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Introduction

Gas injection is a common method for enhancing oil
recovery. Nevertheless, fractured reservoirs provide a
fast pathway for injected fluids that will finally lead
to an ecarly breakthrough and low recovery factors
[1]. This phenomenon can be controlled by foaming
the gas, lowering the mobility, and enhancing fluids
diversion from the fracture network to the matrix
media [2].

Generally, foam modeling methods can be categorized
into empirical and mechanistic models. However, due
to lower computational time, the empirical methods
are preferred. The STARS model is an empirical
model that has been employed in various researches
because of providing the possibility of testing different
factors on foam performance, and ease of calculating
its parameters [3]. In the majority of available studies,
a unique foam model has been assigned to the fracture
and matrix media that obviously involves serious
errors in the estimation of recovery. Some others have
also neglected matrix capillary pressure. To the best of
authors’ knowledge, there is no study in the literature
to evaluate the effects of aforementioned assumption
on the foam flow properties.

There are many variables that affect foam viscosity,
such as oil saturation, surfactant type and concentration,
and medium geometry [4,5]. The wettability of the
hydrocarbon-bearing reservoir, as well as capillary
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pressure, greatly influence the behavior in a wide
variety of ways, including multiphase flow and fluid
saturation distribution. In order to understand the
impact of matrix wettability on foam performance, it is
essential to evaluate how different wetting conditions
can influence oil production conditions.

Materials and Methods

Simulations are conducted in a 2-D single porosity
model that consists of 550 grid blocks at horizontal
(25%22*1) (X*Y*Z) conditions. The matrix contains
484 (22*%22) grids, and a 0.3-millimeter thickness
fracture (3*0.1) is located at the left of the matrix.
Figure | shows a schematic of this model. The fracture
only has gas, and the matrix has 90% and 10% oil
and water saturation, respectively. Foam with the
quality of 85%, through simultaneous injection of
gas and surfactant solution, is injected into fracture.
Simulations are done by giving a particular foam
model to the matrix and the fracture.

Foam displacement is modeled using the STARS
empirical approach. A mobility reduction factor
(MREF) is used in this approach for modifying relative
permeability of gas. Following are the foam/gas
relative permeability and MRF:

K ' =K _*MRF (1)

MRF = ! @)
1+ Fmmobe *F *F *F *F *F *F *F
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pores, and water mostly settles in the larger pores. On
this account, water can move forward easier, and the oil
phase, particularly at lower saturation, has insignificant
mobility. As the oil phase reduces marginally and
never drops below the critical oil saturation, no “Foam
Bank” is formed, and the “Transition Zone” is longer
in this case.

1

0/9 Transition Zone - _No Foam _
0/8 4 ’
1
0/7 4 ’
. ] ) ) = 0/6 1 )/
Fig. 1 A schematic of simulation model. 2 ,
= 0/5 -, L.
- Initial Water-
= 0/4 - - based Wave.
. -~ Approximatel
where Krgf and K, are foam and gas relative 073 - v 4% more
= 3 . . r=-" than Initial
permeability, respectively. In Equation 2, Fmmob is 072 Saturation
. oy - oo I T T T T e ——— - T~ ..
the maximum ability of foam to decrease gas relative o
permeability, and F, factors take the impact of surfactant o on o o6 o8 X

concentration, oil saturation on lamella-destruction,
velocity on foam rheology, capillary pressure on
production and foam destruction, presence of specific
components in oil, salinity, and water saturation on
lamella, respectively, into account.

Results and Discussion

The effect of matrix wettability and capillary pressure
on foam properties is studied at three conditions.
First scenario is water-wet relative permeability and
no capillary pressure. Figure 2 demonstrates the
saturation profile in the matrix. The saturation profile
can be divided in three regions. Since the surfactant
solution is in direct contact with the oil phase, foam
is generated gradually behind the front (No Foam).
Behind this front, there is a transition region which oil
saturation is decreasing and foam/gas are increasing
(Transition Zone). A strong foam is only formed far
from the front where oil saturation is too low to affect
foam (Foam Bank).

1

Foam Bank Transition No Foam
0/9 A P,
Zone g
0/8 4
/
0/7 4 /
=z ]
= 0/6 )
g i 7
E 0/5 ,
= i /
3 0/ / Initial Water-based
’
0/3 4 s Wave.
.7 Approximately 7%
0/2 4 _ < more than Initial
r T T — — AR Saturation
0/1 7= T
0 T T T !
0 0/2 0/4 0/6 0/8 1
xD [-]
Gas == —Water = = =Oil <eeoeeeee Initial Water Saturation

Fig. 2 Saturation profile in the matrix after one year. Water-

wet matrix, no capillary pressure.

Second condition is mixed-wet relative permeability
and no capillary pressure. Figure 3 displays the
saturation profile of this case. In a mixed-wet to
relatively oil-wet medium, the oil phase is in the small

xD [-]

Gas =—— — Water = = =Oil -weeeeeee Initial Water Saturation

Fig. 3 Saturation profile in the matrix after one year. Mixed-
wet matrix, no capillary pressure.

Finally, the third scenario is mixed-wet relative
permeability with capillary pressure. In Figure 4,
the saturation profile in the presence of capillary
pressure for a mixed-wet matrix is illustrated. In this
situation, water moves ahead of the gas and reduces
oil saturation to some extent. The amount of diverted
water ultimately rests on the capillary pressure curves
and can vary in each medium. The oil saturation
declines gradually and remains above the critical oil
saturation as in the previous case. Therefore, there
can be no “Foam Bank” within the matrix. Due to
the proximity of the matrix to the injection well, the
capillary suction of water does not have a significant
effect on foam quality in the fracture. However, if the
capillary imbibition of the matrix occurs in a broader
scope and deeply within the reservoir, it can dry out
the foam in the fracture, causing a capillary crossflow
and a reduction in the effectiveness of foam diversion.

Transition No Foam
o9 Zone L oo
0/8 4 ’
/
0/7 4 /s
— 4
- '
= 0/6 1 e
2 -
= 0/5 4 P
] -z Initial Water-based
3 04 -~ - Wave.
o3 4 P - Approx. 4% more than
R Initial Saturation
0

0 0/2 0/4 0/6 0/8 1
xD [-]

Gas — — -Water = = =QOil -cooeeeee Initial Water Saturation

Fig. 4 Saturation profile in the matrix after one year. Mixed-
wet matrix, with capillary pressure.
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Conclusions

In the following paragraph, the essential results of this
research are highlighted.

1) The formation of foam within the fracture can create
a viscous crossflow between fracture and matrix that
causes fluids to sweep the matrix efficiently. 2) Due to
presence of oil and high saturation at the beginning,
foam is destroyed and a water-based front is developed.
As the oil saturation is reduced, foam bank is gradually
forming far from this water-based front. 3) Our results
show the significant impact of capillary pressure. The
capillary imbibition of the matrix can dry out foam in
the fracture, and turning it into a gas.
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Introduction

Gas injection is a common method for enhancing oil
recovery. Nevertheless, fractured reservoirs provide a
fast pathway for injected fluids that will finally lead
to an ecarly breakthrough and low recovery factors
[1]. This phenomenon can be controlled by foaming
the gas, lowering the mobility, and enhancing fluids
diversion from the fracture network to the matrix
media [2].

Generally, foam modeling methods can be categorized
into empirical and mechanistic models. However, due
to lower computational time, the empirical methods
are preferred. The STARS model is an empirical
model that has been employed in various researches
because of providing the possibility of testing different
factors on foam performance, and ease of calculating
its parameters [3]. In the majority of available studies,
a unique foam model has been assigned to the fracture
and matrix media that obviously involves serious
errors in the estimation of recovery. Some others have
also neglected matrix capillary pressure. To the best of
authors’ knowledge, there is no study in the literature
to evaluate the effects of aforementioned assumption
on the foam flow properties.

There are many variables that affect foam viscosity,
such as oil saturation, surfactant type and concentration,
and medium geometry [4,5]. The wettability of the
hydrocarbon-bearing reservoir, as well as capillary
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pressure, greatly influence the behavior in a wide
variety of ways, including multiphase flow and fluid
saturation distribution. In order to understand the
impact of matrix wettability on foam performance, it is
essential to evaluate how different wetting conditions
can influence oil production conditions.

Materials and Methods

Simulations are conducted in a 2-D single porosity
model that consists of 550 grid blocks at horizontal
(25%22*1) (X*Y*Z) conditions. The matrix contains
484 (22*%22) grids, and a 0.3-millimeter thickness
fracture (3*0.1) is located at the left of the matrix.
Figure | shows a schematic of this model. The fracture
only has gas, and the matrix has 90% and 10% oil
and water saturation, respectively. Foam with the
quality of 85%, through simultaneous injection of
gas and surfactant solution, is injected into fracture.
Simulations are done by giving a particular foam
model to the matrix and the fracture.

Foam displacement is modeled using the STARS
empirical approach. A mobility reduction factor
(MREF) is used in this approach for modifying relative
permeability of gas. Following are the foam/gas
relative permeability and MRF:

K ' =K _*MRF (1)

MRF = ! @)
1+ Fmmobe *F *F *F *F *F *F *F
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pores, and water mostly settles in the larger pores. On
this account, water can move forward easier, and the oil
phase, particularly at lower saturation, has insignificant
mobility. As the oil phase reduces marginally and
never drops below the critical oil saturation, no “Foam
Bank” is formed, and the “Transition Zone” is longer
in this case.

1

0/9 Transition Zone - _No Foam _
0/8 4 ’
1
0/7 4 ’
. ] ) ) = 0/6 1 )/
Fig. 1 A schematic of simulation model. 2 ,
= 0/5 -, L.
- Initial Water-
= 0/4 - - based Wave.
. -~ Approximatel
where Krgf and K, are foam and gas relative 073 - v 4% more
= 3 . . r=-" than Initial
permeability, respectively. In Equation 2, Fmmob is 072 Saturation
. oy - oo I T T T T e ——— - T~ ..
the maximum ability of foam to decrease gas relative o
permeability, and F, factors take the impact of surfactant o on o o6 o8 X

concentration, oil saturation on lamella-destruction,
velocity on foam rheology, capillary pressure on
production and foam destruction, presence of specific
components in oil, salinity, and water saturation on
lamella, respectively, into account.

Results and Discussion

The effect of matrix wettability and capillary pressure
on foam properties is studied at three conditions.
First scenario is water-wet relative permeability and
no capillary pressure. Figure 2 demonstrates the
saturation profile in the matrix. The saturation profile
can be divided in three regions. Since the surfactant
solution is in direct contact with the oil phase, foam
is generated gradually behind the front (No Foam).
Behind this front, there is a transition region which oil
saturation is decreasing and foam/gas are increasing
(Transition Zone). A strong foam is only formed far
from the front where oil saturation is too low to affect
foam (Foam Bank).

1

Foam Bank Transition No Foam
0/9 A P,
Zone g
0/8 4
/
0/7 4 /
=z ]
= 0/6 )
g i 7
E 0/5 ,
= i /
3 0/ / Initial Water-based
’
0/3 4 s Wave.
.7 Approximately 7%
0/2 4 _ < more than Initial
r T T — — AR Saturation
0/1 7= T
0 T T T !
0 0/2 0/4 0/6 0/8 1
xD [-]
Gas == —Water = = =Oil <eeoeeeee Initial Water Saturation

Fig. 2 Saturation profile in the matrix after one year. Water-

wet matrix, no capillary pressure.

Second condition is mixed-wet relative permeability
and no capillary pressure. Figure 3 displays the
saturation profile of this case. In a mixed-wet to
relatively oil-wet medium, the oil phase is in the small

xD [-]

Gas =—— — Water = = =Oil -weeeeeee Initial Water Saturation

Fig. 3 Saturation profile in the matrix after one year. Mixed-
wet matrix, no capillary pressure.

Finally, the third scenario is mixed-wet relative
permeability with capillary pressure. In Figure 4,
the saturation profile in the presence of capillary
pressure for a mixed-wet matrix is illustrated. In this
situation, water moves ahead of the gas and reduces
oil saturation to some extent. The amount of diverted
water ultimately rests on the capillary pressure curves
and can vary in each medium. The oil saturation
declines gradually and remains above the critical oil
saturation as in the previous case. Therefore, there
can be no “Foam Bank” within the matrix. Due to
the proximity of the matrix to the injection well, the
capillary suction of water does not have a significant
effect on foam quality in the fracture. However, if the
capillary imbibition of the matrix occurs in a broader
scope and deeply within the reservoir, it can dry out
the foam in the fracture, causing a capillary crossflow
and a reduction in the effectiveness of foam diversion.

Transition No Foam
o9 Zone L oo
0/8 4 ’
/
0/7 4 /s
— 4
- '
= 0/6 1 e
2 -
= 0/5 4 P
] -z Initial Water-based
3 04 -~ - Wave.
o3 4 P - Approx. 4% more than
R Initial Saturation
0

0 0/2 0/4 0/6 0/8 1
xD [-]
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Fig. 4 Saturation profile in the matrix after one year. Mixed-
wet matrix, with capillary pressure.
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Conclusions

In the following paragraph, the essential results of this
research are highlighted.

1) The formation of foam within the fracture can create
a viscous crossflow between fracture and matrix that
causes fluids to sweep the matrix efficiently. 2) Due to
presence of oil and high saturation at the beginning,
foam is destroyed and a water-based front is developed.
As the oil saturation is reduced, foam bank is gradually
forming far from this water-based front. 3) Our results
show the significant impact of capillary pressure. The
capillary imbibition of the matrix can dry out foam in
the fracture, and turning it into a gas.
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