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ABSTRACT 

 

CO2 flooding can be executed using several modes of injection technique such as 

continuous injection, simultaneous water and gas (SWAG) injection, water alternate gas 

(GAS) injection and hybrid WAG. Each of these injection modes will give certain 

amount of recovery based on their capability to restore formation pressure and also to 

improve oil displacement or fluid flow in the reservoir.  Therefore, experiments or 

simulations may need to be conducted to determine the most effective injection mode 

which gives the most optimum recovery for a given reservoir. This project presents an 

experimental study of comparing different CO2 injection mode for Baronia RV2 

reservoir. It is the main objective to determine the most optimum CO2 injection mode 

for this field. Using a coreflood equipment, CO2 displacements were conducted on four 

core plugs saturated with Baronia RV2 crude oil. From the results of total oil recovered, 

it was found that SWAG is the most technically feasible mode for the field with over 

60% recovery factor. 
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CHAPTER 1 

INTRODUCTION 

 

1.1 BACKGROUND OF STUDY 

 

1.1.1 Improve Oil Recovery 

 

As of 1
st
 January 2003, the Malaysian oil reserves figure stands at 3.5 Billion Stock 

Tank Barrel (Bstb) and the cumulative oil production is 4.9 Bstb and original oil in 

place (OOIP) of 24.9 Bstb [1]. These figures translate to an average oil recovery factor 

of 34%. This means that there is still a substantial amount of remaining petroleum 

resources in the ground that could potentially be recovered through other means such as 

improved oil recovery (IOR) or enhanced oil recovery (EOR).  

 

Enhanced Oil Recovery (EOR) may be defined as any of several techniques that make it 

possible to recover more oil than can be obtained by natural pressure, such as the 

injection of fluid or gas into an oil reservoir to force more oil to the service. This is 

considered the third stage of hydrocarbon production. EOR can begin after a secondary 

recovery process or at any time during the productive life of an oil reservoir. Its purpose 

is not only to restore formation pressure but also to improve oil displacement or fluid 

flow in the reservoir. The three major types of enhanced oil recovery operations are 

chemical flooding (alkaline flooding or micellar-polymer flooding), miscible 

displacement (carbon dioxide [CO2] injection or hydrocarbon injection), and thermal 

recovery (steamflood). The optimal application of each type depends on reservoir 

temperature, pressure, depth, net pay, permeability, remaining oil and water saturations, 

porosity and fluid properties such as oil API gravity and viscosity [2]. 

 
Oil recovery by solvent flooding, particularly CO2 as a flooding medium is finding 

increasing application in the field because it can prolong the production lives by 15 to 
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20 years and may recover 15 to 25% of OOIP [1]. CO2 miscible flooding is expected to 

improve reservoir recovery and performance of Baronia RV2. 

 

1.1.2 Baronia RV2 Reservoir 

 

Baronia RV2 field is located about 40km offshore Baram Delta Province, Sarawak, and 

is one of the largest reservoirs in Baronia oil field. The field is a simple unfaulted domal 

structure discovered in 1967. It has no internal faulting and is located between major 

east west trending growth faults with water depth about 76 meters [1].  

 

Stratigraphically, the field consists of alternations of sands, silts and shales of Cycle VI 

and VII. The main lithology of the field is sandstone interbedded with siltstones and 

shale of Late Miocene age at depth between 1,615 to 2,410 m. The standstone’s 

thickness ranges from 3 to 75 m whereas the shale’s thickness ranges from 1.5 to 90 m. 

In poorly developed sandstones, the porosity of the formation range from 13 to 25% and 

range from 26 to 30% in the better developed sandstones. Most of the standstones are 

fine grained with permeability varies from 100 to 350mD [1]. 

 

Currently there are seven producing wells and four water injection wells with current 

reservoir pressure about 3,300 psia and reservoir temperature is about 194 
0
F. the 

producers namely BN-6, BN-10, BN-31, BN-32, BN-41, BN-65 and BN-66 while the 

injectors are BN-51, BN-52, BN-58 and BN-60 wells. Production from the Baronia 

field peaked about 9,600 stb/d and currently is about 4,600 stb/d since initiated in 1972. 

The estimated OOIP is 148 MMstb and water cut is about 34%. Cumulative production 

to date is about 34 MMstb (about 24% OOIP) [1]. 

 

The hydrocarbons in Baronia are found in staked reservoirs. The main reserves are 

distributed over ten sandstone reservoirs with at least eight separate oil-water contacts 

(OWC). The oil gravity is around 42 
o
API with oil formation volume factor of 1.55 

rb/stb. The initial dissolved gas-to-oil ratio is 1,038 scf/stb and oil viscosity is 0.3 cP. 

Since no gas was seen on logs, RV2 was assumed to be an undersaturated reservoir at 
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initial reservoir pressure of 3,420 psi [1]. The average reservoir parameters for Baronia 

RV2 reservoir are shown in Table 1.1 

 

Table 1.1: average reservoir parameters for Baronia RV2 [1]. 

Reservoir Parameters Average value 

Depth 7,830 ft 

Thickness 128 ft 

Porosity 17.50 % 

Permeability 70 mD 

Initial Reservoir Temperature 202 
o
F 

Temperature 194 
o
F 

Initial Reservoir Pressure 3,420 psi 

Oil Gravity 42 
o
API 

Oil Viscosity 0.3 cP 

Initial Oil Formation Volume Factor 1.55 

 

 

1.2 PROBLEM STATEMENT 

 

CO2 injection has been identified to be the most feasible EOR process for Malaysian 

field. There are many strategies on how the CO2 injection can be executed, which 

includes continuous, SWAG, WAG and hybrid WAG injection. Continuous injection 

can produce high oil produced to CO2 injection ration, early production response, but 

accompanied by viscous fingering problem. On the other hand, utilizing SWAG mode 

would reduce viscous fingering and provide better mobility control compared to WAG. 

However, one of the complications of this mode is the insufficient CO2 availability at 

the flood front to maintain continuous oil viscosity reduction. WAG process would 

reduce viscous fingering effect and gives higher CO2 utilization, hence less CO2 

breakthrough but its main disadvantages is the loss of injectivity, giving slower oil 

production response. The last mode of study, hybrid WAG has the same advantages as 

the conventional WAG process and it would give early production response and better 

injectivity. Each of the injection modes has their own advantages and disadvantages. 

Therefore careful selection of the injection mode must be made, either by simulation or 

by lab experiments before any pilot evaluation of field implementation. 
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1.3 SIGNIFICANT OF STUDY 

 

This project is to conduct comparative experimental study for Baronia RV2 reservoir. 

 

Miscibility can be achieved at current Baronia RV2 reservoir temperature and pressure 

hence this study is focused on miscible carbon dioxide displacement. Miscible fluids 

have no interfaces and consequently have no interfacial tension therefore it can reduce 

residual oil saturation to its lowest possible value and maximize the recovery. The 

chosen of carbon dioxide gas instead of nitrogen gas is because the carbon dioxide gas 

has smaller differential in viscosity with Baronia crude oil and will gives lower 

interfacial tension thus make it easier to achieve miscibility.  

 

The result of this study will enhance our understanding on the benefits of CO2 injection/ 

flooding for Baronia oil fields and will assist decision making in the further 

development of the field. 

 

1.4 OBJECTIVE AND SCOPE OF STUDY 

 

The main objective of this project is to determine the most optimum injection mode of 

CO2 flooding for the Baronia RV2 reservoir, by means of coreflood displacements. 

 

The scope of study for this project are: 

 

1) Perform literature review on Enhanced Oil Recovery (EOR) techniques and 

specifically study on injection modes selected to be experimented for this 

project which are: 

i. Continuous injection 

ii. Simultaneous water and gas (SWAG) injection 

iii. Water alternate gas (WAG) injection 

iv. Hybrid WAG injection 
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2) Study on the background of Baronia RV2 reservoir. 

3) Design of experiments for each mode of CO2 injection. 

4) Design of modification to the core flood equipment to suit the specific need of 

this project. 

5) Running experiments for each mode of injection. 

6) Analyze and compare results from the experiment.
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CHAPTER 2 

LITERATURE REVIEW 

 

Enhanced oil recovery (EOR) basically a tertiary oil recover technique to recover 

remaining oil after the primary and secondary methods have run their courses. EOR is a 

generic term for techniques for increasing the amount of oil that can be extracted from 

and oil field. Using EOR, 30-60% or more of the reservoir’s original oil can be 

extracted compared with 20-40% using primary and secondary recovery [3].
 
Primary 

recovery produces oil and gas using the natural pressure of the reservoir as the driving 

force to push the material to the surface. Secondary recovery uses other mechanisms 

such as gas re-injection and water flooding to produce residual oil and gas remaining 

after the primary recovery phases.
 
While tertiary recovery (EOR) involves injecting 

other gases (such as carbon dioxide) or heat (steam or hot water) to stimulate oil and gas 

flow to produce remaining fluids that were not extracted during primary or secondary 

phase [4].
 
The EOR technique is achieved by either gas injection, thermal recovery or 

chemical injection [3]. Gas injection is the most commonly used in EOR technique. The 

most commonly used gasses in gas injection technique are nitrogen gasses, CO2, 

hydrocarbon gasses because of they are cheap and readily available as waste material. 

Here, gas such as carbon dioxide (CO2), natural gas, or nitrogen is injected into the 

reservoir whereupon it expands and thereby pushes additional oil to a production 

wellbore, and moreover dissolves in the oil to its lower viscosity and improves the flow 

rate of the oil [3]. 

 

2.1 CO2 FLOODING 

 

CO2 flooding has been identified as one of the most feasible EOR technique in Malaysia 

[3]. Oil displacement by CO2 injection relies on the phase behavior of CO2 and crude oil 

mixtures that are strongly dependent on reservoir temperature, pressure and crude oil 

composition. These mechanisms range from oil swelling and viscosity reduction for 

injection of immiscible fluids (at low pressures) to completely miscible displacement in 
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high-pressure applications. In these applications, more than half and up to two-thirds of 

the injected CO2 returns with the produced oil and is usually re-injected into the 

reservoir to minimize operating costs. The remainder is trapped in the oil reservoir by 

various means [3]. 

 

Although the CO2 flooding has been selected as the most feasible technique, the most 

effective injection technique is yet to be determined. Several types of injections that can 

be implemented by CO2 flooding are Continuous injection, Water Alternating Gas 

(WAG), Simultaneous Water and Gas (SWAG) injection as well as Hybrid WAG. Each 

of the injection type has it owns advantages and disadvantages. 

 

CO2 flooding can be an ideal tertiary recovery method. It is particularly effective in 

reservoirs deeper than 2,000 ft with API oil gravity greater than 22
0
 and remaining oil 

saturation greater than 20%. The viscosity of the reservoirs should be less than 15 cP 

(preferably less than 10 cP). CO2 can dissolve in water; thus it can lower the interfacial 

tension between oil and water. CO2 is uniquely solvent which potential to perform 

either as an immiscible or a miscible EOR agent. The nature of its behavior is 

dependent upon the composition of the oil and the reservoir pressure and temperature. 

Whether the process is carried out as a miscible or as an immiscible displacement and 

regardless of the method it applied in the field, the reduction of oil viscosity, swelling of 

oil, vaporization of oil, miscibility effects and reduction of interfacial tension 

mechanism play an important role in increasing the oil recovery by CO2 flooding. These 

mechanisms are more or less important depending on whether the CO2 displacement is 

miscible or immiscible. For example, with the miscible CO2 process, the vaporization of 

the crude oil, development of miscibility and reduction of interfacial tension are very 

important whereas with immiscible CO2 displacement, reduction of crude oil viscosity 

and swelling of oil are important effects [1]. 

 

The disadvantage of CO2 flooding compared with waterflooding results from the low 

viscosity of CO2 relative to that of oil [1]. For example, at a reservoir temperature of 

110
o
F, CO2 viscosity is about 0.03 cP at 1,500 psi, whereas at 2,500 psi, the viscosity is 
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about 0.06 cP. The low viscosity of CO2 causes the mobility ratio in most CO2 floods to 

be unfavorable; and unfavorable mobility ratio affect sweepout adversely [1].  

 

The densities of oil and CO2 are similar at many reservoir conditions, which tend to 

minimize, although not necessary eliminate, segregation between these fluids in 

reservoirs that have not been waterflooded. In reservoir that have been waterflooded or 

have had water injected with CO2 to counteract the effects of viscosity ratio and 

permeability stratification, the density contrast between water and CO2 may cause 

segregation [1]. 

 

2.1.1  The CO2 Miscible Process 

 

In general, miscibility between fluids can be achieved through two mechanisms; first-

contact miscibility and multiple-contact miscibility. When two fluids become 

completely miscible, they form a single phase, one fluid can completely displace the 

other fluid, leaving no residual saturation. A minimum pressure is required for two 

fluids to be miscible [5]. 

 

A clear example of first-contact miscibility is ethanol and water. Regardless of the 

proportions of the two fluids, they immediately form one phase with no observable 

interface. Butane and crude oil also are first-contact miscible, and butane might make 

an ideal solvent for oil were it not for its high cost. In the multiple-contact miscible 

process that takes place with CO2 and crude oil, CO2 and oil are not miscible on first 

contact, but require many contacts in which components of the oil and CO2 transfer 

back and forth until the oil-enriched CO2 cannot be distinguished from the CO2-

enriched oil. This process is called condensing/ vaporizing mechanism. Multiple-

contact miscibility between CO2 and oil starts with dense-phase CO2 and hydrocarbon 

liquid. The CO2 first condenses into the oil, making it lighter and often driving methane 

out ahead of the “oil bank.” The lighter components of the oil then vaporize into the 

CO2-rich phase, making it denser, more like the oil, and thus more easily soluble in the 

oil. Mass transfer continues between the CO2 and oil until the resulting two mixtures 
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become indistinguishable in terms of fluid properties. At that point, there is no interface 

between the CO2 and oil, and one hydrocarbon phase results [5]. 

 

Fig. 2.1 illustrates the condensing/ vaporizing mechanism for miscibility. During the oil 

displacement, there is a gradation in composition from pure CO2 on the left (injection 

side) to virgin oil on the right (production side). The vaporizing region occurs upstream 

of the condensing region. Every contact in the process involves a miscible 

displacement, even though pure CO2 is not miscible with original oil [5]. 

 

Miscibility development between CO2 and oil is a function of both temperature and 

pressure, but for an isothermal reservoir, the only concern is pressure. As pressure 

increases, the oil can dissolve more CO2, and more oil components can be vaporized by 

the CO2. At some pressure, when the CO2 and oil are in intimate contact, they will 

become miscible. When the contact between CO2 and oil occurs with little or no 

reservoir mixing, the pressure at which miscibility happens is defined as the 

thermodynamic minimum miscibility pressure (thermodynamic MMP). The effect of 

small-scale reservoir mixing can decrease the displacement efficiency of CO2 and 

increase the pressure required for miscibility [5]. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.1: Condensing/ vaporizing mechanism 
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Even though CO2 is not miscible with reservoir oil on first contact, when it is forced 

into a reservoir a miscible front is generated by a gradual transfer of smaller, lighter 

hydrocarbon molecules from the oil to the CO2. This miscible front is in essence a bank 

of enriched gas that consists of CO2 and light hydrocarbons. Under favorable conditions 

of pressure and temperature, this front will be soluble with the oil, making it easier to 

move toward production wells. CO2 vaporizes or extract hydrocarbon from the crude as 

heavy as the gasoline and gas/oil fractions. Vaporization occurs at temperature where 

the fluid at the displacement front is CO2-rich gas, and the extraction occurs at 

temperatures where the fluid at the displacement front is CO2-rich liquid. According to 

the pseudoternary diagram concept of CO2 /reservoir oil phase behaviour, no tie lines 

pass through the reservoir oil composition above the MMP; and because of this, 

vaporization/ extraction can proceed to such and extent and so alter the composition of 

displacing fluid at the displacement front that dynamic miscibility result after sufficient 

contacting has occurred between the CO2 and the reservoir oil [6]. 

 

The pressure required for achieving dynamic miscibility with CO2 is usually 

significantly lower than the pressure required for dynamic miscibility with either natural 

gas, flue gas, or nitrogen. This is a major advantage of the CO2 miscible process 

because dynamic miscibility can be attainable pressures in a broad spectrum of 

reservoirs [6]. 

 

2.1.2 The Estimation of Miscibility Pressure 

 

Based on experimental study of factors affecting CO2 miscibility pressure, following 

conclusion were made: [7] 

1. Dynamic miscibility occurs when the CO2 density is sufficiently great that the 

dense gas CO2 or liquid CO2 solubilizes the C5-through-C30 hydrocarbons 

contained in the reservoir oil. For the particularly oils examined in their study, 

Holm and Josendal observed that the miscible displacement occurred at CO2 

densities ranging from 0.4 to 0.65 g/cm3 depending on both the total amount of 
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C5-through-C30 hydrocarbon in the C5
+
 fraction of the reservoir oil and the 

distribution of hydrocarbons in this carbon range [7]. 

2. Reservoir temperature is an important variable affecting MMP because of its 

effect on the pressure required or achieve the CO2 density required for miscible 

displacement. A higher temperature results in a higher miscibility pressure 

requirement, other factors being equal [7]. 

3. MMP is inversely related to the total amount of C5-through-C30 hydrocarbons 

present in the crude oil. The more of these hydrocarbons contained in the crude 

oil, the lower the miscibility pressure [7]. 

4. MMP is affected by the molecular weight distribution of the individual C5-

through-C30 hydrocarbons in the reservoir oil. Low-molecular-weight gasoline-

range hydrocarbons are particularly effective in promoting miscibility and the 

result in a lower miscibility pressure requirement, other factors being equal [7]. 

5. MMP also is affected but to a much lesser degree by the type of hydrocarbons 

present in the C5-through-C30 fraction. For example, aromatics result in lower 

miscibility pressure [7]. 

6. Properties of the heavy fraction (i.e., > C30 hydrocarbons) also influence MMP, 

although they are not as important as the total quality of C30
+
 material [7]. 

7. Development of dynamic miscibility does not require the presence of C2-

through-C4 hydrocarbons [7]. 

8. The presence of methane in the reservoir does not change the MMP appreciably 

[7]. 

 

2.1.3 Characteristic of CO2 

 

Recent activity in miscible flooding has focused on the CO2 miscible process. CO2 has a 

low viscosity, similar to that of hydrocarbon miscible solvents. As in hydrocarbon 

miscible flooding, volumetric sweepout in CO2 flooding is affected by an unfavourable 

viscosity ratio. CO2 density is similar to that of oil in many reservoirs, which minimizes 

CO2/oil segregation, but there is enough density contrast with brine for gravity 

segregation to occur when there is mobile reservoir brine. 
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Despite its low viscosity, CO2 can be attractive injection fluid. Dynamic miscibility can 

be achieved in many reservoirs because of a relatively low operating pressure 

requirement. In addition, both supply and cost of CO2 for miscible flooding may be 

more favourable in the future than for hydrocarbon-miscible solvents. This is because 

large quantities of CO2 are available from natural deposits and from manufacturing and 

power generating plants as by-products. CO2 from some of these sources, particularly 

natural deposits, potentially may be developed and transported to favourably located oil 

fields at acceptable cost [6]. 

 

2.2  CO2 INJECTION MODES 

 

2.2.1 Continuous Injection 

 

For continuous CO2 injection, a predetermined CO2 slug volume is injected 

continuously with no other injected fluid or chase fluid to the end of recovery. This 

approach usually is applied in gravity-drainage reservoir or nonwaterfloodable reservoir 

directly following primary depletion [5]. Continuous injection can produce high oil 

produced to CO2 injection ration, early production response, but accompanied by 

viscous fingering problem. It has disadvantages of high mobility of the gas that limits 

the vertical and the area sweep efficiencies of the gas injection [1]. 

 

2.2.2 Water alternating Gas (WAG) Injection 

 

The WAG process involves injecting alternating cycles of gas and water. The 

significant of this process is to increase the sweep efficiency during gas injection 

mainly by utilizing the water to control the mobility of the displacement and stabilize 

the front thus reducing the impact viscous fingering. The process fundamental principle 

is based on the experimental fact that the total mobility of a two phase system is less 

than single phase mobility by proper selection of ratio of the volumes injected [1]. 
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2.2.3 Hybrid WAG Injection 

 

Hybrid WAG is referred to a process where large slugs of gas are injected into the 

reservoir and subsequently followed by a relatively small number of slugs of water and 

gas [1]. The water serving to improve sweep efficiency and to minimize the amount of 

CO2 required for the flood. 

 

2.2.4 Simultaneous Water and Gas (SWAG) Injection 

 

SWAG has been suggested as a means to reduce the capillary entrapment of oil in small 

scale reservoir heterogeneity, reduce viscous fingering and providing better mobility 

control of the gas compared to WAG and continuous injection processes. However, one 

of the complications of this mode is the insufficient CO2 availability at the flood front to 

maintain continuous oil viscosity reduction. The process consists of mixing the gas with 

water at a pressure sufficient to maintain bubble flow of a gas dispersed in a water flow 

stream. The mixing occurred at the wellhead resulted in a two phase well stream from 

the wellhead down to the perforations to avoid segregation in the surface system [1]. 

 

2.3  LITERATURE REVIEW ON OTHER PEOPLE’S WORK 

 

Previous study has been made on “Numerical Evaluation of Single-Slug, WAG, and 

Hybrid WAG CO2 Injection Processes, Dollarhide Devonian Unit, Andrews Country, 

Texas” by E.C Lin and E.S Poole. This paper summarizes a numerical evaluation of the 

effectiveness of applying the conventional single-slug (continuous injection), water-

alternating-gas (WAG) CO2 injection processes and an innovative hybrid WAG process 

at the Dollarhide Devonian Unit, Andrews Country, Texas [8].  

 

Dollarhide crude is a relatively light fluid with a 40
o
API gravity. Initial bubblepoint 

pressure was about 2,830 psi, which is lower than the initial reservoir pressure of 3,300 

psi. Initial solution GOR was about 1,270 scf/bb [8]l 
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Under the most likely reservoir conditions during CO2 flooding (TR=120
o
F and an 

average reservoir pressure of 3,200 psi), the density of Dollarhide crude is only slightly 

greater than that of CO2 (0.8 vs. 0.76 g/cm
3
). This small difference significantly reduces 

the adverse effect if gravity override of CO2 during injection. The viscosity ratio of 

crude to CO2 at such conditions is <10, which implies that only moderate viscous 

fingering will occur [8]. 

 

The minimum miscibility pressure was measured to be about 1,650 psi. This pressure is 

several hundred psi lower than the average reservoir pressure during CO2 flooding. As a 

result, a miscible process is to be expected for CO2 flooding at the Dollarhide field [8]. 

 

2.3.1 Continuous CO2 Injection Prediction Runs. 

 

Five slug sizes (8.8, 20, 30, 40, and 50% HCPV CO2 injection) were investigated for the 

continuous injection process to determine the optimal slug size to be used for the 

Dollarhide field application [8]. 

 

It was found that the incremental oil recovery was increased and the solvent efficiency 

(i.e., the ratio of incremental oil recovery to the amount of CO2 injected) decreased with 

increasing CO2 slug size. Beyond a slug size of 30% HCPV CO2, the solvent efficiency 

dropped below 0.1bbl/Mcf. With such low solvent efficiencies, a CO2 flood project is 

not likely to be economical. As a result, a CO2 slug size of 20% HCPV was selected and 

used in this study for comparing oil recovery from various CO2 injection processes [8]. 

 

2.3.2 CO2-WAG-Injection Prediction Runs. 

 

During WAG injection studies, the total volume of CO2 injected was kept at 30% 

HCPV. A sensitivity study indicated that different WAG ratios from 0.5 to 2 did not 

affect oil recovery significantly as long as the total volume of CO2 injected was 
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identical. A WAG ratio of 1:1 was selected for comparison with the continuous process 

[8]. 

 

Incremental oil recovery for the WAG process was 1.9% OOIP higher than the 

comparable continuous injection case. Further study indicates an acceleration of oil 

production for the continuous injection, while the WAG case gained advantage in 

cumulative oil recovery [8]. 

 

2.3.3 Hybrid-CO2-Injection Prediction Runs. 

 

In light of favorable early response by the continuous process and the overall higher oil 

recovery by the WAG process, an innovative hybrid CO2 injection process was 

investigated. This hybrid process begins with an 8.8% HCPV pre-WAG initial slug CO2 

injection followed by injection of 42.4% HCPV of 1:1 WAG CO2. This makes a total of 

30% HCPV CO2 injection before water injection to the economic limits. It was 

anticipated that this hybrid operation effectively would create an oil bank during initial 

slug injection and maintain higher oil production rates through improved mobility 

control during WAG injection. The selection of an initial CO2 slug of 8.8% HCPV was 

reasonable because CO2 is about to break through at the end of this injection [8]. 

 

From the simulation, it is predicted that WAG process is the most attractive process for 

the Dollarhide application as it gives the highest cumulative oil recover, 66% 

 

Table 2.1: Summary of Simulation Prediction Result for the Dollarhide Field Study [8]. 

 30% HCPV CO2 

Continuous 

30% HCPV CO2 

1:1 WAG 

30% HCPV CO2 

hybrid WAG 

Cumulative oil 

recovery, % OOIP 

64.1 66.0 64.8 
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Core Preparation and Core 

Characteristic Measurement 

Start 

Design Experiment for Each 

Injection Mode 

CHAPTER 3 

METHODOLOGY 

 

The methodology of conducting this project work is summarized in the following 

flowchart. 
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3.1 EQUIPMENT 

 

Experiments on CO2 flooding were conducted on a core flood equipment called 

“Relative Permeability Test System” (RPS). This system can accommodate gas 

injection by means of gas mass flow controllers. The system is provided with precision 

metering pumps for constant pressure or constant flow rate injection. The produced 

phases are collected in either a fraction collector or phase separator depending upon the 

option chosen. 

 
Figure 3.1: Relative Permeability Test System (RPS) 

 

 

The fluid injected will be accumulated in the accumulator until it built up to required 

pressure before injected through the core. The core sample is placed inside the 

horizontal core holder with overburden pressure holding the core. Overburden pressure 

must be greater than injection pressure to ensure the injection fluid completely go 

through the core. 
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Figure 3.2: Accumulators and Core holder inside the sytem 

 

 

Several parameters of the core are required prior to the start of experiments: 

1. Density of the Gas 

2. Viscosity of the Gas 

3. Temperature and Pressure 

4. Injection Flowrate 

 

Item 1 and 2 are obtained from PVT data for CO2 

 

Item 3 relates to the prevailing reservoir temperature and MMP. 

 

Item 4 is dictated by the actual velocity of the injected fluid front. 
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3.2  DESIGN THE EXPERIMENT FOR EACH INJECTION MODES 

 

3.2.1 Calculate the value of viscosity and density of CO2 

 

Value of viscosity and density of CO2 were obtained from PVT data-CO2 Properties at 

Various Temperature, 
o
F tables as shown in Appendix 11. The data for 800 psi 

properties are summarized in the Table 3.1. 

 

Table 3.1: The summary of CO2 properties at 800psi 

Temperature, 
o
F Viscosity, cP Density, lbm/ft

3
 

70 0.01909 10.28 

77 0.0189 9.671 

80 0.01882 9.41 

 

 

3.2.2 Determine the injection flowrate for each injection modes. 

 

The injection flowrate of each mode was designed in such that the velocity of the fluid 

injected will be 2 ft/day subsequently gives the flowarate value of 0.162cc/min. 

However, the coreflood equipment is unable to read flowrate value less than 0.5cc/min. 

Therefore, the velocity injected was set to be 15 ft/day. 

 

According to Buckley Leveret theorem, the velocity of the fluid front can be found by; 

 

























dS

dF

A

q

t

x S

S

                          (Eq. 3.1) 

 

Where; 

 

 
St

x












: Velocity of the fluid injected 

 q: The flowrate of injection 
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 Φ: Porosity of core samples 

 A: Area of core samples 

 








dS

dFS : The slope of the graph plotted between Fs vs. S 

 

This equation however applies to 1-D waterflooding process. In order to manipulate this 

equation to describe movement of miscible fluid front, Koval’s modifications to the 

Buckley Leveret theorem are required. In Koval method, 
SF  can be found by; 

 
























 




EHS

S
FS

111
1

1
                          (Eq. 3.2) 

 

   Where E is defined as; 

4
4/1

22.078.0





























g
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                          (Eq. 3.3) 

Where; 

 Fs: Fractional Flow 

 S: Solvent saturation 

 H: Heterogeneity factor 

 E: Effective viscosity ratio 

 µo: Viscosity of oil 

 µg: Viscosity of gas (CO2) 

 

H: 1 (the fluid is homogenous) 

µo: 0.3 cP 

µg: 0.0189 cP 
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Using the Buckley-Leverett equation, the value of Fractional Flow, Fs for Solvent 

Saturation, S were obtained and shown in the table below: 

 

Table 3.2: Value of Fractional Flow, Fs in corresponds with Solvent Saturation, S 

S Fs 

0.1 0.197069431 

0.2 0.355767578 

0.3 0.48630707 

0.4 0.595571703 

0.5 0.688370546 

0.6 0.768164805 

0.7 0.837509123 

0.8 0.898330145 

0.9 0.95210832 

 

 

Fs

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 S

dFs / dS

 

Figure 3.3: Graph of Fractional Flow, Fs vs. Solvent Saturation, S 
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From the graph, the value of slope which represent the 
dS

dFS  is approximately 0.5378. 

V= 15 ft/d 

d= 0.125 ft 

A= 0.01227 ft
2
 

Φ= 18% 

 

Rearrange Equation 3.1; 

  

























dS

dF

A
t

x

q
S

S              (Eq. 3.4) 

 

The result of the calculation is shown in Table 3.3. 

 

Table 3.3: Fluid injection flowrate for each of injection mode. 

Core sample Injection mode Ratio qwater (cc/min) qCO2 (cc/min) 

A Continuous 0 : 1 0 1.1848 

B WAG 1 : 1 1.1935 1.1935 

C Hybrid WAG 1 : 1 1.1934 1.1934 

C SWAG 1 : 1 0.574 0.574 

 

The calculations will be further discussed in Appendix 7. 

 

3.2.3 Determine the time taken to complete the experiment. 

 

The total time for injection is determined to control the pore volume injected through 

core. It can be computed as 

 

 
min)/(

)(
(min)

ccFlowrate

ccctedVolumeInje
Time               (Eq. 3.5) 

 

 osityAveragePorBulkVolumePV             (Eq. 3.6) 
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Table 3.4: Average Pore Volume for individual core 

Core sample Bulk Vol. (cc) Average Porosity Pore Vol. (cc) 

A 87.05 0.1777 15.47 

B 87.14 0.1793 15.62 

C 87.05 0.1787 15.56 

D 87.26 0.1712 15.00 

 

Table 3.5: Total time taken to complete each of the injection modes. 

Injection 

mode 

Water CO2 Total 

time 

(min) 

qwater 

(cc/min) 

PV 

injected 

Time  

(min) 

qCO2 

(cc/min) 

PV 

Injected 

Time 

(min) 

Continuous 0 0 0 1.1848 4 PV 52.23 52.23 

WAG 1.1935 4 PV 52.35 1.1935 4 PV 52.35 104.70 

Hybrid 

WAG 

1.1934 3 PV 39.12 1.1934 4 PV  52.15 91.27 

SWAG 0.574 4 PV 104.53 0.574 4 PV 104.53 104.53 

 

The calculation for overall experiment is shown in the Appendix 8 

 

3.2.4 Determine the temperature and pressure to satisfy MMP 

 

The most critical detailed constraint for the applicability of miscible CO2 injection is the 

MMP. Minimum miscibility pressure is a function of oil properties, reservoir 

temperature, reservoir pressure, and the purity of the injected CO2. The pressure applied 

during the injection must be slightly higher than the MMP in order to achieve 

miscibility of gas and crude oil. The major factors that affect the MMP directly are 

temperature and the molecular weight of C5
+
 component in the crude oil.  

 

A two-step approach has been taken to estimate the Baronia RV2 reservoir’s MMP. 

First, the molecular weight of C5
+
 components of the reservoir oil must be determined. 

A correlation between oil API gravity and C5
+
 oil molecular weight should be made 

(Figure 3.4) [7]. 
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Figure 3.4: Correlation between oil gravity and the molecular weight of an oil’s C5
+
 

components [7]. 

 

 

Figure 3.5: Nonlinear relationship between temperature and C5
+
 oil molecular weight 

and minimum miscibility pressure [7]. 
 

 

This correlation can be empirically determined by applying Equation 3.7. 

0386.1

1

9.7864










G
MW                                                                     (Eq. 3.7) 
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Where; 

MW: Molecular weight of C5
+
 component in the crude oil 

G: API oil gravity 

 

G for Baronia crude oil is 42
0
 API, therefore the molecular weight of C5

+
 component in 

the crude oil (MW) is 154.1656. 

 

Second, MMP from reservoir temperature and C5
+
 oil molecular weight must be 

determined. A relationship is extended, which estimates MMP from molecular weight 

of the C5
+
 components of reservoir oil and reservoir temperature (Figure 3.5), was 

applied. This relationship was used by developing an equation through nonlinear 

multiple regression that allowed us to estimate MMP (Equation 3.8) [7]. 

 

)377.4()005.1727.7(558.329 MWMWMMP T        (Eq. 3.8) 

Where; 

MMP: Minimum Miscibility Pressure estimated 

T: Temperature (
o
F) 

 

Temperature for these experiments were set to be 77
 o

F, hence gives MMP value of 

744.64 psi. The pressure set for the experiment will be 800 psi which is slightly higher 

than MMP calculated to ensure the fluids will be fully miscible. The calculation is 

shown in Appendix 9 

 

3.3  CORE PREPARATION 

 

3.31 Core Cutting 

 

Two Berea core samples obtained were: 

a. 1 ft in length and 1.5 inch in diameter 

b. 3.5 inch in length and 2 inch in diameter  



 

 26 

The experiments have been designed to inject the CO2 into 3inch x 1.5 inch core plug. 

Therefore, the Berea core samples obtained have to be cut into required size using 

several equipments from the laboratory. The detail of this procedure is provided in 

Appendix 1. 

 

3.3.2 Core Cleaning 

 

The core samples need to be clean to remove contaminants. The cleaning processes 

were conducted using Soxhlet Extractor. Using solvent (Toluene), the core samples 

were left in the Soxhlet Extractor for about one day to fully removed the unnecessary 

particles inside the core samples. Subsequently, they were left in an oven for about 1 

day with temperature 77.5
0
C to make them dry. The detail of this procedure is provided 

in Appendix 2. 

 

3.3.3 Core characteristic measurement 

 

The important characteristic of the core samples to be measured are: 

a. Porosity 

b. Permeability 

c. Hydrocarbon Pore Volume (HCPV) 

 

These properties were measured using “Poroperm” instrument. The results are 

summarized in the following table; 

 

Table 3.6: Average properties of individual core 

Core 

sample 

Bulk Vol. 

(cc) 

Pore Vol. 

(cc) 

Grain density 

(g/cc) 

Effective Core 

Porosity (%) 

Permeability 

(mD) 

A 87.22 15.50 2.62 17.77 188.158 

B 87.15 15.63 2.62 17.93 205.626 

C 87.41 15.62 2.61 17.87 211.880 

D 87.30 115.01 2.64 17.19 199.271 

 

The detail of this procedure is provided in Appendix 3. 
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3.3.4 Preparation of brine water 

 

In this experiment, 10 liters of 30 ppm concentration of brine water was prepared to 

saturate the core samples prior to crude oil saturation. 30 g of salt was added into 1liter 

of distilled water to produce 1 liter of 30 ppm brine water. The step was repeated for 10 

times to produce 10 liters of brine. The detail of this procedure is provided in Appendix 

4 

 

3.3.5 Core Saturation 

 

The core samples are placed inside the manual saturator cylinder which filled with 30 

ppm of brine water. The cylinder is pressurized using a hand pump until it achieved 

1000 psi pressure. The core samples then left inside the cylinder for about one day to 

ensure that they are fully saturated with brine water. The detail of this procedure is 

provided in Appendix 5. 

 

The core samples that are fully saturated with brine are then placed inside a vacuum 

pump which filled with 1 liter of Baronia crude oil. The core samples then left inside 

the cylinder for about one day to ensure that they are fully saturated with Baronia crude 

oil. The detail of this procedure is provided in Appendix 6. 

 

3.4 DESIGN OF MODIFICATION OF EQUIPMENT 

 

The gas mass flow controller in Relative Permeability Test System is calibrated for 

nitrogen gas instead of CO2 which are used in this project. During several test runs, 

using CO2 injection, gas mass flow controller has been damaged. It was found that at 

high pressure, CO2 tends to form hydrates with moisture in the line, which in turns 

damage the gas mass flow controller. 
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To prevent the gas mass flow controller from malfunction, steps must be taken to ensure 

only dry gas flowing through it. Therefore dehumidifier is added into the system to 

absorb the moisture caused by liquefaction of CO2 gas in the tube before flowing into 

the gas mass flow controller. Silica gel is used as dehumidifier as it has great ability to 

absorb the moisture surround it.  

 

In this case, silica gel is placed in the High Pressure High Temperature (HPHT) 

cylinder and mounted to the system such that the gas will be passing through it prior to 

enter the gas mass flow controller. The schematic diagram is shown in Fig 3.7.  

 

 

Figure 3.6: Dehumidifier: HPHT with Silica Gel inside 
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Figure 3.7: The flow diagram of the system after modification 

 

 

Figure 3.8: Sequence of Flowing to through Dehumidifier 

From CO2 

Tank 

Dehumidifer  

(HPHT) 

Gas mass flow 

controller 
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Figure 3.9: Gas mass flow controller 

 

3.5 TEST RUN 

 

Test run is made after modification of equipment. During test run, the core sample used 

is not the core prepared before and the crude oil used is not from Baronia. The main 

objective of this test run is only to ensure the modification made can encounter the 

problem faced which is liquefaction of carbon dioxide gas. CO2 gas is expected to 

flowing through the system without any problem. 
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CHAPTER 4 

RESULT AND DISCUSSION 

 

From the experiment, the main parameters to be measured are Oil Recovery Factor and 

injection cycle time to achieve ultimate recovery. From these parameters, it can 

conclude which method leads to highest recovery and can find the most optimum 

injection mode of CO2 flooding for the Baronia RV2 reservoir. 

 

4.1 EXPERIMENT RESULT 

 

Table 4.1: Result of recovery for each injection modes 

Injection modes % Recovery 

Continuous Injection 40.00 

WAG Injection 41.61 

Hybrid WAG Injection 42.89 

SWAG Injection 67.95 

 

 

4.1.1 Continuous Injection 

 

The experiment is run by injecting 4 PV CO2 through the core. The time taken to inject 

4 PV of CO2 is 52.33 minutes with flowrate of 1.1848 cc/min. The recovery for 

continuous injection is 40.0%. It is found that the recovery for continuous injection is 

rapidly accelerate during first 15 minutes and very slowly producing for the next few 

minutes. 

 

4.1.2 WAG Injection 

 

During the WAG injection studies, the total volume of CO2 injected was kept at 4 PV. 

The total volume injected including water is 8 PV. A WAG ratio of 1:1 is selected for 
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comparison with the continuous injection. The time taken to inject 8 PV of CO2 and 

water is 104.70 minutes with flowrate of 1.1935 cc/min. 

 

The oil recovery for the WAG process is 41.619% which is 1.61% higher than 

continuous injection case. It is maybe due to an acceleration of oil recovery for 

continuous case at early injection, while the WAG case gained an advantage in 

cumulative oil recovery at longer time. 

 

4.1.3 Hybrid WAG Injection 

 

In light of the favorable early oil response by the continuous injection and the overall 

higher oil recovery by the WAG injection, an innovative hybrid WAG injection process 

is investigated. This process begins with 1 PV initial slug of CO2 injection followed by 

injection of 3 PV of 1:1 WAG CO2. This makes a total of 4 PV CO2 injection and total 

of 7 PV including water injection. The time taken for initial slug of CO2 is 13.09 min 

and the total time taken to inject 7 PV 1:1 hybrid WAG injection is 91.63 minutes. 

 

The recovery for hybrid WAG is 42.89% which is 1.28% higher than continuous 

injection and 1.28% higher than WAG injection. It was anticipated that this hybrid 

WAG injection effectively would create an oil bank during initial slug of CO2 injection 

and maintain higher oil production rates through improved mobility control during 

WAG injection. 

 

4.1.4 SWAG Injection 

 

This method is involves the simultaneous injection of 4 PV of water and 4 PV of CO2 

through core. The time taken to complete injecting 8 PV of water and CO2 

simultaneously with flowrate of 0.574cc/min is 104.60 minutes. The recovery for this 

injection is 67.95% which is the highest oil recovery obtained compared to other three 

methods (Continuous Injection, WAG Injection, and hybrid WAG Injection). 
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From the result, it can be concluded that the SWAG injection is the most effective 

injection modes for Baronia RV2 reservoir by the means of highest oil recovery. The 

coreflood equipment does not have a wet gas meter or any kind of gas production 

measurement. Therefore, in this work, only oil production can be measured. 

 

The oil was flowing out from the core through the tubing and collected in a beaker. The 

amount of oil collected in the beaker is not the maximum recovery as there was still 

remaining oil left in the tubing. Therefore, the volume inside the tubing was calculated 

and added with the volume of oil recovered in the beaker to obtain maximum oil 

recovery.  

4

2 Ld
ngVolumeTubi


  

Where;  

d: diameter of tubing 

L= Length of tubing 

 

 

Figure 4.1: Oil flowing through the core and tubing 

 

4.2 PROJECT’S CONSTRAINTS AND LIMITATIONS 

 

1. As been planned from the beginning, this project is to run the experiment using 

Baronia crude oil and Baronia core. However, due to logistic and availability 

problem, the Baronia core is not available. Therefore, as alternative, Berea core 

injection Flowing out 

tubing 
core 

d 
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is chosen to replace Baronia core because it has almost the same characteristic 

as the real core from Baronia which is around 17.5% porosity. 

 

2. The equipment used to run the core flooding is Relative Permeability Test 

System. This equipment is design ideally for nitrogen gas. If CO2 gas is used, it 

will damage the mass flow controller because carbon dioxide gas produced 

liquid at high temperature and high pressure. Therefore, the equipment is 

modified by adding dehumifier system before carbon dioxide flow into mass 

flow controller. Silica gels are added into HPHT to adsorb the liquid produced 

by CO2. 

 

3. Based on the initial design, the velocity to inject the carbon dioxide and brine 

water is 2ft/day and subsequently the injection flowrate will be 0.162cc/min. 

The equipment cannot read less than 0.5cc/min so the velocity has to be 

increased and become 15ft/day. 

 

4. The Baronia RV2 reservoir temperature is 194
0
F, subsequently gives MMP of 

2130.49 psi. However, maximum pressure of available CO2 tank is only 850 psi 

and sometimes the pressure fluctuates and getting lower during the experiment. 

Therefore these experiments were run under temperature of 77
0
F to ensure fully 

miscibility between CO2 and crude oil is achieved. The MMP for 77
0
F is 744.64 

psi. 

 

5. The coreflood equipment does not have a wet gas meter or any kind of gas 

production measurement. Therefore, in this work, only oil production can be 

measured. 
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CHAPTER 5 

CONCLUSION 

 

1. After running the experiment, it can be concluded that SWAG injection is the 

most efficient injection modes for Baronia RV2 reservoir. 

2. SWAG injection mode yield 67.95% oil recovery. 

3. It is 27.95% higher than continuous injection, 26.34% higher than WAG 

injection and 25.06% higher than hybrid WAG injection. 

4. This result due to SWAG was injected with the highest total PV which is 8 PV. 

5. SWAG injection also has great ability to improved sweep efficiency hence 

increase the recovery. 
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CHAPTER 6 

RECOMMENDATION 

 

1. For further work, it is recommended to maintain the total PV between each of 

injection mode to evaluate the performance of injection modes at specified PV. 

2. The reading of oil recovery should be taken at every 1 PV fluid injected to study 

the effect of different injection technique with function of time. 

3. It is believed that with proper design of WAG ratio and initial slug size, the 

hybrid WAG injection process has the potential to recover more oil than other 

injection modes. 
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APPENDIX 1 

 

Objective:  

To obtain 4 core samples with 3 inch in length and 1.5 inch in diameter   

 

Apparatus / Equipment:  

1. Coring Machine 

2. Trimming Machine 

3. Cutting Saw 

4. Transparent Container 

5. Cement 

6. Core 1 (1 ft length and 1.5 inch diameter) 

7. Core 2 (3.5 inch length and 2 inch diameter) 

 

Method: 

1. The 3.5 inch length and 2 inch diameter core is cemented in the transparent 

container to avoid the core from fractured during reducing its diameter size. 

 

Fig 1: Core 1 is cemented in transparent container 

 

2. The core 1 then left until the cement solidifies before doing the cutting. 

3. The second core with 1 ft length and 1.5 inch diameter is cut using Cutting Saw 

Machine to obtain 3 core samples with required size. 
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Fig 2: Core 2 is cut using Cutting Saw Machine 

 

4. The core samples obtained then trimmed by Trimming Machine to finish the 

core surface. 

 

Fig 3: Core samples trimmed by Trimming Machine 

 

5. After the cement has solidified, the core 1 is cut by Coring Machine to reduce 

the size of its diameter. 

6. Then the core 2 is cut by Cutting Saw Machine and trimmed by trimming 

machine to obtain another core sample with 3 inch length and 1.5 inch diameter. 
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Fig 4: Core 1 is being reduced in diameter by Coring Machine 

 

Result: 

4 core samples are obtained with length of 3 inch and diameter of 1.5 inch. 

 

Fig 5: 4 core samples obtained 
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APPENDIX 2 

 

Objective: 

To clean the core sample from oil, water and any other materials. 

 

Apparatus: 

1. Soxhlet Extractor 

2. Solvent (Toluene) 

 

Method: 

1. The core sample is first placed into the sample chamber. 

2. The solvent is heated and vaporized. The solvent vapors travel through a lateral 

way and rise to the top of the glass tube where the cold trap is. At this place, the 

vapors condense and fall into the sample chamber. The solvent fills the chamber 

and removes soluble components from the core. 

3. Then, the spoiled solvent is evacuated from the chamber through a siphon and 

goes back to the flask where it will be redistilled. 

4. The core sample is left for about 8 hours inside the sample chamber to ensure 

the core is fully cleaned. 

5. After brought out, the core sample is left in oven for about 1 day with 

temperature 77.5
0
C to make it dry. 

 

 

Figure 1: Sample Chamber 
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APPENDIX 3 

 

Objective: 

To determine the porosity and permeability of core samples. 

 

Apparatus / Equipment: 

1. 4 core samples labeled A, B, C and D. 

2. Electronic Balance 

3. Digital Caliper 

4. Poroperm Machine 

 

Method: 

1. The core samples have to be cleaned and dried before start the porosity and 

permeability test. 

2. Weights of core samples are measured using Electronic Balance. 

 

 

 

 

 

 

 

 

  Figure 1: Electronic Scale    Figure 2: Digital caliper 

 

3. Diameter and length of core samples are measured using Digital Caliper. 

4. All information required has to be filled in the Excel file such as: 

i. Sample ID 

ii. Diameter of the core 

iii. Length of the core 

iv. Weight 

v. Atmospheric pressure 
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5. Inlet pressure is set to be 100 psi and confining pressure must be greater than 

200 psi.  

6. Core sample A is plugged into the core holder. 

7. “Calibration” button is clicked on to start the calibration after the core sample 

has been identified. 

8. Step 6 and 7 are repeated for the rest of core samples. 

9. The report will be available in active file (Excel file). 

10. The Poroperm machine is switched off after finish measure all the samples. 

 

Figure 3: Poroperm Machine 

 

Data: 

Atmospheric pressure: 14.7 psi 

Room temperature: 24.7 
0
C 

Core information: 

 

Core sample ID Diameter (mm) Length (mm) Weight (g) 

A 37.91 77.27 187.721 

B 37.90 77.25 187.637 

C 37.95 77.28 187.273 

D 37.96 77.14 190.815 
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Result: 

 

1
st
 run 

Table 4.2: Porosity of core (1
st
 run) 

Core 

sample 

Bulk Vol. (cc) Vol. Grain 

(cc) 

Pore Vol. 

(cc) 

Grain density 

(g/cc) 

Effective Core 

Porosity (%) 

A 87.22 71.90 15.32 2.61 17.56 

B 87.15 71.50 15.64 2.62 17.95 

C 87.41 71.80 15.61 2.61 17.86 

D 87.30 72.30 15.00 2.64 17.18 

 

Table 4.3: Permeability of core (1
st
 run) 

Core sample Permeability Kair (mD) Permeability Kklinkenberg (mD) 

A 185.171 158.689 

B 204.294 182.398 

C 209.577 176.341 

D 192.213 161.045 

 

2
nd

 run 

Table 4.4: Porosity of core (2
nd

 run) 

Core 

sample 

Bulk Vol. (cc) Vol. Grain 

(cc) 

Pore Vol. 

(cc) 

Grain density 

(g/cc) 

Effective Core 

Porosity (%) 

A 87.22 71.66 15.56 2.62 17.84 

B 87.15 71.50 15.65 2.62 17.96 

C 87.41 71.80 15.61 2.61 17.86 

D 87.30 72.32 14.98 2.64 17.16 

 

Table 4.5: Permeability of core (2
nd

 run) 

Core sample Permeability Kair (mD) Permeability Kklinkenberg (mD) 

A 189.893 167.311 

B 210.541 194.526 



 

 48 

C 208.010 174.872 

D 207.877 194.068 

 

 

3
rd

 run 

Table 4.6: Porosity of core (3
rd

 run) 

Core 

sample 

Bulk Vol. (cc) Vol. Grain 

(cc) 

Pore Vol. 

(cc) 

Grain density 

(g/cc) 

Effective Core 

Porosity (%) 

A 87.22 71.75 15.47 2.62 17.74 

B 87.15 71.56 15.59 2.62 17.89 

C 87.41 71.78 15.63 2.61 17.88 

D 87.30 72.22 15.08 2.64 17.27 

 

Table 4.7: Permeability of core (3
rd

 run) 

Core sample Permeability Kair (mD) Permeability Kklinkenberg (mD) 

A 191.734 170.841 

B 205.447 183.255 

C 215.242 190.440 

D 199.084 177.051 

 

 

4
th

 run 

Table 4.8: Porosity of core (4
th

 run) 

Core 

sample 

Bulk Vol. (cc) Vol. Grain 

(cc) 

Pore Vol. 

(cc) 

Grain density 

(g/cc) 

Effective Core 

Porosity (%) 

A 87.22 71.59 15.63 2.62 17.92 

B 87.15 71.55 15.60 2.62 17.90 

C 87.41 71.79 15.62 2.61 17.87 

D 87.30 72.34 14.96 2.64 17.14 

 

Table 4.9: Permeability of core (4
th

 run) 
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Core sample Permeability Kair (mD) Permeability Kklinkenberg (mD) 

A 185.835 159.742 

B 202.423 179.623 

C 214.691 189.913 

D 197.909 176.347 

 

 

Calculation: 

Core sample A 

Bulk Volume  = 
4

2 Ld 
 

 = 
4

16.77)9.37( 2 mmmm 
 

 = 87048.35 mm 

 = 87.05 cc 

 

Pore Volume = Bulk Volume x Porosity 

 = 87.05 cc x 0.1777 

 = 15.47 cc 

 

 

Core sample B 

Bulk Volume  = 
4

2 Ld 
 

 = 
4

24.77)9.37( 2 mmmm 
 

 = 87138.60 mm 

 = 87.14 cc 

 

Pore Volume = Bulk Volume x Porosity 

 = 87.14 cc x 0.1793 
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 = 15.62 cc 

 

Core sample C 

Bulk Volume  = 
4

2 Ld 
 

 = 
4

16.77)9.37( 2 mmmm 
 

 = 87048.35 mm 

 = 87.05 cc 

Pore Volume = Bulk Volume x Porosity 

 = 87.05 cc x 0.1787 

 = 15.56 cc 

 

Core sample D 

Bulk Volume  = 
4

2 Ld 
 

 = 
4

35.77)9.37( 2 mmmm 
 

 = 87262.69 mm 

 = 87.26 cc 

Pore Volume = Bulk Volume x Porosity 

 = 87.26 cc x 0.1719 

 = 15.00 cc 
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APPENDIX 4 

 

 

Objective: 

To prepare 10 liters of 30ppm brine water. 

 

Apparatus: 

3. Distilled water 

4. 300g of salt 

 

Method: 

6. 1 liter of distilled water is pumped into the cylinder. 

7. 30 g of salts is weighted and is put into the distilled water. 

8. The mixture of 1 liter of distilled water and 30 g of salt is stirred until the salt 

dissolved. 

9. Step 1 until 3 are repeated for another 10 times to prepare 10 liters of 30 ppm 

brine water. 



 

 52 

APPENDIX 5 

 

Objective: 

To saturate the core samples with brine water 

 

Apparatus: 

5. Manual Saturator 

6. 5 liters of 30 ppm brine water 

 

Method: 

10. The reservoir tank is filled with 30 ppm brine water to saturate with core. 

11. The core is placed inside the cylinder. 

12. The cylinder is closed. 

13. The vacuum valve is opened while the pressure gauge valve is closed. 

14. The cylinder is vacuumed. 

15. The main valve is opened. 

16. The brine is started pumped with hand pump to fill the cell with the fluid in the 

reservoir to pressurize it. 

17. The pressure is increased until 1000 psi. 

18. The core samples are left in the cylinder for one day until they are fully 

saturated. 

 

Result: 

The core samples were saturated with 30 ppm of brine water. 
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APPENDIX 6 

 

Objective: 

To saturate the core samples with Baronia crude oil 

 

Apparatus: 

7. Vacuum Pump 

8. 1 liters of Baronia crude oil 

 

Method: 

19. The gas ballast valve is closed. 

20. The reservoir is filled with oil. 

21. Switch is turned on. 

22. The cap on the inlet ports is replaced when the pumps run smoothly. 

23. The vacuum pump is run for at least 30 minutes. Then the oil level is check. The 

oil level must be at the oil level line. 

24. The manifold valve between pump and the system is closed. 

25. The hose from the pump inlet is moved. 

26. Cap the inlet port to prevent any contamination or loose particles from entering 

the port. 

 

 

Figure 1: Vacuum Pump 

 

Result: 

The core samples were saturated with Baronia crude oil. 
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APPENDIX 7 

 

CALCULATE THE FLOWRATE FOR EACH INJECTION 

 

Buckley-Leverett Equation and Koval method 
























 




EHS

S
FS
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1
 

and, 

4
4/1

22.078.0





























g
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Where; 

Fs: Fractional Flow 

S: Solvent saturation 

H: Heterogeneity factor 

E: Effective viscosity ratio 

µo: Viscosity of oil 

µg: Viscosity of gas (Carbon Dioxide) 

 

H: 1 (the fluid is homogenous) 

µo: 0.3 cP 

µg: 0.0189 cP 

 

4
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3.0
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Using the Buckley-Leverett equation, the value of Fractional Flow, Fs for Solvent 

Saturation, S are obtained and shown in the table below: 

 

Table 1: Value of Fractional Flow, Fs in corresponds with Solvent Saturation, S 

S Fs 

0.1 0.197069431 

0.2 0.355767578 

0.3 0.48630707 

0.4 0.595571703 

0.5 0.688370546 

0.6 0.768164805 

0.7 0.837509123 

0.8 0.898330145 

0.9 0.95210832 

 

 

Fs

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 S

dFs / dS

 

Figure 1: Graph of Fractional Flow, Fs vs. Solvent Saturation, S 

From the graph, the value of slope which represent the  
dS

dFS  is approximately 0.5378. 

V= 15 ft/d 

d= 0.125 ft 
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A= 0.01227 ft
2
 

Φ= 18% 

 

























dS

dF

A

q

t

x S
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Rearrange the equation; 

























dS

dF

A
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x
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Continuous Injection (Core sample A) 

 

5378.0

01216.01777.0/15 2ftdft
q


  

dcuftq /06025.0  

 

Conversion factor, 1 cuft = 28316.85 cc and 1day = 1440 minutes 

min1440

1

1

85.28316
/060256.0

d

cuft

cc
dcuftq   

min/1848.1 ccq   

 

WAG Injection (Core Sample B) 

 

For this calculation, consider WAG ratio of 1:1 

 

5378.0

01214.01793.0/15 2ftdft
q


  

dcuftq /06070.0  
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Conversion factor, 1 cuft = 28316.85 cc and 1day = 1440 minutes 

min1440

1

1

85.28316
/060706.0

d

cuft

cc
dcuftq   

min/1935.1 ccq   

WAGratioqqwater   











1

1
min/1935.1 ccqwater  

min/1935.1 ccqwater   

qqCO 2
 

min/1935.12 ccqCO   

 

Hybrid WAG Injection (Core Sample C) 

 

For this calculation, consider WAG ratio of 1:1 

 

5378.0

01218.01787.0/15 2ftdft
q


  

dcuftq /06069.0  

 

Conversion factor, 1 cuft = 28316.85 cc and 1day = 1440 minutes 

min1440

1

1

85.28316
/06069.0

d

cuft

cc
dcuftq   

min/1934.1 ccq   

WAGratioqqwater   











1

1
min/1934.1 ccqwater  

min/1934.1 ccqwater   

qqCO 2  
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min/1934.12 ccqCO   

 

SWAG injection (Core sample D) 

 

For this calculation, consider WAG ratio of 1:1 

 

5378.0

01218.01719.0/15 2ftdft
q


  

dcuftq /0584.0  

 

Conversion factor, 1 cuft = 28316.85 cc and 1day = 1440 minutes 

min1440

1

1

85.28316
/0584.0

d

cuft

cc
dcuftq   

min/1480.1 ccq   

2COwater qqq   

SWAGratioqqwater   













11

1
min/1480.1 ccqwater  

min/574.0 ccqwater   

SWAGratioqqCO 2  













11

1
min/574.02 ccqCO  

min/574.02 ccqCO   
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APPENDIX 8 

 

ESTIMATE THE TIME TAKEN TO COMPLETE THE EXPERIMENT 

 

Continuous Injection (Core sample A) 

 

Average Pore Volume PV: 15.50 cc 

Volume injected = 4PV 

                           = 4 x 15.50 cc 

                           = 62 cc 

 

Time taken to complete the experiment = Volume Injected 

                                                                          Flowrate 

                                                               =      62 cc 

                                                                    1.1848 cc/min 

                                                               = 52.23 min 

 

WAG Injection (Core Sample B) 

 

Number of cycle (water alternate gas): 3 

WAG ratio: 1 : 1 

Average Pore Volume PV: 15.63 cc 

Volume injected = 8 PV 

                           = 8 x 15.63 cc 

                           = 124.96 cc 

 

Volume injected in for carbon dioxide=  124.96 x 1 

                                                                        2 

                                                             = 62.48 cc 

Time taken to inject carbon dioxide  = volume injected 

(for each cycle)                                        flowrate x 3 
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                                                         =       62.48 cc 

                                                               1.1935 cc/min x 3 

                                                         = 17.45 min 

 

Volume injected in for water=  124.96 x 1 

                                                          2 

                                              = 62.48 cc 

Time taken to inject water= volume injected 

(for each cycle)                        Flowrate x 3 

                                         =       62.48 cc 

                                              1.1935 cc/min x 3 

                                         = 17.45 min 

 

Time taken to complete the experiment= 17.45 x 6 

                                                              = 104.70 min 

 

Hybrid WAG Injection (Core Sample C) 

 

Number of cycle (water alternate gas): 3 

WAG ratio: 1 : 1 

Average Pore Volume PV: 7 cc 

Initial slug of carbon dioxide injected= 1PV 

 

Volume injected for initial slug of CO2  

                           = 1 x 15.62 cc 

                           = 15.62 cc 

 

Time taken to inject intial slug of CO2 = volume injected 

                                                                       flowrate 

                                                              =       15.62 cc 

                                                                   1.1934 cc/min 
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                                                              = 13.12 min 

 

Volume injected in for carbon dioxide= 3 PV x 15.62 cc 

                                                             = 46.86 cc 

 

Time taken to inject carbon dioxide = volume injected 

(for each cycle)                                       flowrate x 3 

                                                         =       46.86 cc 

                                                            1.1934 cc/min x 3 

                                                         = 13.12 min 

 

Volume injected in for water= 3 PV x 15.62 cc 

                                              = 46.86 cc 

 

Time taken to inject water= volume injected 

(for each cycle)                        flowrate x 3 

                                         =       46.86 cc 

                                             1.1934cc/min x 3 

                                         = 13.12 min 

 

Time taken to complete the experiment= 13.12 x 7 min 

                                                              = 91.27 min 

 

SWAG Injection (Core Sample D) 

 

SWAG ratio: 1 : 1 

Average Pore Volume PV: 15.01 cc 

 

Volume injected = 8 PV 

                           = 8 x 15.01 cc 

                           = 120.08 cc 
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Time taken to complete the experiment =   Volume Injected (CO2) 

                                                                            Flowrate (CO2) 

                                                               =        60.04 cc 

                                                                      0.574 cc/min 

                                                               = 104.53 min 
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APPENDIX 9 

 

ESTIMATE THE MMP PRESSURE 

 

Temperature: 77
o
F 

API oil gravity: 42
o 

 

0386.1

1

9.7864










G
MW  

Where; 

MW: Molecular weight of C5
+
 component in the crude oil 

G: API oil gravity 

 

0386.1

1

42

9.7864








MW  

MW 154.1656 

 

)377.4()005.1727.7(558.329 MWMWMMP T   

Where; 

T: Temperature (
o
F) 

)1565.154377.4()005.11656.154727.7(558.329 77 MMP  

psiMMP 6407.744  

 

Therefore the experiments are decided to be run under 77
o
F temperature and 800 psi 

pressure in order to achieve miscibility. 
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APPENDIX 11 
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 66 

APPENDIX 12 

 

      First semester 

No. Detail/ Week 1 2 3 4 5 6 7  8 9 10 11 12 13 14 

1 Selection of Project Topic        

M
id

-s
em

es
te

r 
B

re
ak

 

       

2 Preliminary Research Work               

3 Submission of Preliminary Report     √           

4 Literature Review               

5 Study the core flood equipment and 

accessories. 

              

6 Design the experiment for each of 

injection mode 

              

7 Submission of Progress Report        √       

8 Seminar        √       

9 Consultancy regained from PRSB               

10 Design of modification to the core 

flood equipment 

              

11 Submission of Interim Report              √ 

12 Oral Presentation              √ 

                

                 

   √   Suggested milestone          

      Process          
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       Second Semester 

No. Detail/ Week 1 2 3 4 5 6 7  8 9 10 11 12 13 14 

1 Core Preparation        

M
id

-s
em

es
te

r 
B

re
ak

 

       

2 Experiment on each type of injections               

3 Submission of Progress Report 1    √           

4 Literature Review               

5 Continue experiments               

6 Submission of Progress Report        √       

7 Seminar               

8 Continue experiments               

9 Poster Exhibition          √     

10 Result analysis and comparison               

11 Submission of Dissertation Report 

(softbound) 

           √   

12 Oral Presentation             √  

13 Submission of Dissertation Report 

(hardbound) 

             √ 

                

                 

   √   Suggested milestone          

      Process          

 

 

 


