT versus equilibrium pressure curgewhere the curve shows sharp

change of slopebp] where the IFT is already low and approaching zero

All IFT measurements below 1000 psig were conduftted0 minutes with 1 second
calculation interval. The oil drop tends to be tathuring all measurement period

because the system is fully closed during the @ntieasurement.

Meanwhile, at higher pressure, i.e. above 1000, pseggmeasurement of oil-GTFT
period could not be run more than 30 seconds. Dapme and its shape changes
faster as the measurement period increased bechtise CQ started to miscible into
crude oil. Measurement period more than 30 secaaddd create poor drop shape to
perform measurement which result no value displayethe IFT outcome. This was
attributed to the effect of CGOmiscibility to crude oil which cause the drop sbap
became unstable and the volume of drop decreasgédlissolved to surrounding

system 56|.

From IFT measurement results, it is known thatsé& 8sig, 1200 psig, and 1500 psig,
the IFT between crude oil sample and ,Ci® approaching zero. Stalkud(]
mentioned that when interfaces between oil andlakgpy fluid is eliminated as a
result from mixtures of miscible fluids, there are IFT between the fluids which in
this circumstance (the core flood experiment coows), the IFT is very low and

approaching zero.

4.4 Liquid CO; Injection Limitations

From the results and discussions previously, ghewed that liquid C@injection

method gave a satisfying increment in oil recovenguid CO, injection offers an
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alternative of enhanced oil recovery that couldvgie miscibility between C@and

crude oil with better displacement sweep efficiency

However, there are some limitations in applyings tmethod into the field scale
projects. Since this method requires generating, G® liquid state during

displacement, the challenge is to find a reserwoih temperature lower than the
critical temperature of COand withstand a pore pressure necessary to dttain

liquid CO, without fracturing the reservoir.

Although this seems to be exclusive condition timeght be rarely happens in oll
field, nevertheless some of this exceptional fichdwe been investigated for the
implication of liquid CQ enhanced oil recovery and published by Frailegl.e48]
and Al-Quraini f9]. These mature fields are classified as Low Teipee Oil
Reservoir (LTOR) and provide a unique opportungy liquid CGO, storage and its
application as EOR method.

One of the fields investigated by Frailey et.di8][was lllinois Basin which covers
the Indiana, lllinois, and Kentucky state in US.tdbahowed that the regional rule of
thumb temperature gradient of lllinois Basin is B/100 ft and annual average
temperature of 17°C at 100 ft below surface basedt® years observation. For
example, 21°C correspond to 900 ft and 31°C coaredp to 2700 ft. Based on these
findings, it was concluded that the range of foioratlepths for liquid C@flooding
can be identified.
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CHAPTER 5

CONCLUSIONS

The results of this thesis can be summarized &sAfol

1. IFT between crude oil and G®@educes as the equilibrium pressure increased
until the value approach zero when the miscibflitfy developed.

2. At flooding temperature off = 25 °C the estimated Minimum Miscibility
Pressure by using the combination of Lasater arichHosendal correlation is
671 psia.

3. Successful liquid C®core flooding had been conducted by means of core
flooding experiment with oil recoveries ranging fra24.7% to 73.4% after
injecting 10 PV of liquid CQ.

4. Injecting liquid CQ into a porous medium produces higher oil recovery
compared to the gas G@hen the displacement condition is above the MMP.

5. Increment in oil recovery by increasing the £@jection pressure is higher
compared to the increment in oil recovery by lowgrihe temperature of GO
injected.

6. The measured interfacial tension of crude oil samgrid CQ system varied
from 17.5 mN/m to 0.17 mN/m within the pressuregaf 400 — 1500 psig
and constant temperature of 25 °C.

7. The oil recovery by water flood in this study wasrange of 36.1% until

39.7% after injecting 9 PV of brine into the coearple.
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CHAPTER 6

RECOMMENDATIONS

The conclusion of the present study with respecdhtoresearch objectives can be

summarized as follow:

1. In liquid CQ; injection, slower injection flow rate, i.e. beldwml/min would
represent the actual injection profile in the fi€lthe flow rate of 1 ml/min or
equal to 4.14 ft/day still excessive in 3 inch léngore sample. Slower flow
rate might escalate the injection period for the,@®develop solvent bank
and perfect miscibility.

2. Smaller interval of volume oil produced measuremsntequired for better
precision in recovery development in every disptaeet phase.

3. Longer and bigger core sample dimension, i.e.lénfgth and 3 inch diameter,
might represent the precise solvent bank in theahaeservoir rather than
shorter core.

4. The measurement of produced £by using gas collector would result in

better understanding about the solubility of G®crude oil.
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APPENDIX A

IFT MEASUREMENT PROCEDURE
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IFT Measurement Procedure

The experiment procedures to measure IFT betweena@® crude oil in this study

are listed as below:

1. Prior to each experiment, ensure that the cellra®tlle is cleaned by using
tissue then flush it with compressed air.

2. Pressurize the cell with GQo a pre-specified pressure by using one of the
pressure generators. After the £® injected, it takes 15-30 minutes for the
pressure inside the cell to reach the stabilizediition.

3. Introduce the crude oil by using crude oil sampliénder which pressure is
maintained between 15 psig to 75 psig higher thahdf CQ phase inside the
pressure chamber. The pendant oil drop is formetheattip of the syringe
needle, which is installed at the top of the higasgure cell.

4. Generate a well shaped drop at the tip of the eebyglopening the valve
slowly.

5. Once this step is done, initiate IFT measuremettheitspecified equilibrium
pressures.

6. For each acquired drop image, a high-precisiorbion grid is used to
calibrate the oil drop images and correct possdpécal distortions. The
output data also included the radius of curvattithe apex point, the surface
area and volume of the pendant oil drop. Only theal gravitational
acceleration and the density difference betweencthde oil and C@ are
required as input for this program.

7. The IFT measurement is repeated for at least whifesxent pendant oil drops
to ensure satisfactory repeatability at each pesifipd pressure and constant
temperature. In this study, crude oil-€@T were measured at constant

temperature of 25°C and pressure range of 400tp<i§00 psig.
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APPENDIX B

EXPERIMENTAL PROCEDURE FOR CORE FLOOD TESTS
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Experimental Procedure for Core Flood Tests

The core flood test procedures in this study atedi as below:

1.

Initially, saturate the core with brine for 8 bying manual saturator. Set the
saturation pressure at 1200 psig to ensure the baturate all of pore spaces.

2. Take out the core from the saturator and attacleahe into the core holder.

3. Prepare the injection fluid for each accumulator.

Set the initial overburden pressure to low conditemd always maintain the
overburden pressure higher than the core inletspresto prevent any back
pressure effect from the core holder.

Initiate the injection procedure by injecting 100 lomine into the core with
flow rate 3 ml/min. The purpose of this step ietsure that core is saturated
with brine water.

Continue to crude oil injection with lower flow ea0.8 ml/min to prevent the
inlet pressure from increasing significantly. Tiesbecause the injected fluid
is crude oil which has significant difference o$adsity compared to previous
brine injected. The volume of crude oil injecte@@) ml.

When the flow is stabilized and the absent of bpreduced on the collector,
start injecting brine water flow rate of 3 ml/mifhe volume of brine injected
in this step is 150 ml.

Collect all the fluid produced during this injectiovith measuring tube. After
all the brine had been injected, wait for additiob minutes and collect the
oil produced as an effect of water injection.

Initiate liquid CQ preparation by compressing gas £ the accumulator
along with temperature conditioning of the accurtarlaThe total volume of
CO, accumulator is one liter. At 1,500 psig, this wokiof gas C@ could

produce around 170 ml of G@quid with the respected temperature range.

10.0nce the accumulator pressure required is achiesteqp, compressing and

start the liquid C@ injection with 1 ml/min flow rate injection. Alway
regulate the backpressure valve to generate alistabiinjection pressure.
Collect all the fluid produced intermittently. Theserage volume of CO
required in this step is 163 ml.
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11.As soon as the liquid COnjection phase is completed, stop the injectiod a
release overburden pressure.

12.Remove the core sample and clean it by using telueisoxlet Extractor. The
cleaning process requires at least 3 days to emsuresidual oil left in the
pore space.

13.Before using same core sample for the second tingehe core sample inside
oven at 90°C for at least twelve hours to ensueeathsent of toluene from the

pore space.
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APPENDIX C

POROSITY MEASUREMENT PROCEDURE
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Porosity Measurement Procedure

The experiment procedures to measure core sampsifyoare listed as below:

1. Prepare the correct core holder size with the mredstore dimension.

2. Install the core holder and connect PoroPerm wititogien tank and helium
tank.

3. Key in the measured core dimension into the sofiwarerface and create a
new recording file.

4. Run the porosity measurement and record the result.
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APPENDIX D

DENSITY MEASUREMENT PROCEDURE
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Density Measurement Procedure

The experiment procedures to measure density iof dlke listed as follow:

e A

Prepare the fluid that will be measured in a meaguglass.

Switch the portable density meter to On position.

Immersed the tubing bed below the surface of teffuet]

Draw the tested fluid by pressing the button on dbphe holder three times
until all the measured fluid completely load theasigring tube.

Record the collected reading in the display.
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APPENDIX E

INITIAL WATER SATURATION PROCEDURE
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Initial Water Saturation Procedure

The experiment procedures for initial core satoratire listed as below:

1.
2.

Load the saturator with brine in the beginning.
Place the core sample on the carrier plate and rser#oth core sample and

carrier plate into chamber that has been loadeul bvihe.

3. Closed the manual saturator and tight the connectio

Load the pressurizing container next to the saturat
Increase the pressure inside manual saturator loypimg brine with the

equipped lever until 1200 psig.
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APPENDIX F

MMP ESTIMATION OF LIQUID CO ; CORE FLOOD EXPERIMENT
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MMP Estimation Procedure

1. Crude oil specific gravity at standard conditiod.@6 psia and 15.56 °C) is
determined by using Equation (4).

p, 082
Lo _ 2% _9.8216 3
o, 0.998 gr/cm

2. Oil API degree of crude oil is determined by usktguation (5).

141.5 141.5
°AP] = ——— 1315

5= —~131.5=40.72°
Y 0.8216

3. The G. effective molecular weight of crude oil is detemedl by using
Equation (3).

= 158.84 lbmol

1 1
7864.9\1.0386 7864.9\1.0386
B ( °API ) B (40.72°>

4. MMP of crude oil and C@by is determined by using Equation (2), at the

respected temperature.

MMP = —329.558 + (7.727 * MW * 1.0057) — (4.377 « MW)
= —329.558 + (7.727 * (158.84) = 1.00577'P))
— (4377 % (158.84)) = 671 psia
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APPENDIX G

DATA OF OIL RECOVERY BY LIQUID CO , INJECTION
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Oil recovery by liquid CO;, at various injection profiles

P = 950 psig ; T=20°C

Cumulative CO; injected cu::,?:::,eedml Ri:ﬁ:::y
(ml) (PV) (mi) (%)
10 0.6 1.6 16.8
30 1.8 2.1 221
50 3.0 2.2 23.2
100 5.9 23 24.2
170 10.1 2.3 24.2
P = 950 psig ; T=12°C
Cumulative CO, injected Cu:t;l':\::l:dOIl R:::s:y
(ml) (PV) (ml) (%)
10 0.6 1.7 18.7
30 1.8 2.2 24.2
50 3.0 2.5 27.5
100 5.9 2.6 28.6
170 10.1 2.6 28.6
P = 950 psig ;T=5°C
Cumulative CO; injected cu::,?:::,eedml Ri:ﬁ:::y
(ml) (PV) (ml) (%)
10 0.6 17 18.7
30 1.8 23 25.3
50 3.0 2.7 29.7
100 5.9 3 33.0
170 10.1 3.2 35.2
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P = 1200 psig

P = 1200 psig

P = 1200 psig

; T=20°C

. . . Cumulative Oil Recover
Cumulative CO, injected Produced Factory
(ml) (PV) (ml) (%)

10 0.6 2.2 21.8
30 1.8 3.1 30.7
50 3.0 3.9 38.6
100 5.9 4.3 42.6
170 10.1 4.3 42.6
; T=12°C
. .. Cumulative Oil Recover
Cumulative CO, injected Produced Factory
(ml) (PV) (ml) (%)
10 0.6 2.3 23.2
30 1.8 3.4 34.3
50 3.0 4.2 42.4
100 5.9 4.6 46.5
170 10.1 4.7 47.5
; T=5°C
. . . Cumulative Oil Recover
Cumulative CO, injected Produced Factory
(ml) (PV) (ml) (%)
10 0.6 2.5 25.5
30 1.8 3.7 37.8
50 3.0 4.6 46.9
100 5.9 5 51.0
170 10.1 5.1 52.0
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P = 1500 psig

P = 1500 psig

P = 1500 psig

; T=20°C
. . . Cumulative Oil Recover
Cumulative CO, injected Produced Factory
(ml) (PV) (ml) (%)
10 0.6 3 32.3
30 1.8 4.6 49.5
50 3.0 5.7 61.3
100 5.9 6.2 66.7
170 10.1 6.3 67.7
; T=12°C
. .. Cumulative Oil Recover
Cumulative CO, injected Produced Factory
(ml) (PV) (ml) (%)
10 0.6 3.2 33.0
30 1.8 4.9 50.5
50 3.0 6 61.9
100 5.9 6.6 68.0
170 10.1 6.7 69.1
; T=5°C
. . . Cumulative Oil Recover
Cumulative CO, injected Produced Factory
(ml) (PV) (ml) (%)
10 0.6 3.2 33.7
30 1.8 5 52.6
50 3.0 6.2 65.3
100 5.9 6.8 71.6
170 10.1 6.9 72.6
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Summary of core flood experiment and calculation pocedures

[0} OQIP Water Flood
I?\IXCE) . ?\loc:e ?‘nNi Water oil Recovery| S S
(1). (2). (rgl) Zf) (rr51l) O/(EZ)V (7) | Injected, ml Rec:]\l/ery, Factor, % ml %
® ) (10) 11y | 12
1 2 16.84| 19.4 15.3 90.9 1.5¢4 150 5.8 37.9 9.5 62.1
2 2 16.84| 19.4 151 89.7 1.74 150 6 39.7 91 6p.3
3 2 16.84| 19.4 15.2 90.3 1.6¢4 150 5.9 38.8 9.3 61.2
4 3 15.38| 17.7, 149 96.9 0.4B 150 5.6 37.6 9.3 62.4
5 1 15.76| 18.1 15.1 98.4 0.2p 150 5.6 36.1 9.9 63.9
6 1 15.76| 18.1 15.1 98.4 0.2p 150 5.5 35.% 1p.0 5 g4.
7 2 16.84| 19.4 151 89.7 1.7p 150 5.7 37.7 9.4 62.3
8 3 15.38| 17.7] 15.( 97.6 0.3 150 5.6 37.3 9.4 62.7
9 1 15.76| 18.1 15.( 95.2 0.7 150 5.7 38.( 9.3 62.0
(Continued)
Liquid CO , Injection
EXp. | Injection CO, _COZ Ol Recovery S
No. Pressure, Tempoerature, Injected, | Recovery, | Factor, % O(SIP
psig C ml ml % (18)
(13) (14) (15) (16) (17)
1 950 5 168 3.2 33.7 66.3
2 950 12 168 2.4 26.4 73.6
3 950 20 168 2.3 24.7 75.3
4 1200 5 154 5.1 54.8 45.2
5 1200 12 158 4.7 47.5 52.5
6 1200 20 158 4.3 43.0 57.0
7 1500 5 168 6.9 73.4 26.6
8 1500 12 154 6.7 713 28.7
9 1500 20 158 6.3 67.7 323

The definition and calculation procedure of thddabove:

Column (3) and column (4) is core sample porosityci is resulted from laboratory

measurement by using PoroPerm.

Column (5) is resulted from the injection of coemple with crude oil by means of

core displacement equipment until the absence tdrvproduced at the outlet.

Column (6) is the OOIP in term of % PV.
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-® 0
(6) (3)x100/o

Column (7) is the initial water saturation withihet core sample after crude oil
injection.

(7)=(5)- @)

Column (8) is the amount of water injected for wdli@od.

Column (9) is the volume of oil recovered at théletuafter injecting the amount of
water in column (7).

Column (10) is the recovery factor of oil produedter water flood.

=0 0
(10) (5)x100 %

Column (11) is the residual oil saturation aftetevdlood in term of volume unit.
(11)=(5)-(9)

Column (12) is the residual oil saturation aftetevdlood in term of fraction.

_ ay
(12) =2 x100%

Column (13) is the inlet injection pressure of IdjCO,.

Column (14) is the inlet injection temperatureiqtild CQO,.

Column (15) is the volume of G@njected into the core sample. This amount is equa
to 10 PV to each core sample.

Column (16) is resulted from the injection of caample with liquid CQ in
column (15) by means of core displacement equipment

Column (17) is the recovery factor of oil produedter liquid CQ injection.

_ (19
(17) = (11)x100%

Column (18) is the residual oil in place after wdteod and liquid CQ injection.
(18) = (5) — (11) — (16)
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APPENDIX H

DATA OF OIL RECOVERY BY GAS CO , INJECTION
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P = 1500 psig

; T=40°C

. . . Cumulative Oil Recove
Cumulative CO, injected Produced Facto:y
(ml) (PV) (ml) (%)
15.8 1 3.2 35.2
31.5 2 3.5 38.5
47.3 3 3.7 40.7
63.0 4 3.8 41.8
94.6 6 3.85 42.3
157.6 10 3.9 42.9
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