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Introduction

Fractured reservoirs present unique geological and
physical challenges that hinder efficient oil recovery.
Key issues include the rapid upward migration of gas
due to its low density, leading to gas breakthrough and
reduced sweep efficiency [ | |. The high mobility of gas
compared to oil further exacerbates these challenges,
resulting in lower recovery rates from target zones.
To address these issues, the Water Alternating Gas
(WAG) injection method has been widely adopted.
WAG improves gas-oil miscibility and enhances
recovery during initial injection cycles. However, its
effectiveness is often limited to 5-10% recovery due to
unfavorable mobility ratios and high water saturation
[2].

To overcome the limitations of WAG, the Foam-
Assisted Water Alternating Gas (FAWAGQG) technique
has been developed. In addition, FAWAG leverages
the resistance of foam to gas mobility, significantly
improving sweep efficiency and reducing the gas/oil
ratio (GOR) [3.4]. By directing gas flow toward lower-
permeability zones, FAWAG enhances oil recovery,
particularly in fractured reservoirs. Field studies have
demonstrated that foam injection can increase oil
production rates by 1.5 to 5 times and reduce water cut
by up to 20% [5.6].

This study evaluates the performance of various
Enhanced Oil Recovery (EOR) methods, including
WAG, foam injection, water injection, miscible
gas injection, and FAWAG, through 3D reservoir
simulation. Furthermore, the focus is on improving
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oil recovery from gas-invaded zones. Key parameters
such as foam concentration, injection rates, and
reservoir conditions are analyzed to optimize EOR
performance [6].

The results highlight the superior efficiency of
FAWAG in enhancing oil recovery and controlling gas
mobility, offering a promising solution for maximizing
productivity in fractured reservoirs.

Materials and Methods

Reservoir Simulation Setup

A three-dimensional synthetic reservoir model was
developed to evaluate the performance of various EOR
methods, including FAWAG, WAG, water injection,
miscible gas injection, and foam injection. The model
was designed to reproduce the flow behavior of a
fractured reservoir using a dual-porosity Warren—Root
formulation, enabling the distinction between low-
permeability matrix blocks and high-permeability
fracture networks [7].

The simulated system represents an undersaturated
three-phase reservoir with connate water and an initial
gas cap, located at a depth of approximately 5,000 ft.
The gas—oil and water—oil contacts were set at 5,020
ft and 5,040 ft, respectively, resulting in a complex
spatial distribution of fluid phases and multiphase flow
behavior. Reservoir dynamics were simulated within
a three-dimensional gridded framework incorporating
spatial heterogeneity of petrophysical and fluid
properties derived from field and laboratory data. Fig.
1 illustrates a view of the modeled reservoir containing
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a production well and an injection well, along with
the spatial distribution of a representative reservoir
parameter.
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Fig. 1 A view of the modeled reservoir containing a
production well and an injection well.

Fluid and Rock Properties

Fluid properties, including oil density (55 Ib/ft%),
gas viscosity (0.0228 ¢p), and water compressibility
(3.13x10—6 psi), were incorporated into the model.
Rock compressibility and relative permeability curves
were derived from core analysis data. In addition,
fracture permeability was set to 100 mD, while matrix
permeability ranged from 0.5 mD(vertical) to 5 mD
(horizontal).

Foam Modeling

Foam behavior was simulated using an empirical mo-

bility reduction model. The foam mobility reduction

factor (FM) was calculated as [8]:
1

M (D

"1+ FMMOB F,F, F, F, F, F, F, FDRY

where F1 to F7 account for surfactant concentration,
oil saturation, capillary pressure, salinity, and
permeability effects. Foam half-life was modeled as
a function of water saturation (Sw) and surfactant
concentration [9].

Injection Scenarios

Five injection strategies were evaluated:

Water Injection: Rates of 50, 100, and 200 bpd.
Miscible Gas Injection: Rates of 900, 1,800, and 3,600
MMSCFD.

WAG: Alternating cycles of water (100-150 bpd) and
gas (900—1,800 MMSCFD).

Foam Injection: Gas rate fixed at 1,800 MMSCFD
with surfactant concentrations of 0.5-5 ppb.

FAWAG: Combined WAG with foam (24 ppb
surfactant).

Performance Metrics

Recovery factor, water/oil ratio (WOR), GOR and
economic viability were analyzed over a 10-year
production period.

Water-Alternating-Gas

Simulation results indicate that gas and water injection
rates have minimal impact on WAG performance, as
recovery curves for all scenarios

Sensitivity studies optimized foam concentration,
injection rates, and cycle durations.

Results and Discussion

The results obtained from each injection scenario
will be evaluated based on the recovery factor, WOR,
GOR, and cost, and will ultimately be compared.

Water Injection

Water injection analysis revealed that a rate of 100
barrels per day (bpd) performed best, delaying water
breakthrough compared to 200 bpd and improving
sweep efficiency over 50 bpd. Moreover, the
suboptimal performance is attributed to low vertical
sweep efficiency (Ev) caused by gravity segregation
and high fracture permeability, which it divert water to
the lower reservoir, leaving upper gas-affected zones
unswept. Optimizing injection rates can mitigate
adverse fluid mobility effects and enhance recovery
efficiency.

Gas Injection

Miscible gas injection was evaluated as an enhanced
oil recovery method due to its ability to increase
oil recovery by reducing interfacial tension and
improving oil mobility. Three injection scenarios with
gas injection rates of 900, 1800, and 3600 MMSCFD
were considered to assess the impact of injection rate
on reservoir performance. Under appropriate pressure
and temperature conditions, the injected gas becomes
miscible with the reservoir oil, forming a single-phase
system capable of mobilizing residual oil [10].

To ensure numerical stability and avoid unrealistic
fluctuations in the solution gas—oil ratio during the
miscible simulation process, a constraint was imposed
on the allowable rate of increase in this parameter at
the grid-block level. Simulation results indicate that
increasing the gas injection rate does not necessarily
lead to improved oil recovery. Higher injection
rates resulted in excessive GOR due to early gas
breakthrough, driven by the high mobility of gas and its
preferential flow through high-permeability pathways.
In contrast, the moderate injection rate provided a
better balance between pressure maintenance and
injection efficiency, yielding more favorable recovery
performance.

These findings highlight the importance of optimizing
gas injection rates to minimize gas losses and prevent
excessive gas production. Moreover, integrating
miscible gas injection with mobility control techniques
such as WAG or FAWAG can further enhance recovery
efficiency, particularly in heterogeneous and fractured
IeServoirs.
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Foam injection

Foam injection at 2 pounds per barrel (ppb) showed
the best performance in reducing gas mobility and
enhancing oil recovery. Higher concentrations
(>2 ppb) further reduced gas mobility but slightly
decreased recovery due to excessive flow resistance.
Foam properties, such as quality and bubble size
distribution, directly influence its stability and
effectiveness. Compared to water or gas injection
alone, foam injection at 2 ppb significantly improved
oil displacement efficiency in fractured reservoirs.

Foam-Assisted Water-Alternating-Gas

FAWAG results indicate that increasing gas injection
rates significantly enhances oil recovery when the
water injection rate is kept constant, as the injected gas
effectively mobilizes trapped oil. In contrast, increasing
the water injection rate alone leads to a higher WOR,
suggesting early water breakthrough. The optimal
scenario was achieved using a foam concentration
of 4 ppb, which effectively reduced gas mobility and
improved flow control within the fractured reservoir.
As shown in Fig. 2, the application of foam allows
higher gas injection rates to be converted into more
effective viscous displacement rather than intensified
gas channeling, thereby improving pressure
distribution and gas—oil contact. A gas injection rate
of 900 MMSCFD provided a balanced trade-off
between reservoir pressure maintenance and injection
volume, resulting in superior recovery performance.
Furthermore, increasing the foam concentration from
2 to 4 ppb reduced the GOR and enhanced oil recovery
by controlling dominant gas flow paths.

Overall, FAWAG, when implemented with optimized
gas, water, and foam injection rates, represents an
effective strategy for improving oil recovery in
heterogeneous and fractured reservoirs.
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Fig. 2 Oil recovery factor for the FAWAG method with a
foam concentration of 4 units at different injection rates.

In Fig. 3, a comparison is presented between various
Enhanced Oil Recovery (EOR) methods in terms of
their ultimate recovery factor. Moreover, as observed,
the FAWAG method demonstrates outstanding per-
formance with a recovery factor of 34%, compared to

other EOR methods which achieved a recovery factor
of approximately 21%.
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Fig. 3 Comparison of the final oil recovery factor for various
enhanced oil recovery (EOR) methods.

This significant difference indicates that the FAWAG
method has substantially improved oil recovery by
combining the advantages of WAG injection with the
gas mobility reduction properties of foam. By creat-
ing a more effective pressure distribution within the
reservoir, this method has managed to considerably
increase the recovery factor relative to conventional
techniques.

Furthermore, by reducing the gas-oil ratio by 40%
(from 800 to 480 scf/STB), FAWAG method has
shown it can also effectively control the problem of
early gas breakthrough. These results clearly confirm
the importance of utilizing hybrid methods to optimize
enhanced oil recovery processes.

Conclusion

In this study, a sensitivity analysis of parameters was
conducted to identify the optimal production scenario
for the gas-invaded zone using various EOR meth-
ods. Alongside selecting the best injection scenario,
valuable insights were gained regarding less efficient
methods. The key findings from the simulation are as
follows:

For the water injection scenario, there exists an opti-
mal injection rate. Rates higher than this lead to early
breakthrough, while lower rates result in poor sweep
efficiency, both reducing the ultimate oil recovery fac-
tor. In the miscible gas injection scenario, increasing
the gas injection rate reduces the oil recovery factor
due to rapid gas breakthrough through high-permea-
bility fractures. In WAG injection scenario, variations
in water and gas injection rates have no significant im-
pact on oil sweep efficiency.

In the foam-assisted gas injection scenario, an optimal
foam concentration exists. Concentrations higher than
this reduces permeability excessively, lowering oil
recovery, while lower concentrations lead to high gas
mobility and early breakthrough, reducing sweep ef-
ficiency. Furthermore, among the evaluated scenarios,
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FAWAG demonstrated the best oil sweep efficiency in
the gas-invaded zone. Increasing the gas and water in-
jection rates further enhanced the oil recovery factor.
The simulation highlighted the critical role of foam
adsorption equations in controlling gas mobility. For
instance, increasing surfactant concentration enhances
foam adsorption on rock surfaces, reducing gas mo-
bility and improving foam injection efficiency. Addi-
tionally, foam half-life calculations indicated that the
presence of water and oil significantly reduces foam
stability.
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Table 2 Rock and Fluid Information.
Property Phase Amount Units
Oil 55 Tb/At?
Density Water 64.7 Ib/fe
Gas 0.06054 1b/At?
Formation Volume Oil 1.565 bbl/stb
Factor Water 1.029 bbl/stb
Water-oil 5040 ft
contact
Contact Depth -
Gas-oil 5020 fi
contact
Rock 3x10¢ psi/l
Compressibility
Water 3.13x10¢ psi/l
Oil 0.51 cp
Viscosity Water 0.31 cp
Gas 0.0228 cp
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Fig. 2 Schematic of the simulated reservoir model with one production and one injection well.
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1. Hydrophile-Lipophile Balance
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Fig. 3 The relative permeability curves used in the simulation model: (a) Water-oil relative permeability relationships (krw
and kro ) as a function of water saturation, and (b) Gas-oil relative permeability relationships (krg and kro) as a function of
gas saturation.
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Fig. 4 Effect of Foam Concentration on Adsorption onto Rock Surface.
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Table 3 Effect of Water and Oil Saturation on Foam Half-Life.

Half-life Oil Saturation Half-life Water Saturation
300 days 0 300 days 0
250 days 1 200 days 1
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Fig. 4 Effect of Foam Concentration on Gas Mobilitiy Reduction.
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Table 4 Injection Scenario Design: Rates and Surfactant Concentrations.

Surfactant Concentration Gas Injection Rate Water Injection Rate Scenario ID Scenario
(Ib/stb) (Mscf/day) (stb/day)
50 W1
100 w2 Water Injection
200 W3
900 Gl
1800 G2 Gas Injection
3600 G3
900 100 WAG1
900 150 WAG2 L
1800 100 WAGS WAG Injection
1800 150 WAG4
0.5 1800 FOAM1
1 1800 FOAM2
2 1800 FOAM3
Foam Injection
3 1800 FOAM4
4 1800 FOAMS5
5 1800 FOAM6
2 900 100 FAWAGI
2 900 150 FAWAG2
2 1800 100 FAWAG3
2 1800 150 FAWAG4 L
FAWAG Injection
4 900 100 FAWAGS
4 900 150 FAWAG6
4 1800 100 FAWAG7
4 1800 150 FAWAGS
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Fig. 6 Oil Recovery Factor for Water Injection Scenarios.
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Fig. 7 Oil Recovery Factor for Gas Injection Scenarios.
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Fig. 11 Shift in Relative Permeability of Oil and Gas during FAWAG Injection.
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