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Introduction

Despite numerous research in the field of enhanced oil
recovery, unfortunately, a small amount of production
of fractured carbonate reservoirs is related to the
application of water or gas-based enhanced recovery
methods [1,2]. Also, despite the application of
production improvement methods such as horizontal
well drilling or multi-stage hydraulic fracturing, the
recovery coefficient of fractured reservoirs is still low,
in the range of 5 to 10 percent [3]. The highly compact
matrix and high conductivity of natural fractures are
two basic parameters of these reservoirs that can cause
problems in applying enhanced recovery methods.
One of the major challenges in implementing enhanced
recovery methods for this type of reservoir is the
selection of the pilot area [4]. Another major challenge
in simulating this type of reservoir is the lack of a valid
fluid modeling pattern in the presence of a large gas
cap in the field.

In this paper, we intend to investigate the effectiveness
of appropriate water-based and gas-based enhanced
recovery methods. Accordingly, the results of the
conceptual mechanism of the single-block model
have been used to more accurately examine the
effectiveness of the candidate methods at the field
scale pilots. For this purpose, a dual PVT model has
been used to track and examine the concentration of
oil and gas components more accurately, which is not
mentioned in recent literature.

Materials and Methods
In this paper, a commercial simulator has been used

Accepted: June/30/2024

for fluid flow modeling, which has the following
assumptions:

* The simulation of water-based enhanced recovery
methods is based on the black oil model and without
considering possible geochemical reactions, which is
acceptable considering the type of injected water and
the absence of swelling clays.

* The simulation of gas-based enhanced recovery
methods is based on the compositional oil model, and
the temperature gradient has been omitted to initialize
the compositional simulator. This assumption is
acceptable considering the type of fractured reservoir
with high fracture density.

* The base values of each of the enhanced recovery method
parameters have been extracted from the conceptual
model and have been used in the field simulation.

* Dueto the long duration of the imbibition phenomenon
in fractured reservoirs with low-permeable matrix,
imbibition curves have been ignored, and drainage
curves have been considered as the main driver of fluid
flow simulation resulting from enhanced recovery.

In this paper, two types of simulations have been
used. The first type is a conceptual model in which
a conceptual simulation of the methods of enhanced
production in a block of a fractured reservoir in the
water-saturated and gas- saturated regions has been
carried out. The second type is a field scale pilot model
whose necessary simulation parameters have been
extracted from the output of the conceptual model.
Fig. 1 shows the relative location of both simulation
models. Also, Fig. 2 shows the steps mentioned in the
research methodology.
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Fig. 2 Algorithm of research methodology.

To apply conceptual single-block as well as field scale
pilot studies, it is necessary to first define the water-
and gas-saturated areas. These areas are defined based
on changes in water and gas saturation and based on
the threshold criterion of 0.01 (Relations 1 and 2).
WIZ'=S - Swl%5 >0.01 (1)
17*= SGZO2 “ 561065 >0.01 2)
Next, to determine the properties of the single-block
model, their zoning must be done in the range of water-
bearing and gas-bearing areas. This division has been
done based on the fracture distribution criteria (Fig. 3)
as well as the depth changes of the reservoir properties
in 6 areas.

Single-Block Model
The commercial software was used to build the single-
block conceptual model. Moreover, the presented

1. Water invaded zone
2 Gas Invaded Zone

model is a single-pore model that was built with matrix
properties and is surrounded by fracture cells with
high porosity and permeability and very high pore
space volume. In the water and gas-saturated areas, the
fracture is filled with water and gas, respectively, and
thus the processes of gravity drainage and imbibition
take place. To model gravity drainage in the matrix, an
additional pressure difference is created at the top and
bottom of the matrix, and increased oil production is
achieved for such a pressure difference. It should be
noted that the main goal of single-block model is to
identify the behavior and probable range of recovery
amount using water and base gas injection methods.

The developed conceptual model should be able
to accurately model both spontaneous and forced
discharge processes resulting from gravity drainage.
For this purpose, first the spontaneous discharge
process is compared with one of the examples available
in reputable articles and then the gravity discharge
process is validated for an example with data close to
the data of the studied location in the reservoir using
simple analytical relationships available in recent
research. All validations have been performed with a
one-dimensional model. The simulation results by the
numerical model using the commercial software and the
analytical model are compared with each other in Fig. 4.
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Fig. 3 Reservoir zoning according to fracture properties in
different areas of the field.
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Fig. 4 Comparison of the percentage of oil recovery from
gravity drainage calculated using the analytical model and
the simulator for the one-dimensional model

Field-scale Pilot Model

The pilot model has dimensions of 12 grids in the X
direction, 51 grids in the Y direction, and 65 grids in
the Z direction, totaling 39,780 grids. The average
properties of the model are as shown in Table 1.



Table 1 Average value of the pilot area properties.

Parameter Value
Matrix porosity (%) 0.077
Fracture porosity (%) 0.008
Matrix horizontal permeability (md) 0.43
Matrix vertical permeability (md) 0.21
Fracture horizontal permeability (md) 923
Fracture vertical permeability (md) 371
Matrix height (ft) 38
Reservoir temperature (0F) 185

Fig. 5 shows the location of the production and injection
wells in the western pilot of the field. The production
wells are horizontal to facilitate oil recovery from this
pilot.

Injection well

Production wells

i)
Fig. 5 Location of two horizontal production wells and one
vertical injection well in a section of the pilot model.
Results and Discussion
Single-block Model
The results of water based EOR methods are shown in
Table 2. Also, the corresponding results of gas based
EOR methods are shown in Table 3.

Table 2 Summary of matrix oil recovery results by different
water based EOR Methods in a conceptual model.

Incremental RF after 100 years

EOR method .
metho on top formation water RF (%)

Low saline water 2.48
L - -

.ow. saline (10 times 360
dilution)
Llowlsahne (100 times 4.08
dilution)
Surfactant 3.63
Carbonated water 3.23

Table 3 Summary of matrix oil recovery results by different
gas based EOR Methods in a conceptual model.

ORmand | el K s 0 v
N, 12.09

CO, 42

Hydrocarbon gas 33.94
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Pilot Model

The results show that based on the criteria of distance
to production wells, distance to the exploitation unit
and representativeness of static data of each pilot to
the average of each reservoir area, three pilot areas are
selected. Note that considering the need to simulate
all networks along the depth, these 3 field pilot areas
cover the whole vertical thickness of the formation

(Fig. 6).
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Fig. 6 Three field pilots derived from selected representative
pilots in the eastern, central, and western regions (large black
rectangles).

Another result of pilot model is the efficient output
of simulation model including two-fluid PVT model.
Fig. 7 shows the gas/oil ratio curve in which the tow-
fluid PVT model has better performance compared
to swelled 1-fluid PVT model, especially in late
production times.
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Fig. 7 Dual PVT (green) and 1-PVT (yellow)) with observa-
tional GOR data.

The results of EOR implementation in most
representative pilot area (west pilot), show that in
hydrocarbon gas (propane-enriched gas) injection
scenario, increasing the injection volume also has a
favorable effect on oil production, and the propane-
enriched gas injection scenario with an injection-to-
production ratio of 1.5, like nitrogen, results in the
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highest oil production efficiency of 14.8%, which is
an increase of 2.3% compared to the natural depletion
scenario (Fig. 8).

Field
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RF%

225 2030 203 2040 2045 2050 2055 2060 2065 2070 2075 2080 2085 2080
Date
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—WEST_C3_Q_2PVT, RFWEST2PVT

Fig. 8 RF in different propane-enriched gas injection sce-
narios for different injection-to-production ratios of 1.5, 1,
0.5, and 0.2 compared to natural depletion.

The results show that low salinity water flooding with
a dilution ratio of 100 is the most effective water-based
enhanced oil recovery method. The oil recovery rate
in this water injection scenario has reached 14.08%,
which is about 2% higher than the natural depletion
scenario.

Economic studies, considering the high cost of supply-
ing propane-rich gas, indicate that nitrogen injection
with an injection volume ratio of 1.5 is the superior
techno-economic EOR method.

Conclusions

Based on numerical simulation of EOR methods at a
field pilot scale and using parameters obtained from
the single-block model, the following results have
been obtained from detailed EOR screening:

* One of the efficient methods in investigating EOR
methods is to divide fractured reservoirs into two wa-
ter- and gas-saturated sections as the area between the
initial and new water/oil and gas/oil contact surfaces.
* One of the main challenges in field recovery simula-
tion is the selection of field pilots, which in this study
was based on the spatial distribution of pilot areas and
its integration with the single-block model zoning and
based on the fracture distribution. In this section, fuzzy
multi-criteria decision-making methods were used
based on the indicators of distance to production wells,
distance to the exploitation unit and the representative-
ness of the static data of each pilot to the average of

each reservoir area.

* Another important challenge in simulating the EOR
of fractured reservoirs with an initial large gas cap is to
determine a valid mixed fluid model for both the area
near the gas/oil contact surface and the column of the
oil base so that the gradient of oil fluid saturation pres-
sure changes can be accurately determined in the depth
range of the reservoir, which was largely solved in this
study by presenting the dual fluid modeling method.

* The best technical method in the EOR studies in ar-
eas with stronger fracture development is nitrogen in-
jection due to the activation of the mass transfer mech-
anism of light oil components to gas and the increase
in its density, which results in the activation of the
gravity separation mechanism. On the other hand, in
areas with weaker fracture development, the propane-
rich gas injection program with an injection volume
ratio of 1.5 is the superior technical method due to the
activation of the EOR mechanisms of gas injection, in-
cluding the reduction of interfacial tension.

. The results of economic studies show that
due to the high cost of supplying propane-rich gas, the
nitrogen injection method with an injection volume ra-
tio of 1.5 can be considered as the best technical-eco-
nomic method in both sections with different fracture
development.
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