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ABSTRACT 

 

 

MATRIX FRACTURE INTERACTION IN SANDSTONE ROCKS  

DURING CARBON DIOXIDE, METHANE AND NITROGEN INJECTION 

 

 
 

Bülbül, Sevtaç 

Ph.D., Department of Petroleum and Natural Gas Engineering 

  Supervisor: Prof. Dr. Mahmut Parlaktuna 

 

 

June 2012, 167 pages 

 
 
 
 
The aim of the study is to investigate matrix-fracture interaction, gas oil gravity 

drainage (GOGD) and diffusion mechanisms with CO2, N2 and CH4 gas injection 

in a fractured system. Effects of injected gas type, initial gas saturation and 

diffusion coefficient on oil recovery are studied by an experimental and 

simulation work. 

  

In the experimental study, Berea sandstone cores are placed in a core holder and 

the space created around the core is considered as a surrounding fracture. System 

is kept at a pressure of 250 psi by CO2, N2 and CH4 gases and at a reservoir 

temperature of 70 °C.  

 

Experiments with cores having similar initial saturations resulted in the highest n-

decane recovery in CO2 experiment followed by CH4 and N2. The highest 
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solubility of CO2 in n-decane and density difference between CO2 and CO2-n-

decane mixture are considered as the reason of results. 

 

CO2 injection tests with n-decane and brine saturated core with and without initial 

gas saturation indicate that availability of initial gas saturation in matrix increased 

recovery.  

 

A simulation study is continued using CMG (Computer Modeling Group Ltd.) 

WinProp (Microsoft Windows™ based Phase-Behavior and Fluid Property 

Program) and GEM (Generalized Equation-of-State Model Compositional 

Reservoir Simulator). Simulation results of CO2 experiment with initial gas show 

that dominant effect of GOGD decreases and diffusion becomes more effective at 

final production stages. Simulation study indicates an immediate, sharp decrease 

in oil saturation in matrix. Oil in matrix migrates into fractures and moves 

downward as a result of GOGD with gas injection.  

 

 

 

 

Keyword: Matrix-Fracture Interaction, Gas-Oil Gravity Drainage, Diffusion, CO2, 

N2 and Methane Injection, Oil Recovery 
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ÖZ 

 

 

KUMTAŞI KAYAÇLARDA KARBONDĐOKSĐT, METAN VE NĐTROJEN 

ENJEKSĐYONU SIRASINDAKĐ MATRĐKS ÇATLAK ETKĐLEŞĐMĐ 

 

 
 

Bülbül, Sevtaç 

Doktora, Petrol ve Doğal Gaz Mühendisliği Bölümü  

Tez Yöneticisi: Prof. Dr. Mahmut Parlaktuna 

 

 

Haziran 2012, 167 sayfa 

 

 

 
Çalışmanın amacı, çatlaklı bir sistemde CO2, CH4 ve N2 enjeksiyonu sırasında 

meydana gelen matriks-çatlak etkileşimi, gaz-petrol gravite drenajı ve difüzyon 

mekanizmalarını incelemektir. Enjekte edilen gaz türünün, başlangıç gaz 

doymuşluğunun ve difüzyon katsayısının petrol kazanımı üzerindeki etkileri 

deney ve simülasyon çalışması ile incelenmiştir. 

 

Deneysel çalışma sırasında, Berea kumtaşı karotlar karot tutucuya yerleştirilmiş 

ve karotun etrafında kalan boşluk karotu çevreleyen bir çatlak olarak 

değerlendirilmiştir. Sistem CO2, N2 ve CH4 gazları ile 250 psi basınç değerinde 

tutulmuştur. Sistem sıcaklığı, rezervuar sıcaklığı değeri olarak alınan 70 °C’dir.  

 

Benzer başlangıç doymuşluklarına sahip karot örnekleri ile yürütülmüş deneyler 

sonucunda en yüksek kazanım değeri CO2 ile yürütülmüş deneyde elde edilmiştir. 

Kazanım sıralamasında CO2 deneyinden sonra sırasıyla CH4 ve N2 deneyleri 
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gelmektedir. n-dekandaki en yüksek çözünürlük değerinin CO2’ye ait olması ve 

CO2 ile CO2-n-dekan karışımı arasındaki yoğunluk farkı, bu sonuçların nedeni 

olarak değerlendirilmiştir.  

 

n-dekan ve tuzlu su ile doyurulmuş karot ile yapılan başlangıç gaz doymuşluğu 

bulunan ve bulunmayan CO2 enjeksiyonu testleri, matrikste başlangıç gaz 

doymuşluğu bulunmasının kazanımı arttırdığını göstermektedir.  

 

CMG (Computer Modeling Group Ltd.) WinProp (Microsoft Windows™ based 

Phase-Behavior and Fluid Property Program) ve GEM (Generalized Equation-of-

State Model Compositional Reservoir Simulator) kullanılarak bir simülasyon 

çalışması yapılmıştır. Başlangıç gaz doymuşluğu ile yürütülen CO2 deneyinin 

simülasyon sonuçları, üretimin son aşamalarında gaz petrol gravite drenajının 

baskın etkisinin azaldığını ve difüzyonun daha etkin bir hal aldığını 

göstermektedir. Simülasyon çalışması, petrolün matriksteki ani ve keskin 

azalmasını göstermektedir, Matriksteki petrol çatlaklara göç etmekte ve gaz 

enjeksiyonu ile gaz petrol gravite drenajının sonucu olarak aşağı doğru hareket 

etmektedir. 

 

 

 

 

Anahtar Kelimeler: Matriks-Çatlak Etkileşimi, Gaz-Petrol Gravite Drenajı, 

Difüzyon, CO2, N2 ve Metan Enjeksiyonu, Petrol Kazanımı 
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CHAPTER 1 

 

 

INTRODUCTION 
 
 
 
 
 
 

There exist many naturally fractured reservoirs throughout the world, which 

contain large amounts of hydrocarbons and make a significant contribution to the 

total proven hydrocarbon reserves (Van Golf-Racht; 1982, Saidi, 1987). Naturally 

fractured reservoirs consist of a matrix system and a fracture network system. 

Matrix system has a high storage capacity and a low permeability, while fracture 

network system has a low storage capacity and high permeability (Pirson, 1953; 

Barenblatt, 1960; Reiss, 1980; Van Golf-Racht, 1982). In a fractured reservoir, 

matrix elements are separated with fractures, which may be closed and cemented 

or having flow channels in them, as shown in Figure 1.1 (Reiss, 1980). 

 

In fractured reservoirs, when oil saturated matrix is fully or partially surrounded 

by gas and/or water in the fracture, displacement process takes place (Van Golf-

Racht, 1982).  Fractures play a role in the transmission of oil in the matrix to the 

producing wells with their high permeability and low porosity. Main oil recovery 

mechanisms in fractured reservoirs are fluid expansion, pore volume contraction, 

combined effects of gravity forces and capillary forces (i.e. gravity drainage, 

capillary imbibitions), convection and diffusion (Reiss, 1980).   

 

In fractured reservoirs, during primary production stage, most of the oil is 

produced from fractures and a lot of oil still remains in the matrix system. Gas 

injection, which activates gas oil gravity drainage mechanism, is an efficient way 

of producing oil remaining in the matrix till gravitational and capillary forces 

become equal. Molecular diffusion also plays an important role in oil recovery in 
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fractured reservoirs, especially when gravity drainage is not very effective due to 

low permeability of matrix, high capillary pressure and small sizes of matrix 

blocks (Kazemi and Jamialahmadi, 2009).  

 

 

 

 

 
Figure 1. 1. Matrix - Fracture Network System with Flow Channels (Reiss, 1980) 

 

 

Results of experimental studies carried out with fractured systems, particularly, at 

the reservoir conditions are key sources to understand the main parameters and 

processes that affect recovery mechanisms. From this point of view, the main 

objective in this study is to investigate matrix fracture interaction mechanisms by 

conducting an experimental study using a fractured sandstone core system. Gas oil 

gravity drainage and diffusion mechanisms are studied by introducing CO2, N2 

and CH4 gases to the system and obtaining corresponding oil recovery values with 

time. Effects of type of injected gas, initial gas saturation and diffusion coefficient 

are investigated. A simulation study is also carried out to compare experimental 

results and to understand main recovery mechanisms. 
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CHAPTER 2 

 

 

THEORY 
 

 
 
 
 
 
2.1. Gas Oil Gravity Drainage (GOGD) in Fractured Reservoirs 

 

Gravity drainage is a process that occurs due to the density difference of fluids in 

the reservoir. Before the discovery of a reservoir, reservoir fluids are originally 

separated into layers as gas, oil and water with depth. This is an evidence of the 

effect of the gravity (Muskat, 1981; Cole, 1969). Furthermore, in order to 

maintain the density equilibrium, reservoir fluids may move through the reservoir 

rock by gravitational forces acting on them, i.e. gas moves upward, while oil 

moves downward providing oil production from deeper wells (Calhoun, 1955; 

Cole, 1969).  

 

Gravity drainage is one of the reservoir drive mechanisms, which provides the 

natural energy needed for oil production and which could be the reason of 

significant oil recoveries greater than 80 % of the initial oil in place (Cole, 1969; 

Ahmed and McKinney, 2005). Oil production by gravity drainage may be 

originated from a gas cap existing in the reservoir or an expanding gas cap 

developed with the pressure decline during the production. If there is an 

expansion of an original gas cap in the reservoir or if there is a gas cap originated 

from gas injection at the crest of the reservoir, no solution gas from the oil zone 

will move to the gas cap. The process can be named as “segregation drive without 

counterflow”. On the other hand, if a counterflow of oil and gas within the oil 

zone occurs as a result of the density difference between oil and gas, produced oil 

will be replaced with solution gas, resulting in “segregation drive with 
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counterflow” (Pirson, 1958). This process does not necessarily include a gas cap 

occurred originally in the reservoir and generally involve vertical fracture systems 

and high permeability (Pirson, 1958). 

 

There are several conditions favor gravity drainage such as high formation dips, 

low oil viscosities, high permeabilities to oil and high gradients of density 

(Calhoun, 1955; Cole, 1969).  For efficient production under gravity drainage 

drive, considering the dip direction and locating wells at lower depths and limiting 

producing rates to the gravity drainage rate will be beneficial. Maintaining 

reservoir pressure by gas injection also results in producing oil more rapidly 

(Lewis, 1944). Process of oil production under gravity drainage drive in the 

direction of the reservoir dip in a conventional reservoir is shown in Figure 2.1 

(Cole, 1969, Ahmed and McKinney, 2005). 

 

 

 

 

 

 
Figure 2. 1. Process of Oil Production under Gravity Drainage Drive in a 

Conventional Reservoir (Cole, 1969; Ahmed and McKinney, 2005) 
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Gravity drainage mechanisms in reservoirs may be classified as processes with 

pressure maintenance provided by gas injection into the gas cap and processes 

with declining pressure (Hall, 1961). Figure 2.2 shows a cross section of a 

conventional gravity drainage reservoir with an originally present gas cap and its 

oil saturation profile at the beginning of the gas oil gravity drainage process. In 

the constant pressure maintenance gravity drainage, pressure gradient in the oil 

column, which reaches a stable value after a certain period of time, makes the oil 

drain downstructure and the location of the gas-oil contact changes as shown in 

Figure 2.3 (a). Oil is produced due to frontal-type displacement (Hall, 1961). On 

the other hand, in the declining pressure gravity drainage, there is not gas 

injection into the gas cap or the amount of the injected gas is not sufficient. With 

time, pressure declines to the bubble point pressure and free gas moves upward 

while oil moves downward as shown in Figure 2.3 (b) (Hall, 1961). 

 

 

 

 

 

 

Figure 2. 2. Cross Section of a Conventional Gravity Drainage Reservoir and its 

Oil Saturation Profile (Hall, 1961) 
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Figure 2. 3. A Conventional Reservoir with (a) Constant Pressure Maintenance  

Gravity Drainage (b) Declining Pressure Gravity Drainage (Hall, 1961) 

 
 
 
 
Gravity drainage may also be classified as forced gravity drainage, free-fall 

gravity drainage and simulated gravity drainage (Saidi, 1987; Schechter and Guo, 

1996). Forced gravity drainage is a process that occurs due to gas injection into 

steeply dipping reservoirs with a controlled flow rate. Free-fall gravity drainage, 

on the other hand, occurs in naturally fractured reservoirs after pressure decline in 

fractures or gas injection into fractures (Schechter and Guo, 1996). In free-fall 

gravity drainage, oil production is only obtained by gravity forces and oil 

production rate may not be economical enough to compensate the expenses of the 

recovery process and gives rise to the need of enhanced oil recovery activities 

(Zendehboudi, Mohammadzadeh and Chatzis, 2009). In laboratory applications, if 

gas is injected from the top of a porous block and oil is produced from the bottom 
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at a given pressure, the process obtained is free fall gravity drainage. On the other 

hand, if the top and bottom of the porous medium are connected with a by-pass 

tube, which includes injected gas, the production mechanism obtained is classified 

as forced gravity drainage (Saidi, 1987). Simulated gravity drainage is only 

obtained with centrifuging application at laboratory environment artificially 

(Schechter and Guo, 1996). 

 

In fractured reservoirs, gas from the fracture network system displaces oil in the 

matrix surrounded by fractures. In the gas oil gravity drainage mechanism, gravity 

forces and capillary forces play a significant role. Gas oil gravity drainage occurs 

when gravity forces exceed capillary forces. Density difference between gas and 

oil and elevation difference between interfaces of oil and gas in matrix and 

fracture are significant characteristics that affect gravity drainage process in 

fractured reservoirs (Sajadian and Danesh, 1998; Zahra and Fariborz, 2009; 

Zendehboudi, Mohammadzadeh and Chatzis, 2009). Capillary continuity and 

matrix block height plays important roles in oil recovery by gravity drainage 

(Fung, 1991, Zahra and Fariboz, 2009). 

 

During gas oil gravity drainage process in fractured reservoirs, different zones 

occur, namely; a zone where matrix is saturated with oil, while fracture contains 

gas; an oil rim zone where both matrix and fracture are filled with oil and a zone 

where fracture is filled with water, while matrix has oil, as shown in Figure 2.4 

(Clemens and Wit, 2001). Oil in matrix flows to the oil rim zone and to the 

fractures, through where it is transmitted to the production wells (Clemens and 

Wit, 2001). With the decline of reservoir pressure due to production, elevation of 

the gas oil contact in the fracture moves below the elevation of gas oil contact in 

the matrix, resulting in an increase in the proportion of matrix zone that is 

surrounded by gas and resulting in gravity drainage (Sajadian and Danesh, 1998). 

Figure 2.5 presents the schematic of the fractured reservoir described with 

different zones in the model DFRAC developed to model recovery mechanisms at 
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different depths by FRANLAB Company (Reiss, 1980; Reiss et al. 1973).  In the 

model, different zones are simulated with mechanisms of single phase oil 

expansion, oil and gas expansion with and without two-phase flow below and 

above bubble point pressure and critical gas saturation in the matrix and gravity 

drainage where matrix blocks are surrounded by gas in the fracture (Reiss et al. 

1973; Reiss, 1980).   

 
 
 
 

 
 
 

Figure 2. 4. Processes and Zones during Gas Oil Gravity Drainage in Fractured 

Reservoirs (Clemens and Wit, 2001). 

 
 
 



 9

 
 

Figure 2. 5. Schematic of the fractured reservoir described in the model DFRAC 

by FRANLAB Company (Reiss, 1980; Reiss et al. 1973). 

 
 
 

2.1.1. Governing Equations of Gas-Oil Gravity Drainage Mechanism 

 

Unlike conventional reservoirs, naturally fractured reservoirs contain different 

porosity systems of matrix and fracture, in which, matrix has higher storage 

capacity and low flowing capability, while fractures and fissures have less storage 

capacity but higher permeability (Pirson, 1953; Barenblatt, 1960; Reiss, 1980; 

Van Golf-Racht, 1982). In order to understand the main mechanisms dominated 

between fracture and matrix system, double porosity models are developed to 

idealize heterogeneous systems of fractures. Warren and Root (1963) developed a 
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model shown geometrically shown in Figure 2.6, which presents the fracture 

system as orthogonal, uniform spacing between the identical blocks of the matrix 

system. In the model, it is assumed that flow is between matrix blocks and 

fractures through fracture network and there is no flow between matrix blocks, 

matrix blocks feed fracture continuously. Flow in fractures is unsteady state, 

while it is quasi-steady state in matrix blocks (Warren and Root, 1963).   

 

 

 

 

 

 
Figure 2. 6. Double Porosity Model Developed by Warren and Root (1963) 

 
 
 
 
 
In the study of Kazemi et al. (1969), flow equations developed for single phase 

flow by Warren and Root (1963) are studied further for two phase flow and finite 

difference solution of these equations are provided. A mass balance on an 

elemental volume of Warren and Root’s model is considered for the flow in 

fracture and matrix systems, Darcy’s law is assumed to be applicable and the 

following flow equations are presented (Kazemi et al., 1969): 
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For fracture flow (Kazemi et al., 1969); 
 
 

( )( )

( ) ( )0

1

144

1
/

5.6146

f f f ma ma f ma

f f f

D T S

q X X S B
t

α α α α α α α

α α α

χ ρ ψ ψ ψ

δ φ

    ∇⋅ ∇ − ∇ − −      

∂
+ − =

∂

 (2.1) 

 
 
 

 
For flow in matrix (Kazemi et al., 1969); 
 
 

( ) ( ) ( )
1

/
5.6146

ma ma f ma ma ma maT S S B
t

α α α α α αρ ψ ψ φ
∂

− =
∂

  (2.2) 

 
 
where 
 
 
χαf : mobility coefficient of phase α in fracture, md/cp/ (RB/STB) 

ρ: phase density, lbm/ cu ft 

ψ: defined in Equation 2.6, psi/(lbm/ cu ft) 

D: depth measured from datum plane, positive downward, ft 

Tαma: matrix transmissibility coefficient, md/cp/sq ft (RB/STB) 

Sαma: saturation of phase α in matrix, fraction 

q: flow rate, STB/D 

X=(x,y,z)= coordinates of a point 

Xo= (x0, y0, z0) = coordinates of production or injection wells 

δ( X-X0): Dirac-delta function=1 for X=X0, 0 otherwise 

t: time, days 

φ: fracture porosity, fraction of the bulk rock volume 

B: formation volume factor, RB/ STB 

Sαf: saturation of phase α in fracture, fraction 

α: index, w: wetting phase, nw: nonwetting phase 
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f: fracture; m. matrix 

 

Mobility coefficient of phase α in fracture, χαf (Kazemi et al., 1969); 

 

0.0011271 r

f

f

k k

B

α
α

α α

χ
µ

 
=  

 
   (2.3) 

 

where 

 

k: absolute permeability, md 

kr: relative permeability 

µ: viscosity, cp 

 

Matrix transmissibility coefficient for phase α, Tαma (Kazemi et al., 1969); 

 

( ) 0.0011271 r
ma ma

ma

k k
T S

B

α
α α

α α

σ
µ

 
=  

 
  (2.4) 

 

where σ is shape factor, ft-2. 

 

Shape factor is described as follows by Warren and Root (1963); 

 

( ) 24 2 /N N Lσ = +        (2.5) 

where N is number of normal sets of fractures. 

 

and, 

( )
o

P

P

dP

P

α
α

α

ψ
ρ

= ∫         (2.6) 

 where P is pressure, psi. 
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Capillary pressure and constraint equations are also presented. 

 

Constraint equations; 

1wf nwfS S+ =
     (2.7) 

  1wma nwmaS S+ =            (2.8) 

Capillary pressure equations; 

( )nwf wf cf wfP P P S− =     (2.9) 

 
( )

nwma wma cma wma
P P P S− =    (2.10) 

 
 
where Pc is capillary pressure, psi. 
 

Considering that B ∝ 1/ρ for undersaturated oil and water; following equations 

are obtained (Kazemi et al., 1969): 

 
For matrix blocks; 
 
 

( )( )

( ) ( ) ( )0

1
{ / }

5.6146

f f ma ma f ma

f f f

f f f f

T S

P S
q X X S B c c
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α α α φ α

α

λ

φ
δ φ φ

  ∇⋅ ∇Φ − Φ − Φ   

∂ ∂
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∂ ∂
�

 (2.11) 

 
 
where Φ: potential, psi; c: compressibility, psi-1 

 
/144f fP Dα α αρΦ = −     (2.12) 

 
/144

ma ma
P Dα α αρΦ = −             (2.13) 
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For fracture system; 
 
 

( ) ( )

( ) ( )
1

{ / }
5.6146

ma ma f ma

ma ma ma
ma ma ma ma

T S

P S
S B c c

t t B t

α α α α α

α α
α α φ α

α

ρ

φ φ

Φ − Φ

∂Φ ∂∂
= + +

∂ ∂ ∂
�

  (2.14) 

 
 
 
Flow equations for matrix and fracture are presented in finite difference form 

(Kazemi et al., 1976; Thomas et al, 1983; Ladron de Guevara Torres et al., 2007). 

For 3 phase, 3-D flow, following flow equations are obtained as follows (Thomas 

et al, 1983): 

 

Fracture flow; 

 

Water: 

( ) ( ) ( )b
w w w w wm w w w w

V
P D P P q b S

t
τ γ λ φ∆ ∆ − ∆ + − − = ℘   ∆

  (2.15) 

Oil: 

 

( ) ( ) ( )b
o o o o om o o o o

V
P D P P q b S

t
τ γ λ φ∆ ∆ − ∆ + − − = ℘   ∆

  (2.16) 

 
Gas: 
 

( ) ( ) ( )

( ) ( )

g g g g gm g o s o o

b
o s om o g g g o s o

P D P P R P D

V
R P P q b S b R S

t

τ γ λ τ γ

λ φ φ

 ∆ ∆ − ∆ + − + ∆ ∆ − ∆   

+ − − = ℘ +
∆

 (2.17) 

 

Matrix- Fracture Flow; 

 

Water: 

( ) ( )b
w wm w w w m

V
P P b S

t
λ φ− − = ℘

∆
   (2.18) 
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Oil: 
   

( ) ( )b
o om o o o m

V
P P b S

t
λ φ− − = ℘

∆
   (2.19) 

 
Gas: 

( ) ( ) ( )b
g gm g o s om o g g o s o

V
P P R P P b S b R S

t
λ λ φ φ− − − − = ℘ +

∆
  (2.20) 

 
where 
 
τ: fracture transmissibility, 0.001127 (kA/L) b kr/µ, STB/D-psi 

A: area, sq ft 

D: depth measured, ft (positive downward) 

L: length, ft 

b: 1/B, inverse of formation volume factor, STB/RB or /scf/ RB 

γ: specific weight, psi/ ft 

λ: matrix-fracture transmissibility, STB/D-psi 

Vb: bulk volume, res bbl 

℘:time step difference, ℘=℘x=xn+1+ xn 

Rs:solution gas oil ratio, scf/ STB 

 

Matrix- fracture transmissibility, λ is defined as; 

 

0.001127 b
r

m

kV
k

B
λ σ

µ

 
=  

 
   (2.21) 

Also, 

   1w o gS S S+ + =     (2.22) 

 

   
cwo o w

P P P= −      (2.23) 

cgo g oP P P= −      (2.24) 
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2.2. Diffusion in Naturally Fractured Reservoirs 

 
 
Molecular diffusion is one of the recovery mechanisms of naturally fractured 

reservoirs, which gains importance especially in small matrix blocks with low 

permeability (Kazemi and Jamialahmadi, 2009; Chordia and Trivedi, 2010). 

Molecular diffusion in fractured reservoirs can be described as random motion of 

molecules due to different concentrations of components in matrix and fracture 

(da Silva and Belery, 1989; Yanze and Clemens, 2011). Combination of diffusion 

and convection, which is due to local differences of bulk velocity resulted from 

medium heterogeneity, is defined as dispersion (da Silva and Belery, 1989). 

 

There are many different aspects of diffusion in fractured reservoirs. Gas in the 

gas phase or gas in the oil phase in the fracture may diffuse into the oil phase in 

the matrix as well as into the gas phase in the matrix (Spivak et al., 1989). 

Efficiency of the diffusion process directly depends on fracture spacing, fracture 

intensity and diffusion coefficients, which determine the rate of diffusion (Spivak 

et al., 1989).  

 

In matrix fracture interaction processes, diffusion of gas from saturated fracture to 

undersaturated matrix block and a pressure gradient across the matrix block may 

be a reason of matrix fracture flow as well as gravity, capillary and viscous forces. 

With the addition of diffusion term in the equations, following expression for 

matrix-fracture interaction can be presented (Thomas et al, 1983): 

 
 

( ) c
wmf w wm w w wf

B

L
q P P P

L
λ λ= − + ∆     (2.22) 

 
 

( ) c
omf o om o o of

B

L
q P P P

L
λ λ= − + ∆     (2.23) 
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( ) ( )

( )

c c
gmf g gm g g gf o s om o o s of

B B

gD o sm o sf

L L
q P P P R P P R P

L L

b R b R

λ λ λ λ

λ

= − + ∆ + − + ∆

+ −

  (2.24) 

 
 
where  
 
∆P: pressure drop across matrix block 

LB: distance ∆P acts 

LC: characteristic length for matrix-fracture flow 

D: diffusion coefficient  

 
and, 
 

5.615
b gf

gD

V S Dσ
λ =      (2.25) 

 
 
 
 
Diffusion coefficient can be defined as a measure indicating the speed of 

penetration of a component’s molecules into another component when there is a 

contact between them (Saidi, 1987). Pressure, temperature, concentration and 

interfacial tension in between the components have effects on diffusion 

coefficients. As temperature increases, diffusion coefficient also increases, while 

an increase in pressure results in a decrease in diffusion coefficient in 

hydrocarbon systems. In porous media, since there are variable contact areas and 

longer flow paths for diffusing molecules as well as throats and wide pore areas, 

there is a decrease in the diffusion coefficient although diffusion process remains 

the same (Saidi, 1987). To account for these effects, a diffusion coefficient is 

defined for porous media, namely, effective diffusion coefficient, De, which is 

smaller than diffusion coefficient in pure liquids rather than in porous medium. 

Effective diffusion coefficient in porous media increases with increasing porosity 

and decreasing ratio of flow path length to the length of porous media sample 
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(Domenico and Schwartz, 1998). When velocity is involved in the flow of 

molecules, effective diffusion coefficients are termed as dispersion coefficients, 

which are directional properties, such as longitudinal (parallel to the flow 

direction) and transversal (perpendicular to the flow direction) (Saidi, 1987). 

 

Different experimental studies for the estimation of effective diffusion coefficient 

are carried out involving direct methods in which compositional analysis is used 

and indirect methods in which change in some parameters such as rate of solution 

volume change, pressure drop in a confined cell and level of gas-liquid interface 

are investigated and a correlation between these changes and diffusion coefficient 

is made instead of compositional analysis (Chordia and Trivedi, 2010; Hoteit, 

2011). 

 

During the diffusion process of gas in the fracture into the matrix, firstly, oil at the 

matrix-fracture interface becomes fully saturated with gas in the fracture and later 

on gas in the fracture continuously diffuses across the matrix- fracture contact 

area with a decreasing dissolved gas concentration profile from the fracture to the 

centre of the matrix block. As the gas in the fracture diffuses into the oil in the 

matrix, oil in the matrix swells as it gets more saturated with gas and some of the 

oil in the matrix expels into the fracture (Sener, 1986). Models describing 

diffusion process are mostly based on Fick’s first law of diffusion (Chordia and 

Trivedi, 2010; Hoteit, 2011).  

 

In one dimensional flow, diffusion flux J for the molecular diffusion of gas in 

fracture into oil in matrix by Fick’s first law of diffusion, where dispersion is 

taken as not present in the case (Sener, 1986; Bird, 2002): 

 

e

C
J D

x

∂
= −

∂
     (2.25) 
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where   

J: molecular mass flux; mass flow rate of gas per unit area across which diffusion 

takes place  

De: effective diffusion coefficient of gas in matrix porous media 

C: concentration of dissolved gas in matrix oil 

 

With the combination of equations of continuity and Fick’s first law of diffusion, 

Fick’s second law of diffusion is obtained, which presents the relation between 

diffusion and concentration change with respect to time (Saidi, 1987; Sharma, 

2007):  

 

2

2e

C C
D

x t

∂ ∂
=

∂ ∂
     (2.26) 

where  t: time 

 

 

2.3. Miscibility Considerations 

 

Displacement of a fluid in a reservoir with another fluid may be either an 

immiscible or a miscible process. If two fluids do not mix in all proportions to 

form a single phase fluid, these fluids are classified as immiscible. Immiscible 

fluids exhibit two different phases separated with an interface (Green and 

Willhite, 1998). In immiscible displacement of oil with gas injection, main 

recovery mechanisms include reduction in oil viscosity, oil swelling, reduction in 

interfacial tension, solution gas drive and vaporization and extraction in a limited 

amount (Lake, 1989).  During CO2 injection into crude oil systems, CO2 dissolves 

in oil, resulting in an increase in the liquid volume and causing oil swelling 

(Simon and Graue, 1965; Holm and Josendal, 1974). Swelling factor, which is 

defined as the ratio of the volume of oil and dissolved CO2 to the volume of oil 

without CO2 is dependent on dissolved CO2 amount and size of oil molecules. 
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Figure 2.7 represents swelling factor values for different dissolved CO2 mole 

fraction and oil molecular size (Simon and Graue, 1965). Moreover, CO2 has a 

high solubility at certain reservoir pressure values and when CO2 dissolves in oil, 

an expansion of about 10 to 60 % of that oil occurs as well as a reduction in the 

viscosity of oil around 5 to 10 times before (Holm, 1982). Another recovery 

mechanism is that light components of hydrocarbon are extracted into CO2 (Holm 

and Josendal, 1974, Bank et al., 2007). 

 

If two fluids mix in all proportions and remain as a single phase, they are 

miscible. Some injection fluids that mix directly with reservoir fluids on first 

contact are called as first-contact miscible. Some injection fluids, on the other 

hand, form two phases when they mixed with reservoir fluids; including a 

transition phase ranging from oil to injection fluid composition. This type of 

miscibility that is occurred due to repeated contact of fluids is called as multiple 

contact or dynamic miscibility (Stalkup Jr., 1983).  
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Figure 2. 7. Swelling Factor Values for Different Dissolved CO2 Mole Fraction 

and Oil Molecular Size 

 

 

 

Miscible displacement is only obtained at pressure values which are greater than a 

specific pressure value, called Minimum Miscibility Pressure (MMP) (Lake, 

1989).  Minimum miscibility pressure (MMP) value is obtained by Slim-Tube 

displacement tests that are conducted with sand packs in very small diameter 

tubes at constant temperature. Successively increasing pressure values are applied 

with gas injection into oil saturated sample and recovery values are obtained. 

From the recovery versus pressure curves, it is observed that there is an increase 

in the recovery with pressure up to a point and later on stabilization in recovery 

with pressure is achieved. The pressure value where the slope of the curve 
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changed sharply is indicated as Minimum Miscibility Pressure (MMP) (Lake, 

1989; Latil et al., 1980). Figure 2.8 illustrates an example of the results of a slim 

tube experiment showing the recovery values at various test pressures at 1.2 pore 

volume (PV) of CO2 injection for the test oil and at constant temperature (Yellig  

and Metcalfe, 1980). In pressure-composition (P-X) diagrams, saturation 

pressures versus mole fraction of one of the phases are indicated and miscibility 

relationships can be obtained. Figure 2.9 shows an example of P-X diagrams for 

CO2-butane and CO2-ndecane systems at 71 ºC. Critical points designated by 

letter C on the plot indicate the points where liquid and gas phases are identical 

(Orr Jr. and Jensen, 1984). 

 
 
 
 
 

 

 

Figure 2. 8.  Recovery versus Pressure Curve obtained from Slim-Tube 

Experiments for MMP Determination (Yellig  and Metcalfe, 1980) 
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Figure 2. 9. P-X diagrams for CO2-butane and CO2-ndecane systems at 71 ºC (Orr 

Jr. and Jensen, 1984) 
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CHAPTER 3 

 

 

PREVIOUS EXPERIMENTAL AND SIMULATION WORK 

 
 
 
 

In literature, there are significant studies reported considering matrix-fracture 

interaction and production mechanisms in fractured reservoirs as well as gas 

injection processes for the purpose of enhancing oil recovery. These studies 

include experimental work as well as modeling and numerical simulation studies. 

 

3.1. Experimental Studies Carried Out On Matrix-Fracture Interaction, Gas-

Oil Gravity Drainage and Gas Injection Processes 

 

Chatzis et al. (1988) carried out an experimental study to investigate gravity 

drainage processes during the inert gas injection. Square capillary tubes of 

different sizes of 500 µ and smaller are used as well as 1.2 m long Berea 

sandstones in gravity drainage experiments performing air and nitrogen injection. 

Computerized tomography is used to identify fluid distributions and oil zone and 

transition zone during inert gas injection gravity drainage. It is concluded that 

production rate of gravity drainage is both dependent on the capillary diameter 

and kinematic viscosity of drained fluid. In Berea sandstone experiments, 

waterflooded core is subjected to nitrogen injection at a rate of 5 psi from the top 

and 40 % of residual oil is obtained to be produced after 1000 hours. 

 

Denoyelle et al. (1988) studied effectiveness of a fractured carbonate reservoir to 

apply CO2 and CO2- N2 gases for enhanced oil recovery. Besides, field scale 

characterization and injection tests, laboratory studies are also conducted. 2 m 

long, oil saturated sand packs and reservoir cores are used during CO2, CO2- N2 
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mixture and pure N2 injection at reservoir pressure and temperature. A higher 

amount of oil recovery is obtained during CO2 injection compared to CO2- N2 

mixture and pure N2 injection and it is concluded that with continuous CO2 

injection, higher amounts of oil recovery is obtained than waterflood tests carried 

out with the reservoir cores. 

 

In the study of Gümrah (1988), oil recovery during CO2, steam and CO2-steam 

flooding into limestone linear and three dimensional models is investigated. 

Effects of injection pressure are considered and recovery and steam front 

movements are examined. Cyclic and continuous CO2 injection experiments are 

performed and cyclic CO2 injection is considered to be more efficient than 

continuous CO2 injection for heavy oil recovery for the conditions of experiments. 

 

Sadaghiani (1992) studied the effects of CO2 on the physical properties of Garzan 

crude oil (24 °API) with an experimental study containing a PVT set-up. 

Properties such as viscosity, density, bubble point pressure, gas-oil ratio, liquid 

compressibility and formation volume factor are investigated by providing bottom 

hole conditions combining crude oil with natural gas and different CO2 

concentrations. It is concluded that increase in the formation volume factor, 

reduction in viscosity and stripping effect are more significant with CO2 than 

obtained with natural gas. 

 

The objective of the study of Sumnu et al. (1994) is to study matrix-fracture 

transfer function for steam injection and experimental design parameters by using 

fine grid simulation results to develop a 3-D matrix-fracture model. Sumnu et al. 

(1996) also aim at obtaining fluid transfer between matrix and fracture during 

continuous and cyclic steam injection. An X-ray transparent plastic core holder is 

used that contains a rectangular sandstone Boise core and a fracture is formed 

between the core and the core holder. Thermocouples are used to measure 

temperature in the fracture and matrix and heat flux sensors are used to determine 
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heat losses from the system during steam injection. In the steam injection 

experiments, steam is injected into 100 % water saturated core and effect of 

different steam injection rates, back pressures and injection temperatures are 

investigated. Steam saturations in fracture and matrix is obtained by using a CT 

scanner and it is concluded that there is not steam saturation in the matrix and 

conduction is dominant in heat transfer.   

 

In the study of Mangalsingh and Jagai (1996), an experimental work is carried out 

to investigate CO2 immiscible displacement by using the continuous injection 

method and water alternating gas (WAG) method. The experimental set-up 

contains a core holder, an injection system and a production system. 

Unconsolidated cores are prepared by using Silica sand and sand core is 100 % 

saturated with water. Then, crude oil is injected and continuous CO2 injection, 

water alternate CO2 injection, waterflood and WAG on waterflooded core 

methods are applied. Gas production and volumes of oil and water are measured. 

16 °API to 29 °API crude oils are used and different CO2 injection rates are 

maintained. It is observed that WAG recoveries are higher than recoveries 

obtained from CO2 continuous injection.  

 

The study of Sajadian and Danesh (1998) includes an experimental study that is 

carried out to identify the main parameters affecting the capillary continuity 

between matrix blocks in reservoir conditions. A stack of a glass beads pack over 

a dead block and stack of 2 outcrop sandstone cores used. Porous and non-porous 

spacers of different thickness are artificially constructed. Synthetic oil is 

employed and air is used as the gas phase. It is stated that there exists a critical 

fracture thickness, tcf, which is the maximum value of fracture thickness that 

retains a stable liquid bridge. 

 

In the study of Rangel-German et al. (1999), both an experimental and numerical 

simulation study is carried out to understand the flow processes in fractured 
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media. Water-air imbibition and oil-water drainage displacements in fractured 

sandstones are investigated by using an 8 % NaBr brine solution as wetting phase, 

and decane as the nonwetting phase. Saturation distributions along the core are 

obtained by using a Computerized Tomography (CT) scanner and rate and 

pressure distributions are also determined. Two blocks are placed together in the 

first core holder design, while in the second design; there is a 1 mm thick spacer 

to create a fracture. By using a commercial reservoir simulator, experimental 

results are matched and the effect of fracture relative permeability, matrix-fracture 

capillary pressure and fracture width is obtained. 

 

Hujun et al. (2000) also investigated oil recovery efficiency of waterflooded 

naturally fractured reservoirs, followed by gas injection experimentally in their 

study. In the experiments, actual case of waterflooding and CO2 gravity drainage 

in Spraberry trend Area in USA is provided. Effects of permeability, initial water 

saturation and injection schemes are investigated during the experiments. Gas 

chromatography is used to analyze the produced samples. Artificially fractured 

Berea cores and Spraberry core are used along with synthetic brine and dead 

Spraberry oil in the experiments. Berea cores used are 24.45 cm and 48.74 cm in 

length and 10.16 cm in diameter. The experimental setup, which is placed in an 

oven at reservoir temperature of 58.9 °C, consists of a core holder, produced 

fluids container, back pressure regulator, pump, CO2 and brine source, and 

separator. CO2 gravity drainage process is conducted at reservoir temperature for 

38 days after water injection by CO2 injection vertically from the top.  It is 

concluded that CO2 gravity drainage after water injection is an efficient method of 

enhanced oil recovery. It is observed that during CO2 gravity drainage, produced 

oil results in increased concentrations of components C11- C20, indicating 

significant extraction by CO2. According to the results of the experiments, it is 

observed that lower initial water saturation before CO2 injection yields higher oil 

recovery.  

 



 28

In the experimental study carried at the Petroleum Research Centre at Middle East 

Technical University (METU) (2001), an artificial fracture is provided by fixing 

the core at the center of the core holder. A 2 mm fracture is created between the 

walls of the model and the core. Heat flow sensors are used to measure the heat 

flow from the core to the fracture and from the steam in the fracture to the core. 

Moreover, a thermocouple is used to measure the temperature of the steam in the 

fracture between the surface of the core and the wall of the core holder. There are 

also inlet and outlet ways to inject steam to the fracture and produce oil and water 

from the system. The fractured core system is placed on the CT table and a data 

logger is used to record data.  

 

In the study of Oedai and van Wunnik (2002), the recovery of remaining oil in a 

sandstone reservoir by an immiscible gas injection that has undergone a 

waterflood is considered. Gas-oil gravity drainage potential is investigated by 

using partly oil and water filled plugs. After aging, plugs are waterflooded 

followed by an oil flood and then drained in air. Dead crude oil is used in the 

experiments, which are run at atmospheric pressure and 60°C. Gas (air) drainage 

of aged plugs at connate water saturation (OG experiments), gas drainage of 

waterflooded plugs (OWG experiments) and gas drainage of oil re-saturated water 

flooded plugs (OWOG experiments) are performed. After the study, it is 

concluded that residual oil saturation for GOGD is lower than that is obtained for 

waterflooding and waterflooding before GOGD also increases the residual oil 

saturation slightly. 

 

Another study that is investigating the effects of steam injection and together with 

CO2 and CH4 is conducted by Bagci and Gumrah (2004). In the study, effects of 

simultaneous injection of steam and CO2 and CH4 at different flow rates, different 

injection temperatures and different CO2-steam ratios are investigated. Heavy oil 

(12.4 °API) is mixed with unconsolidated limestone and 1-D and 3-D models are 

used to obtain recovery. Optimum gas/ steam ratios are determined for both of the 
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models. It is concluded that by gas-steam injection lower residual oil recoveries 

are obtained than the ones obtained with only steam injection. 

 

Rao et al. (2004) studied gas assisted gravity drainage (GAGD) process and 

carried out an experimental study with glass bed packs constituting a porosity 

value of 0.39 and a permeability value of 10 Darcy to identify free fall gravity 

drainage mechanism. Oil recovery results are obtained and two intervals are 

observed on the recovery versus time plot in which at first there is a sharp 

increase in oil production while in the second interval there is 2 phase flow of oil 

and gas together resulting in a lower oil production rate. In another part of the 

study, immiscible CO2 injection is performed to Berea cores of 6 ft to observe 

GAGD process and it is concluded that highest amount of recovery is obtained 

during GAGD than continuous injection or water alternating gas (WAG) 

processes, especially in long core lengths. 

 

Ayatollahi et al. (2005) studied effect of wettability on GOGD process with an 

experimental study. Experiments are conducted by using water-wet, oil-wet and 

50 % water-wet- 50 % oil-wet sand packs, which are waterflooded first. Free fall 

gravity drainage is provided by opening valves at the top and at the bottom of the 

system and oil recovery is recorded for a period of 2 months. Highest amount of 

tertiary oil recovery is obtained in the water-wet sand pack sample after the 

experiments.  

 

The experimental study of Batemann et al. (2005) aims at obtaining CO2, pore, 

water and rock interactions. In the study, a packed reacting material assemblage, 

which is placed in a pressure vessel, is used. The mineral composition of the 

assemblage is based on the Utsira sand. The experimental setup contains a syringe 

pump used to maintain the CO2 pressure at 180 bar during the experiments. The 

reactant fluid is first equilibrated with CO2 and then displaced by the pressuring 

CO2. Samples of reactant fluids are used for the chemical analysis. Scanning 
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electron microscopy (SEM) analysis and surface area analysis are also carried out. 

The results of the experiments are used in a computer modeling study.  

 

Another experimental study is carried out by Egermann et al (2005), which aims 

at defining dissolution and precipitation mechanisms during the co-injection of 

CO2 and brine in carbonate cores. During the experiments, temperature and 

pressure ranges where CO2 will stay in the supercritical phase are provided. As 

well as NMR and CT techniques, chemical analyses of the producing fluids are 

used during the study. The experimental setup used can be operated at the 

reservoir conditions up to 300 bar and 120°C and includes a Hassler type core 

holder and a pumping system. By the use of the pumping system, CO2 and brine 

can be pumped separately or simultaneously. The effect of the change of flow rate 

and brine composition is investigated.  

 

The study of Kulkarni (2005) focuses on the mechanisms of gas assisted gravity 

drainage (GAGD) mechanisms. An experimental study is carried out to 

investigate the effects of different conditions, such as miscible-immiscible 

flooding, homogeneous and fractured sample and secondary and tertiary injection. 

In the study, previously proposed analytical models are also investigated and used 

to describe the mechanisms of GAGD. 

 

Shariatpanahi et al. (2005) investigated the effect of the orientation of fractures 

during gas injection and waterflooding in 2D porous water-wet micromodels. 

Different injection rates are applied and air is injected into the system after 

waterflooding. Besides gas injection, free-fall gravity drainage condition is also 

investigated, in which lower oil recovery is obtained compared to gas injection 

tests. It is also concluded that fracture orientation is more significant in during gas 

injection than waterflooding. 
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Darvish et al. (2006) carried out an experimental study to determine the efficiency 

of tertiary CO2 injection into fractured chalk cores at reservoir conditions. A 2 

mm fracture is created by centralizing the core inside a steel tube and providing 

space between the core and the wall of the tube. The fracture is filled with a 

sealing material. In the study, the initial reservoir oil is prepared by the 

combination of stock tank oil with a synthetic gas mixture and components C5 and 

C6 as a liquid mixture. After reservoir oil is injected into the core, the sealing 

material is removed from the fracture by increasing temperature to the reservoir 

temperature of 130 °C and melting the material. After the removal of the sealing 

material, water injection is performed and CO2 is injected after water injection. 

During the study, oil and water production and fluid compositions are observed 

and it is concluded that CO2 injection after water injection can be used to recover 

residual oil and an increase in oil recovery by 15% of original oil in place is 

obtained. Moreover, change in the composition of the produced oil is considered 

to be an evidence of different production mechanisms in mass transfer between 

matrix and fracture. 

 

Study of Grigg and Svec (2006) was carried on sandstone and carbonate core 

samples. During the study, displacement tests were conducted at reservoir 

conditions of 145 °F and 2200 psig by injecting gas to residual brine saturation 

with respect to gas followed by brine injection to a residual gas with respect to 

brine. The experimental set-up used contains a syringe pump and a separator 

system. The core flooding system is placed into a temperature-controlled air bath. 

A liquid trap and a vapor trap are included and a wet test meter is used to 

determine the gas production at the ambient temperature. During the displacement 

tests, CO2 saturation in the injected brine at reservoir conditions is changed from 0 

% to 90 %.   

 

The objective of the study of Fern∅ et al. (2007) is to observe the fracture/ matrix 

transfer and fluid flow in the fractured carbonate rocks. An experimental study is 
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carried out at various wettability conditions from strongly water-wet to 

moderately oil-wet with analysis of MRI images. In the experimental study, core 

plugs are stacked horizontally and a vertical fracture of constant aperture is 

provided. Fluids are injected with constant pressure or flow rate and the 2D water 

movement in the flow direction and the 2D saturation development in the fracture, 

orthogonal to the flow direction are imaged. Effects of different types of fracture 

widths and various flow rates are also investigated. Tests are conducted on two 

different outcrop carbonate rocks with different pore structure and level of pore 

scale heterogeneity. It is concluded that the possibility of forming capillary 

continuity by liquid bridges is dependent on fracture width. Bridges are likely to 

form at smaller widths and did not form beyond a critical width. 

 

The study of Karpyn et al. (2007) aims at obtaining the effects of fracture 

morphology on immiscible fluid transport by continuing an experimental study on 

Berea sandstone cores with a single artificial longitudinal fracture. Micro-

computed tomography (MCT) is used to obtain fluid distributions. A mixture of 

silicone oil and 30 % by weight of n-decane is used as the oil phase. Continuous 

oil injection, continuous water injection, simultaneous injection of oil and water, 

and a static pseudo-segregated state are provided during the experiments. It is 

concluded that there is a strong correspondence between fluid distributions with 

fracture geometry and fracture apertures as well as wetting characteristics of the 

rock. It is obtained that the non-wetting phase (oil) tends to occupy large 

apertures, while the wetting phase (water) spreads through small cavities. 

 

Another study related to the gas oil gravity drainage concept is the study of 

Nabipour et al. (2007).  In the study, thermally-assisted gas-oil gravity drainage 

for secondary and tertiary oil recovery is investigated experimentally using a 

fractured model. In the experimental part of the study, water-wet and oil-wet sand 

are used to investigate secondary and tertiary recovery. A core holder in a thermal 

jacket is placed vertically. Sand pack used is 70 cm long and has a 6.5 cm 
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diameter and the annular space between sand pack and the core holder is 

considered as a fracture. The model in the study is used for secondary GOGD 

process. For tertiary GOGD process, injecting several pore volumes of water from 

the bottom of the model, waterflood residual oil conditions are obtained. After 

matrix connate water conditions are reached, valves at the top and bottom of the 

model are opened and air enters from top and oil recovery as a function of time is 

recorded. Nitrogen is injected into fracture and then core holder is warmed by 

heating strips in a range between 25 °C to 60 °C. Wettability is also changed by 

aging the sand packs in crude oil for one month. Water-wet and oil-wet sand 

packs are used with fractures and without fracture. As a result of the study, it is 

concluded that thermally-assisted gas–oil gravity drainage process is a good heavy 

oil recovery alternative and tertiary oil recovery is more effective than secondary 

thermal recovery process. 

 

Asghari and Torabi (2008) investigated the effects of CO2 injection into fractured 

media on oil recovery by conducting both experimental and simulation studies. 

Both miscible and immiscible conditions are provided during the experiments and 

an open space around the core is considered as a surrounding fracture. 

Experiments are conducted by injecting CO2 directly to the fracture at a range of 

pressure between 250 psi to 1500 psi at 35 °C by keeping the system at the 

pressure value for 1 day and measuring the n-decane recovery. Recovery obtained 

for both miscible and immiscible conditions are recorded and in the simulation 

part of study, CMG-GEM is used to simulate the results. 

 

In the study of Tian and He (2008), the objective is to study effects of steam-only 

injection, steam injection with CO2, steam injection with surfactant and steam 

injection with CO2 on oil recovery using a laboratory model and a numerical 

simulation model. Effect of amount of CO2 and amount of steam injected, effect 

of steam quality, steam temperature and effect of surfactant concentration are 

investigated. It is concluded that as the amount of both amount of steam and CO2 
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increased, cumulative oil production is also increased as expected. Also, high 

recovery factors are obtained with high steam quality, high steam temperature and 

increasing surfactant concentrations. It is also concluded that simultaneous 

injection of steam, CO2 and surfactant result in higher oil recoveries than that of 

steam injection, steam injection with CO2 and steam injection with surfactant. 

 

Trivedi and Babadagli (2008) continued an experimental study by performing 

continuous CO2 injection into fractured Berea cores, providing different 

conditions of miscible and also immiscible process. The authors also conducted a 

simulation study and investigated diffusion coefficients by the comparison of the 

experimental results with the numerical model developed for matrix-fracture 

transfer. It is concluded that continuous CO2 injection at low rates for long times 

followed by a shutdown results in diffusion process and increases recovery. 

 

Zendehboudi et al. (2009) investigated the controlled gravity drainage in naturally 

fractured reservoirs. The authors stated that in the gravity drainage process in a 

fractured medium, overall system drainage is directly affected by the density 

difference between interacting gas and liquid, as well as the elevation difference 

between gas-liquid interface through matrix and fracture. In the experimental 

study, a rectangular porous medium is used as the matrix, which is surrounded 

vertically by one vertical fracture at each side. A pump is connected to the bottom 

part for producing liquid at various fixed discharge rates and the top part is open 

to the atmosphere providing that air is the gas phase. Effect of model height, 

fracture aperture, matrix permeability, liquid viscosity, well spacing and initial 

liquid saturation are investigated. 

 

Torabi and Asghari (2010) continued an experimental study with immiscible and 

miscible injection of CO2 into Berea cores with a surrounding fracture. Effects of 

connate water saturation, oil viscosity, injection pressure and matrix permeability 

are investigated. It is concluded that miscible CO2 injection results in higher 
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amount of oil recovery compared with immiscible conditions. Connate water 

plays an inverse effect on recovery under immiscible conditions, while it is not 

very effective in the miscible case. It is also concluded that high matrix 

permeability favors oil recovery under immiscible conditions for the permeability 

values of the experiment. 

 

 

3.2. Simulation Studies Carried Out On Matrix-Fracture Interaction, Gas-

Oil Gravity Drainage and Gas Injection Processes 

 

Cardwell and Parson (1948) studied the theory behind the gas oil gravity drainage 

of a sand column vertically placed, which is saturated with liquid. Governing 

equations of the process when the column is open to the atmosphere at the top and 

bottom and draining is studied and rate of gravity drainage is estimated. 

 

Study of Nenniger and Storrow (1958) focuses on gravity drainage during the 

process of flow of liquid out of a packed bed in gravitational and centrifugal force 

fields. Equations are developed for the processes and experimental results are 

used to confirm the accuracy of the solution of these equations for different 

packed beds. 

 

Barenblatt et al. (1960) studied the seepage of liquids in fissured rock and liquid 

transfer between fissures and pores. Authors presented fundamental equations for 

systems of uniform liquid in a fissured medium and also for a double porosity 

system. 

 

Dkystra (1978) studied free fall gravity drainage mechanism by using the 

approach developed by Cardwell and Parson (1948) and proposed equations for 

gravity drainage mechanism and recovery. He compared experimental data with 

the proposed model and showed its reliability and availability to apply for a field 
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scale application with different examples considering change in the interface of oil 

and gas. 

 

In the study of Hagoort (1980), gravity drainage is stated to be a recovery process, 

which is gas/oil displacement in which gravity is the main driving force. It is 

indicated that gravity drainage may occur in two cases, such as in the primary 

stages of oil production (gas cap- drive or segregation drive or segregation drive) 

and also in the other stages where gas supply can be from an external source. In 

the study, a classical description of immiscible two phase flow is used in a one 

dimensional vertical gravity drainage system and displacement is described by 

using the concepts of relative permeability and capillary pressure along with 

continuity equation and Darcy’s law.  

 

In the study of Gilman and Kazemi (1983), a double porosity simulator is 

developed with the usage of flow equations for matrix and fracture systems. The 

finite-difference simulator also makes it possible to model a single porosity 

system, if only equations for fracture are considered. Solution methods for the 

equations involving initial and boundary conditions and for the case of chemical 

transport are also presented. Assumptions used in the development of the 

simulator are verified by using data available including pressure transient test 

data. 

 

Wu and Pruess (1988) studied the method of “Multiple Interacting Continua 

(MINC)”, which describes matrix blocks with inside subdivisions depending on 

the distance from the surface of the matrix and its application for naturally 

fractured reservoirs and concluded that MINC method gives more accurate results 

compared with double porosity models, although it requires more computational 

work. 

Bech et al. (1991) developed a model describing two phase oil-gas and water-oil 

systems in a fractured reservoir. Water-oil imbibition equations are described by 
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diffusion process assuming that diffusion coefficients are constant. Equation of 

gas oil gravity drainage rate is also presented with the assumption of the presence 

of equilibrium in the matrix blocks between oil and gas. Developed model is 

verified with laboratory data and results of a simulator. 

 

In the study of Fung (1991), double porosity models used for describing gas-oil 

gravity drainage are investigated and a new model is developed including the 

effects of matrix continuity and reimbibition considering a stack of three blocks. 

Obtained results are compared with single block simulators and double porosity 

models as well. 

 

Kazemi et al. (1992) proposed analytical and numerical solutions to Buckley 

Leverett displacement problem in the case of imbibition in matrix block 

surrounded with fracture using empirical transfer functions. The authors also 

presented a comparison between analytical and finite difference solutions and dual 

porosity simulation equations. 

 

Luan (1994) presented a mathematical model describing gravity drainage 

mechanisms in naturally fractured reservoirs as a gas displacement process by 

using equations proposed by Hagoort (1980). He pointed out the importance of 

time delay during drainage process to reach a capillary pressure equilibrium, 

which causes a nonequilibrium stage as well as the effect of capillary continuity in 

a stack of matrix blocks in oil recovery. 

 

Schechter and Guo (1996) reported that in the literature, there are 3 different 

gravity drainage processes in porous media investigated, namely; forced gravity 

drainage, simulated gravity drainage and free-fall gravity drainage. The authors 

developed a mathematical model describing free fall gravity drainage process and 

criticizing previously stated models based on Darcy’s law and film flow theory. 

They also conducted experiments to investigate the mechanisms of vertical free-
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fall gravity drainage from a matrix block in a naturally fractured reservoir. In the 

experimental part of the study, CO2 is continuously injected into the annulus 

between the core holder and core sample at reservoir pressure and temperature, 

which simulates the fracture and recovery versus time data is recorded. New 

developed model with the obtained experimental data showed a good accuracy 

with the previous models of free-fall gravity drainage.  

 

In the study of Darvish et al. (2005), a numerical model is developed that 

describes an experiment carried out with carbonate core sample having a 

surrounded fracture around it at reservoir conditions. In the experiment, a melting 

material is used to provide matrix with oil saturation, later on, the material is 

melted and fracture is created in the system. A numerical model is created for the 

gravity drainage experiment and effects of matrix permeability, height of the 

matrix, diffusion, pressure and type of the gas (CO2 or hydrocarbon gas) are 

investigated. It is concluded that using correct diffusion coefficients are very 

important for obtaining reliable simulation results. 

 

Donato et al. (2006) proposed expressions for the gas oil gravity drainage of a 

system I which gas is entering from the top into an oil saturated rock column. 

Effects of gravitational and capillary forces are included in equations describing 

the process. Moreover, numerical simulation results obtained for oil recovery are 

compared with the experimental results in literature. Matrix- fracture transfer 

functions are also presented that are developed for dual porosity and dual 

permeability models.  

 

Li and Horne (2008) developed a model describing free fall gravity drainage 

process and derived equations for oil recovery for the process. Experimental and 

field data are used to verify the model and effects of pore size distribution and 

entry capillary pressure are investigated. 
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Alavian and Whitson (2009) modeled an experimental study, in which a chalk 

core sample with a surrounding fracture is used during first with C1-n-C7 gas, 

second with CO2 injection at 220 bar. A compositional simulator is used to 

describe the model and experimental results are compared with the model. Near-

miscible CO2 injection is obtained to be a main oil recovery mechanism. 

 

Torabi and Asghari (2009) continued a simulation study and modeled a core 

system with a surrounding fracture during a gas oil gravity drainage process. 

Simulator CMG WinProp and CMG GEM are used to create PVT model of the 

system and to describe matrix and fracture transfer mechanisms under miscible 

and immiscible conditions. Different parameters affecting recovery such as 

diffusion coefficient and matrix permeability are considered. Diffusion process is 

obtained to be not very effective and it is concluded that the reason may be the 

limited time for the process or the nature of the model itself. On the other hand, 

matrix permeability is found to be a significant parameter influencing recovery. 

 

Jamili et al. (2010) proposed a mathematical model describing matrix-fracture 

mass transfer including diffusion mechanism in the matrix and in the matrix 

fracture boundary presenting governing equations. An experimental study of CO2 

injection into fracture system of a chalk core is simulated and a counterflow of oil 

and gas in the core is indicated. Diffusion and convection mechanisms during 

recovery are concluded to be significant. 
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CHAPTER 4 

 
 
 

STATEMENT OF PROBLEM 

 
 
 
 
 

Naturally fractured reservoirs, which consist of a high porous, low permeable 

matrix and a low porous, high permeable fracture network, contribute to the 

hydrocarbon reservoir in the world in a great extent. In fractured reservoirs, there 

still exist high amounts of oil in the matrix system after primary production stage. 

In order to recover oil remaining in the matrix system, gas injection is a favorable 

method since it activates gas oil gravity drainage (GOGD) mechanism. Molecular 

diffusion also plays an important role in oil recovery in fractured reservoirs. 

Matrix- fraction interaction during all these processes is a key concept that is 

needed to be fully understood to provide effective oil recovery. 

 

The aim of the study carried out is to investigate matrix-fracture interaction 

mechanisms in a fractured sandstone core system during gas injection. Effect of 

the type of gas injected, namely carbon dioxide, methane and nitrogen and effect 

of initial gas saturation have been investigated in terms of oil recovery. An 

experimental study has been carried out to differentiate the effective recovery 

processes such as gas-oil gravity drainage and diffusion. It is also aimed to 

simulate the experimental results with CMG (Computer Modeling Group Ltd.) 

WinProp (Microsoft Windows™ based Phase-Behavior and Fluid Property 

Program) and GEM (Generalized Equation-of-State Model Compositional 

Reservoir Simulator). 
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CHAPTER 5 

 

 

EXPERIMENTAL STUDY 

 
 
 
 
 
In the experimental part of the study, experiments are carried out by using 

consolidated Berea sandstone core samples with fracture. Berea cores were cut 

perpendicular to the bedding plane. The space around the core sample between the 

wall of the core holder and the core is considered as a surrounding fracture. 

Experiments are carried out by injecting CO2, N2 and CH4 into the core in a cyclic 

manner of 1 day closed period under 250 psi followed by a production period of 2 

minutes and the pressure, temperature and recovery versus time data is recorded. 

 

5.1. Experimental Setup 

 

During the experiments, an experimental setup that consists of a saturation 

system, a gas injection system, a core sample cleaning system and a data logger 

system are used.  

 

The saturation system contains two different high pressure core holders, which are 

used to saturate the core sample with brine (5 wt % KCl aqueous solution) and n-

decane, separately. Properties of synthetic oil n-decane are presented in Appendix 

A (Merck-Chemicals Web Site, 2011).  5 wt % KCl aqueous solution is chosen to 

prevent clay swelling, since KCl concentrations between 3-20 wt % prevents clay 

swelling (Anderson et al. 2010). The system also includes vacuum and ISCO 

syringe pumps, gas and brine sources. During the saturation of the core sample 

with brine, a vacuum pump is used to evacuate the core sample and the system, as 

well as a silica gel container to prevent the vacuum pump to be exposed to the 
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brine used for saturation. Core sample is kept at 60 bars for 24 hours. The system 

used for saturating the core with brine is shown in Figure 5.1 and Figure 5.2. 

 

 

 

 

 

Figure 5.1. Schematic of the System Used For Saturating the Core with Brine  

 
 
 
 

 

 

Figure 5.2. Core Holder with its Pressure Gauge Used for Saturating the Core 

with Brine 
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Another system is used for saturating the core sample with n-decane after 

saturating it with brine, which contains a high pressure core holder, an ISCO 

syringe pump and a vacuum pump as shown in Figure 5.3 and in Figure 5.4.  Two 

pressure transducers are used to record the pressure values at the top and at the 

bottom of the high pressure core holder, while another transducer is used to record 

the confining pressure applied. 

 

 

 

 
 

Figure 5. 3. Schematic of the System Used For Saturating the Core with  

n-decane 
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Figure 5. 4. Core Holder with its Pressure Transducers Used for Saturating the 

Core with n-decane 

 
 
 
In the experiments, core sample is placed into a high pressure core holder. The 

inner diameter of the core holder is greater than the diameter of the core sample 

and a space is created between the inside wall of the core holder and the core 

sample, which is considered as fracture. The core sample is fixed in between two 

teflon spacers, which are placed inside the core holder. Fracture width at the top is 

1.9 cm and at the bottom is 1.2 cm. In the annulus space around the core, a 0.445 

cm wide fracture space is created.  

 

A graduated cylinder is placed at the bottom of the high pressure core holder to 

collect the produced oil at different time intervals.  Pressure transducers are used 

to record the pressure of each cell, while a thermocouple is used to record the 

temperature of the system, which is kept constant during the experiments by 

means of the constant temperature oven. The system used in the experiments is 

shown in Figure 5.5 and Figure 5. 6. 
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Figure 5. 5.  Schematic of the System Used For the Experiments 

 
 
 

 
 

Figure 5. 6.  Core Holders Used for the Experiments 

 



 46

After each experiment, core sample is cleaned by using Toluene Extraction 

Apparatus shown in Figure 5.7.  After the cleaning procedure, core sample is 

dried at 105 ˚C in a constant temperature oven. 

 

 

 

 

 
Figure 5. 7. Core Cleaning Apparatus 

 
 
 
 
Data logging system used during experiments is shown in Figure 5.8. There are 

different modules on the data logging equipment, namely, modules for 

temperature measurements, mA and mV output signals. Connections are provided 

with pressure transducers and the thermocouple. National Instruments LabVIEW 

Software, which is a graphical programming tool, is used. A flowchart is 

developed using the software for data recording and visualization (Figure 5.9). 

Noises obtained during the measuring process are filtered.  

 

A general view of the experimental set-up with its components is shown in Figure 

5.10. Equipment used in the set-up and specifications of each equipment is 

presented in Appendix B. 
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Figure 5.8. Data Logging System with Different Modules of Temperature and 

Pressure Measurements 
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Figure 5.9. Flowchart Developed By LabVIEW Software for Data Logging, 

Recording and Visualization 
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Figure 5.10. Experimental Set-up with Its Components 

 

 

5.2. Experimental Procedure 

 

1. Before each experiment, system is evacuated and core samples are cleaned 

and dried. Dry weight of the core sample is recorded.  

 

2. Core is saturated with 5 wt % KCl aqueous solution, which is chosen to 

prevent clay swelling. The core sample is placed into the core holder shown in 

Figure 5.2 and a vacuum pump is connected to the top of the holder. The core 

sample and the system are evacuated. While the system is being evacuated 

from the top, the valve at the bottom of the core holder is opened and brine (5 

wt % KCl aqueous solution) is transferred into the holder from the bottom. 

The system is kept at 60 bar for 24 hours.  
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3.  The brine saturated core sample is placed into the core holder shown in 

Figure 5.4. The next step is to inject n-decane as synthetic oil from the bottom 

of the core holder at a rate of 0.1 cc/min until there is no water production is 

obtained from the top. By this way, connate water conditions are provided.  

 

4. After the saturation process is completed, saturated core is weighed and 

saturated weight is recorded. Saturated sample is transferred into the core 

holder shown in Figure 5.6. 

 

5. Before gas injection, the system is kept for 48 hours at reservoir temperature 

of 70 ˚C. It is checked whether there will be oil production or not without the 

effect of the change in the pressure with gas injection. 

 

6. CO2, N2 or CH4 is injected into the core holder from the top. The space 

between the core sample and the core holder is considered as the fracture 

space. The system is kept at 250 psi and at 70 ˚C for a 24 hour-period. 

 
7. The valve at the bottom of the core holder is opened to collect recovered oil. 

Collected oil is weighed by the use of the digital balance.  

 

8. The valve at the bottom of the core holder is closed and pressure is adjusted 

again to 250 psi by injecting gas into the holder.  

 

9. Steps 7 and 8 are repeated until the end of the experiment. 
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CHAPTER 6 
 
 
 
 

EXPERIMENTAL RESULTS AND DISCUSSION 
 
 
 
 
 

6.1. Core Sample Characterization 

 

During the experimental study, consolidated sandstone samples are used and CO2, 

N2 and CH4 injection is performed to determine matrix-fracture interaction 

mechanisms.  n-decane is used as the synthetic oil phase.  

 

Before experiments, core sample characterization is carried out. Analysis of 

mineralogy and petrography by thin section and X-Ray Diffraction (XRD) were 

conducted at Middle East Technical University (METU) Department of 

Geological Engineering.  

 

According to the results of the thin section analysis, core sample is classified as 

sandstone (quartz-arenite) including the abundant mineral of quartz up to 65-70 

%. Sample consists of well-compacted, more or less rounded and medium to fine 

grained mineral and rock fragments with a grain size varying between 0.5-0.2 

mm. About 15 % of the grains consist of plagioclases with polysynthetic twinning 

and about up to 10 % of the grains is K-feldspar represented by both perthite and 

microcline. Fine flakes present white (muscovite) and dark (biotitic) micas and 

tourmaline, sphene and zircon minerals are also present. Rounded grains of 

quartz- and mica-schist, granite and felsic volcanic rock (dacite) make up the rock 

fragments. The only authigenic mineral observed is the dolomite. There are no 

water-soluble minerals in the rock (Goncuoglu, 2010). 
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XRD analyses are performed at METU Department of Geological Engineering 

with Rigaku Miniflex II instrument by using copper (Cu). Samples are prepared to 

determine clay and non-clay minerals. To determine non-clay minerals, dried, 

grinded and sieved (170 mesh size) samples are used for whole rock XRD 

analyses. Slides prepared from the obtained < 2 µm clay fraction are tested as air 

dried, as kept in ethylene glycol at 60 °C for 12 hours, as dried at 300 °C for 1 

hour and as dried at 550 °C for 1 hour to determine clay minerals. Clay fraction 

weight percent is also determined. XRD results indicate that the sample includes 

high amount of quartz and alkaline feldspar as non-clay minerals. It has a clay 

fraction of 4.13 % containing mainly kaolinite and in less amounts illite and 

chloride (Turkmenoglu, 2010). XRD spectrums for each test are presented in 

Appendix C. 

 

There are 2 Berea sandstone core samples available for the experiments. Core 

sample E1 has a diameter of 3.81 cm and a length of 11.35 cm, while core sample 

E2 has a diameter of 3.8 cm and a length of 11.29 cm. Porosity measurements for 

the core samples are conducted. From the differences between the KCl aqueous 

solution saturated weight and dry weight of the samples, porosity values are 

obtained to be 0.20 for core sample E1 and 0.21 for core sample E2. Density of 5 

% weight KCl aqueous solution is 1.02 g/cc at 70 ºC and 250 psi (TPAO, 2011). 

Saturated and dry weights of core samples are shown in Table 6.1. 

 
 
 
 
Table 6. 1. KCl Aqueous Solution Saturated and Dry Weights of Core Samples 
 
 

Core 
Sample 

Dia. 
(cm) 

Length 
(cm) 

Dry 
Weight 

(g) 

Weight After 
Saturated with 

KCl Solution (g) 

Bulk 
Volume 

(cc) 

Porosity 
(frac.) 

E1 3.81 11.35 273.263 299.70 129.40 0.20 

E2 3.80 11.29 269.782 296.37 128.04 0.21 
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Porosity and permeability measurements are also conducted at Turkish Petroleum 

Corporation (TPAO) on another core sample E3, which is only used for core 

sample characterization, not in the injection experiments. Core sample E3 has a 

length of 4.9 cm and a diameter of 3.8 cm. Porosity measurements are conducted 

using a helium porosimeter and a porosity value of 0.213 is obtained, which is 

consistent with porosity values obtained at METU Department of Petroleum and 

Natural Gas Engineering. Permeability measurements are also carried out and an 

equivalent liquid permeability value of 266 md is obtained. For relative 

permeability measurements at TPAO, core sample E2 is saturated with 5 wt% 

KCl aqueous solution under a pressure of 1200 psi for one week. Porosity and 

permeability measurements under net overburden pressure and capillary pressure 

tests are also conducted at TPAO. n-decane-brine relative permeability tests are 

conducted at reservoir temperature of 70 ˚C, under an overburden pressure of 750 

psi and a back pressure of 250 psi. Results of the core sample analysis and 

capillary pressure, pore size distribution and relative permeability curves obtained 

are presented in Appendix D (TPAO, 2011). 

 

 

6.2. Experiments carried out with CO2, CH4 and N2 Injection  

 

Four experiments were carried out to study the matrix-fracture interaction during 

gas injection into a fractured media. Three different gases, namely carbon dioxide, 

methane and nitrogen were used to see the effect of different gases on the oil 

recovery. Among four experiments two of them were run by using carbon dioxide 

while methane and nitrogen were tested by one test for each. As mentioned above, 

two core samples (E1 and E2) were utilized to run the tests. Table 6.2 lists the 

experiments with respect to type of gas used, core sample utilized and the duration 

of test.  
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Table 6.2. List of Experiments 
 

Test No Injected gas Core Sample Duration (days) 
1 Carbon dioxide E1 25 
2 Carbon dioxide E2 60 
3 Methane E1 51 
4 Nitrogen E2 35 

 

 

Before each experiment, cores were saturated with brine and n-decane by using 

the saturating systems described in Section 5.1. Brine and oil saturations of core 

samples are calculated by using following formulas: 

 

( ) ( )

( )1

diff brine oil

brine brine oil oil

o pore brine o pore oil

m m m

V V

S V S V

ρ ρ

ρ ρ

= +

= × + ×

   = − × × + × ×   

   (6.1) 

( ) /o brine pore diff brine pore oil poreS V m V Vρ ρ ρ   = × − × − ×      (6.2) 

    1w oS S= −                      (6.3) 

where  

Sw : Brine saturation (fraction),  

So : Oil saturation, (fraction),  

V: volume (cc),  

ρ: density (g/cc),  

m: mass (g),  

mdiff : Mass Difference between n-decane+ brine Saturated Weight and Dry 

Core Weight (g)  

ρoil: Density of n-decane at 1 atm and 20 ˚C (0.73 g/cc) (Merck-Chemicals, 

2011),  

ρbrine: Density of KCl solution at 1 atm and 20˚C (1.02 g/cc) (TPAO, 2011) 
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Although it was aimed to saturate all the cores with brine and n-decane only (no 

initial gas saturation), it was found out by applying material balance after brine 

and oil injection that there must be some gas saturation in the system for all 

experiments except the first one. Otherwise, for only oil- water system it was not 

possible to reach reasonable values of saturation.  As a result, saturation of brine 

for Experiments 2, 3 and 4 is assumed to be equal as in the first experiment which 

was taken as the irreducible water saturation of the core sample. Table 6.3 lists the 

measured weight of core samples at different stages of core saturation. Calculated 

initial saturations for each experiment are tabulated in Table 6.4.  

 
 
 
 

Table 6. 3. Weight of Core samples after Brine, n-decane Saturation 
 

Test 
No 

Core 
Sample 

Dry 
Weight 

(g) 

Weight After 
Saturated with 

Brine (g) 

Weight after Saturated 
with Brine and n-

decane (g) 

1 E1 273.215 299.777 294.96 

2 E2 269.782 296.368 286.426 

3 E1 273.192 299.620 290.090 

4 E2 269.555 296.621 285.064 

  

 
 

Table 6. 4. Initial Saturations 
 

Test 
No 

Core 
Sample 

Saturation (fraction) 
Oil Brine Gas 

1 E1 0.797 0.203 0 
2 E2 0.552 0.203 0.244 
3 E1 0.556 0.203 0.241 
4 E2 0.495 0.203 0.301 
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Values reported in Tables 6.3 and 6.4 are used to calculate the Original Oil in 

Place (cc) for each experiment by utilizing Equation 6.4 and the results are 

tabulated in Table 6.5. 

 

 

( )( )( ) /diff w brine pore oilOOIP m S Vρ ρ = −     (6.4) 

 
 
 
 

Table 6. 5. Original Oil in Place for each Experiment 
 

Test No Core Sample OOIP (cc) 

1 E1 21.96 
2 E2 15.06 
3 E1 15.33 
4 E2 13.51 

 

 
 
After saturating the core samples and placing them into core holders shown in 

Figure 5.6, the temperature of constant temperature air bath is set to 70 ˚C and the 

system is kept for 48 hours open to the atmosphere by opening the top and bottom 

valves of the core holder. The aim was to observe any fluid production (oil and 

water) from the core as the result of fluid expansion due to increase in temperature 

from ambient to test temperature. Later, gas injection is performed from the top 

until the system pressure is reached to 250 psi. The space between the core sample 

and the core holder is considered as the fracture space. Every 24 hours, the valve 

at the bottom of the core holder is opened to atmosphere for 2 minutes and the 

recovered oil is collected. After that, the valve at the bottom of the core holder is 

closed and pressure is adjusted to a value of 250 psi by injecting gas into the 

holder. Cumulative oil production data of each experiment is presented in Figures 

6.1 to 6.4.  
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Figure 6.1. Cumulative  n-decane production with CO2 injection- Test-1, Core E1 
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Figure 6. 2. Cumulative  n-decane production with CO2 injection- Test-2, Core E2 
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Figure 6. 3. Cumulative  n-decane production with CH4 injection- Test-3, Core E1 
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Figure 6. 4. Cumulative  n-decane production with N2 injection- Test-4, Core E2 
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The common feature of production characteristics of all experiments is that they 

exhibit specific periods with different productions, which will be analyzed 

separately. 

 

Test-1: The distinctive feature of this test from all others is that the core is fully 

saturated with brine and n-decane only, leaving no pore space for gas initially. 

Therefore, the only available contact area for gas and reservoir fluids is the 

fracture surface around the core. In that respect, the diffusion should be the 

effective recovery process at the initial stage of production. This is why the 

cumulative production of the first few days is very limited for this test. Later, a 

very steep increase in the production is observed which is slowed down to a 

steady increase later. The test is ceased at 25th days with no sign of change in the 

production characteristics of late stage.  

 

Tests 2, 3 and 4: All these three tests were run with an initial gas saturation 

creating the conditions for the entrance of high pressure gas into pore space at the 

first glance. Entrance of gas into pore space will increase the effective contact 

area between gas and reservoir fluids resulting in a more efficient recovery 

mechanism. This is why those three tests do not show the very limited recovery 

characteristics of first test at the beginning of test. All tests exhibit relatively 

higher production increases at the beginning then slowed again as in the case of 

Test-1.   

 

The absolute cumulative production values expressed in grams are normalized by 

converting them to recovery factors which makes the comparison easier. Equation 

6.5 is used to calculate the Recovery Factor (RF).   

 

( )
[ ]

100
p oil

N
RF

OOIP
= ×      (6.5) 
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where  

 RF: oil recovery factor (%),  

 (Np)oil: cumulative n-decane production as function of time(cc) 

 

 

Recovery factors for all tests are plotted in Figures 6.5 to 6.8. 
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Figure 6. 5. Recovery Factors with CO2 injection, Test -1, Core E1 
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Figure 6. 6. Recovery Factors with CO2 injection, Test – 2, Core E2 
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Figure 6. 7. Recovery Factors with CH4 injection, Test – 3, Core E1 
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Figure 6. 8. Recovery Factors with N2 injection, Test – 4, Core E2 
 
 
 
 
Recovery characteristics of tests will be compared first in terms of with and 

without initial gas saturation (Tests 1 and 2) and type of gas injected (Tests 2, 3 

and 4) then the possible recovery mechanisms will be discussed in the following 

sections. 

 
 
 
6.3. Comparison of Experiments carried out with CO2 Injection  

 
The recovery characteristics of two tests with CO2 injection is shown in Figure 

6.9. The core sample in the first CO2 test has no initial gas saturation while the 

second test has a gas saturation of 24.4 %. Comparison of recovery curves of 

these two tests indicate that the availability of initial gas saturation in the matrix 

increased the recovery for all times, starting from the first moment. At the 25th 

day, recovery factor obtained for the CO2 experiment without initial gas saturation 

is 11 %, while the recovery factor is 18 % for the CO2 experiment with initial gas 

saturation. This is attributed to the fact that the readily available space for CO2 

makes the penetration of CO2 into the matrix easier. Easy penetration of CO2 into 



 63

matrix results in an increasing efficiency of recovery mechanisms by CO2 

injection, which will be discussed further while comparing the recovery 

characteristics of tests with different types of gases. 
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Figure 6. 9. Comparison of Experiments carried out with CO2 Injection 
 
 
 
 

6.4. Comparison of Recovery Factors Obtained in Tests with CO2, CH4 and 

N2 

 
Calculated recovery factors for all four tests carried out with CO2, CH4 and N2 are 

presented in Figure 6.10. Except for the first test, all other experiments have 

similar initial saturations and their recoveries could be compared. At the 35th day, 

recovery factor values for CO2, CH4 and N2 that have similar initial saturations 

could be listed as 25%, 7.5% and 6.3 %, respectively. On the other hand, the 
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difference of the recovery characteristics of two tests with CO2 injection should 

also be investigated.  
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Figure 6. 10. Recovery Factors with CO2, CH4 and N2 injection 

 

 

 

During this study, it was aimed to investigate the effect of type of the gas in 

matrix-fracture interaction. When the recovery plots of tests 2, 3 and 4 are 

compared, it is observed that highest n-decane recovery is obtained with CO2 

followed by CH4 and N2 injection. The main mechanisms that play role during 

matrix fracture interaction are gas oil gravity drainage (GOGD) and diffusion. 

Density difference between the gas in the fracture and oil in the matrix is the 

reason of the gravity drainage process in fractured reservoirs. Table 6.6 shows the 

density, viscosity and molecular weight values of n-decane and gases used in the 
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experiments at 250 psi and 70 ºC (NIST Chemistry WebBook, 2011). Difference 

between density of n-decane and CO2, CH4 and N2 are 0.6649, 0.6802 and 0.6729 

g/cc, respectively. If these values are taken as the driving force of gravity drainage 

process, the highest recovery should be expected from CH4 tests followed by N2 

and CO2 which does not fit the observations made during the study. The 

comparison need to be made between the gas saturated oil density and gas 

densities.  

 

 

 
Table 6. 6. Properties of n-decane, CO2, CH4 and N2 at 250 psi and 70 ºC (NIST 

Chemistry WebBook, 2011). 

 
 

 Fluid Properties 

Fluid 
Density of fluid 
at 250 psi and 
70 ºC  (g/cc) 

Viscosity of 
fluid at 250 psi 
and 70 ºC  (cp) 

Molecular 
weight (g/mole) 

n-decane 0.6931 0.49664 142.2817 

CO2 0.0281 0.017246 44.0095 

CH4 0.0099 0.012796 16.0425 

N2 0.0169 0.020056 28.0134 

 

 

 

Solubility of gas in oil plays a significant role in oil recovery. As gas phase 

dissolves in the oil, an increase in the liquid volume occurs and it results in oil 

swelling as well as a reduction in the viscosity of oil (Simon and Graue, 1965; 

Holm and Josendal, 1974). Solubility (mole fraction in liquid phase) of CO2, CH4 

and N2 in n-decane at 70 ºC and 250 psi are 0.14, 0.07 and 0.026, respectively 
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(Reamer and Sage, 1963; Beaudin and Kohn, 1967; Srivastan, 1992; Azarnoosh 

and McKetta, 1963) (Appendix E). CO2 has the highest solubility in n-decane at 

the conditions of experiment, compared with the solubilities of CH4 and N2 in n-

decane and as a result, the highest value of the n-decane recovery is obtained in 

the CO2 injection experiment. 

 

One significant change in the oil properties is that as the oil becomes more 

saturated with CO2, oil density increases (Holm and Josendal, 1974). Density and 

viscosity of n-decane - CO2 mixtures with different CO2 mole fractions above 

bubble point pressure in the study of Culllck and Mathls (1984) are shown in 

Table F.1 in Appendix F. As it is indicated in Table F.1, as mole fraction of CO2 

in n-decane-CO2 mixture increases, density of mixture increases, while viscosity 

of the mixture decreases. One of the reasons that CO2 injection resulted in the 

highest recovery may be this increase in the oil density, which may cause a more 

efficient gas oil gravity drainage mechanism due to higher density difference 

between oil and gas phases. In addition decrease in the viscosity of oil cause also 

higher recovery.  

 

Another effective mechanism of CO2 injection would be the expansion of water as 

CO2 dissolves in water. Although the cores were saturated with water at 

irreducible water saturation, the expansion of water will help the additional 

recovery of oil.   

 

Change in the density and viscosity of n-decane- CH4 mixtures as function of 

methane mole fraction is given in Table F. 2 of Appendix F (Agilio and Padua, 

2004). It is seen from Table F.2 that density values of the mixture decrease as CH4 

mole fraction increases. Moreover, viscosity of n-decane - CH4 mixture also 

decreases with increasing mole fraction of CH4. Although the decrease in oil 

viscosity as CH4 dissolves in oil favors the recovery of oil, the decrease in the 

density of oil weakens the effectiveness of gravity drainage mechanism. 
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Consequently, higher n-decane recovery obtained in the CO2 experiment 

compared to the CH4 experiment may be resulted from the density increase and 

corresponding increase in the density difference between matrix and fracture 

fluids in the CO2 experiment, which is not obtained in CH4 experiment. 

 

After completing the comparison of CO2 and CH4 experiments in terms of gravity 

drainage mechanism which is based on data from literature, the comparison for N2 

experiment will be done based on n-decane- CO2, CH4 and N2 mixture densities 

which are calculated by using Peng Robinson Equation of State (Peng and 

Robinson, 1976) since no data were found in the literature for n-decane – N2 

mixtures.   

 

Density of n-decane, as well as density of CO2, CH4 and N2- n-decane mixtures 

are calculated by using Peng Robinson equation (Appendix G) and the results are 

tabulated in Table 6.7. As it is seen from Table 6.7, investigating density 

difference between mixture and CO2, CH4 and N2 density values, the greatest 

density difference is obtained between CO2 and CO2- n-decane mixture, which 

may be considered as the reason of a more effective gas oil gravity drainage 

process and consequently, higher n-decane recovery compared with CH4 and N2 

experiments. As the density difference increases, n-decane recovery also increases 

in the experiments, respectively, highest in CO2 experiments, later in the CH4 

experiment and lowest in the N2 experiment. 
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Table 6. 7. Mixture and Component Densities Calculated with  Peng-Robinson 

Equation of State (Peng and Robinson, 1976) 

 

 

Mole Frac. 
of CO2, 

CH4 or N2 
Component 

Calculated 
Binary 

Interaction 
Coefficients, 
kij (Varotsis 
et al., 1986) 

Calculated 
Density at 

250 psi and 70 
ºC  with Peng- 
Robinson EOS 

(Peng and 
Robinson, 

1976) (g/cc) 

Density 
Difference 
between 
Mixture 
and CO2, 
CH4 or N2 

(g/cc) 

n-decane 0 - 0.651 - 

CO2 1 - 0.0283 
- 

CH4 1 - 0.0099 
- 

N2 1 - 0.0174 
- 

n-decane-
CO2 

Mixture 
0.14 0.1155 0.680 0.6517 

n-decane-
CH4 

Mixture 
0.07 0.0431 0.655 0.6451 

n-decane-N2 
Mixture 

0.03 0.1370 0.654 0.6370 

 

 

 

Another significant factor that affects n-decane recovery is the diffusion.  CO2, 

CH4 and N2 diffusion coefficients in n-decane are reported to be in a range 

between 10-4 and 10-5 cm2/sec (Renner, 1988; Killie et al., 1991).  Diffusion 

coefficients for CO2, CH4 and N2 in n-decane for consolidated porous media at the 

experimental conditions are determined by using the following empirical equation 

(Renner, 1988): 

 

9 0.4562 0.6898 1.706 1.831 4.52410ij j i iD M V P Tµ− − − − −=     (6.5) 
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where  

Dij: gas i diffusion coefficient in liquid j; m2/sec,  

µj: liquid viscosity that diffusion takes part in, cp  

µn-decane= 0.49664 cp at 250 psia and 70 ºC  (NIST Chemistry WebBook, 

2011);  

Mi: molecular weight of gas diffused, g/gmol;  

Vi: gas molar volume, cc/gmol;  

P: pressure, psia,  

T: temperature, ºK. 

 

Calculated diffusion coefficients are tabulated in Table 6.8. As it is seen from 

Table 6.8, the highest value of diffusion coefficient in n-decane belongs to CH4, 

which is greater than values of CO2 and N2. Greatest density difference between 

gas and mixture density is obtained in CO2 experiments and although the diffusion 

coefficient of CH4 is greater, gravity drainage mechanism may be concluded to be 

more dominant compared with the diffusion effect on n-decane recovery, resulting 

in a highest recovery in CO2 experiments than CH4 experiment. The greater n-

decane recovery in the CH4 experiment compared to the N2 experiment may be 

both due to higher density difference between gas and mixture and higher 

diffusion coefficient obtained in the CH4 experiment. 

 

 

 

Table 6.8. Diffusion coefficients for CO2 and CH4 in n-decane at 250 psia, 70 ºC 

 

Gas  

Density of gas (g/cc)  
(NIST Chemistry 
WebBook, 2011) 

Molar volume 
of gas  

(cc/g-mol) 

Calculated Dij  
(10-5 cm2/sec) 

(Renner, 1988) 
CO2 0.0281 1564 4.321 

CH4 0.0099 1623 8.147 

N2 0.0169 1658 5.343 
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CHAPTER 7 
 
 
 
 

SIMULATION RESULTS AND DISCUSSION 
 
 
 
 
 
In the simulation part of the study, CMG (Computer Modeling Group Ltd.) 

WinProp (Microsoft Windows™ based Phase-Behavior and Fluid Property 

Program) and GEM (Generalized Equation-of-State Model Compositional 

Reservoir Simulator) are used to simulate the results. 

 

CMG WinProp is used for modeling phase behavior of reservoir fluids as wells as 

properties and compositional variations of them and their interaction with injected 

fluids, from lab scale to field scale. WinProp can be used to determine the 

minimum miscibility pressure (MMP) for given oil and for a given solvent 

composition at particular temperature (WinProp, 2007). In this study, miscibility 

pressures for n-decane and injected gas system is obtained by using CMG 

WinProp. 

 
CMG GEM is an equation-of-state compositional reservoir simulator, which can 

be used for modeling recovery processes where the fluid composition affects 

recovery. GEM provides a range of dual porosity/dual permeability techniques for 

modelling naturally fractured formations including gas phase diffusion. Matrix-

fracture transfer in fractured reservoir systems can be modelled including gas-oil 

gravity drainage concepts by using these dual porosity/dual permeability 

techniques of GEM (GEM, 2007). In this study, core-scale simulation of 

experimental results is conducted using GEM. 
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7.1. CMG (Computer Modeling Group Ltd.) WinProp (Microsoft 

Windows™ based Phase-Behavior and Fluid Property Program) 

 

In order to determine the miscibility conditions of the system for CO2, CH4 and 

N2 at reservoir temperature of 70 ˚C and test temperature of 250 psi, CMG 

WinProp Program is used. Program makes it available to determine characteristics 

of systems step by step as shown in Figure 7.1.   

 

 

 

 

 

Figure 7. 1. CMG WinProp Steps for Modelling Phase Behavior of Reservoir 
Fluids 

 

 
 
 
The first step is defining each component, which are n-decane and injected gas 

(CO2, CH4 or N2) in this case, from the library of the program as shown Figure 

7.2. In order to include the composition data for n-decane and injected gas, oil, 
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gas and brine saturations are used and mole fractions of n-decane and injected gas 

are determined, which are shown in Table 7.1. 

 

 

 

Table 7. 1. Mole Fractions of n-Decane and Injected Gas (CO2, CH4 or N2) 
 

Exp. Core 
SCO2 

(frac.) 
Sbrine 

(frac.) 
Sn-decane 

(frac.) 
Pore Vol. 

(cc) 

n-decane 
Mole 
Frac. 

CO2 
Mole 
Frac. 

CO2 
Exp-1 

E1 0 0.203 0.797 27.562 1.000 0 

CO2 
Exp-2 

E2 0.245 0.203 0.552 27.273 0.945 0.055 

Exp. Core 
SCH4 

(frac.) 
Sbrine 

(frac.) 
Sn-decane 

(frac.) 
Pore Vol. 

(cc) 

n-decane 
Mole 
Frac. 

CH4 
Mole 
Frac. 

CH4 E1 0.241 0.203 0.556 27.562 0.933 0.067 

Exp. Core 
SN2 

(frac.) 
Sbrine 

(frac.) 
Sn-decane 

(frac.) 
Pore Vol. 

(cc) 

n-decane 
Mole 
Frac. 

N2 
Mole 
Frac. 

N2 E2 0.302 0.203 0.495 27.273 0.917 0.083 

 

 

 

Since the program does not make it possible to enter a 0 composition value, 

primary composition of gas component is specified as 0.001, while secondary 

composition of injected gas is entered as 1.00. Primary composition of n-decane is 

0.999 and secondary composition of n-decane is 0 (Figure 7.3). 
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Figure 7. 2. CMG WinProp Component Selection 

 
 

 
 
 
 

 

 
Figure 7. 3. CMG WinProp- Composition 

 

 

 

For the two-phase envelope construction, ranges for pressure and temperature 

values can be specified (Figure 7.4). By using CMG (Computer Modeling Group 

Ltd.) WinProp, P-T diagram with different constant volume fraction vapor phase 

lines (quality lines) are constructed. As an example, for different primary CO2 

compositions (0.01-0.9) P-T phase boundaries for n-decane- CO2 system are 

constructed as shown in Figure 7.5. 
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Figure 7. 4. CMG WinProp Two-Phase Envelope Construction 
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Figure 7. 5. P-T Phase Boundaries for n-decane- CO2 System for Different 

Primary CO2 compositions (0.01-0.9) 
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P-T Diagrams with primarily 0.001 mole fraction of CO2 (Experiment-1), 0.055 

mole fraction of CO2 (Experiment-2), 0.067 mole fraction of CH4 (Experiment-3) 

and 0.083 mole fraction of N2 (Experiment-4) are also constructed and presented 

in Figure 7.6- 7.9.  

 

 

 

 
Figure 7. 6. P-T Diagram with primarily 0.001 mole fraction of CO2 (Exp-1) 

 

 

 

 

Figure 7. 7. P-T Diagram with primarily 0.055 mole fraction of CO2 (Exp-2) 
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Figure 7. 8. P-T Diagrams with primarily 0.067 mole fraction of CH4 (Exp-3) 

 
 
 
 
 

 

 

Figure 7. 9. P-T Diagrams with primarily 0.083 mole fraction of N2 (Exp-4) 
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P-X diagrams for n-decane and CO2, CH4 and N2 system are constructed (Figure 

7. 10- 7.13). As shown in Figure 7. 9- 7.10, the critical point that liquid and vapor 

phases become identical is obtained to be at 1976.18 psia for CO2- ndecane 

system in Experiment-1 and 1976.25 psia for CO2- ndecane system in 

Experiment-2. For the CH4 experiment, minimum miscibility pressure reaches to 

5971.68 psia, while it is 39412.9 psia for the N2 experiment. These results indicate 

that the experimental conditions of 250 psia and 70º C correspond to immiscible 

conditions.  A PVT Model for n-decane and CO2, CH4 and N2 systems is also 

created by WinProp to use in data preparation in CMG Builder. 

 

 

 

 

 

 

Figure 7. 10. P-X diagram for n-decane and CO2 system with primarily 0.001 

mole fraction of CO2 (Exp-1) 
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Figure 7. 11. P-X diagram for n-decane and CO2 system with primarily 0.055 

mole fraction of CO2 (Exp-2) 

 
 
 
 

 
 

Figure 7. 12. P-X diagram for n-decane and CH4 system with primarily 0.067 

mole fraction of CH4 (Exp-3) 
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Figure 7. 13. P-X diagram for n-decane and N2 system with primarily 0.083 mole 

fraction of N2 (Exp-4) 

 
 
 
 
7.2. Data Preparation by using CMG Builder for CMG GEM (Generalized 

Equation-of-State Model Compositional Reservoir Simulator)   

 

CMG Builder is used to describe the core system for CMG GEM modeling. First 

of all, simulator settings for CMG GEM are defined as shown in Figure 7.14 and a 

double-porosity model is chosen to describe the fracture system surrounding core 

sample, which is the space created between the core sample and inside diameter of 

the core holder. 
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Figure 7. 14. Reservoir Simulation Settings for CMG GEM 
 

 

To describe the core sample system, a radial grid system is created with different 

number of divisions along the r direction and layers along the k- direction (down). 

The outer block width in the r direction is greater than the other equally divided 

block widths in the r direction, which is designated as the fracture space as shown 

in Figure 7.15. 3 D view of a grid system with 20 Divisions in the r Direction is 

shown in Figure 7.16. 

 

 

 

 
Figure 7. 15. Radial Grid System Created with 20 Divisions in the r Direction 
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Figure 7. 16. 3 D View of the Radial Grid System with 20 layers along the k- 

direction 

 
 
 
Layers along the k direction are specified by entering grid block thickness values 

as shown in Figure 7.17. The top and the bottom layers have greater thicknesses, 

which are indicating the top and bottom parts of the fracture. 

 

 

 

 

 
Figure 7. 17. Layers along the k Direction in the Grid System 
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As the next step, properties such as porosity, permeability, fracture porosity, 

fracture permeability and reservoir temperature are defined in the program (Figure 

7.18). Matrix porosity is taken as 0.2, while fracture porosity is taken as 0.99. 

Matrix permeability in i, j and k direction are specified as 266 md. On the other 

hand, fracture permeability is taken to be 1330 md, which is 5 times the matrix 

permeability value.  

 

Global composition value of gas phase (CO2, CH4 or N2) is taken as primary mole 

fraction of gas (0.001 mole fraction of CO2 (Experiment-1), 0.055 mole fraction 

of CO2 (Experiment-2), 0.067 mole fraction of CH4 (Experiment-3) and 0.083 

mole fraction of N2 (Experiment-4)) in the fracture, while it is taken to be 0 in the 

matrix blocks.  Global composition of n-decane in the fracture, on the other hand, 

is taken to be 0.  

 

Pressure is specified as 250 psi, both in matrix and fracture blocks. Temperature is 

specified as 70 ˚C for both matrix and fracture blocks.  Fracture spacing in all i, j, 

k direction are taken to be 0.00001 m. By specifying different fracture and matrix 

properties such as permeability and porosity, it is planned to describe the core 

sample system with its surrounding fracture system. Figure 7.19 shows different 

values of permeability in i direction for matrix and fracture blocks and Figure 7.20 

presents changes in permeability values in different layers in the areal view. 

 
 
 
 
 
 



 83

 
 

Figure 7. 18. Property Specification 
 

 

 

 

 

 
Figure 7. 19. Permeability in i Direction for Matrix and Fracture Blocks 
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Figure 7. 20. Changes in Permeability Values in Different Layers in the Areal 

View 

 

 

 

WinProp Generated PVT Model and the relative permeability values of n-decane 

and brine system determined at TPAO (2011) are imported into the CMG Builder. 

Figure 7.21 shows relative permeability curve constructed by the program. 

 

 

 

 

Figure 7. 21. Relative Permeability Curve constructed by the CMG Builder 
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User specified option of CMG Builder is used to define initial conditions. 

Pressure, water saturation and global composition values are specified for each 

grid block (Figure 7.22).  

 

 

 

 

 

Figure 7. 22. User specified Initial Conditions 
 
 
 
 
Wells are also added to the system, one injection well is at the top grid block, 

while a production well is at the bottom grid block. Well constraints are also 

specified. For the injection well, the maximum bottom hole pressure is set to be 

250 psi, while for the production well it is specified as 14.7 psi. Well events are 

adjusted for 1 day shut-in and later on for 2 minutes open periods, since the 

system is kept at a pressure of 250 psi for 1 day and then production period is 

started for 2 minutes during the experiments (Figure 7.23). 
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Figure 7. 23. Well Constraints and Well Events Specified 

 

 

 

 

7.3. Results of Simulation Study carried out with CO2, CH4 and N2 Injection 

Experiments 

 

For the simulation of the CO2 experiment carried out without initial CO2 

saturation, a radial grid system is created with 3 divisions along the r direction and 

3 layers along the k- direction (down). The outer block width in the r direction is 

defined as the fracture space as shown in Figure 7.24. 
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Figure 7. 24. Radial Grid System with 3 Divisions along the r Direction and 3 

Layers along the K- Direction (Down) for Experiment-1 

 
 

 

After running CMG GEM with the data file prepared by using CMG Builder, n-

decane recovery values are obtained. n-decane recovery values obtained after the 

simulation are presented and compared with experimental results in Figure 7.25. 

As it is seen from Figure 7.25, simulation results of n-decane recovery without 

diffusion process continue at lower values than experimental results after around 7 

days. 
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Figure 7. 25. Simulation Results without Diffusion for CO2 Experiment-1 
 
 
 
 
After obtaining n-decane recovery simulation results without diffusion for the 

CO2 Experiment-1, effect of diffusion on the recovery mechanisms are studied by 

including gas phase matrix- fracture diffusion coefficient during data preparation 

with CMG Builder (Figure 7.26).  
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Figure 7. 26. Defining Gas Phase Matrix- Fracture Diffusion Coefficient in CMG 

Builder 

 
 

 

n-decane recovery simulation results for diffusion process with CO2 matrix-

fracture diffusion coefficient of 10-6 cm2/sec and 10-5 cm2/sec are obtained and 

shown in Figure 7.27. As it is seen from Figure 7.26, simulation results with 

diffusion, especially, the case for diffusion coefficient D= 10-6 cm2/sec fits very 

well to the experimental results. The input file prepared for modeling CO2 

experiment-1 with diffusion (D= 10-6 cm2/sec) is included in Appendix H. 
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Figure 7. 27. Simulation Results with Diffusion for CO2 Experiment-1 

 
 
 
 
 
As it is seen from Figure 7.27, experimental results of recovery show higher 

values than simulation results for the model without diffusion. In Experiment-1, 

there is no initial free gas space since the core sample is fully saturated with n-

decane and brine. Experimental results follow a similar trend with model results 

with diffusion, indicating that the dominant recovery mechanism in Experiment-1 

is diffusion from the initial stages to the end of the production. 

 

When simulation results are investigated, it is seen from Figure 7.27 that up to a 

specific point recovery values are following the same trend for diffusion and no 

diffusion cases, which is the result of the combined effect of gas oil gravity 

drainage and diffusion. After a point, recovery values for different diffusion 

coefficient cases gradually increase. The difference between simulation results of 

diffusion and no diffusion cases corresponds to the effect of diffusion, which is 

significant for the model. 
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For the simulation of the CO2 experiment carried out with initial CO2 saturation, a 

radial grid system is created with 3 divisions along the r direction and 40 layers 

along the k- direction. The surrounding blocks are defined as the fracture space as 

shown in Figure 7.28. 

 

 

 

 

 

Figure 7. 28. Radial Grid System with 3 Divisions along the r Direction and 3 

Layers along the K- Direction (Down) for Experiment-2 

 
 

 

n-decane recovery values are obtained after running CMG GEM program and 

results obtained are shown in Figure 7.29. Effect of diffusion is also investigated 

by applying diffusion coefficient values of 10-6 cm2/sec and 10-5 cm2/sec. As it is 

seen in Figure 7.29, simulation results of recovery factors with diffusion reaches 

higher values than without diffusion case, although no much difference could be 

observed between the values of diffusion coefficient values of 10-6 cm2/sec and 

10-5 cm2/sec.  
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Unlike Experiment-1, there is initial gas saturation in Experiment-2 carried with 

CO2 injection. The existence of free gas space promotes the entrance of gas from 

the fracture into the matrix, as a result, recovery obtained from gas oil gravity 

drainage mechanisms become significant along with diffusion processes.  As it is 

seen from Figure 7.29, n-decane recovery factor values from experimental study 

follow the same trend with simulation results till around 1063 hours.  

 

Since there is initial gas saturation, the existence of free gas space promotes the 

entrance of gas from the fracture into the matrix. As a result, recovery obtained 

from gas oil gravity drainage mechanisms become significant until the time of 908 

hours.  After 908 hours, the dominant effect of gas oil gravity drainage starts to 

decrease and diffusion becomes to be more effective in the recovery process at the 

final stages of production, which can be indicated with a decrease in the rate of 

change of recovery. The reason for this decrease can be explained by the changes 

in the saturations of the reservoir fluids and relative permeability effect. Oil and 

gas saturation in fractures, which are spaced with a fracture spacing of 1×10-5 m 

in between matrix at 884, 908 and 932 hours is shown in Figure 7.30. As shown in 

Figure 7.30, oil saturation in fractures increases from Block 1,1,5 to Block 1,1,7 

and then a region with constant oil saturation is observed till Block 1,1,30. It 

shows that there is a gas cap region at the uppermost blocks from Block 1,1,5 to 

Block 1,1,7. Also, at the lower blocks (Block 1,1,38 –Block 1,1,39) gas saturation 

in fracture is high. On the other hand, oil saturation in fractures in Blocks 1,1,7 

and 1,1,38 is higher, showing that oil is accumulated within these Blocks, which 

have higher gas saturation in fracture. This results in a decrease in oil recovery at 

the final stages of production. 
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Figure 7. 29. Simulation Results with Diffusion for CO2 Experiment-2 

 
 

 

 

Figure 7. 30. Oil and Gas Saturation in Fractures with a Spacing of 1×10-5 m in 

Matrix at 884, 908 and 932 hours  
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For Experiment-2, oil and gas saturation distributions in matrix and fracture are 

also investigated.  Oil saturation values in matrix and in fracture for 3 different 

blocks, namely, Block 1,1,2; Block 1,1,20 and Block 1,1,39 (Figure 7.31) are 

obtained in order to observe the change along the matrix vertically. Oil saturation 

values in matrix and in fracture are tabulated in Table 7.2 and shown in Figure 

7.32 and 7.33. As shown in Figure 7.32, at the beginning of the simulation, there 

is a sharp decrease in the oil saturation in matrix and the highest decrease in oil 

saturation is observed in Block 1,1,2, which is the nearest block to the gas 

injection well Well-1.  

 

 

 

 

 

 
Figure 7. 31. Block 1,1,2; Block 1,1,20 and Block 1,1,39 
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Table 7. 2. Oil Saturation Values in Matrix and in Fracture 
 

  
Block 1,1,2 

  
Block 1,1,20 

  
Block 1,1,39 

  

Time 

Oil 
Saturation 
(Matrix) 

Oil 
Saturation 
(Fracture) 

Oil 
Saturation 
(Matrix) 

Oil 
Saturation 
(Fracture) 

Oil 
Saturation 
(Matrix) 

Oil 
Saturation 
(Fracture) 

01.01.2011 0.797 0 0.797 0 0.797 0 
02.01.2011 0.3515 0.3784 0.3515 0.3756 0.3515 0.3756 
10.01.2011 0.3508 0 0.3514 0.3711 0.3514 0.3111 
20.01.2011 0.3452 0 0.3514 0.3646 0.3514 0.2186 
30.01.2011 0.3391 0 0.3514 0.3586 0.3514 0.1259 
10.02.2011 0.3324 0 0.3514 0.3519 0.3514 0.0227 
20.02.2011 0.3264 0 0.3514 0.3460 0.3514 0.0004 
02.03.2011 0.3203 0 0.3514 0.3402 0.3514 0.0003 

 

 

 

 

 

 

Figure 7. 32.  Oil Saturation Values in Matrix for Block 1,1, 2; Block 1,1,20 and 

Block 1,1,39 
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Oil saturation changes in fractures, which are spaced with a fracture spacing of 

1×10-5 m in between matrix blocks are shown in Figure 7.33. Oil saturation values 

sharply increase at the start of the simulation, however, they decrease during the 

simulation period for Block 1,1,2; Block 1,1,20 and Block 1,1,39. It indicates that 

as a result of gas oil gravity drainage process with the start of the gas injection, oil 

in the matrix blocks migrates into the fractures from the matrix and later on moves 

downward. 

 

 

 

 
 
Figure 7. 33. Oil Saturation Values in Fracture for Block 1,1,2; Block 1,1,20 and 

Block 1,1,39 

 

 
 
 
Gas saturation values in matrix and in fracture are tabulated in Table 7.3 and 

shown in Figure 7.34 and 7.35 for Block 1,1,2; Block 1,1,20 and Block 1,1,39. As 

shown in Figure 7.34, gas saturation values in matrix increases as the block gets 

close to the gas injection well Well-1. After a sharp increase in the gas saturation 

in the matrix at the beginning of the simulation, gas saturation values follows a 

constant value trend. 
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Table 7. 3. Gas Saturation Values in Matrix and in Fracture 

 

  
Block 1,1,2 

  
Block 1,1,20 

  
Block 1,1,39 

  

Time 

Gas 
Saturation 
(Matrix) 

Gas 
Saturation 
(Fracture) 

Gas 
Saturation 
(Matrix) 

Gas 
Saturation 
(Fracture) 

Gas 
Saturation 
(Matrix) 

Gas 
Saturation 
(Fracture) 

01.01.2011 0 1 0 1 0 1 
02.01.2011 0.4455 0.6216 0.4455 0.6216 0.4455 0.6244 
10.01.2011 0.4462 1 0.4456 0.6289 0.4456 0.6889 
20.01.2011 0.4518 1 0.4456 0.6352 0.4456 0.7814 
30.01.2011 0.4579 1 0.4456 0.6414 0.4456 0.8741 
10.02.2011 0.4646 1 0.4456 0.6481 0.4456 0.9773 
20.02.2011 0.4706 1 0.4456 0.654 0.4456 0.9996 
02.03.2011 0.4767 1 0.4456 0.6598 0.4456 0.9997 

 

 

 

 

 
 

Figure 7. 34. Gas Saturation Values in Matrix for Block 1,1,2; Block 1,1,20 and 

Block 1,1,39 
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When gas saturation values in fracture for Block 1,1,2; Block 1,1,20 and Block 

1,1,39 are investigated, it is seen that there is a higher increase in the gas 

saturation in fracture than in matrix as expected (Figure 7.35). A sharp decrease 

followed by a sharp increase in gas saturation in fracture is observed for Block 

1,1,2 at the initial stages of the simulation. A slower but still high amount of gas 

saturation increase is seen for Block 1,1,39, while a slower rate of gas saturation 

increase is obtained for Block 1,1,20, which is at the middle of the core system.  

 
 
 
 
 

 
 
 
Figure 7. 35. Gas Saturation Values in Fracture for Block 1,1,2; Block 1,1,20 and 

Block 1,1,39 

 
 
 
Figure 7.36 and Figure 7.37 shows changes of oil and gas saturation in fractures, 

which are spaced with a fracture spacing of 1×10-5 m in between matrix blocks for 

different time steps during the simulation. As time passes, oil saturation in 

fractures in the uppermost blocks decreases, while gas saturation in fractures in 

the uppermost blocks increases (Figure 7.36, Figure 7.37). A gas cap is formed in 

the uppermost blocks which gives rise to oil recovery resulted from gas oil gravity 

drainage mechanism. 
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Figure 7. 36. Oil Saturation  Distribution in Fractures 
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Figure 7. 37. Gas Saturation Distribution in Fractures 
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Change in oil and gas saturations in radial direction is also investigated at Layers 

20 for 3 different blocks, namely, Block 1,1,20; Block 2,1,20 and Block 3,1,20 

(Figure 7.38). 

 

 

 

 

Figure 7. 38. Block 1,1,20; Block 2,1,20 and Block 3,1,20 
 

 

 

 

Oil saturation in matrix decreases suddenly at the start of the simulation with the 

effect of gas injection. As the time passes the highest amount of oil saturation in 

matrix is observed for the Block 1,1,20 (Figure 7.39), which is the innermost 

block with the longest distance from the surrounding fracture.  
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Figure 7. 39. Oil Saturation Values in Matrix for Block 1,1,20; Block 2,1,20 and 

Block 3,1,20 at Layer 20 

 

 

 

When oil saturation in fracture is investigated, it is seen that the highest oil 

saturation is again obtained in the innermost Block 1,1,20 (Figure 7.40). The 

outermost Block 3,1,20, has the lowest oil saturation in fracture, since it may 

provide a flow path from matrix to the surrounding fracture for oil production. 
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Figure 7. 40. Oil Saturation Values in Fracture for Block 1,1,20; Block 2,1,20 and 

Block 3,1,20 at Layer 20 

 

 

 

Change in gas saturation in matrix and fracture for Block 1,1,20; Block 2,1,20 and 

Block 3,1,20 at Layer 20 is shown in Figure 7.41 and 7.42. It is indicated that 

there is sharp increase in gas saturation in matrix at the beginning of the 

simulation with gas injection. Gas saturation in fracture for the outermost Block 

3,1,20 has a value of around 1 for all the stages of simulation as a result of that it 

is the closest block to the surrounding fracture that is full of gas. 
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Figure 7. 41. Gas Saturation Values in Matrix for Block 1,1,20; Block 2,1,20 and 

Block 3,1,20 at Layer 20 
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Figure 7. 42. Gas Saturation Values in Matrix for Block 1,1,2; Block 2,1,2 and 

Block 3,1,2 at Layer 2 
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For the simulation of the CH4 experiment and N2 experiment, radial grid systems 

are created with 3 divisions along the r direction and 3 layers along the k- 

direction as shown in Figure 7.43 and Figure 7.44. 

 

 

 

 

 

Figure 7. 43. Radial Grid System with 3 Divisions along the r Direction and 3 

Layers along the K- Direction (Down) for Experiment-3 

 

 
 

 
 
 

Figure 7. 44 .Radial Grid System with 3 Divisions along the r Direction and 3 

Layers along the K- Direction (Down) for Experiment-4 
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n-decane recovery values are obtained after running CMG GEM program are 

shown in Figure 7.45 and Figure 7.46.  Experimental results and simulation 

results without diffusion matches very well, including the sudden increase in the 

recovery at the beginning of the experiments in both CH4 experiment and N2 

experiment. As in the Experiment-2, there is free space for gas initially and 

gravity drainage mechanism in the recovery is more pronounced, especially in the 

early stages of production showing a sharp increase in the recovery.  n-decane 

recovery results for simulation increases as the diffusion coefficient value 

increases from 10-6 cm2/sec to 10-5 cm2/sec.  
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Figure 7. 45. Simulation Results with Diffusion for CH4 Experiment-3 
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Figure 7. 46. Simulation Results without Diffusion for N2 Experiment-4 
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CHAPTER 8 
 
 
 

CONCLUSION 
 
 
 
 

 

In this study, an experimental and modeling work is carried out to investigate 

matrix-fracture interaction mechanisms by the means of CO2, CH4 and N2 and 

injection. The following concluding remarks are obtained: 

 

• In the CO2 injection test conducted with fully n-decane and brine saturated 

Berea sandstone core without initial gas saturation, the only available 

contact area for gas and reservoir fluids is the fracture surface. In that 

respect, diffusion should be the effective recovery process at the initial 

stage of production. For this reason, cumulative production of the first few 

days is very limited for the test.  

 

• In the tests that run with an initial gas saturation, the entrance of high 

pressure gas into pore space is promoted. Entrance of gas into pore space 

will increase the effective contact area between gas and reservoir fluids 

and it results in a more efficient recovery mechanism.  

 

• Recovery characteristics of Tests 2, 3 and 4 that have similar initial 

saturations are investigated in terms of the type of gas injected. It is 

observed that highest n-decane recovery is obtained with CO2 followed by 

CH4 and N2 injection. The effective parameters for the difference in 

recovery with different gases are: 
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o Effect of solubility of CO2, CH4 and N2 in n-decane at the 

conditions of the experiments: As gas phase dissolves in the oil, an 

increase in the liquid volume occurs and it results in oil swelling as 

well as a reduction in the viscosity of oil. CO2 has the highest 

solubility in n-decane at the conditions of experiments compared 

with the solubilities of CH4 and N2 in n-decane. The highest value 

of the n-decane recovery is obtained in the CO2 experiment.  

o As the oil becomes more saturated with CO2, oil density increases 

which may cause a more efficient gas oil gravity drainage 

mechanism due to higher density difference between oil and gas 

phases.  

o Density and viscosity of n-decane- CH4 mixture decrease as CH4 

mole fraction increases. Although the decrease in oil viscosity as 

CH4 dissolves in oil favors the recovery of oil, the decrease in the 

density of oil weakens the effectiveness of gravity drainage 

mechanism. Consequently, higher n-decane recovery obtained in 

the CO2 experiment compared to the CH4 experiment may be 

resulted from the increase in oil density and corresponding increase 

in the density difference between matrix and fracture fluids in the 

CO2 experiment, which is not obtained with CH4. 

o Calculated densities of n-decane- CO2, CH4 and N2 mixtures show 

that the smallest density difference is between n-decane-N2 mixture 

and N2 which may result with the least effective gas oil gravity 

drainage.  

 

• Although the highest value of diffusion coefficient in n-decane belongs to 

CH4 higher density difference of n-decane-CO2 mixture with CO2 gas 

should compensate for the diffusion effect resulting in a higher recovery in 

CO2 experiments than CH4 experiment.  
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• The higher n-decane recovery in the CH4 experiment compared to the N2 

experiment may be both due to higher density difference between gas and 

mixture and higher diffusion coefficient obtained in the CH4 experiment, 

concluded from the laboratory study.  

 

• Simulation results for the CO2 experiment carried out without initial CO2 

saturation indicates that the dominant recovery mechanism in the CO2 

experiment carried out without initial CO2 saturation is diffusion from the 

initial stages to the end of the production. 

 

• Results of simulation for the CO2 experiment carried out with initial CO2 

saturation show that the dominant effect of gas oil gravity drainage starts 

to decrease and diffusion becomes to be more effective in the recovery 

process at the final stages of production, which can be indicated with a 

decrease in the rate of change of recovery. 

 

• Investigation of oil and gas saturation distributions in matrix and fracture 

indicates an immediate and a sharp decrease in the oil saturation in matrix 

and of which the highest decrease in oil saturation is observed in the 

nearest block to the gas injection well Well-1.  

 
• Oil saturation changes in fractures, which are spaced with a fracture 

spacing of 1×10-5 m in between matrix blocks show that oil in the matrix 

blocks migrates into the fractures in the matrix and later on moves 

downward along fracture as a result of gas oil gravity drainage process 

with the start of the gas injection.  

 
• As time passes during the simulation, oil saturation in fractures, which are 

spaced with a fracture spacing of 1×10-5 m in between matrix blocks, in 

the uppermost blocks decreases, while gas saturation in fractures in the 

uppermost blocks increases. A gas cap is formed in the uppermost blocks, 
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which gives rise to oil recovery resulted from gas oil gravity drainage 

mechanism. 

 
• When change in oil and gas saturations in r direction is investigated, it is 

obtained that oil saturation in matrix decreases suddenly at the start of the 

simulation with the effect of gas injection. As the time passes the highest 

amount of oil saturation in matrix is observed within the innermost block 

with the longest distance from the surrounding fracture.  
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CHAPTER 9 
 
 
 
 

RECOMMENDATIONS 
 
 
 
 
 
Recommendations for the following studies include the investigation of the effect 

of fracture width on the oil recovery during matrix-fracture interaction processes.  

 

Experiments at various reservoir temperature and pressure values may be 

performed to investigate the corresponding effects of the conditions. Miscible 

recovery conditions with higher pressures could be obtained to investigate the 

effect of miscibility on the recovery mechanisms in fractured reservoirs.  

 

Moreover, experiments of longer period of time may be performed to obtain the 

effect of diffusion process more effectively and to observe the required time 

interval for the completion of oil recovery. 
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APPENDIX A 
 

 

SPECIFICATIONS OF N-DECANE 

 
 
 
 
 

Table A. 1. Specifications of n-decane (Merck-Chemicals, 2011) 
 

n-decane 

Hill Formula  C10H22  

Chemical formula  CH3(CH2)8CH3  

HS Code  2901 10 00  

EC number  204-686-4  

Molar mass  142.28 g/mol  

CAS number  124-18-5  

Chemical and Physical Data 

Ignition temperature  208 °C  

Solubility  0.00005 g/l (25 °C)  

Saturation concentration (air)  11 g/m3 (20 °C) Air  

Melting point  -30 °C  

Molar mass  142.28 g/mol  

Density  0.73 g/cm3 (20 °C)  

Boiling point  174 °C  

Vapor pressure  1 hPa (16 °C)  

Explosion limit  0.7 - 5.4 %(V)  

Flash point  51 °C  

Viscosity kinematic  < - 7 mm2/s (40 °C)  
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Table A. 1. Specifications of n-decane (Continued) (Merck-Chemicals Site, 2011)  

 
 

Safety Information according to GHS 

Hazard Statement(s)  
H226: Flammable liquid and vapour. 

H304: May be fatal if swallowed&enters airways. 

Precautionary  

Statement(s)  

P210: Keep away from heat. 

P260: Do not breathe vapour. 

P262: Do not get in eyes, on skin, or on clothing. 

P301 + P310: IF SWALLOWED: Immediately 

call a POISON CENTER or doctor/ physician. 

P331: Do NOT induce vomiting. 

Hazard Pictogram(s)  
  

 
Storage class  3 Flammable Liquids  

WGK  WGK 3 highly water endangering  

Disposal  

1 

Strongly contaminated halogen-free organic 

solvents: container A.  

R Phrase  

R 10-65 

Flammable.Harmful: may cause lung damage if 

swallowed.  

S Phrase  

S 23-24-62 

Do not breathe vapour.Avoid contact with skin.If 

swallowed, do not induce vomiting: seek medical 

advice immediately and show this container or 

label.  

Categories of danger  flammable, harmful  

Hazard Symbol  
Harmful  
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Table A. 1. Specifications of n-decane (continued) (Merck-Chemicals Web Site, 
2011) 

 
 

Transport information 

Declaration (railroad and road) 

ADR, RID  
UN 2247 n-Decan, 3, III  

Declaration (transport by sea) 

IMDG-Code  
UN 2247 N-DECANE, 3, III  

Declaration (transport by air) IATA-

DGR  
UN 2247 N-DECANE, 3, III  

Toxicological data 

LD 50 oral  LD50 rat > 5000 mg/kg  

LD 50 dermal  LD50 rat > 2000 mg/kg  
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APPENDIX B  

 

 

SPECIFICATIONS OF THE EQUIPMENT USED IN THE 

EXPERIMENTAL SET-UP 

 
 
 
 
 

Table B. 1. Specifications of the Equipment Used in the Experimental Set-Up 

 

 
Equipment Specifications 

Core Holder 

used in the brine saturation 

system 

Trademark: Manufactured at the Department 

of Petroleum & Natural Gas Eng. at METU 

Material: Brass 

Inner diameter: 6 cm 

Length: 15 cm 

Core Holder 

used in the n-decane 

saturation system 

Trademark: TEMCO 

Material: Stainless Steel 

Inner Diameter:3.81 cm 

Length: 19 cm 

Core Holders 

(× 2) used in the gas 

injection system 

Trademark: EPS Core Systems 

Design Pressure: 11,000 psig 

Design Temperature: 50 ºC 

Inner Diameter: 4.7 cm  

Length: 15.8 cm 

Thermocouple 

 

Trademark: Elimko, Turkey  

R/T  

1×Pt-100 

 



 126

Table B. 1. Specifications of the Equipment Used in the Experimental Set-Up 

(Continued) 

 
 

Equipment Specifications 

Pressure Transducer 

 (× 3) used in the 

saturation system 

Trademark: GEMS Sensors, England  

Supply: 7- 35 Vdc 

Output: 4-20 mA 

Range: 25 barg 

(× 2) Trademark: GEMS Sensors, England  

Range: 25 barg 

Output. 0-40 mV 

Pressure Transducer 

 (× 2) used in the gas 

injection system 

Trademark: GEMS Sensors, England  

Supply: 7- 35 Vdc  

Output: 4- 20 mA 

Pressure Range: 0- 100 bar G 

Trademark: GEMS Sensors, England  

Supply: 7- 35 Vdc  

Output: 4- 20 mA 

Pressure Range: 60 bar G 

Data Logger and 

Controller 

used in the saturation 

system 

Trademark: Elimko, Turkey 

Model: E- 680  

Voltage: 220 V 

Data Transfer: RS485 Mod Bus 

Data Analysis: Software by Elimko, Turkey 
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Table B. 1. Specifications of the Equipment Used in the Experimental Set-Up 

(Continued) 

 

Equipment Specifications 

Data Logger and 

Controller 

used in the gas injection 

system 

Trademark: National Instruments (NI) 

Device: SCC-68 I/O Connector Block with 4 

SCC Signal Conditioning Slots for DAQ  

Modules: SCC-AI06 Isolated Analog 

Input Module 

SCC- CI20 Current Input Module 

SCC-TC02 Thermocouple Module 

SCC-RTD01  RTD Input Module 

Data Analysis: LabVIEW 

(Laboratory Virtual Instrument Engineering 

Workbench) Graphical Programming 

Language by NI 

Digital Precision Balance 

 

Trademark: Precisa 

Model: Serie 320XB 

Weighting Range:320 g 

Readibility: 1 mg 

Linearity: 1.5 mg 

Size (W/ D/ H): 210/ 340/ 150 mm 

Balance Pan: Chrome nickel steel, 135× 

135 mm 

Data Analysis:  BALINT Software by 

Precisa Instruments AG 
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Table B. 1. Specifications of the Equipment Used in the Experimental Set-Up 

(Continued) 

 
 

Equipment Specifications 

Syringe Pumps and Pump 
Controllers 

 

Trademark: ISCO 

Model. 500 D 

Cylinder Capacity: 507.38 ml 

Flow Range:0.001- 204 ml/min 

Pressure Range: 10-3,750 psi 

Trademark: ISCO 

Model. 260 D 

Cylinder Capacity: 266.05 ml 

Flow Range: 0.001 - 107 ml/min 

Pressure Range: 0-7,500 psi 

 
Constant Temperature  Oven 

 

Trademark: Despatch  

Temperature Range: 10-400 °C 

Vacuum Pump 

Trademark: Javac, England 

Model: DS40 

Voltage: 220 V/ 50 Hz 

Type: Single stage high vacuum 
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APPENDIX C 

 
RESULTS OF XRD ANALYSIS 

 

 
 
 

Figure C. 1. XRD Spectrum of Grinded Sample for Identification of Minerals 

Except From Clay (Turkmenoglu, 2010) 

 
 
 

 
 

Figure C. 2. XRD Spectrum of Air Dried Sample (Turkmenoglu, 2010) 
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Figure C. 3. XRD Spectrum of Sample kept in Ethylene Glycol at 60 ˚C for 12 

hours (Turkmenoglu, 2010) 

 
 
 
 

 
 

Figure C. 4. XRD Spectrum of Sample Dried at 300 ˚C for 1 hour (Turkmenoglu, 

2010) 
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Figure C. 5. XRD Spectrum of Sample Dried at 550 ˚C for 1 hour (Turkmenoglu, 

2010) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 132

APPENDIX D 
 
 
 

RESULTS OF CORE ANALYSIS CARRIED OUT AT TPAO 
 
 
 
 
 

Porosity and permeability measurements of core samples are conducted at Turkish 

Petroleum Corporation (TPAO). For measurements, first of all, available core 

sample E3, which has a length of 4.9 cm and a diameter of 3.8 cm, is cleaned by 

being kept in alcohol under vacuum. Cleaned samples are dried at 70 ˚C in a 

temperature controlled oven and weighted. A porosity value of 0.213 is obtained. 

 

Permeability measurements are also carried out by placing the core sample into a 

Hassler type core holder and injecting air, the measured air permeability (kair) 

values are corrected with the consideration of the Klinkenberg effect and 

converted to liquid permeability (kL) (Klinkenberg, 1941). Results of core analysis 

conducted at TPAO are shown in Table D.1 (TPAO, 2011).  

 

 

Table D. 1. Results of Core Analysis conducted at TPAO  
 

Core 
 Sample 

Dia. 
(cm) 

Length 
(cm) 

Porosity 
(frac.) 

kair  
(md) 

kL  
(md) 

Grain Density  
(g/cc) 

E3 3.8 4.96 0.213 286.70 266.70 2.66 
 

 

 

Measurements of porosity and permeability on core sample E3 under overburden 

pressure is also conducted at TPAO with CMS-300 test system by appylying 800, 

1500 and 3000 psig net overburden pressure (NOP). Change in porosity and 

permeability in core sample E3 with different net overburden pressures is 
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obtained, as tabulated in Table D.2 and shown in Figure D.1 and D.2 (TPAO, 

2011). 

 

 

 

Table D. 2. Change in porosity and permeability in core sample E3 with different 

net overburden pressures 

 

NO
P 

(psi) 

Pore 
volume

,  
Vp (cc) 

Porosity,
        

φ φ φ φ          
(frac.)    

kL  
(md

) 

kair  
(md) 

∆φ∆φ∆φ∆φ    
[(φ / φ[(φ / φ[(φ / φ[(φ / φ800800800800psi))))××××100100100100

]]]]    

((((%)    

∆∆∆∆kL 
[(k / k800 

psi)    ××××100] 

(%)    
800 11.6 0.206 283 296 100 100 

1500 11.5 0.204 279 292 99.0 98.6 
3000 11.3 0.202 274 287 98.1 96.8 
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Figure D. 1. Change in porosity with net overburden pressure 
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Figure D. 2. Change in permeability with net overburden pressure 

 
 
 
 
Capillary pressure tests are conducted by mercury injection method using 

Micromeritics' AutoPore IV 9500 Series Equipment at TPAO. By applying 

various levels of pressures between 0.5-60 000 psia and determining the volumes 

of mercury (non-wetting phase) that enters the pores of the sample, capillary 

pressure curve is constructed as shown in Figure D.3. Pore size distribution is also 

obtained for the sample as shown in Figure D.4 (TPAO, 2011). 
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Figure D. 3. Capillary Pressure Curve of the Core E3 
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Figure D. 4. Pore Size Distribution of the Core E3 
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For relative permeability measurements at TPAO, core sample E2 is saturated 

with 5 wt% KCl aqueous solution.  From the bottom, KCl solution is started to be 

injected at a rate of 0.24 cc/min (1 ft/day) and water permeability values (kw) are 

obtained. A back pressure of 250 psi and an overburden pressure of 750 psi are 

applied. n-decane is injected until no more water production is obtained. By this 

way, residual water saturation condition is reached and n-decane permeability at 

residual water saturation (ko @Swir) is determined. In the next step, at constant flow 

rate, KCl aqueous solution is injected and necessary time, pressure, brine and n-

decane production data is recorded. When n-decane production ceased, brine 

saturation at residual n-decane saturation (kw@Sor) is determined. Relative 

permeability calculations are performed with Johnson-Bossler-Naumann (JBN) 

method (Johnson, Bossler and Naumann, 1959). Permeability, porosity and end 

point data is tabulated in Table D.3. Relative permeability curve obtained is 

shown in Figure D.5 and Figure D.6 (TPAO, 2011). 

 

 

 

Table D. 3. Permeability, porosity and end point data 
 

Core  
Sample    

φφφφ    

((((frac.) 
kL  

(md) 
kw 

(md) 
Swi 

(%) 
ko@Swi (kbase) 

(md) 
Sor 

(%) 
kw@Sor 
(md) 

E2 20.5 266.7 80.1 35.4 19.23 27.6 17.17 
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Figure D. 5. Relative permeability curve 
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APPENDIX E  
 
 
 
SOLUBILITY OF CO2, CH4 AND N2 IN N-DECANE AT 70 ºC AND 250 PSI 
 
 
 
 
E.1. Solubility of CO2 in n-decane at 70 ºC and 250 psi 
 

In Figure E.1, pressure composition diagram of CO2 in n-decane is presented 

(Reamer and Sage, 1963). As shown in the Figure E.1., mole fraction of CO2 in 

liquid phase at 70 ºC (158 ºF) and 250 psi in the CO2-n-decane system 

corresponds to a value of 0.14. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure E. 1. Pressure Composition Diagram of CO2-n-decane System (Reamer 

and Sage, 1963) 
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E.2. Solubility of CH4 in n-decane at 70 ºC and 250 psi 
 
In Figure E.2, pressure composition diagram of CH4 in n-decane is presented 

(Srivastan, 1992). As shown in the Figure E.2., mole fraction of CH4 in liquid 

phase at 70 ºC (343.15 ºK) and 250 psi (1.72 MPa) in the CH4-n-decane system 

corresponds to a value of around 0.07 (Beaudin and Kohn, 1967; Srivastan, 1992). 

 
 
 

 
 
 

Figure E. 2. Methane Solubility in Decane (Srivastan, 1992) 
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E.3. Solubility of N2 in n-decane at 70 ºC and 250 psi 
 

In Figure E.3, pressure composition diagram of N2 in n-decane is presented 

(Azarnoosh and McKetta, 1963). As shown in the Figure E.3, mole fraction of N2 

in liquid phase at 70 ºC (158 ºF) and 250 psi in the N2-n-decane system 

corresponds to a value of around 0.026. 

  
 
 
 

 
 

Figure E. 3. Pressure Composition Diagram of N2-n-decane System (Azarnoosh 

and McKetta, 1963). 
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APPENDIX F 
 
 
 

MIXTURE DENSITY AND VISCOSITY OF N-DECANE-CO2, CH4 & N2  

 
 
 
 
Table F. 1. Density and Viscosity of n-Decane- CO2 Mixtures with Different CO2 

Mole Fractions (Culllck And Mathls, 1984) 

CO2 
Mole 
Frac. 

Temp, 
ºK 

Pres, 
MPa 

ρρρρmixture 
kg/m3 

µµµµmixture 
(10-6  
Pas) 

Temp, 
ºK 

Pres, 
MPa 

ρρρρmixture 
kg/m3 

µµµµmixture 
(10-6  
Pas) 

0.15 

310.93 6.93 728.1 666.6 373.13 7.1 678.3 333.6 

310.93 14.08 734.1 704.5 373.13 13.96 687.4 371.5 

310.93 28.37 745 812.3 373.13 27.75 702.3 432.3 

310.93 34.63 749.3 864.7 373.13 34.68 708.1 464.6 

344.32 6.72 701.5 446.2 403.08 7.19 652.4 269.5 

344.32 14.17 709.5 484.1 403.08 14.48 665.6 292.3 

344.32 27.89 722.1 558.8 403.08 27.96 683.7 342.6 

344.32 34.58 726.9 587.7 403.08 34.06 690.4 363.7 

0.301 

310.9 7.16 735.1 547.1 374.02 6.76 676.7 288.1 

310.9 14.28 740.9 589.2 374.02 13.72 687.5 309.5 

310.9 27.72 752.9 669.9 374.02 27.75 705.1 366.1 

310.9 34.09 757.8 709.9 374.02 33.96 711.9 390.5 

344.31 7.02 704.4 388.7 403.22 7.1 650.8 225.8 

344.31 14.13 712.7 413.7 403.22 14.24 664.4 246 

344.31 27.83 727.4 476.3 403.22 27.78 685.6 291.4 

344.31 34.51 733.1 506.1 403 33.89 693.3 308.6 

0.505 

311.21 7.12 750.5 360.1 373.36 10.6 685.4 212.9 

311.21 13.87 758.9 393.5 373.36 13.82 692.7 222.2 

311.21 27.65 774.6 447.7 373.36 27.75 717.2 266.1 

311.21 30.94 778 464 403.3 11.58 652.8 169.2 

343.18 6.93 712.9 289.3 403.3 13.91 659 174.9 

343.18 13.63 724.7 286.6 403.3 21.37 677.9 199 

343.18 20.54 735.4 325.5 403.3 27.99 691.1 215.3 

343.18 27.58 744.6 333.6     
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Table F. 2. Density and Viscosity of n-Decane- CH4 Mixtures with Different CH4 

Mole Fractions (Agilio and Padua, 2004) 

 

CH4 
Mole 
Frac. 

Temp, 
ºK 

Pres, 
MPa 

ρρρρmixture 
kg/m3 

µµµµmixture 
(10-6  
Pas) 

CH4 
Mole 
Frac. 

Temp, 
ºK 

Pres, 
MPa 

ρρρρmixture 
kg/m3 

µµµµmixture 
(10-6  
Pas) 

0 303.15 0.1 722.5 791 0.41 303.15 20.02 674.3 457 

0 303.15 5.07 726.1 837 0.41 303.15 25.09 678.8 480 

0 303.15 10.1 729.9 886 0.41 303.15 30.05 683 505 

0 303.15 15 732.8 935 0.41 303.15 40.12 689.9 541 

0 303.15 20 736.5 982 0.41 303.15 49.91 697.1 588 

0 303.15 30 743.1 1085 0.41 303.15 60.07 703.6 648 

0 303.15 40.1 749.2 1193 0.41 303.15 75.36 713.1 743 

0 303.15 50.1 754.5 1309 0.41 323.15 20.05 656.9 356 

0 303.15 60.2 759.9 1441 0.41 323.15 24.92 662.1 374 

0 303.15 76.2 767.8 1648 0.41 323.15 29.87 666.7 393 

0 323.15 0.38 707.4 612 0.41 323.15 40 675.8 435 

0 323.15 5.07 711.5 647 0.41 323.15 50.05 682.2 465 

0 323.15 10.1 715.7 682 0.41 323.15 60.29 690.1 506 

0 323.15 15.1 719.7 719 0.41 323.15 75.61 700.7 576 

0 323.15 20 723.1 759 0.41 353.15 20.09 634.2 279 

0 323.15 30 730.1 839 0.41 353.15 25.01 640.2 295 

0 323.15 40 736.5 921 0.41 353.15 30.01 645.8 312 

0 323.15 49.6 742.4 1002 0.41 353.15 39.94 654.5 336 

0 323.15 59.4 748 1088 0.41 353.15 50.06 663.3 371 

0 323.15 75.6 756.5 1237 0.41 353.15 60.26 671 408 

0 353.15 0.26 684.1 441 0.41 353.15 74.95 683.4 456 

0 353.15 5.03 689.3 469 0.41 393.15 20.05 602.3 204 

0 353.15 10.1 694.2 499 0.41 393.15 25 610 220 

0 353.15 15 699 523 0.41 393.15 30.14 617.2 232 

0 353.15 20 703 552 0.41 393.15 40 627.9 255 

0 353.15 30.1 711 611 0.41 393.15 50.07 638.3 279 

0 353.15 40 718.2 667 0.41 393.15 60.03 647.6 306 

0 353.15 50.1 724.8 730 0.41 393.15 75.48 660.6 348 

0 353.15 60.1 731 791 0.601 303.15 24.84 615.1 274 

0 353.15 75.1 739.6 873 0.601 303.15 30.14 621.2 289 
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Table F. 3. Density and Viscosity of n-Decane- CH4 Mixtures with Different CH4 

Mole Fractions (Agilio and Padua, 2004) (continued) 

 
 

CH4 
Mole 
Frac. 

Temp, 
ºK 

Pres, 
MPa 

ρρρρmixture 
kg/m3 

µµµµmixture 
(10-6  
Pas) 

CH4 
Mole 
Frac. 

Temp, 
ºK 

Pres, 
MPa 

ρρρρmixture 
kg/m3 

µµµµmixture 
(10-6  
Pas) 

0 393.15 0.52 651.9 306 0.601 303.15 40.06 631.3 320 

0 393.15 5.03 658 326 0.601 303.15 49.95 640 352 

0 393.15 10 664.3 350 0.601 303.15 60.14 648.3 380 

0 393.15 15 670.1 373 0.601 303.15 75.15 659.2 425 

0 393.15 20.1 675.9 392 0.601 323.15 24.99 596.9 224 

0 393.15 30.1 685.9 430 0.601 323.15 30.06 604 239 

0 393.15 40 694.5 470 0.601 323.15 40.04 615.9 264 

0 393.15 50.1 702.3 512 0.601 323.15 49.98 625.2 290 

0 393.15 60.1 709.5 555 0.601 323.15 59.97 634.4 313 

0 393.15 75.6 720 627 0.601 323.15 74.99 646 352 

0.227 303.15 10.1 702.2 605 0.601 353.15 24.99 569.2 180 

0.227 303.15 15 706.2 633 0.601 353.15 30.07 578 193 

0.227 303.15 19.9 709.6 668 0.601 353.15 40.07 592.6 216 

0.227 303.15 30.2 717.3 734 0.601 353.15 50 603.7 237 

0.227 303.15 40.1 722.8 801 0.601 353.15 60.06 613.7 261 

0.227 303.15 49.9 728.5 868 0.601 353.15 74.91 626.5 292 

0.227 303.15 60.1 734.3 942 0.601 393.15 25.07 541.6 144 

0.227 303.15 75.7 742.4 1065 0.601 393.15 29.99 550.3 152 

0.227 323.15 9.83 685.5 460 0.601 393.15 40.16 567.5 176 

0.227 323.15 15.1 690.3 487 0.601 393.15 50.08 579.6 192 

0.227 323.15 20.1 694.4 512 0.601 393.15 59.95 590.5 212 

0.227 323.15 30.3 702.1 567 0.601 393.15 74.93 604.8 239 

0.227 323.15 40.1 709 620 0.799 303.15 40.11 527.7 147 

0.227 323.15 50.9 715.5 680 0.799 303.15 45.04 535.4 160 

0.227 323.15 60.3 721.3 736 0.799 303.15 50.1 542.6 162 

0.227 323.15 76.1 730.1 827 0.799 303.15 60 553.4 182 

0.227 353.15 10.1 661.1 360 0.799 303.15 74.5 566.7 208 

0.227 353.15 15.1 666.5 381 0.799 323.15 40.16 508 129 
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Table F. 4. Density and Viscosity of n-Decane- CH4 Mixtures with Different CH4 

Mole Fractions (Agilio and Padua, 2004) (continued) 

 

CH4 
Mole 
Frac. 

Temp, 
ºK 

Pres, 
MPa 

ρρρρmixture 
kg/m3 

µµµµmixture 
(10-6  
Pas) 

CH4 
Mole 
Frac. 

Temp, 
ºK 

Pres, 
MPa 

ρρρρmixture 
kg/m3 

µµµµmixture 
(10-6  
Pas) 

0.227 353.15 20.2 671.9 399 0.799 323.15 45.02 516.7 137 

0.227 353.15 30.1 680.7 430 0.799 323.15 50.02 524.1 145 

0.227 353.15 40.1 688.9 475 0.799 323.15 60.05 537.6 157 

0.227 353.15 50 696.1 513 0.799 323.15 74.98 554.6 185 

0.227 353.15 60.1 702.7 556 0.799 353.15 40.07 480.2 106 

0.227 353.15 75.4 711.8 622 0.799 353.15 45.09 490.6 113 

0.227 393.15 10.1 630.9 254 0.799 353.15 49.96 499.4 120 

0.227 393.15 15.1 637.6 273 0.799 353.15 60.09 515.4 132 

0.227 393.15 20.3 644.2 288 0.799 353.15 75.1 533.4 152 

0.227 393.15 30 655.1 312 0.799 393.15 40 447.6 86 

0.227 393.15 39.9 664.1 349 0.799 393.15 45 460.8 94 

0.227 393.15 49.9 672.5 380 0.799 393.15 50.03 470.6 98 

0.227 393.15 60 681 407 0.799 393.15 60.02 486.7 111 

0.227 393.15 75.5 691.9 451 0.799 393.15 75.25 506.8 131 
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APPENDIX G 
 
 
 

PENG ROBINSON EQUATION OF STATE 
 

 

 

n-decane- CO2, CH4 and N2 mixture densities are calculated by using Peng 

Robinson Equation of State by using the following formulation (Peng and 

Robinson, 1976): 

 

( )
( ) ( )

a TR T
P

b b b v bν ν ν
= −

− + + −
   (G.1) 

 

which can be also expressed as : 

 

( ) ( ) ( )3 2 2 2 31 3 2 0Z B Z A B B Z AB B B− − + − − − − − =   (G.2) 

 

where 

 

2 2
, ,

aP bP P
A B Z

R T RT RT

ν
= = = , ν : molar volume, R: gas constant, T: 

absolute temperature. 

 

Equation of state constants, a and b (Peng and Robinson, 1976): 

 

At the critical temperature (Tc) and critical pressure (Pc): 

 

2

( ) 0.45724 c
c

c

R T
a T

P
=      (G.3) 
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( ) 0.07780 c
c

c

RT
b T

P
=      (G.4) 

 

0.307
c

Z =       (G.5) 

 

 

At temperatures other than critical temperature: 

 

( ) ( ) ( , )
c r

a T a T Tα ω=      (G.6) 

 

( ) ( )cb T b T=       (G.7) 

 

where 

( )1/2 1/21 1
r

Tα κ= + −      (G.8) 

 

20.37464 1.54226 0.26992κ ω ω= + − −    (G.9) 

 

ω: acentric factor; Tr: reduced temperature. Critical properties and acentric factors 

of the components are shown in Table G.1 (McCain, Jr, 1990). 

 

 

Table G.1. Critical Properties and Acentric Factors of Components (McCain, Jr, 
1990) 

 
Component Pc (psia) Tc (°F) ωωωω    

    

n-decane 305 652.00 0.4898 
CO2 1071 87.91 0.2667 
CH4 673 -116.14 0.0104 
N2 492 -232.42 0.0372 
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In the calculation of mixture properties as in the case of the experiments, 

following expressions are applied for parameters a and b (Peng and Robinson, 

1976): 

 

i j ij

i j

a x x a=∑∑      (G.10) 

 

i i

i

b x b=∑       (G.11) 

 

where 

( ) 1/2 1/21
ij ij i j

a a aδ= −      (G.12) 

 

x: mole fraction of the component (i,j), δ: binary interaction coefficient  

 

Binary interaction coefficients for n-decane and CO2, CH4 and N2 are determined 

by using following correlations (Varotsis et al., 1986): 

 

2
2 1 0j jij r rk T Tδ δ δ= + +      (G.13) 

 

i: CO2, CH4 or N2 component, j: n-decane component 

 

For CO2-n-decane mixture, Equation 6.19 and 6.20 are used (Varotsis et al., 

1986): 

 

0

1

2

0.4025635 0.1748927 log

0.94812 0.6009864 log

0.741843368 0.441775 log

j

j

j

δ ω

δ ω

δ ω

= +

= − −

= +

    (G.14) 



 148

and for pressure, P: 

 

( )' 1.044269 0.00004ij ijk k P= −        (G.15)

   

 

For CH4- n-decane mixture, Equation 6.21 is used (Varotsis et al., 1986): 

 

( )

( )

2
0

2

1

2

2

0.01664 0.37283 log 1.31757 log

0.48147 3.35342 log 1.0783 log

0.4114 3.5072 log 0.78798 log

δ ω ω

δ ω ω

δ ω ω

= − − +

= + −

= − − −

   (G.16) 

 

For N2- n-decane mixture, Equation 6.22 is used (Varotsis et al., 1986): 

 

( )

( )

( ) ( )

2

0

2

1

2 3

2

0.1751787 0.7043 log 0.862066 log

0.584474 1.328 log 2.035767 log

2.257079 7.869765 log 13.50466 log 8.3864 log

δ ω ω

δ ω ω

δ ω ω ω

= − −

= − + +

= + + +

(G.17) 

 

For pressure, P: 

 

( )' 1.04 0.000042ij ijk k P= −       (G.18) 
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APPENDIX H 
 
 

 
INPUT FILE PREPARED FOR MODELING CO2 EXPERIMENT 

 
 
 
 
RESULTS SIMULATOR GEM 201110 
 
INUNIT SI 
WSRF WELL 1 
WSRF GRID TIME 
OUTSRF GRID SO SG SW PRES 
OUTSRF RES NONE 
WPRN GRID 0 
OUTPRN GRID NONE 
OUTPRN RES NONE 
**$  Distance units: m  
RESULTS XOFFSET           0.0000 
RESULTS YOFFSET           0.0000 
RESULTS ROTATION           0.0000  **$  (DEGREES) 
RESULTS AXES-DIRECTIONS 1.0 -1.0 1.0 
**$ 
******************************************************************
********* 
**$ Definition of fundamental cylindrical grid 
**$ 
******************************************************************
********* 
GRID RADIAL 3 1 3 *RW        0.001 
KDIR DOWN 
DI IVAR         0.009525        0.009525         0.00445 
DJ JVAR              360 
DK ALL 
 3*0.019 3*0.1135 3*0.012 
DTOP 
 3*0 
DUALPOR  
SHAPE GK 
**$ Property: NULL Blocks  Max: 1  Min: 1 
**$  0 = null block, 1 = active block 
NULL MATRIX CON            1 
**$ Property: NULL Blocks  Max: 1  Min: 1 



 150

**$  0 = null block, 1 = active block 
NULL FRACTURE CON            1 
**$ Property: Porosity  Max: 0.99  Min: 0.2 
POR MATRIX KVAR  
 0.99 0.2 0.99 
  
*MOD 
  
 3:3   1:1   2:2  = 0.99 
**$ Property: Porosity  Max: 0.99  Min: 0.2 
POR FRACTURE KVAR  
 0.99 0.2 0.99 
  
*MOD 
  
 3:3   1:1   2:2  = 0.99 
**$ Property: Permeability I (md)   Max: 1330  Min: 266 
PERMI MATRIX KVAR  
 1330 266 1330 
  
*MOD 
  
 3:3   1:1   2:2  = 1330 
**$ Property: Permeability I (md)   Max: 1330  Min: 266 
PERMI FRACTURE KVAR  
 1330 266 1330 
  
*MOD 
  
 3:3   1:1   2:2  = 1330 
**$ Property: Permeability J (md)   Max: 1330  Min: 266 
PERMJ MATRIX KVAR  
 1330 266 1330 
  
*MOD 
  
 3:3   1:1   2:2  = 1330 
**$ Property: Permeability J (md)   Max: 1330  Min: 266 
PERMJ FRACTURE KVAR  
 1330 266 1330 
  
*MOD 
  
 3:3   1:1   2:2  = 1330 
**$ Property: Permeability K (md)   Max: 1330  Min: 266 
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PERMK MATRIX KVAR  
 1330 266 1330 
  
*MOD 
  
 3:3   1:1   2:2  = 1330 
**$ Property: Permeability K (md)   Max: 1330  Min: 266 
PERMK FRACTURE KVAR  
 1330 266 1330 
  
*MOD 
  
 3:3   1:1   2:2  = 1330 
**$ Property: Fracture Spacing J (m)   Max: 1e-005  Min: 1e-005 
DJFRAC CON       1E-005 
**$ Property: Fracture Spacing I (m)   Max: 1e-005  Min: 1e-005 
DIFRAC CON       1E-005 
**$ Property: Fracture Spacing K (m)   Max: 1e-005  Min: 1e-005 
DKFRAC CON       1E-005 
**$ Property: Pinchout Array  Max: 1  Min: 1 
**$  0 = pinched block, 1 = active block 
PINCHOUTARRAY CON            1 
CPOR FRACTURE 3e-6 
CPOR MATRIX 3e-6 
**The following is the fluid component  
**property data in GEM format. 
**The unit system and fluid compositions should 
**be specified in the I/O control section. 
**The units and compositions specified in WinProp 
**are included here as comments for informational purposes. 
** PVT UNITS CONSISTENT WITH *INUNIT *FIELD 
**COMPOSITION *PRIMARY 
**          1.0000000E-03  9.9900000E-01 
**COMPOSITION *SECOND 
**          1.0000000E+00  0.0000000E+00 
**$ Model and number of components 
**$ Model and number of components 
MODEL PR 
NC 2 2 
COMPNAME 'CO2' 'NC10'  
HCFLAG 
0 0  
VISCOR HZYT 
MIXVC 1 
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VISCOEFF 1.0230000E-01 2.3364000E-02 5.8533000E-02 -4.0758000E-02 
9.3324000E-03  
MW 
4.4010000E+01 1.4228600E+02  
AC 
0.225 0.49  
PCRIT 
7.2800000E+01 2.0800000E+01  
VCRIT 
9.4000000E-02 6.0300000E-01  
TCRIT 
3.0420000E+02 6.1760000E+02  
PCHOR 
78 433.5  
SG 
0.818 0.734  
TB 
-78.4761 174.15  
OMEGA 
0.457236 0.457236  
OMEGB 
0.0777961 0.0777961  
VSHIFT 
0 0  
HEATING_VALUES 
0 6.82976e+006  
VISVC 
9.4000000E-02 6.0300000E-01  
BIN 
1.1000000E-01  
 
TRES 70  
DIFFUSION 1.500000 0.000001 0.000000  
ROCKFLUID 
RPT 1 
**$        Sw          krw          krow 
SWT 
        0.354            0             1 
        0.418            0      0.561795 
        0.482            0      0.274971 
     0.496875  0.000217285      0.226569 
      0.51175   0.00173828      0.184209 
     0.526625    0.0058667      0.147488 
       0.5415    0.0139063      0.116004 
     0.556375    0.0271606     0.0893523 
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      0.57125    0.0469336     0.0671317 
     0.586125    0.0745288      0.048939 
        0.601      0.11125     0.0343714 
     0.615875     0.158401     0.0230262 
      0.63075     0.217285     0.0145004 
     0.645625     0.289207    0.00839146 
       0.6605     0.375469    0.00429643 
     0.675375     0.477375    0.00181256 
      0.69025      0.59623   0.000537054 
     0.705125     0.733337  6.71317e-005 
         0.72         0.89             0 
**$        Sl          krg         krog 
SLT 
        0.554            1            0 
      0.57875     0.823975  0.000170892 
       0.6035     0.669922   0.00136713 
      0.62825     0.536377   0.00461408 
        0.653     0.421875    0.0109371 
      0.67775     0.324951    0.0213615 
       0.7025     0.244141    0.0369126 
      0.72725     0.177979    0.0586159 
        0.752        0.125    0.0874966 
      0.77675    0.0837402      0.12458 
       0.8015    0.0527344     0.170892 
      0.82625    0.0305176     0.227457 
        0.851     0.015625     0.295301 
      0.87575    0.0065918     0.375449 
       0.9005   0.00195313     0.468927 
      0.92525  0.000244141      0.57676 
         0.95            0     0.699973 
        0.975            0     0.841089 
            1            0            1 
INITIAL 
 
USER_INPUT 
**$ Property: Pressure (kPa)   Max: 1724  Min: 1724 
PRES MATRIX CON         1724 
**$ Property: Pressure (kPa)   Max: 1724  Min: 1724 
PRES FRACTURE CON         1724 
**$ Property: Water Saturation  Max: 0.203  Min: 0.203 
SW MATRIX CON        0.203 
**$ Property: Water Saturation  Max: 0.203  Min: 0.203 
SW FRACTURE CON        0.203 
**$ Property: Global Composition(CO2)  Max: 0.001  Min: 0.001 
ZGLOBALC 'CO2' MATRIX CON        0.001 
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**$ Property: Global Composition(CO2)  Max: 1  Min: 1 
ZGLOBALC 'CO2' FRACTURE CON            1 
**$ Property: Global Composition(NC10)  Max: 0.999  Min: 0.999 
ZGLOBALC 'NC10' MATRIX CON        0.999 
**$ Property: Global Composition(NC10)  Max: 0  Min: 0 
ZGLOBALC 'NC10' FRACTURE CON            0 
**$ Property: Initial Water Saturation  Max: 0.203  Min: 0.203 
SWINIT MATRIX CON        0.203 
**$ Property: Initial Water Saturation  Max: 0.203  Min: 0.203 
SWINIT FRACTURE CON        0.203 
**$ Property: Block Temperature (C)   Max: 70  Min: 70 
TEMPER MATRIX CON           70 
**$ Property: Block Temperature (C)   Max: 70  Min: 70 
TEMPER FRACTURE CON           70 
NUMERICAL 
DTMIN 1e-16 
RUN 
DATE 2011 1 1 
DTWELL 1e-006 
**$ 
WELL  'Well-1' 
INJECTOR 'Well-1' 
INCOMP  SOLVENT  
1.  0. 
OPERATE  MAX  
BHP  1724.  CONT 
**$          rad  geofac  
wfrac  skin 
GEOMETRY  K  
0.001  0.37  1.  0. 
PERF  GEOA  'Well-
1' 
**$ UBA    ff  Status  
Connection   
    1 1 1  1.  OPEN    
FLOW-FROM  
'SURFACE' 
OPEN 'Well-1' 
**$ 
**$ 
WELL  'Well-2' 
PRODUCER 'Well-2' 
OPERATE  MIN  
BHP  101.  CONT 

**$ UBA     ff  Status  
Connection   
**$          rad  geofac  
wfrac  skin 
GEOMETRY  K  
0.001  0.37  1.  0. 
PERF  GEOA  'Well-
2' 
**$ UBA    ff  Status  
Connection   
    1 1 3  1.  OPEN    
FLOW-TO  
'SURFACE' 
SHUTIN 'Well-2' 
DATE 2011 1  
2.00000 
**$ 
WELL  'Well-1' 
INJECTOR 'Well-1' 
INCOMP  SOLVENT  
1.  0. 
OPERATE  MAX  
BHP  1724.  CONT 
SHUTIN 'Well-1' 
**$ 

WELL  'Well-2' 
PRODUCER 'Well-2' 
OPERATE  MIN  
BHP  101.  CONT 
OPEN 'Well-2' 
DATE 2011 1  
2.00069 
**$ 
WELL  'Well-1' 
INJECTOR 'Well-1' 
INCOMP  SOLVENT  
1.  0. 
OPERATE  MAX  
BHP  1724.  CONT 
OPEN 'Well-1' 
**$ 
WELL  'Well-2' 
PRODUCER 'Well-2' 
OPERATE  MIN  
BHP  101.  CONT 
SHUTIN 'Well-2' 
DATE 2011 1  
3.00000 
**$ 
WELL  'Well-1' 
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INJECTOR 'Well-1' 
INCOMP  SOLVENT  
1.  0. 
OPERATE  MAX  
BHP  1724.  CONT 
SHUTIN 'Well-1' 
**$ 
WELL  'Well-2' 
PRODUCER 'Well-2' 
OPERATE  MIN  
BHP  101.  CONT 
OPEN 'Well-2' 
DATE 2011 1  
3.00069 
**$ 
WELL  'Well-1' 
INJECTOR 'Well-1' 
INCOMP  SOLVENT  
1.  0. 
OPERATE  MAX  
BHP  1724.  CONT 
OPEN 'Well-1' 
**$ 
WELL  'Well-2' 
PRODUCER 'Well-2' 
OPERATE  MIN  
BHP  101.  CONT 
SHUTIN 'Well-2' 
DATE 2011 1  
4.00000 
**$ 
WELL  'Well-1' 
INJECTOR 'Well-1' 
INCOMP  SOLVENT  
1.  0. 
OPERATE  MAX  
BHP  1724.  CONT 
SHUTIN 'Well-1' 
**$ 
WELL  'Well-2' 
PRODUCER 'Well-2' 
OPERATE  MIN  
BHP  101.  CONT 
OPEN 'Well-2' 

DATE 2011 1  
4.00069 
**$ 
WELL  'Well-1' 
INJECTOR 'Well-1' 
INCOMP  SOLVENT  
1.  0. 
OPERATE  MAX  
BHP  1724.  CONT 
OPEN 'Well-1' 
**$ 
WELL  'Well-2' 
PRODUCER 'Well-2' 
OPERATE  MIN  
BHP  101.  CONT 
SHUTIN 'Well-2' 
DATE 2011 1  
5.00000 
**$ 
WELL  'Well-1' 
INJECTOR 'Well-1' 
INCOMP  SOLVENT  
1.  0. 
OPERATE  MAX  
BHP  1724.  CONT 
SHUTIN 'Well-1' 
**$ 
WELL  'Well-2' 
PRODUCER 'Well-2' 
OPERATE  MIN  
BHP  101.  CONT 
OPEN 'Well-2' 
DATE 2011 1  
5.00069 
**$ 
WELL  'Well-1' 
INJECTOR 'Well-1' 
INCOMP  SOLVENT  
1.  0. 
OPERATE  MAX  
BHP  1724.  CONT 
OPEN 'Well-1' 
**$ 
WELL  'Well-2' 
PRODUCER 'Well-2' 

OPERATE  MIN  
BHP  101.  CONT 
SHUTIN 'Well-2' 
DATE 2011 1  
6.00000 
**$ 
WELL  'Well-1' 
INJECTOR 'Well-1' 
INCOMP  SOLVENT  
1.  0. 
OPERATE  MAX  
BHP  1724.  CONT 
SHUTIN 'Well-1' 
**$ 
WELL  'Well-2' 
PRODUCER 'Well-2' 
OPERATE  MIN  
BHP  101.  CONT 
OPEN 'Well-2' 
DATE 2011 1  
6.00069 
**$ 
WELL  'Well-1' 
INJECTOR 'Well-1' 
INCOMP  SOLVENT  
1.  0. 
OPERATE  MAX  
BHP  1724.  CONT 
OPEN 'Well-1' 
**$ 
WELL  'Well-2' 
PRODUCER 'Well-2' 
OPERATE  MIN  
BHP  101.  CONT 
SHUTIN 'Well-2' 
DATE 2011 1  
7.00000 
**$ 
WELL  'Well-1' 
INJECTOR 'Well-1' 
INCOMP  SOLVENT  
1.  0. 
OPERATE  MAX  
BHP  1724.  CONT 
SHUTIN 'Well-1' 
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**$ 
WELL  'Well-2' 
PRODUCER 'Well-2' 
OPERATE  MIN  
BHP  101.  CONT 
OPEN 'Well-2' 
DATE 2011 1  
7.00069 
**$ 
WELL  'Well-1' 
INJECTOR 'Well-1' 
INCOMP  SOLVENT  
1.  0. 
OPERATE  MAX  
BHP  1724.  CONT 
OPEN 'Well-1' 
**$ 
WELL  'Well-2' 
PRODUCER 'Well-2' 
OPERATE  MIN  
BHP  101.  CONT 
SHUTIN 'Well-2' 
DATE 2011 1  
8.00000 
**$ 
WELL  'Well-1' 
INJECTOR 'Well-1' 
INCOMP  SOLVENT  
1.  0. 
OPERATE  MAX  
BHP  1724.  CONT 
SHUTIN 'Well-1' 
**$ 
WELL  'Well-2' 
PRODUCER 'Well-2' 
OPERATE  MIN  
BHP  101.  CONT 
OPEN 'Well-2' 
DATE 2011 1  
8.00069 
**$ 
WELL  'Well-1' 
INJECTOR 'Well-1' 
INCOMP  SOLVENT  
1.  0. 

OPERATE  MAX  
BHP  1724.  CONT 
OPEN 'Well-1' 
**$ 
WELL  'Well-2' 
PRODUCER 'Well-2' 
OPERATE  MIN  
BHP  101.  CONT 
SHUTIN 'Well-2' 
DATE 2011 1  
9.00000 
**$ 
WELL  'Well-1' 
INJECTOR 'Well-1' 
INCOMP  SOLVENT  
1.  0. 
OPERATE  MAX  
BHP  1724.  CONT 
SHUTIN 'Well-1' 
**$ 
WELL  'Well-2' 
PRODUCER 'Well-2' 
OPERATE  MIN  
BHP  101.  CONT 
OPEN 'Well-2' 
DATE 2011 1  
9.00069 
**$ 
WELL  'Well-1' 
INJECTOR 'Well-1' 
INCOMP  SOLVENT  
1.  0. 
OPERATE  MAX  
BHP  1724.  CONT 
OPEN 'Well-1' 
**$ 
WELL  'Well-2' 
PRODUCER 'Well-2' 
OPERATE  MIN  
BHP  101.  CONT 
SHUTIN 'Well-2' 
DATE 2011 1 
10.00000 
**$ 
WELL  'Well-1' 

INJECTOR 'Well-1' 
INCOMP  SOLVENT  
1.  0. 
OPERATE  MAX  
BHP  1724.  CONT 
SHUTIN 'Well-1' 
**$ 
WELL  'Well-2' 
PRODUCER 'Well-2' 
OPERATE  MIN  
BHP  101.  CONT 
OPEN 'Well-2' 
DATE 2011 1 
10.00069 
**$ 
WELL  'Well-1' 
INJECTOR 'Well-1' 
INCOMP  SOLVENT  
1.  0. 
OPERATE  MAX  
BHP  1724.  CONT 
OPEN 'Well-1' 
**$ 
WELL  'Well-2' 
PRODUCER 'Well-2' 
OPERATE  MIN  
BHP  101.  CONT 
SHUTIN 'Well-2' 
DATE 2011 1 
11.00000 
**$ 
WELL  'Well-1' 
INJECTOR 'Well-1' 
INCOMP  SOLVENT  
1.  0. 
OPERATE  MAX  
BHP  1724.  CONT 
SHUTIN 'Well-1' 
**$ 
WELL  'Well-2' 
PRODUCER 'Well-2' 
OPERATE  MIN  
BHP  101.  CONT 
OPEN 'Well-2' 
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DATE 2011 1 
11.00069 
**$ 
WELL  'Well-1' 
INJECTOR 'Well-1' 
INCOMP  SOLVENT  
1.  0. 
OPERATE  MAX  
BHP  1724.  CONT 
OPEN 'Well-1' 
**$ 
WELL  'Well-2' 
PRODUCER 'Well-2' 
OPERATE  MIN  
BHP  101.  CONT 
SHUTIN 'Well-2' 
DATE 2011 1 
12.00000 
**$ 
WELL  'Well-1' 
INJECTOR 'Well-1' 
INCOMP  SOLVENT  
1.  0. 
OPERATE  MAX  
BHP  1724.  CONT 
SHUTIN 'Well-1' 
**$ 
WELL  'Well-2' 
PRODUCER 'Well-2' 
OPERATE  MIN  
BHP  101.  CONT 
OPEN 'Well-2' 
DATE 2011 1 
12.00069 
**$ 
WELL  'Well-1' 
INJECTOR 'Well-1' 
INCOMP  SOLVENT  
1.  0. 
OPERATE  MAX  
BHP  1724.  CONT 
OPEN 'Well-1' 
**$ 
WELL  'Well-2' 
PRODUCER 'Well-2' 

OPERATE  MIN  
BHP  101.  CONT 
SHUTIN 'Well-2' 
DATE 2011 1 
13.00000 
**$ 
WELL  'Well-1' 
INJECTOR 'Well-1' 
INCOMP  SOLVENT  
1.  0. 
OPERATE  MAX  
BHP  1724.  CONT 
SHUTIN 'Well-1' 
**$ 
WELL  'Well-2' 
PRODUCER 'Well-2' 
OPERATE  MIN  
BHP  101.  CONT 
OPEN 'Well-2' 
DATE 2011 1 
13.00069 
**$ 
WELL  'Well-1' 
INJECTOR 'Well-1' 
INCOMP  SOLVENT  
1.  0. 
OPERATE  MAX  
BHP  1724.  CONT 
OPEN 'Well-1' 
**$ 
WELL  'Well-2' 
PRODUCER 'Well-2' 
OPERATE  MIN  
BHP  101.  CONT 
SHUTIN 'Well-2' 
DATE 2011 1 
14.00000 
**$ 
WELL  'Well-1' 
INJECTOR 'Well-1' 
INCOMP  SOLVENT  
1.  0. 
OPERATE  MAX  
BHP  1724.  CONT 
SHUTIN 'Well-1' 

**$ 
WELL  'Well-2' 
PRODUCER 'Well-2' 
OPERATE  MIN  
BHP  101.  CONT 
OPEN 'Well-2' 
DATE 2011 1 
14.00069 
**$ 
WELL  'Well-1' 
INJECTOR 'Well-1' 
INCOMP  SOLVENT  
1.  0. 
OPERATE  MAX  
BHP  1724.  CONT 
OPEN 'Well-1' 
**$ 
WELL  'Well-2' 
PRODUCER 'Well-2' 
OPERATE  MIN  
BHP  101.  CONT 
SHUTIN 'Well-2' 
DATE 2011 1 
15.00000 
**$ 
WELL  'Well-1' 
INJECTOR 'Well-1' 
INCOMP  SOLVENT  
1.  0. 
OPERATE  MAX  
BHP  1724.  CONT 
SHUTIN 'Well-1' 
**$ 
WELL  'Well-2' 
PRODUCER 'Well-2' 
OPERATE  MIN  
BHP  101.  CONT 
OPEN 'Well-2' 
DATE 2011 1 
15.00069 
**$ 
WELL  'Well-1' 
INJECTOR 'Well-1' 
INCOMP  SOLVENT  
1.  0. 
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OPERATE  MAX  
BHP  1724.  CONT 
OPEN 'Well-1' 
**$ 
WELL  'Well-2' 
PRODUCER 'Well-2' 
OPERATE  MIN  
BHP  101.  CONT 
SHUTIN 'Well-2' 
DATE 2011 1 
16.00000 
**$ 
WELL  'Well-1' 
INJECTOR 'Well-1' 
INCOMP  SOLVENT  
1.  0. 
OPERATE  MAX  
BHP  1724.  CONT 
SHUTIN 'Well-1' 
**$ 
WELL  'Well-2' 
PRODUCER 'Well-2' 
OPERATE  MIN  
BHP  101.  CONT 
OPEN 'Well-2' 
DATE 2011 1 
16.00069 
**$ 
WELL  'Well-1' 
INJECTOR 'Well-1' 
INCOMP  SOLVENT  
1.  0. 
OPERATE  MAX  
BHP  1724.  CONT 
OPEN 'Well-1' 
**$ 
WELL  'Well-2' 
PRODUCER 'Well-2' 
OPERATE  MIN  
BHP  101.  CONT 
SHUTIN 'Well-2' 
DATE 2011 1 
17.00000 
**$ 
WELL  'Well-1' 

INJECTOR 'Well-1' 
INCOMP  SOLVENT  
1.  0. 
OPERATE  MAX  
BHP  1724.  CONT 
SHUTIN 'Well-1' 
**$ 
WELL  'Well-2' 
PRODUCER 'Well-2' 
OPERATE  MIN  
BHP  101.  CONT 
OPEN 'Well-2' 
DATE 2011 1 
17.00069 
**$ 
WELL  'Well-1' 
INJECTOR 'Well-1' 
INCOMP  SOLVENT  
1.  0. 
OPERATE  MAX  
BHP  1724.  CONT 
OPEN 'Well-1' 
**$ 
WELL  'Well-2' 
PRODUCER 'Well-2' 
OPERATE  MIN  
BHP  101.  CONT 
SHUTIN 'Well-2' 
DATE 2011 1 
18.00000 
**$ 
WELL  'Well-1' 
INJECTOR 'Well-1' 
INCOMP  SOLVENT  
1.  0. 
OPERATE  MAX  
BHP  1724.  CONT 
SHUTIN 'Well-1' 
**$ 
WELL  'Well-2' 
PRODUCER 'Well-2' 
OPERATE  MIN  
BHP  101.  CONT 
OPEN 'Well-2' 

DATE 2011 1 
18.00069 
**$ 
WELL  'Well-1' 
INJECTOR 'Well-1' 
INCOMP  SOLVENT  
1.  0. 
OPERATE  MAX  
BHP  1724.  CONT 
OPEN 'Well-1' 
**$ 
WELL  'Well-2' 
PRODUCER 'Well-2' 
OPERATE  MIN  
BHP  101.  CONT 
SHUTIN 'Well-2' 
DATE 2011 1 
19.00000 
**$ 
WELL  'Well-1' 
INJECTOR 'Well-1' 
INCOMP  SOLVENT  
1.  0. 
OPERATE  MAX  
BHP  1724.  CONT 
SHUTIN 'Well-1' 
**$ 
WELL  'Well-2' 
PRODUCER 'Well-2' 
OPERATE  MIN  
BHP  101.  CONT 
OPEN 'Well-2' 
DATE 2011 1 
19.00069 
**$ 
WELL  'Well-1' 
INJECTOR 'Well-1' 
INCOMP  SOLVENT  
1.  0. 
OPERATE  MAX  
BHP  1724.  CONT 
OPEN 'Well-1' 
**$ 
WELL  'Well-2' 
PRODUCER 'Well-2' 
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OPERATE  MIN  
BHP  101.  CONT 
SHUTIN 'Well-2' 
DATE 2011 1 
20.00000 
**$ 
WELL  'Well-1' 
INJECTOR 'Well-1' 
INCOMP  SOLVENT  
1.  0. 
OPERATE  MAX  
BHP  1724.  CONT 
SHUTIN 'Well-1' 
**$ 
WELL  'Well-2' 
PRODUCER 'Well-2' 
OPERATE  MIN  
BHP  101.  CONT 
OPEN 'Well-2' 
DATE 2011 1 
20.00069 
**$ 
WELL  'Well-1' 
INJECTOR 'Well-1' 
INCOMP  SOLVENT  
1.  0. 
OPERATE  MAX  
BHP  1724.  CONT 
OPEN 'Well-1' 
**$ 
WELL  'Well-2' 
PRODUCER 'Well-2' 
OPERATE  MIN  
BHP  101.  CONT 
SHUTIN 'Well-2' 
DATE 2011 1 
21.00000 
**$ 
WELL  'Well-1' 
INJECTOR 'Well-1' 
INCOMP  SOLVENT  
1.  0. 
OPERATE  MAX  
BHP  1724.  CONT 
SHUTIN 'Well-1' 

**$ 
WELL  'Well-2' 
PRODUCER 'Well-2' 
OPERATE  MIN  
BHP  101.  CONT 
OPEN 'Well-2' 
DATE 2011 1 
21.00069 
**$ 
WELL  'Well-1' 
INJECTOR 'Well-1' 
INCOMP  SOLVENT  
1.  0. 
OPERATE  MAX  
BHP  1724.  CONT 
OPEN 'Well-1' 
**$ 
WELL  'Well-2' 
PRODUCER 'Well-2' 
OPERATE  MIN  
BHP  101.  CONT 
SHUTIN 'Well-2' 
DATE 2011 1 
22.00000 
**$ 
WELL  'Well-1' 
INJECTOR 'Well-1' 
INCOMP  SOLVENT  
1.  0. 
OPERATE  MAX  
BHP  1724.  CONT 
SHUTIN 'Well-1' 
**$ 
WELL  'Well-2' 
PRODUCER 'Well-2' 
OPERATE  MIN  
BHP  101.  CONT 
OPEN 'Well-2' 
DATE 2011 1 
22.00069 
**$ 
WELL  'Well-1' 
INJECTOR 'Well-1' 
INCOMP  SOLVENT  
1.  0. 

OPERATE  MAX  
BHP  1724.  CONT 
OPEN 'Well-1' 
**$ 
WELL  'Well-2' 
PRODUCER 'Well-2' 
OPERATE  MIN  
BHP  101.  CONT 
SHUTIN 'Well-2' 
DATE 2011 1 
23.00000 
**$ 
WELL  'Well-1' 
INJECTOR 'Well-1' 
INCOMP  SOLVENT  
1.  0. 
OPERATE  MAX  
BHP  1724.  CONT 
SHUTIN 'Well-1' 
**$ 
WELL  'Well-2' 
PRODUCER 'Well-2' 
OPERATE  MIN  
BHP  101.  CONT 
OPEN 'Well-2' 
DATE 2011 1 
23.00069 
**$ 
WELL  'Well-1' 
INJECTOR 'Well-1' 
INCOMP  SOLVENT  
1.  0. 
OPERATE  MAX  
BHP  1724.  CONT 
OPEN 'Well-1' 
**$ 
WELL  'Well-2' 
PRODUCER 'Well-2' 
OPERATE  MIN  
BHP  101.  CONT 
SHUTIN 'Well-2' 
DATE 2011 1 
24.00000 
**$ 
WELL  'Well-1' 



 160

INJECTOR 'Well-1' 
INCOMP  SOLVENT  
1.  0. 
OPERATE  MAX  
BHP  1724.  CONT 
SHUTIN 'Well-1' 
**$ 
WELL  'Well-2' 
PRODUCER 'Well-2' 
OPERATE  MIN  
BHP  101.  CONT 
OPEN 'Well-2' 
DATE 2011 1 
24.00069 
**$ 
WELL  'Well-1' 
INJECTOR 'Well-1' 
INCOMP  SOLVENT  
1.  0. 
OPERATE  MAX  
BHP  1724.  CONT 
OPEN 'Well-1' 
**$ 
WELL  'Well-2' 
PRODUCER 'Well-2' 
OPERATE  MIN  
BHP  101.  CONT 
SHUTIN 'Well-2' 
DATE 2011 1 
25.00000 
**$ 
WELL  'Well-1' 
INJECTOR 'Well-1' 
INCOMP  SOLVENT  
1.  0. 
OPERATE  MAX  
BHP  1724.  CONT 
SHUTIN 'Well-1' 
**$ 
WELL  'Well-2' 
PRODUCER 'Well-2' 
OPERATE  MIN  
BHP  101.  CONT 

OPEN 'Well-2' 
DATE 2011 1 
25.00069 
**$ 
WELL  'Well-1' 
INJECTOR 'Well-1' 
INCOMP  SOLVENT  
1.  0. 
OPERATE  MAX  
BHP  1724.  CONT 
OPEN 'Well-1' 
**$ 
WELL  'Well-2' 
PRODUCER 'Well-2' 
OPERATE  MIN  
BHP  101.  CONT 
SHUTIN 'Well-2' 
DATE 2011 1 
26.00000 
**$ 
WELL  'Well-1' 
INJECTOR 'Well-1' 
INCOMP  SOLVENT  
1.  0. 
OPERATE  MAX  
BHP  1724.  CONT 
SHUTIN 'Well-1' 
**$ 
WELL  'Well-2' 
PRODUCER 'Well-2' 
OPERATE  MIN  
BHP  101.  CONT 
OPEN 'Well-2' 
DATE 2011 1 
26.00069 
**$ 
WELL  'Well-1' 
INJECTOR 'Well-1' 
INCOMP  SOLVENT  
1.  0. 
OPERATE  MAX  
BHP  1724.  CONT 
OPEN 'Well-1' 

**$ 
WELL  'Well-2' 
PRODUCER 'Well-2' 
OPERATE  MIN  
BHP  101.  CONT 
SHUTIN 'Well-2' 
DATE 2011 1 
27.00000 
**$ 
WELL  'Well-1' 
INJECTOR 'Well-1' 
INCOMP  SOLVENT  
1.  0. 
OPERATE  MAX  
BHP  1724.  CONT 
SHUTIN 'Well-1' 
**$ 
WELL  'Well-2' 
PRODUCER 'Well-2' 
OPERATE  MIN  
BHP  101.  CONT 
OPEN 'Well-2' 
DATE 2011 1 
27.00069 
**$ 
WELL  'Well-1' 
INJECTOR 'Well-1' 
INCOMP  SOLVENT  
1.  0. 
OPERATE  MAX  
BHP  1724.  CONT 
OPEN 'Well-1' 
**$ 
WELL  'Well-2' 
PRODUCER 'Well-2' 
OPERATE  MIN  
BHP  101.  CONT 
SHUTIN 'Well-2' 
STOP 
DATE 2011 3  
2.00069 
**$ 
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