
International Symposium on Earth Science and Technology 2019 

 

~ 118 ~ 
 

Numerical Study of the Effects of Interfacial Tension on Production of 

Foamy Oil by CO2-gas Foaming 
 

Sovanborey MEAKH1, Chanmoly OR1* 

 
1Faculty of Geo-resources and Geotechnical Engineering (GGE), Institute of Technology of Cambodia, Phnom 

Penh 12156 Cambodia 

*Research and Innovation Center, Institute of Technology of Cambodia, Phnom Penh 12156 Cambodia 

 
ABSTRACT 
Numerical study of the effects of interfacial tension (IFT) on foamy oil production by CO2-gas foaming was carried 

out at reservoir condition, 10 MPa of pressure (set to drop until atmospheric pressure during production) at 50 
oC of temperature initially. Reaction frequency factor, depressurization procedure, and other collected data have 

been studied and used as input of a numerical model. Oil-wet (So = 1, Sw = 0) and water-wet (So = 0.7, Sw = 0.3) 

systems were applied along with different IFT (ultralow, low and high) represented by relative oil-water 

permeabilities. No effect of IFT was observed on the result of foamy oil production when water was absent. In the 

case of water was present, the total production (foamy oil + water) of ultralow, low and high IFT reached up to 

46%, 37%, 32%; however, foamy oil productions were 22%, 38%, and 45%, respectively. The vice versa is due to 

very high production of water at low and ultralow IFT while almost zero water was produced at high IFT. So, the 

reservoir became less water-wet as IFT decreasing. 

 

INTRODUCTION 
Foamy oil by CO2-gas foaming is one of the enhanced 

oil recovery (EOR) methods that has received attention 

recently in both study and application due to the 

benefit of both increasing oil production rate and 

preventing CO2 gas emission to the environment. 

Foamy oil refers to an oil containing dispersed gas 

bubbles. Swelling and viscosity reduction are 

significant physical properties of foamy oil that benefit 

EOR. Or et al. (2016b, 2016a, 2014b, 2014a) studied 

physical properties and characteristic of foamy oil by 

CO2-gas foaming during Huff-and-Puff processes 

versus sensitive parameters as such temperature and 

pressure. They reported that the favorable condition is 

obtained at low reservoir temperature and pressure. 

Foamy oil generation and production can only be 

carried out by pressurization and depressurization 

resulting in changing in pressure and temperature. 

However, pressure, temperature, and composition of 

fluids were reported as importance factors controlling 

the variation of interfacial tension (IFT) of fluids as 

such oil, water, and gas (Ghorbani and Mohammadi, 

2017; Jennings, 1967). 

IFT is very essential in the context of multiphase flow 

behavior in pore space. IFT plays a major role in 

determination of relative permeability (Amaefule and 

Handy, 1982; Anderson, 1986; Asar and Handy, 1988), 

miscibility behavior and swelling (Novosad and 

Costain, 1989), residual oil, water and gas saturations 

(Amaefule and Handy, 1982; Grattoni and Dawe, 

2003), and the efficiency of enhanced oil recovery 

(EOR) techniques (Kiasari et al., 2014). IFT exhibits 

significant effects on the performance of various EOR 

schemes, But, its effects on the production of foamy 

oil by CO2-gas foaming has not yet been studied.  

There were lots of studies on the effects of IFT on 

relative permeability and mobility of fluids for 

conventional oil production. Amaefule and Handy 

(1982) investigated the effects of low interfacial 

tension (IFT) on relative oil-water permeabilities of 

consolidated porous media by steady- and unsteady 

state displacement methods. They reported relative oil-

water permeability increased relatively with 

decreasing IFT. Residual oil and water saturation 

decreased, while total mobility of oil and water 

increased with decreasing IFT.  

Mungan (1966) claimed that the recovery efficiency 

can be improved by lower IFT based on his study on 

the effects of IFT on oil mobility. 

Van Quy and Labrid (1983) provided a hypothesis that 

in a low-tension flood the oil relative permeability 

curve shifted toward higher water saturation and that 

the ultimate residual oil saturation was reduced to zero.  

This study aims to numerically understand the effects 

of IFT on the production of foamy oil by CO2-gas 

foaming by using a simulator, CMG-STARS. Due to 

the IFT directly affects the relative permeability while 

simulator also requires at least one relative 

permeability curve to work, then it is used as input of 

simulation to represent the IFT values.  

 

CONCEPT OF NUMERICAL SIMULATION STUDY 
The concept of this study is largely based on the 

experimental and numerical study of Or et al. (2016a, 

2016b). With CMG-STARS simulator, a representative 

core sample of Berea sandstone is configured inside a 

cylinder totally saturated by CO2 gas at a saturated 

pressure of 10 MPa. For simulation preparation, rock 

properties, rock-fluid properties, and equations 

represent foamy oil generation are input into the 

simulator as a fixed input. The temperature which is a 

sensitive parameter to foamy oil viscosity is controlled 

to ensure as slightly change as possible for the entire 

production elapse time. Foamy oil generation rate is 

numerically controlled by the modification of the 

reaction frequency factor in the simulation; foamy oil 

generation rate increase as reaction frequency 

increases numerically. The pressure is selected as a 

constraint; production starts as pressure drops. 

Depressurizing scenarios are introduced. Up to this 
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point, a numerical simulation model with fixed 

parameters is obtained when the foamy-oil production 

result approaches the foamy-oil production result of 

the experimental study by Or et al. (2016b). Five 

relative oil-water permeability curves of five different 

IFT reconstructed based on the studies by Amaefule 

and Handy (1982); Van Quy and Labrid (1983) are 

input to the numerical simulation model to study the 

effects of IFT of foamy oil by CO2-gas foaming 

through foamy oil production derived from simulation 

result. Two oil-water saturation scenarios (So = 1 / Sw 

= 0, So = 0.7 / Sw = 0.3) are configured in the simulator 

to study the effects of IFT with and without the 

presence of water. Relative Oil-gas (CO2) permeability 

was assumed and fixed for the entire study. The 

producer is set to the top of the cylinder to prevent oil 

to flow into production well, and production lasts for 

120 minutes. Only oil and water outside of the core and 

inside the cylinder are considered as production and 

later be used to calculate recovery factors externally. 

 

NUMERICAL SIMULATION PREPARATION 
Sample 
The data source of this numerical simulation study is 

mainly based on past studied. Rock and rock-fluid 

properties provided by Or et al. (2016b) were briefly 

described in the following: 

- The CO2-saturated oil sample has specific gravity, 

API, and viscosity of 0.8392 @ 50 oC, 37.017, and 

123.2 cP @ 50 oC, respectively, was derived from 

dead heavy oil of specific gravity of 0.9725 at 50 oC, 

API of 13.06, and viscosity of 172 cP at 50 oC. 

- Carbon dioxide (CO2) is of 100% purity was used. 

- A core sample of typical Berea sandstone was used. 

The core sample was 2.8 cm in diameter and 5.8 cm 

in length. The porosity and permeability of the core 

was 21% and 0.5 Darcy. 

Temperature Management 
In order to focus the study on the effects of IFT, the 

temperature change was suppressed using a certain 

comment in the simulation since it is a sensitive 

parameter that greatly affects oil viscosity. The 

temperature was set initially as 50 oC and had very 

little change between 49.75 oC to 50.20 oC for each and 

every simulation for the entire 120 mn of production 

elapse time. 

Numerical Model of Foamy Oil Generation 
Based on Or et al. (2016b) experimental study, there 

are two kinds of CO2-saturated heavy oil with the same 

mechanism of foamy oil generation by depressurizing 

CO2 from saturated pressure, the one with complete 

solubility as (HO(4)) in PVT experiment and other 

with incomplete solubility as (HO(3)) in porous media 

of reservoir rock. For complete solubility, HO(4) 

generates four kinds of foamy oil FO(1), FO(2), FO(3), 

and FO(4); but for incomplete solubility HO(3) 

generates three kinds of foamy oils FO(2), FO(3), and 

FO(4) (Fig. 1). 

 
Fig. 1 Schematic numerical model of foamy oil generation 

for saturated CO2 solubility in PVT tests and unsaturated 

CO2 solubility in porous media or reservoir (after Or et al., 

2016b) 

This present study used complete solubility kinetic 

equations of foamy oil (Tab. 1)  provided by 

complete solubility study in PVT experiments of Or et 

al. (2016b) as the input of foamy oil generation 

reaction into the simulation. 

Tab. 1 Complete solubility kinetic equation of foamy oil 

generation. (modified after Or et al., 2016b) 

 

The basic concept is that foamy oil being generated by 

depressurizing CO2 gas from saturated pressure to 

generate bubbles by releasing the dissolved gas from 

the oil phase. The dissolved CO2 gas releases from the 

oil phase in the form of dispersed gas bubbles and 

moves out of the oil phase (to the CO2 gas phase).  

Classification of IFT 
To make the interpretation of result more convenience 

for this present study, IFT is empirically classified 

(based on the simulation result) as the following: 

- IFT of 4.6x10-5 dynes/cm as ultralow IFT 

- IFT of 0.01 dynes/cm as low IFT 

- IFT of 0.05 dynes/cm, 26 dynes/cm and 34 dynes/cm 

as high IFT. 

Reconstruction of Relative Oil-Water Permeability 
IFT is an important parameter that controls relative 

permeability. Different degree of IFT provides 

different relative permeability curves. Five different 

relative oil-water permeability curves representing the 

five IFT values; 34, 26, 0.05, 0.01 and 4.6x10-5 

dynes/cm, of different degrees (high, low and 

ultralow) were reconstructed and smoothen based on 

the curves provided by Amaefule and Handy (1982); 

Van Quy and Labrid (1983) as the following: 
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Fig. 2 Relative oil-water permeability for IFT = 34 

dynes/cm 

 
Fig. 3 Relative oil-water permeability for IFT = 26 

dynes/cm 

 
Fig. 4 Relative oil-water permeability for IFT = 0.05 

dynes/cm 

 
Fig. 5 Relative oil-water permeability for IFT = 0.01 

dynes/cm 

 
Fig. 6 Relative oil-water permeability for IFT = 4.6x10-5 

dynes/cm 

Each curve will later be input into simulation one by 

one to study the effect of IFT on the production of 

foamy oil by CO2-gas foaming. 

Reservoir Configuration Set Up 
The numerical model of CMG-STARS with the 

working unit of laboratory-scale was configured based 

on the mentioned basic concept of the numerical 

simulation study. Radial grid type with 30x1x55 (30 

blocks for X-direction, 1 block (360o) for Y-direction, 

and 55 blocks for Z-direction) was set up to represent 

the core sample placed inside the cylinder. The model 

of this simulation has two rock types. Gas space in the 

cylinder was represented by rock 1 which has high 

porosity (99.99%) and high permeability (1000 Darcy) 

and rock 2 represented the core sample of Berea 

sandstone (porosity 21% and permeability 0.5 Darcy) 

with a dimension of R = 1.4 cm and L = 5.8 cm. This 

core sample was totally saturated by CO2-saturated oil 

(water was excluded) in the study on the effects of IFT 

of foamy oil by CO2-gas foaming without the presence 

of water, but in the case of study with the presence of 

water, this core sample was saturated by CO2-saturated 

oil and water of 0.7 and 0.3, respectively. The water-

wet oil system was input into simulation for the entire 

study. The reservoir configuration for both 

experimental and numerical study was illustrated in 

3D view and X&Z-direction view as in Fig. 7 (a&b). 

 

a) Schematic of core experiment

 

b) Block model of core experiment with CMG-STARS 

Fig. 7 Reservoir configuration for the experimental and 

numerical study  

Selecting a Representative Numerical Simulation 
Model 
Reaction frequency factor was numerically modified 

several times in simulation to obtain a recovery factor 

that closely approaches the recovery factor (31% over 

60 mn of production elapse time) of experimental 

study by Or et al. (2016b). Finally, from the reaction 

frequency factor modification scheme E (see Fig. 8), 

oil recovery factors of approximately 31% over 60 mn 

of production elapse time was obtained, and later be 

used as a fixed input for each and every simulation. 

Core 

CO2 

R=1.4 cm 

L=5.

8 cm 

r 

r 
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Fig. 8 Oil recovery factor based on the modification of 

reaction frequency  

In addition to reaction frequency scheme, Saturated 

pressure which was initially 10 MPa, was set to drop 

down in a certain trend to reach atmospheric pressure at 

30th minute and continue onward to create three 

different scenarios of depressurization (see Fig. 9). 

Different scenarios provided different oil recovery 

factors. Each scenario was input along with the 

reconstructed representative oil-water relative 

permeability curves to test its workability. Only 

scenario A (see Fig. 10) successfully worked with 

CMG-STARS and later be used for the entire study. 

 
Fig. 9 Depressurization scenarios 

 
Fig. 10 Depressurization scenario A 

Recovery Calculation 
The effects of IFT in both cases of study without and 

with the presence of water will be evaluated base on 

the recovery factor. Total recovery (oil + water), foamy 

oil recovery and water recovery were calculated based 

on oil and water saturation obtained outside of the core 

inside of the cylinder, oil/water mass density evolution 

during production elapse time and each gross block 

volume relatively to initial oil/water mass density and 

initial volume of oil and water. 

RESULT AND DISCUSSION 
Effects of IFT of Foamy Oil by CO2-gas Foaming 
without the Presence of Water  
Foamy oil recovery showed similar value for any 

minute of production elapse time (Fig. 11). Thus, when 

water was absent, the effects of IFT between oil and 

water on the production and mobility of foamy oil by 

CO2-gas foaming did not exhibit.  

 
Fig. 11 Foamy oil recovery factor result of the 

numerical simulation study the effects of IFT of foamy 

oil by CO2-gas foaming without water 

Effects of IFT of Foamy Oil by CO2-gas Foaming 
with the Presence of Water 
In this case of study, each pore of the core sample 

contains both oil and water of 7:3 ratio from the initial 

time. Therefore, production was supposed to be foamy 

oil or water or both. The effects of IFT of foamy oil by 

CO2-gas foaming were observed in the production. 

Total Recovery (Foamy Oil + Water) 
There was an increase in total recovery (foamy oil + 

water) with a decreasing IFT degree from high to low 

and ultralow. The total recovery was about 46% for 

4.6x10-5 dynes/cm of IFT (ultralow IFT), 37% for 0.01 

of IFT (low IFT) and 32% the same for 0.05, 26 and 

36 dynes of IFT (high IFT), were observed (Fig. 12).  

 
Fig. 12 Foamy oil recovery factor result of the 

numerical simulation study the effects of IFT of foamy 

oil by CO2-gas foaming with water 

However, the total recovery of low IFT value (0.01 

dynes/cm) was lower than the total recovery of high 

IFT value (0.05, 26, 34) before the 19th minute of 

production at production pressure above 4 MPa (Fig. 

13 and Fig. 14). This is due to the instability of bubbles 

within the oil at high pressure. Therefore, favorable 

condition of production is obtained at low pressure.  

0

5

10

15

20

25

30

35

0 20 40 60 80 100

R
ec

o
v
er

y
 (

%
)

Time (mn)

scheme A

scheme B

scheme C

scheme D

scheme E

0

2000

4000

6000

8000

10000

0 5 10 15 20 25 30 35 40

P
re

ss
u

re
 (

k
P

a)

Time (mn)

scenario A

scenario B

scenario C

0

2000

4000

6000

8000

10000

0 5 10 15 20 25 30 35 40

P
re

ss
u

re
 (

k
P

a)

Time (mn)

0

10

20

30

40

50

0 10 20 30 40 50 60 70 80 90 100 110 120

R
eo

co
v
er

y
 f

ac
to

r 
(%

)

Time (mn)

So = 1, Sw = 0

4.6E-05 dynes/cm

0.01 dynes/cm

0.05 dynes/cm

26 dynes/cm

34 dynes/cm

0

5

10

15

20

25

30

35

40

45

50

0 10 20 30 40 50 60 70 80 90 100 110 120

T
o
ta

l 
re

co
v
er

y
 f

ac
to

r 
(%

)

Time (mn)

4.6E-05 dynes/cm
0.01 dynes/cm
0.05 dynes/cm
26 dynes/cm
34 dynes/cm

se
ct

io
n

 B
B

'

se
ct

io
n

 C
C

'

se
ct

io
n

 A
A

' section DD'

section EE'

H
O

(4
) 

F
O

(1
) 

F
O

(2
) 

F
O

(3
) 

F
O

(4
) 



CINEST 19- A-23 [FULL PAPER] 

 

~ 122 ~ 
 

 
Fig. 13 Total (foamy oil + water) recovery factor vs 

IFT at the 10th minute production 

 
Fig. 14 Total recovery factor (foamy oil + water) vs 

IFT at the 19th minute production 

Only after depressurization reached atmospheric 

pressure at the 30th minute and continued onward, total 

production increased with a sustainable rate (Fig. 15). 

 
Fig. 15 Total recovery factor (foamy oil + water) vs 

IFT at the 30th, 60th and 120th minute production 

The total recovery (foamy oil + water) increased with 

IFT decreased is supported to some degree only. As for 

high IFT values of 0.05, 26, and 34 dynes/cm showed 

the same total production in every minute of 

production elapse time which is quite contrasted to the 

past study on conventional oil production where the 

recovery exhibited remarkable changes for any IFT 

values.  

Foamy Oil Recovery and Water Recovery 
The recovery of foamy oil showed a completely 

opposite result of the total recovery (foamy oil + 

water). Higher foamy oil recovery was obtained at 

higher IFT and sustained for any high IFT (Fig. 16 and 

Fig. 18). There was a very high production of water at 

low and ultralow IFT while almost zero water is 

produced at high IFT. At ultralow IFT (4.6x10-5 

dynes/cm), water recovery reached 77% in the first ten 

minutes, 85% at the 19th minute, around 90% at the 30th 

& 60th minute and 99% at the end of production elapse 

time (Fig. 16 and Fig. 18), while foamy oil production 

reached only 0.26%, 1%, 5.5%, 15.6% and 22% at that 

same time respectfully (Fig. 17 and Fig. 19). This 

quick water production with slow oil production at 

ultralow IFT while almost no water production at high 

IFT indicates that water was primarily produced at 

ultralow IFT while foamy oil was primarily produced 

at high IFT. Therefore, it is necessary to discuss the 

wettability of the reservoir since it is an important 

function that determines which fluid is primarily 

produced; foamy oil or water (Abdallah et al., 1986). 

The studied reservoir is of a water-wet system where 

normally water prone to stick with the solid phase 

(grains) inside the pores of the reservoir rather than 

racing with the oil to flow through the pore throat. In 

this study, this typical case is effective for high IFT 

only, but not for low and ultralow IFT. Thus, water-wet 

rock surface became lesser with decreasing IFT and it 

is matched with the previous study by Amaefule and 

Handy (1982). 

 
Fig. 16 Foamy oil recovery factor vs IFT at the 10th, 

19th, 30th, 60th and 120th minute of production 

 
Fig. 17 Water recovery factor vs IFT at the 10th, 19th, 

30th, 60th 120th minute of production 

 
Fig. 18 Foamy oil recovery factor result of the 

numerical simulation study the effects of IFT of foamy 

oil by CO2-gas foaming with water 
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Fig. 19 Water recovery factor result of the numerical 

simulation study the effects of IFT of foamy oil by 

CO2-gas foaming with water 

 

CONCLUSIONS 
Results of numerical simulation study of the effects of 

IFT on the production of foamy oil by CO2-gas 

foaming can be summarized as the following: 

1. When water is absent, IFT has no effect on the 

production of foamy oil by CO2-gas foaming  

2. When water is present, total recovery (foamy oil 

+ water) is higher with lower IFT to some degree 

as summarized below:   

- 46% for ultralow IFT of 4.6x10-5 dynes/cm 

- 37% for low IFT of 0.01 dynes/cm 

- 32% the same for any high IFT of 0.05 

dynes/cm, 26 dynes/cm and 34 dynes/cm 

Vice versa, foamy oil production is higher with 

higher IFT to some degree as summarized below: 

- 22% for ultralow IFT of 4.6x10-5 dynes/cm 

- 38% for low IFT of 0.01 dynes/cm 

- 45% the same for any high IFT of 0.05 

dynes/cm, 26 dynes/cm and 34 dynes/cm 

And also, twice the foamy oil production can be 

remarkably obtained when increasing IFT from 

ultralow to high IFT. 

3. In the case of study with the presence of water, the 

water-wet rock surface became lesser with 

decreasing IFT.  
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