
T H E O R E T IC A L  B A C K G R O U N D  A N D  L IT E R A T U R E  R E V IE W
C H A P T E R  II

2.1 Enhanced Oil Recovery (EOR) (Tertiary recovery)
©

The term enhanced oil recovery (EOR) refers to the recovery of oil by any 
method beyond the primary stage of oil production. It is defined as the production of 
crude oil from reservoirs through processes taken to increase the primary reservoir 
drive. These processes may include pressure maintenance, injection of displacing 
fluids, and other methods, such as thermal techniques. Therefore, by definition, EOR 
techniques include all methods that are used to increase oil produced (oil recovery) 
as much as possible. Two major types of techniques are thermal and non-thermal 
recoveries.

2.1.1 Thermal Process
Thermal recovery refers to processes in W'hich heat is applied to decrease 

viscosity of oil. It can be categorized into stream injection, in situ combustion and 
hot waterflooding.

2.1.1.1 Steam Injection
Steam is injected into a reservoir to reduce the oil viscosity 

and improve the displacement efficiency which results in an improvement of 
mobilization efficiency of crude oil and thus, causes the oil to flow easily through the 
porous media to the wellbore. This process may include steam soak that is sometimes 
called steam stimulation or “huff and puff\ In this process, steam is injected down a 
producing well at a high injection rate, after which the well is shut in and soak it. The 
injected steam heats up the area around the well bore and increases recovery of the 
oil (Al-Anazi and Duraya, 2007).

2.1.1.2 In Situ Combustion
In-situ combustion is a thermal process in which thermal 

energy produced at high temperature is generated in the reservoir by combustion. 
Recovery mechanisms include viscosity reduction from heating, vaporization of 
fluids, and thermal cracking.
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2.1.1.3 Hot Waterflooding
This process is the same as waterflooding, but this process 

injected hot water to decrease the viscosity of the reservoir fluid. This process is 
widely used in heavy oil fields.

2.1.2 Non-thermal Process
2.1.2.1 Water Flooding

The water is injected through the injection wells to push or 
maintain the reservoir pressure to increase the oil production. Water is pumped into 
the productive layer at injection pressure into the bore holes in a volume equal to (or 
greater than) the volume of oil extracted. Water flooding process is cheaper than 
other process because water is not high value.

2.1.2.2 Chemical Injection
Chemical flood is another technique to increase the mobility 

of oil. This technique is based on adding additives or chemicals to the displacing 
fluid or to the residual oil to reduce oil viscosity, reduce interfacial tension and to 
increase the oil flow rate. Chemical processes include micellar polymer flooding, 
caustic flooding, polymer flooding, and alkaline flooding.

2.1.2.3 Gas Injection
In a gas injection technique, gas is injected to increase 

production rate. Gas used in this technique can be nitrogen, methane, carbon dioxide 
and enriched hydrocarbon (C2-C6). Nitrogen and flue gas is sometimes selected, 
because it is cheap in comparison with other injection gases; but they can achieve 
miscibility at higher MMP than HC and carbon dioxide. However the condition may 
limit the application due to the flue gas corrosiveness in a process and for miscible 
gas injection of HC, it is high economic value. In most cases carbon dioxide gas is a 
very effective agent for miscible gas injection of oil.

The injected gas could form miscibility or immiscibility with 
oil in contact. In the miscible gas injection, the gas is injected at or above MMP 
which causes the gas to miscible in oil. In the immiscible gas injection, the gas is 
injected below MMP which causes the gas to be immiscible in oil.
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2.2 Carbon Dioxide Injection

CO2 injection technique can be divided into two categories, i.e. immiscible 
and miscible methods. In the immiscible method, CO2 pressure applied is lower than 
MMP of the system and there is an interface between CO2 gas and oil. In the 
miscible method, CO2 pressure applied is above MMP and CO2 forms a single phase 
with the oil. The miscibility can be achieved in place through mass transfer of 
components as a result of repeating contacts between oil and injected gas. At the 
pressure equal to or above MMP, CO2 and oil form a single liquid phase that easily 
flows to the production well. Typically, purity of CO2 used is at least 95 %. The 
impurities in CO2 could be nitrogen, แ 2ร, and hydrocarbons component.

The main mechanisms to oil displacement by CO2 injection are related to 
the phase behavior of C0 2 -crude oil mixtures and also involved in reduction in the 
viscosity of the original crude oil, high solubility of CO2 in crude oil, reduction of oil 
density, vaporization of intermediate components of the oil, reduction of CO2- 0 Ü 
interfacial tension, and improvement of reservoir permeability, and eventually 
increase oil recovery (Ravagnani et al., 2009).

2.3 Minimum Miscibility Pressure of CO2

The minimum pressure at which the injected gas (CO2 or hydrocarbon gas) 
can achieve dynamic miscibility with the reservoir oil is always needed to know. If 
the MMP is too low, the miscible displacement process becomes ineffective, it leads 
to a high risk of process failure. Thus, accurate estimation of MMP is economics 
concerned. Several methods can be used to measure MMP for an oil-solvent system. 
Traditionally, a slim tube test is conducted for that purpose. The rising bubble 
apparatus (RBA) approach was developed in the early 1980s and is gaining 
acceptance as an efficient method to measure MMP. MMP of the system depends on 
the purity of CO2, oil composition, and reservoir temperature (Eissa and Shokir,
2007).
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2.3.1 Oil Composition
Molecular weight of C7+ (MWc7+) has an effect on MMP. If crude oil 

has high MWc7+, it means that MMP is high and CO2 will be difficult to diffuse in 
crude oil. In contrast, the crude oil has low MWc7+, which means MMP is low, CO2 ■' 
can easily to diffuse in the crude, and light hydrocarbon is extracted from crude oil.

2.3.2 Reservoir Temperature
For crude oil, MMP increases with temperature increased (Yang et ah,

2007). It can be explained by solubility of CO2 in crude oil. If reservoir temperature 
IS high, solubility of CO2 will be low. Thus, it requires higher pressure for CO2 to 
diffuse in the oil and thus, MMP will increase (Al-Anezi et al., 2008).

2.3-3 Purity of Carbon Dioxide
Carbon dioxide used in EOR process is not 100 percent purity. There 

are impurities, such as nitrogen, methane, oxygen, hydrogen sulfide, and 
hydrocarbon components (Table2.1). Yang et al. (2007) reported that nitrogen, 
methane, and oxygen increase the MMP. Eissa et al. (2007) reported H2S and 
hydrocarbon components (C2-C 4) decrease the MMP.

Table 2.1 Specification of CO2 quality suitable for EOR (Vandenhengel, 1993)

Component Composition
C 0 2 95 % min.

N2+CH4+H2 4 % max
H2S 20  ppm min.
S02 300 ppm min.
NOx 100  ppm max.

0 2 10 0  ppm max.
CO 3 kPa max.

o
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2.4 Miscible Gas Injection

Two fluids are considered miscible when they can be mixed together in all 
proportions and resulting mixtures remain a single phase, so there is no interface and 
consequently no interfacial tension (IFT) between the fluids (Ahmed and Meehan,
2012). Miscible injection is recognized as an effective enhanced oil-recovery 
method. Two different processes are proposed for miscibility achievement, (1) first 
contact miscibility (FCM) and (2) multiple contact miscibility (MCM) (Belhaj and 
Abukhalifeh, 2013).

2.4.1 First Contact Miscibility (FCM)
The solvent (liquid or gas mixture) and oil are miscible upon first 

contact in all proportions under injection pressure and temperature. A simple 
illustration can be easily understood shown in a pseudoternary phase diagram of 
CC>2-hydrocarbon system in Figure 2.1 The envelope is a two phase of fluid mixture 
where their compositions can be determined by a tie line, which is the line drawn 
between a composition of gas and reservoir fluid. In case of a tie line passing the 
phase envelope, it will be immiscible. However, it will be miscible, if a tie line shifts 
close to a critical point. To achieve the first contact miscibility (FCM), the injection 
pressure should be higher than MMP. As a simple illustration of FCM, pure CO2 will 
achieve FCM with reservoir fluid in the dark region (above line AB) in Figure 2.1.

1 0 0 % Co2

100% c r + 8  100% c 2- c 6

Figure 2.1 Pseudoternary diagram of CC>2-hydrocarbon system (Ezekwe, 2010).

๐
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2.4.2 Multiple Contact Miscibility (MCM)
Multiple-contact miscible (MCM) displacement is a process in which 

the injected fluid and the reservoir oil are not miscible in the first contact but 
miscibility could be developed after multiple contacts (dynamic miscibility). These 
processes are categorized into ( 1 ) vaporizing lean gas drivé and (2 ) condensing rich 
gas drive (Ahmed and Meehan, 2012).

contains mostly methane and other low molecular weight hydrocarbons or sometimes 
nitrogen. In this approach, the light components of oil are vaporized during the 
contacts and form a miscible bank with injected gas (Ezekwe, 2010). The mechanism 
of attaining MCM by vaporizing gas drive is illustrated with a pseudoternary 
diagram shown in Figure 2.2, which the compositions of gas and reservoir fluid are 
shown at the point 100% Cl and 0, respectively. At the first contact, the composition 
of mixture in vapor phase appears at point V). Phase of mixture is changed with time, 
after gas V) contact with reservoir fluid at point o, it will create a new composition 
of mixture fluid in vapor phase at V2, this phenomena will continue until the tie line 
from gas (V:) to liquid is not pass the two phase region, the mixture will be miscible.

2.4.2.1 Vaporizing Lean Gas Drive
The injected gas is a relatively lean gas, for example, it

100% c 1

100° 1 100% C2-C,

Figure 2.2 MCM by vaporizing gas mechanism (Ezekwe, 2010).
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2.4.2.2 Condensing Gas Drive
The injected gas contains large amounts of intermediate 

molecular weight hydrocarbons. In this approach, reservoir oil near the injection well 
is enriched in composition by contact with the injected gas since hydrocarbon 
components from injected gas are condensed to form miscible bank with some of the 
oil components (Ezekwe, 2010). The mechanism of attaining MCM by condensing 
gas drive is illustrated with a pseudoternary diagram shown in Figure 2.3, which the 
composition of gas and reservoir fluid is shown at the point G and o , respectively. At 
the first contact, the composition of mixture in liquid phase appears at point Li. The 
phase of mixture is changed with time, after gas contact with liquid Li, it will created 
a new composition of mixture fluid in liquid phase at L2, this phenomena will 
continue until the tie line from gas to liquid (Li) is not passed the two phase region, 
that mean the mixture will be miscible.

10 0% c,A

Figure 2.3 MCM by condensing gas mechanism (Ezekwe, 2010).

2.5 Experiment for CO2-MMP

A slim tube test is accepted as a standard method for measuring MMP with 
high measurement accuracy and repeatability. In the early 1980s, the rising bubble 
apparatus approach was first developed by Christiansen and Haines (1987) and 
accepted as an alternative inexpensive method for the measured MMP. In recent
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years, a vanishing interfacial tension technique, which is based on the interfacial 
tension theory, was developed to determine MMP of CO2 flooding with simple and 
feasible characteristics. Although the methods give high measurement 
precision, these experimental approaches are usually difficult, time-consuming to 
achieve, and high operation cost. It is necessary to develop an inexpensive and quick 
method for CO2-0 Ü MMP estimation (Chen et ah, 2014).

2.5.1 Slim-tube Apparatus
The slim-tube displacement test is often referred to as the 

“Industry standard” for determining MMPs. A solvent (gas, liquid or mixture) is 
injected at different pressure into the slim-tube that is saturated with oil sample at 
reservoir temperature. The setup Figure 2.4 is in the air bath to keep at the reservoir 
temperature. Packing materials (sand, glass bead) are filled in the coiled slim-tube. 
At the end of slim-tube, it is connected to back pressure regulator and connect to the 
separator or gas chromatography (Elsharkawy et al., 1996). The change in produced 
gas and oil properties can be monitored by placing gas chromatograph (GC) at the 
outlet. The amount of oil separated from the slim-tube is measured and calculated for 
the oil recovery. The oil recovery is determined as a function of injection pressure. 
The MMP can be determined from a plot of oil recovery against the injection 
pressure, where it is the point at which a breakover occurs as the curve shown in 
Figure 2.5 the intersection point of the two straight-line sections. The uncertainty 
could come from how one draws the immiscible part of the curve (with a very 
limited number of test data) which intercepts the miscible part of the curve, to obtain 
the MMP value (Dong et ai, 2001).



Figure 2.4 Schematic of a slim-tube apparatus (Elsharkawy et al., 1996).

Figure 2.5 Result from slim-tube apparatus (Dong et al., 2001).

2.5.2 Risinu-bubble Apparatus

The rising-bubble apparatus (RBA) is developed in the early 1980s
(Elsharkawy, 1996). A flowsheet for the RBA appears in Figure 2.6. RBA has gain
acceptance in the petroleum industry as an alternative method for measuring MMP
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because it is quicker than the slim-tube method. RBA is recording of the shape of 
bubbles for estimate the MMP. (Elsharkawy et ai, 1996).

TV

Figure 2.6 Schematic diagram of a rising-bubble apparatus (Dong et al., 2001).

Distilled water is contained in the sight gauge and flat glass tube. The 
reservoir oil is injected into the glass. A c c >2 bubble is injected into the water just 
under the oil-water interface. As the bubble rises through the oil-water interface and 
then the reservoir oil, its shape and motion are recorded. The MMP is defined as the 
pressure at which the bubble and the oil show a multiple-contact miscibility (Dong et 
al., 2001). The result of rising bubble experiments for the Weyburn reservoir fluid 
with CO2 at pressures ranging from 7.3 to 15.4 MPa. The bubble shape at each 
pressure is shown in Figure 2.7. The bubble shape at 7.3 MPa retained their initial 
near-spherical shape that mean this pressure is below from MMP. When increasing 
pressure to 11.2 MPa, the shape of bubble transform to be a bullet-shape this 
pressure is closed to MMP. At 12.0 MPa and above, the shape of bubble has become 
a short tail that means this point is above MMP. MMP point is referred to the 
pressure transfer from the bullet-shaped bubble to the tail-shaped bubble (c to d). 
Conclude the CO2 MMP for the Weyburn reservoir fluid is estimate about 11.7 MPa.

๐
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Figure 2.7 Photograph of rising bubbles (a) at 7.3, (b) at 11.2, (c) at 12.0, (d) at 14.0 
MPa, (e) at 12.9, and (f) 14.0 MPa (Dong et a l, 2001).

๐
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Figure 2.8 Shape of rising bubbles traced from photographs in Figure 8 (a) at 7.3 
MPa, (b) at 8.8 MPa, (c) at 11.2 MPa, (d) at 12.0 MPa, (e) at 12.9 MPa, and (f) at 
14.0 MPa (Dong et al., 2001).

2.5.3 Interfacial Tension Experiment
Miscibility is the absence of an interface between the injected gas and 

the crude oil at reservoir conditions, that the interfacial tension between two 
immiscible fluids must become zero at miscibility. However, it is impossible to 
measure interfacial tension when it becomes zero (Rao and Lee, 2003). The MMP is

๐
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taken to bë the pressure at which the IFT plotted against pressure and extrapolates to 
zero IFT (Orr and lessen, 2007). Vanish interfacial tension (VIT) experiment set-up 
is shown in Figure 2.9. The pressure cell is first fill with C 0 2 at a pre-specified 
pressure and a constant temperature. After the pressure and temperature in the 
pressure cell have stable values, the crude oil is introduced from the crude oil sample 
cylinder to the pressure cell to form a pendant oil drop. A well-shaped pendant oil 
drop is formed. The sequential digital images of the dynamic pendant oil drop are 
received. Axisymmetric drop shape analysis (ADSA) is the technique that used for 
measuring IFT between crude oil and C 02.

Hydraulic oil
Positive displacement pump

Hi
■  ■ O -

p ip ร

rน ¥

Light source

Pendant 1  ̂ oil drop
High -pressmi* IFT ti ll Microscope & camera

โ'em [>era ( IIre coo Iroiler

Personal computer

Figure 2.9 Schematic diagram of the experimental set-up used for measuring the 
equilibrium interfacial tension (IFT) (Cao and Gu, 2013).

ADSA gives the information of equilibrium IFT at each pressure. 
Therefore, the MMP is determined by linearly extrapolating the measured 
equilibrium IFT versus equilibrium pressure. Figure 2.10 shows the gas-oil 
interfacial tensions measured at varying pressure levels in the cell for all the three c 2 
+ enrichment levels of 9.3, 20.7, 21.4, and 29.4 %. Linear lines are fit to each set of
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data and extrapolated to zero g a s -o il  interfacial tension  to determ ine the m inim um  
m iscib ility  pressures. W hich interfacial tension equals zero is the M M P. The M M P  
determ ines from the V IT  technique c lo se ly  m atches that from  slim -tube process.

PRESSURE (MPa)

Figure 2.10 E ffect o f  pressure on interfacial tension o f  Terra N o v a  liv e  o il in three 
solvents at 96  °c  (R ao and L ee, 2003).

2 .5 .4  Supercritical R eactor Experiment
The slim -tube studies are used for m easuring M M P, but not w id ely  

available for universities due to high cost. To study M M P  o f  C C b-oil, other m ethod  
uses supercritical reactor (S p e-ed  SFE), high pressure and o il saturated core sam ple. 
The supercritical extractors are also accurate and e ffec tiv e  to m easure o il recovery  
(Rudyk e t  a l ,  2009 ). Setup o f  this experim ent is sh ow n  in Figure 2.11 u sin g  oil 
saturated chalk sam ples. The core sam ple is cleaned^ dried, w eigh t m easured and 
then saturated by soak ing in the oil flask for one day, after that the core sam ple is 
w eight m easured again. The equipm ent and the core sam ple are transferred into the 
oven  at reservoir temperature. Carbon dioxide is injected into the reactor by the gas 
pump until pressure reaching at a setting value. The co llec tio n  tubes are w eigh ed  
before and after o il co llec tio n  to determ ine the w eight o f  extracted o il.
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Figure 2.11 Schem atic diagram  o f  supercritical reactor Spe-ed  SFE (R udyk e t  a l .,
2009).

Figure 2 .12  sh ow s the results o f  varying pressure in a range from 10 to 
40 M Pa. In the first o il recovery, it is increased w ith increasing p rocess pressure until 
grow s to the breakover point. A fter treating oil recovery, it is increased  from  1.4624  
g to 1.822 cm 3. A nd percentage o f  o il recovery is 2 9  %.

M M P

Pressure, MPa

Figure 2.12 The graph for the determ ination o f  M M P (R udyk e t  a i ,  2 0 0 9 ).
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2 .5 .5  CO? S o lu b ility  and Oil Sw ellim z Factor E xperim ent
The so lu b ility  o f  C O 2 in the crude o il and the o il sw e llin g  process as a 

result o f  experim ent are the main m echanism s in the C O 2-E O R  techniques. Oil 
sw e llin g  and other m ech an ism s, such as oil v isco s ity  reduction and oil interfacial 
tension  reduction depend on the solubility  o f  C O 2 in oil. The experim ental m ethods 
can determ ine these param eters more accurate than V LE equations o f  state and other 
correlations (A bedin i and Torabi, 2013).

Temperature controller

Figure 2.13 Schem atic diagram  o f  the experim ental setup used for C 0 2  solubility  
and o il sw e llin g  factor m easurem ents (A bedini and Torabi, 2 0 1 3 ).

The v isual cell is pressurized by C O 2 to initial pressure (Pi), the 
pressure o f  the ce ll is a llow ed  to stabilize w h ile  C O 2 is d isso lv ed  into the oil sam ple. 
L astly, initial and final C O 2 vo lum e in visual ce ll, V c 0 2 ,i and V c o 2 ,f, respectively , are 
determ ined by taking photos and utilizing im age analysis technique. The m ass 
balance analysis is sh ow n  in Equation 2 .1 , the am ount o f  d isso lv ed  C O 2 and the C O 2 

so lu b ility  in the crude o il sam ple (XC0 2) is determ ine.
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m c 0 2 ,dissolved =  m c 0 2 ,I -  m c 0 2 ,f

=  ( P iV c 02, iM W C02 -  Z iR T )  -  ( P ,V c 02, fM W C02 -  Z f R T )

=  ^ 1  [(P iV co 2 .rZ j) -  (P fV c0 2 .r-Zf)] Eq. 2.1

Furthermore, the oil sw ellin g  factor (S F ) due to the dissolutioh  o f  C O 2 

at the sp ecific  operating condition is calculated by the ratio o f  the initial volum e to  
final vo lum e o f  the o il o f  the experim ent is presented in E quation 2 .2 ,

SF =  F o ,i / f o , f  Eq. 2 .2

Figure 2 .1 4  show s so lu b ility  o f  C O 2 in o il sam p les increase w ith  
equilibrium  pressure in system . The concentration o f  d isso lv ed  C O 2 is proportional 
to the pressure o f  the C O 2 . S ince the pressure is high, the num bers o f  CO 2 contact 
w ith the surface o f  o il sam ple is increased. T hus, m ore C O 2 is d isso lved  in the crude 
o il w ith  increases equilibrium  pressure. F igure 2 .15  sh o w s o il sw ellin g  factor. The  
vo lu m e o f  the crude oil increases by increasing the equilibrium  pressure due to the 
higher so lu b ility  o f  C O 2 in the crude oil. The pressure increases, the density o f  C O 2 

increases and the C O 2 phase changes from gas to liquid. S in ce  liquid  phase C O 2 has 
a higher ability  to extract lighter hydrocarbon com p on en ts, C O 2 starts to vaporize or 
extract hydrocarbons from  the crude oij, A s a result, the v o lu m e o f  the crude oil is 
reduced. Oil sw ellin g  factor is increased. A fter this point, o il sw ellin g  factor is 
decreased because C O 2 d iffuses in the crude oil. T his ph en om en on  show s the crude 
oil sw elled . Thus, vo lu m e o f  oil in final point is h igher than initial volum e. 
F ollow in g  Equation 2 .2 , oil sw elling  factor w ill be decrease.

๐
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0 1 2  3 4 5 6 7 8
Equilibrium pressure (MPa)

Figure 2.14 S o lu b ility  o f  CO 2 in the light crude o il sam ple at tem peratures T =  21 
and 30 ° c  (A bedin i and Torabi, 2013).

Figure 2.15 O il sw e llin g  factor o f  crude O Ü -C 0 2  system  at tem peratures T = 21 and 
30 ° c  (A bedin i and Torabi, 2013).
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2 .5 .6  E ffect o f  Impure O x y g en  in C O 2 on M M P
O 2 is one o f  contam inants in C O 2 injection. The effect o f  o x y g en  

content in injected C O 2 gas on the M M P is im portant to design cost-effective  C O 2 

enhanced oil recovery process. Y ang et al. (2 0 0 7 ) used a slim -tube apparatus to 
m easure M M P o f  the crude oil and used a m u ltip le-m ix in g-ce ll m odel to m odel a 
continuous gas injection process in the slim -tube experim ent by assum ing constant 
tem perature and pressure in each ce ll, no physical d ispersion , no capillary force in 
each ce ll, and perfect m ix in each ce ll. The m u ltip le-m ix in g-cell m odel is then  
converted to pure therm odynam ic P/T flash calculation. A  block-algebra  
sim ultaneous flash algorithm  w as used w ith the P en g-R ob in son  (PR) cubic equation  
o f  state (E O S).

The results show ed  that M M P o f  o ils  w ere increased w ith  the O 2 

concentration in the C O 2 . The m u ltip le-m ix in g -ce ll m od el w as accurate to predict the 
M M P valu es, w hich  w as found to capture the e ffec ts  o f  com p osition s o f  gas injection  
and tem perature in process. The e ffec t o f  tem perature, The M M P is increased w ith  
tem perature increased (Solub ility  o f  C O 2 in crude o il). The extent o f  the M M P is 
increased due to O 2 contam ination. C alcu lations a lso  indicate that the effect o f  N 2 

im purity on  the M M P is larger than the e ffec t o f  O 2 im purity.
2 .5 .7  Impurity (N? and H ydrocarbon) in C O ; injection

Purity o f  carbon d iox id e  gas in jection  is not 100 %. There are som e  
im purities such as nitrogen gas, enriched hydrocarbon, hydrogen sulfide, oxygen . In 
this w ork, concerned about the effect o f  im purity (N 2 and H ydrocarbon) 
concentration in C O 2 gas injection on M M P and o il recovery factor. Belhaj e t  a l .  

(2 0 1 3 ) uses sim ulation with P en g-R ob in son  equation o f  state and W 1NPRO P  
softw are to estim ate M M P. The M C M  option  o f  the sim ulator can assess M M P or the 
FC M  con d ition  for oil sam ple, and m ake up gas com p osition s at a sp ec ific  
tem perature.

The M M P o f  C O 2 m isc ib le  flood in g  w h ich  contam inates w ith  N 2 and 
other hydrocarbon gas in oil sam ple cou ld  increase w ith  N 2 and/or CH 4 concentration  
in the C O 2 stream (Figure 2 .16). T he other sim ulation  results are show n, the M M P o f  
rich g a s /c c >2 is increased with rich gas concentration increased. The M M P o f  N 2 /C H 4 

is increased w ith N 2 and CH 4 concentration increased. N 2 has more effect on  M M P
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than C H 4. A nd The M M P o f  N 2/C 2H 6 is decreased with C2H 6 concentration  
increased. The conclusion  N 2 and C H 4 are d ifficu lt to m iscib le in the crude o il. It is 
required high pressure for m isc ib le  in the crude o il. Thus, M M P w ill be high. And  
C 2 H 6 is easy  to m iscible in crude oil. It is required lo w  pressure for m isc ib le  in the 
crude o il. Thus, M M P w ill be low .

Figure 2.16 M inim um  m iscib ility  pressures for O il and C O 2/N 2 (Belhaj et ah, 2 0 1 3 ).

2 .5 .8  M odified Pressure D ecay  T echnique to M easure MM P
CO 2 is com m only  used in gas in jection  o f  EOR. C O 2 in jection  can  

store the em itted CO 2 into oil reservoirs. A n advantage o f  using C O 2 in E O R  is that 
the pressure required for ach iev in g  dynam ic m isc ib ility  w ithin the reservoir is low er  
than the pressure required for dynam ic m isc ib ility  w ith  other gases (n itrogen  and flue  
gas) T ypically , injected gas com p osition s are at least 95 % CO 2 purity and the 
im purities can be constituted o f  N 2 , CIT), H 2 , etc. A  key parameter for C O 2 m isc ib le  
in jection  is M M P. In general, C O 2 is not m isc ib le  at first contact w ith reservoir o ils , 
but ach ieved  in dynamic m isc ib ility  w ith  m ultip le contacts (Li e t  a l . ,  2 0 1 2 ). There 
are m any m ethods to determ ine M M P, such as rising bubble apparatus, slim -tube
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apparatus, and interfacial tension . But previous work, used a pressure decay  
technique to determine M M P using  a Parr reactor and the M M P point w as the 
ultim ate point o f  the total pressure drop curve as show n in Figure 2 .1 7 . Petroleum  
sam p les are represented by liquid  hydrocarbons and PTTEP crude o il. The M M P  
point w as studied as a function  o f  pressure, m olecular w eight and tem perature. At 
high  reservoir temperature, the so lu b ility  o f  C O 2 in the crude o il w as decrease w hich  
required higher pressure for C O 2 m iscib ility . For crude oil w ith  high m olecular  
w eigh t, it w as difficult for C O 2 to so lu b ilize . Thus, it requires h igh  pressure to 
m easure M M P.

Figure. 2 .1 7  Pressure drop curve o f  crude oil at 30  °c.

2.6 Correlation for CO2 -MMP

The ex istin g  experim ental m ethods can be tim e-con su m in g  and 
ex p en siv e , w hile theoretical m od els require an accurate characterization o f  the fluid  
system s by using an equation o f  state. In addition, em pirical correlations have their 
ow n  lim itations for each sp ec ific  scenario, though they are extrem ely  u sefu l for fast 
prescreening reservoir for potential C O 2 injection. Therefore, it is o f  fundam ental and

๐
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practical importance to d evelop  reliable and accurate correlations for determ in ing the  
M M P for a g iven  crude 0 Ü -C O 2 system  (L i e t  a i ,  2012).

2.6.1 A lston  Correlation
A lston  e t  a l .  (2 0 1 2 ) required reservoir fluid co m p o sitio n , m olecu lar  

w eigh t and reservoir tem perature for prediction. This correlation is regarded to be 
m ore reliable than other effec ts  w hich  use one o f  the above param eters. It can predict 
the e ffect o f  contam inants in the in jection  gas (D on g  et al., 2001).

( C 0 2 M M P )lo = 6 .0 5 x 10'6(1 .8 T r+ 3 2 )1 06 X (M W CS+) 178(X vol/X ,ท,)0'136 Eq. 2.3

w here (C O 2 M M P)lo =  C O 2 m inim um  m isc ib ility  pressure for live  oil (M P a),
T r =  reservoir tem perature (°C ),
MWc5+ = m olecular w eight o f  the Cs+ fraction (g /g  m ol),
X  Vol = volatile  oil fraction con sistin g  o f  Cl and N2 (m ol %),
X i n ,  =  interm ediate oil fraction consisting  o f  C 2 , C 3 , C 4 , C 0 2, and H 2S 

(m ol %).
For the im pure gas in C 0 2, a correction factor to predict the M M P is 

calculated from the critical tem perature o f  the gas stream. The p seudo-critica l 
temperature o f  the so lven t stream  is ca lcu lated  by using the w eigh t-fraction  m ix in g  
rule as fo llow s,

Torn =  [Zi=iN WiTci] Eq. 2 .4

where T cm  is the w eigh t average critical tem perature o f  the so lven t  
stream (°C ), พ  is the w eigh t fraction o f  com ponent i ,  and 7 c ,/  is the critical 
temperature o f  com ponent i  ( ° C )

The correction factor for im pure CO stream s (Fjmp) is calculated,

F imp = (8 7 .8 / (1 .8 T cm+ 3 2 ) ) (1 935*87 8/(18Tcm+32)) Eq. 2.5

๐
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The impure CO 2 M M P is calculated as,

( C 0 2 M M P) imp-LO =  ( C 0 2 M M P) LO x Fim p E q.2 .6

2.6 .2  Cronquist C orrelation
Cronquist (2 0 1 2 ) stud ies C 02-O Ü  M M P w ith  reservoir tem perature, 

C 5+ m olecular w eight, and m ole  fraction o f  the main v o la tile  com ponent, that is, 
C H 4, and is expressed as fo llo w s,

M M P =  0 . 1 1 0 2 7 (1 .8T r+ 3 2 )0'744206+0 00" 038MWc 5++0'0015279Ci E q.2 .7
w here T r is reservoir tem perature in °c, M W c5+ is Cs+ m olecu lar w eigh t, and Cl is 
m ole fraction o f  C H 4 in the reservoir o il.

2.6.3 Lee C orrelation (Li e t  a l . , 2 012 )

M M P =  7 .3 9 2 4 x 102'772'[15I9/(492+,'87r)] E q.2.8

w here T r is the reservoir tem perature.

2 .6 .4  Y e lliu -M etca lfë  C orrelation (Li e t  a l . ,  2 012 )

M M P =  1 2 .6 4 7 2 + 0 .0 1 5 5 3 (1 . 8T r+ 3 2 )+ 1 .2 4 1 9 2 x 1  0 '4(1 .8 T r+ 3 2 )2-
(7 1 6 .9 4 2 7 /(1 .8T r+ 32)) E q.2 .9

w here T r is reservoir tem perature.

2.6 .5  G laso C orrelation
G laso (2 0 1 2 ) proposed a C 02-O Ü  M M P correlation  that considered  

the effect o f  reservoir tem perature, C 7+ fraction m olecular w eigh t, and m ole  fraction  
o f  the interm ediates (C 2“ C 6) i f  the m o le  fraction o f  the interm ediates is less than 18

o
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%. I f  the m ole fraction o f  the interm ediates XINT >  18 %, the G laso correlation is 
expressed as fo llo w s,

M M P  =

5 .5 8 4 8  -  2 .3 4 7 0  X 1 0 ~ 2 M W C 7 +  +  1 .1 7 2 1  X

1 0 " 11 M W C 7 + 3 -7 3 e 7 8 6 -8 M W ^ ~ 1 0 5 \ l . Q T R +  3 2 )  E q .2 .10

If  X[NT<  18 %, the G laso correlation is expressed as fo llo w s,

M M P  =
2 0 .3 2 5 1  -  2 .3 4 7 0  X 1 0 ~ 2 M W C 7 +  +  1 .1 7 2 1  X

1 0 " 11 MWC7+3-73e 786aMWci+~105\ l . 8 T R +  3 2 ) -  8 .3 5 6 4  X 1 0 “ 1A'1N T  E q.2.11
X int is m ole fraction o f  the interm idates com ponent (C 2 -C 6 ).

2 .6 .6  Em era and Sam a C orrelation
Em era and Sam a (2 0 1 2 ) m odified  A lston  correlation as fo llo w s ,

M M P  =  5 .0 0 9 3  X 1 0 ~ 5 ( 1 .8 T R +  3 2 ) 1 A 6 \ M W C S + ) 1 2 7 8 S ( ^ - ) ° ' 1 0 7 3  E q .2 .12
X lN T i

I f  Pb <  0 .345  M Pa, the fo llow in g  alternative equation  obtained by  
rem oving the v o la tile  to interm ediate ratio term.

M M P  =  5 .0 0 9 3  X 1 0 " 5 ( 1 .8 T R  +  3 2 ) 1164(MM/C5+) 1-2785 Eq. 2 .13

Equation is an alternative o f  Em era and Sam a correlation. I f  Pb <  0 .345  M Pa.

2 .6 .7  Y uan e t  a l  C orrelation
Y uan e t  a l .  (2 0 1 2 ) d evelop ed  a C O 2- 0 Ü M M P correlation by u sin g  an 

analytical theory from  an equation  o f  state. The correlation, taking into account the
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reservoir tem perature, C 7+ m olecu lar w eight, and m ole  fraction o f  the interm ediates
(C 2- C 6), is g iv en  by

M M P  =

น! +  a 2 M W C 7 +  -  a3XINT +  ( a  4, +  a s M W C 7 +  +  Q6 - ^ 2)  ( 1 .8 7 R +  3 2 )  +

( a 7 +  a 8 M W C 7 +  -  a 9 M W C 7 + 2 -  a 1 0 M W C 7 + ) ( 1 . 8 T R  +  3 2 ) 2
Eq. 2 .1 4

W here values o f  the em pirical coeffic ien ts a |-a io  are ai =  - 9 .8 9 1 2 ,  a2 
= 4 .5 5 8 8  X 10"2, a3 =  - 3 . 1 0 1 2  X 10“ ', น4 = 1.4748 X 10"2, a5 =  8.0441 X 10“4, a6 =  
5.6303 X 10', a7 =  -8 .4 5 1 6  X 10“4, a8 =  8 .8825 X 10-6, a9 =  -2 .7 6 8 4  X 10~8, and a,0 =  
-6 .3 8 3 0  X 10~6, respectively .

2 .6 .8  Shokir Correlation
Shokir (2 0 1 2 ) proposed  a C 02-O Ü  M M P correlation based on the 

alternating conditional expectation  algorithm . The Shokir correlation, w h ich  is a 
function o f  reservoir tem perature, C 5+ m olecular w eight, m ole  fraction o f  the 
volatiles, and m ole  fraction o f  interm ediates (C 0 2, H 2ร , and Q - C 4 ), is exp ressed  as 
fo llow s,

M M P =  -0 .06861Ô Z 3 +  0 .31733z2 + 4 .9 8 0 4 z  +  13 .432  Eq. 2 .15

for pure C 0 2 -O Ü  system ,

z =  = iZ i Eq. 2 .16

and

Zj — A3jyi3 + A2jyj2 + Aljy; + A0i Eq. 2.17
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w here yj denotes the input variable (y l  =  T r, y2  =  Xvoi, y3 =  Xjnt’, and
y4 =  M W c5+), A3j, A2j, A ll ,  and AOj represent the p o lyn om ia l co e ffic ien ts  for yj. The 
values o f  co e ffic ien ts  in the Shokir correlation are provided as fo llow s:

For yi =  T r, A 3 1 = 2 .3 6 6 0  X 1 O'6, A 2 1 = - 5 .5 9 9 6  X 10"4, A l I =  7 .5340  
X 1 0 '2, and AO, = - 2 .9 1 8 2 .

For y 2 =  Xvoi, A 3 2 =  -1 .3 7 2 1  X 1 0 '5, A 2 2 =  1 .3644 X 1 0 '3, A l 2 =  
-7 .9 1 6 9  X 1 0 '3, and A 0 2 =  -3 .1 2 2 7  X 10_I.

For y 3 =  Xint’, A 3 3 =  3.5551 X  1 0 '5, A 2 3 =  -2 .7 8 5 3  X  1 0 '3, A l 3 =  
4 .2165  X 1 0 '2, and A 0 3 =  -4 .9 4 8 5  X 1 0 '2.

For y4 =  M W C5+, A 3 4 = -3 .1 6 0 4  X 1 0 '6, A 2 4 =  1 .9860  X 1 0 '3, A l 4 =  
-3 .9 7 5 0  X 10~‘, and A 0 4 =  2 .5 4 3 0  X 1 0 1.

2 .6 .9  Li e t  a l .  C orrelation

they replacing Cs+ w ith  C 7+, the parameters are reservoir tem perature, m olecular  
w eight o f  c 2+ fraction, and m o le  fraction ratio o f  v o la tile  com p on en ts (N2 and C H 4) 
to interm ediate com ponents ( C 0 2, FI2 ร, and C2-C ô).

M M P  =  7 .3 0 9 9  X 10T 5 [๒ (1 .8 7 ^  +  3 2 ) ] 5 3 3 6 4 7  [ln (M lT C 7 + ) ] 2 0 8 8 3 6  ( l  +

X[NT is m o le  fraction o f  the interm ediate com p on en t ( C 0 2, H 2 ร, and 
C 2-C ô ) and X vol is fraction o f  vo latile  com ponents (N 2 and C H 4).

Li e t  a l .  (2 0 1 3 ) applied this equation from  A lsto n  correlation w hich

Eq. 2 .18


	CHAPTER II THEORETICAL BACKGROUND AND LITERATURE REVIEW
	2.1 Enhanced Oil Recovery (EOR) (Tertiary Recovery)
	2.2 Carbon Dioxide Gas Injection
	2.3 Minimum Miscibility Pressure
	2.4 Miscible Gas Injection
	2.5 Experimental for CO2-MMP
	2.6 CO2-Oil MMP Correlation


