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Summary

Oil production from thin-oil-rim fields can be challenging as such fields are prone to gas coning. Excessive gas production from these
fields results in poor production and recovery. Hence, these resources require advanced recovery methods to improve the oil recovery.
One of the recovery methods that is widely used today is advanced inflow control technology such as autonomous inflow control valve
(AICV). AICV restricts the inflow of gas in the zones where breakthrough occurs and may consequently improve the recovery from thin-
oil-rim fields. This paper presents a performance analysis of AICVs, passive inflow control devices (ICDs), and sand screens based on
the results from experiments and simulations. Single- and multiphase-flow experiments are performed with light oil, gas, and water at
typical Troll field reservoir conditions (RCs). The obtained data from the experiments are the differential pressure across the device vs. the
volume flow rate for the different phases. The results from the experiments confirm the significantly better ability of the AICV to restrict
the production of gas, especially at higher gas volume fractions (GVFs). Near-well oil production from a thin-oil-rim field considering
sand screens, AICV, and ICD completion is modeled. In this study, the simulation model is developed using the CMG simulator/STARS
module. Completion of the well with AICVs reduces the cumulative gas production by 22.5% and 26.7% compared with ICDs and sand
screens, respectively. The results also show that AICVs increase the cumulative oil production by 48.7% compared with using ICDs and
sand screens. The simulation results confirm that the well completed with AICVs produces at a beneficial gas/oil ratio (GOR) for a longer
time compared with the cases with ICDs and sand screens. The novelty of this work is the multiphase experiments of a new AICV and the
implementation of the data in the simulator. A workflow for the simulation of AICV/ICD is proposed. The simulated results, which are
based on the proposed workflow, agree with the experimental AICV performance results. As it is demonstrated in this work, deploying
AICV in the most challenging light oil reservoirs with high GOR can be beneficial with respect to increased production and recovery.

Introduction

In a typical thin-oil-rim field, a thin oil layer lies between a gas cap and an underlying aquifer. Oil may be produced from such fields by
drilling long horizontal wells or long multilateral horizontal wells. Oil production from such fields will, over time, cause gas coning in
some locations along the well. Generally, thin-oil-rim reservoirs are prone to gas coning (Hasan et al. 2010). Excessive gas production
from a gas cap will result in upward movement and smearing of the tiny oil column (Langaas et al. 2020). Therefore, oil production from
a thin-oil-rim field can be challenging. The Troll field in the northern part of the North Sea is characterized as a thin-oil-rim reservoir.

The major challenge in oil production is to increase the recovery factor. The Norwegian Continental Shelf is one of the leading regions
in oil recovery, but still about half of the oil on average is remaining in the reservoir after shutting down the wells. These resources require
the implementation of other methods beyond the methods in the plan for development and operation to improve the oil recovery.

Well placement, well type, well path, and completion methods are among the important factors that must be evaluated to achieve
enhanced well performance and improved recovery (Chan et al. 2014; Carpenter 2015). Several measures regarding the production of the
thin remaining oil columns at the Troll oil field have been in focus in recent years. These measures include, but are not limited to, devel-
oping and implementing new technologies for cost-effective drilling, more accurate well placement, and technology for constraining
water and gas production from the oil wells (The Norwegian Petroleum Directorate 2021). Constraining the water and gas production and
consequently increasing the oil production can be achieved by deploying passive and autonomous inflow control devices (ICDs and
AICDs). Both data from experiments in laboratories and the application of AICDs in reservoirs with high GOR have demonstrated that
utilizing AICDs is a robust method in restriction of gas production and improving oil recovery (Konopczynski et al. 2022; Langaas et al.
2019; Tusimin et al. 2020). The production results from the well completed with rate-controlled production (RCP) valves at Troll show
approximately 20% hicher cumulative oil production compared with ICDs (Halvorsen et al. 2012). In addition, the GOR in wells com-
pleted with ICDs is tht mes the GOR in wells completed with RCPs (Halvorsen et al. 2012). Also, analysis of the output from oil wells
at Troll demonstrates a clear improvement in the production rate after AICD installation (The Norwegian Petroleum Directorate 2019).
The AICD completion in a superthin-oil-rim reservoir in the East and West Belumut fields in Malaysia demonstrates 50% more oil pro-
duction compared with the offset ICD wells (Mohd Ismail et al. 2018).

There is an incentive to keep the production of oil at a high liquid rate before gas from the gas cap breaks through into the well. Also,
it is important to keep a high oil production rate after the gas breakthrough occurs. This can be achieved by using AICVs. AICD is an
autonomous inflow control device covering a wide range of devices, while AICV is one type of AICD. The effective flow area of the AICV
is changing because of its dynamic and autonomous behavior, while a passive ICD has a constant flow area. AICV delays the onset of
breakthrough and restricts the gas production locally when the gas breaks through into the well as it is shown in Fig. 1 (Aakre et al. 2014).
The figure shows a horizontal well completed with AICVs in a heterogeneous reservoir. The pressure drops at different reservoir locations
are plotted. Gas and water breakthrough occurs in high-permeability zones in heterogeneous reservoirs. In high-permeability zones, the
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Fig. 1—High pressure drop across AICV in high-permeability zones with gas and water breakthrough (Aakre et al. 2014).

low resistance in the reservoir gives a high flow rate of fluids resulting in a higher pressure drop through the AICV, indicating that the
AICV is choking. However, in low-permeability zones, the pressure drop in the reservoir is higher and as the total pressure drop from the
reservoir to the well is constant, the pressure drop over the AICV is lower. The reduction of gas production from the breakthrough zones
allows to keep a low bottomhole pressure. This keeps a higher sandface drawdown in the zones with oil and thus keeps the oil production
from these zones. This results in maximizing the oil production and recovery. The increased oil production and reduced water and gas
production obtained by using AICV are demonstrated in several field installations worldwide, and the results are presented in several
studies (Alakberi et al. 2023; Buwaugqi et al. 2021; Kearns et al. 2022).

According to Halvorsen et al. (2012), the RCP valves have increased the cumulative oil production by 20%. The single- and multiphase
behaviors of the new AICV presented in this work are evaluated to find if the AICV can additionally increase the cumulative oil produc-
tion. This new AICV has a better performance in multiphase flow compared with previous versions of AICVs.

The objective of this paper is to evaluate the performance of the new AICV in a thin-oil-rim reservoir and its impact on reservoir
recovery. This is achieved by performing experiments and simulations. The experimental study includes one-phase and multiphase flow
tests for orifice ICD and AICV using water, gas, and oil as the reservoir fluids at realistic RCs. Simulations are performed using a com-
mercial simulator. The impact of improved AICV performance on the reservoir recovery is evaluated, and the results are validated against
the experimental data.

AICV Technology and Design for Light Oil

The technology developed by InflowControl AS (the AICV; see Fig. 2a) restricts the production of unwanted fluids such as water, gas,
and steam significantly. By balancing the reservoir drawdown, AICV delays the onset of water and/or gas breakthrough, and in case of
breakthrough, it will restrict the production of these unwanted fluids significantly. Fig. 2b shows an AICV mounted in a base pipe with
sand screen. Annular swellable packers must be in place to provide robust zonal and annulus isolation. Perfect sectioning of the annulus
will guarantee the functionality of AICV in long horizontal wells.

@ Laminar Flow Element (b)

Sand Screen Base-Pipe

Flow Inlet

Body of the AICV

Fig. 2—AICV design for light oil (a) and AICV mounted in a base pipe with sand screen (b).

The AICV distinguishes between the reservoir fluids and reacts accordingly. The functionality is based on the viscosity and density of
the reservoir fluids. The valve keeps open for viscous fluids like light oil and closes for lower viscous fluids such as water and gas. Light
oil is defined as oil with a density of less than 875.7 kg/m® (API gravity greater than 30.1 °API) (Canadian Legal Information Institute
1996). In this paper, the viscosity of the oil is 2.1 cp and the density is 870 kg/m® at RCs, which is considered light oil.
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The functionality of the AICV is controlled by a pilot flow parallel to the main flow, as it is illustrated in Fig. 3. The main body, inlet,
and piston are the elements of the main flow path. The pilot flow consists of a pipe segment and a thin-plate orifice that are connected in
series. The pipe segment serves as a laminar flow element (LFE) and the pressure drop through it is proportional to the fluid viscosity and
the velocity. Eq. 1 describes the pressure drop through the LFE:
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Fig. 3—Pressure drop of reservoir fluids through the AICV.

where AP is the pressure drop, f'is the friction factor (64/Re), Re is Reynolds number, p is the fluid density, x is the fluid viscosity, v is the
fluid velocity, and L and D are the length and diameter of the LFE, respectively. A thin-plate orifice serves as a turbulent flow ele-
mer{TTE) and the pressure drop through it is given by Eq. 2:

1
AP = — pv? )
2 2
2Cy

in which C, is the discharge coefficient that depends on the orifice design (Konopczynski et al. 2022). The discharge coefficient is a
dimensionless number that is used to characterize the pressure loss behavior of an orifice or a nozzle and is defined as C; = A4/Ayc (Moradi
and Moldestad 2021). A is the cross-sectional area of the orifice hole and Ay is the area in vena contracta. Vena contracta is the minimum
jet area that appears just downstream of the orifice, where the fluid velocity is at its maximum.

As it is illustrated in Fig. 3, the reservoir fluid at reservoir pressure P1 enters the valve inlet, and a minor portion of the fluid is guided
through the pilot flow elements, while the main flow passes through the small opening between the inlet seat and the piston. By passing
through the LFE, the pressure of the fluid is reduced to P2 at a chamber called the P2 chamber. The fluid properties and the flow rate
through the pilot flow determine the P2 pressure. The pilot flow is further led through the turbulent flow element in which the second
pressure drop to the well pressure, P3, occurs. The P2 pressure in the P2 chamber controls the valve functionality. Different P2 pressures
act on the piston based on the different fluids passing through the LFE. For higher viscosity fluids like oil, the pressure drop through the
LFE is high, resulting in a lower P2 (see the lower plot in Fig. 3). Because the P2 pressure is low for oil, the generated force under the
piston, which acts upward, is low as well. This will keep the piston in an open position, producing oil to the well through both the main
flow and the pilot flow path. For lower viscosity fluids, such as gas and water, the pressure drop through the LFE is low, resulting in a
higher P2 (see the lower plot in Fig. 3). Because the P2 pressure is high for gas and water, the generated force under the piston, which acts
upward, is high as well. This will actuate the piston and the valve will close. The closed valve produces gas and water to the well only
through the pilot flow path.

The LFE, the turbulent flow element, the inlet, and the piston design are adapted to the conditions, including the reservoir fluid prop-
erties and the requirements in the relevant field. The force balance around the piston is described in detail in earlier scientific works (Aakre
etal. 2013, 2014).

Single- and Multiphase Flow Loops and Test Conditions

Fig. 4 shows the photo and the piping and instrumentation diagram of the flow loop test rig. The test facility is designed for single- and
multiphase oil, water, and gas tests. Performance curves from single-phase tests with oil, gas, and water are obtained from the test rig.
Performance curves describe the differential pressure of the AICV and ICD as a function of volumetric flow rate of the fluid. Also, the
closure function of the AICV is obtained from the multiphase tests with oil and gas and/or oil and water.
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Fig. 4—Photo (a) and piping and instrumentation diagram (b) of the flow loop test rig showing the key elements and measuring
instruments marked with red rectangles.

Two pumps, P-11005 and P-11001 in series, are used to increase the liquid pressure up to 50 bar from the oil and water supply.
Compressed air at room temperature is regulated by V-11006 to the desired pressure for each case, up to a maximum of 200 bar. An AICV
or ICD is installed in the test vessel, V-11003. Flow rates, density, and temperature are measured by the Coriolis flowmeters, TI & FI-
11601 and TI & FI-11603, which are located close to the test vessel inlet. Pressure transmitter PI-11602 measures the inlet pressure,
whereas the differential pressure transmitters, PDI-11604 and PDI-11605, measure the total differential pressure over the test vessel. Also,
TI-11613 and PI-11614 measure the temperature and pressure of the outlet fluid, respectively. Valve V11009 is used to control and regu-
late the fluid flow rate. The fluids are circulated back to the oil and water supply and air exits to the atmosphere after passing through the
separator, U-11009, and filter, R11303. The heat exchanger, H-11009, is used to regulate the temperature of the circulated fluid to the
desired temperature. To study the multiphase behavior of the AICV or ICD, the test vessel is already filled with gas, and the desired
amount of oil is injected by Pump P-11006 from a separate test unit that is connected to the single-phase test rig. After passing through
the inflow device, oil and gas are separated in the separator where oil is circulated back to the oil supply tank, T-11007, in the injection
rig and gas exits to the atmosphere after passing through the filter. All the key elements and measuring instruments of the test rig are
marked with red rectangles in Fig. 4b.

The controlled and measured key variables for the test program were flow rates, differential pressure across the AICV or ICD, system
conditions (pressure and temperature), and fluid properties, such as viscosity and density. The test matrix and system condition applied in
the experiments are given in Table 1. These conditions represent the Troll field conditions. The tests are performed at different tempera-
tures and pressures to obtain the viscosity and density of the fluids in the reservoir. The differential pressure across the AICV or ICD is
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varied gradually between 1 bar and 20 bar. The flow rate and differential pressure are continuously measured as the differential pressure
is gradually varied from 1 bar to 20 bar. The air density is equivalent to the hydrocarbon gas density at theRCs.

Description Fluid Type Density (kg/m®)  Viscosity (cp) Pressure (bar) Temperature ("C) Differential Pressure (bar)
Single-phase test  Pressurized air 92 0.02 78 21 1-20
Water 980 0.41 50 68 1-20
Oil 870 21 50 21 1-20
Multiphase test Oil and gas - - 78 21 10, 15, 20

Table 1—Test conditions.

Development of the Reservoir and Well Model in a Commercial Simulator

In this study, CMG STARS is used to model the performance of ICD and AICV in a light oil reservoir. The developed model investigates
the performance of ICD and AICV and their effect on increased oil recovery. CMG STARS is a reservoir simulator capable of handling
multiple phases and components. Besides, when modeling a well with CMG STARS, two options are available, which are the source/sink
model and the advanced FlexWell (FW) model. The source/sink model is suitable for specific scenarios, such as short horizontal wells,
uniform wellbore-reservoir communication, low flow rates, or large pipe diameters. FW is an advanced wellbore model that considers
complex well completions, utilizing governing equations for mass, energy, momentum balance, and pipe flow with spatial discretization
(Mohd Ismail et al. 2021). FW modeling incorporates a two-way interaction between the wellbore and reservoir simulator, capturing
dynamic interactions. This modeling process involves solving the wellbore and reservoir models alternately at each time step, with the
reservoir slightly trailing behind by one iteration. As a result, to enhance the precision of the well modeling calculations, CMG STARS is
used for reservoir modeling, and the FW option is chosen for modeling the wells equipped with ICDs and AICVs.

Reservoir Model. The reservoir properties at the Troll oil field are used to develop a thin-oil-rim reservoir model in the simulator. The
Troll oil field is located in the North Sea, 80 km from the west coast of Norway. The oil production from the Troll West oil and gas
province started in 1995. The thin oil layer was originally between 22 m and 26 m at the Troll West oil province, located at a depth of 1360
m (Mjaavatten et al. 2006). The thin oil layer lies between a large gas cap and a strong aquifer. The oil column is now reduced to only 1-5
m in thickness (The Norwegian Petroleum Directorate 2021). However, a significant volume of residual oil is encountered directly below
the oil column (The Norwegian Petroleum Directorate 2021). The newly drilled long horizontal multilateral wells at the Troll oil field
have a reservoir length of more than 3500 m. These wells are positioned close to the oil-water contact to avoid early gas breakthrough.
The Troll reservoir mostly consists of high-permeability homogeneous sandstones with permeability ranging from 1 darcy to more than
20 darcies. In addition, the porosity ranges from 30% to 35% (Halvorsen et al. 2012).

Reservoir Fluid and Rock Properties. The temperature of the reservoir near the well is 68°C and the pressure at initial conditions is
12 500 kPa, and it is assumed to be constant. The most important properties of the fluid used for the simulation are presented in Table 2.
The light oil viscosity as a function of pressure at reservoir temperature is shown in Fig. 5.

Parameter Value at 68°C Unit
Viscosity 2.1 cp
Density 870 kg/m®
GOR 42 std m%std m3
Bubblepoint pressure 12 500 kPa

Table 2—OQil properties.

The reservoir near the well has a total oil column of 7 m, starting from a depth of 2092 m. The effective porosity of sandstone near the
well is 30%. Generally, it is challenging to obtain information about relative permeability for different fields. Veskimégi (2013) presented
relative permeability data provided by the Equinor Troll department in his work. The study uses the standard type of unnormalized LET
family of correlations (Lomeland and Orec 2018). The calculated LET relative permeabilities were a good match for the historic well
production. The relative permeability curves for oil, water, and gas at the Troll reservoir are presented in Fig. 6.

The permeability of the heterogeneous reservoir in both x- and y-directions varies from 42 md in the low-permeability zones to 7,282
md in the relatively high-permeability zones. The vertical permeability is specified in each block of the reservoir, and it varies from 20
md to 5,058 md for the low-permeability and the relatively high-permeability zones, respectively. These values are the average permea-
bilities in each production zone (Veskimédgi 2013). This is to illustrate a heterogeneous reservoir. The horizontal and vertical permeability
profiles of the heterogeneous reservoir are illustrated in Fig. 7. The capillary forces are not included in this study. The objective of this
work is to evaluate the AICV performance and compare it with ICD and screens under the same conditions. It is expected that the inclu-
sion of capillary forces will not affect the outcome of this work.

Dimensions of the Reservoir Drainage Area and Grids. In this work, for simplicity, a rectangular drainage area is considered for
developing the oil production model. The length of the drainage area is 4500 m, the length of the horizontal well is 3500 m, and the width
of the drainage area is 201 m. The thin oil column is placed between a gas cap starting at the depth of 2026 m and an underlying aquifer.
It is assumed that the well is located at a depth of 2096 m in the thin oil column and 4 m below the gas cap. The size of the blocks varies
along the y- and z-directions, while a uniform mesh along the x-direction is defined. Based on the mesh-sensitivity analysis performed
by Timsina et al. (2017), finer mesh along the x-direction will have an insignificant impact on the overall flow rate. The optimal required
number of grids in (x, y, z) coordinates and their size for discretizing the reservoir near the well have been determined and are presented
in Table 3.
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Fig. 7—Permeability profile of (left) horizontal permeability and (right) vertical permeability.

Permeability | (md)

Permeability K (md)

Direction Length (m) Number of Blocks Block Size (m)
X 4500 30 150 (constant)
y 201 15 30, 24, 20,12, 8,4, 2,1, 2, 4, 8,12, 20, 24, 30
z 73 22 12,12,12,12,8,5,4,1,0.5,0.5, 0.5, 0.5, 0.5, 0.5, 0.5, 0.5, 0.5, 0.5, 0.5, 0.5, 0.5,

0.5

Table 3—Drainage area grid dimension.

Fig. 8 shows the grid resolution in IK-2D and JK-2D cross-sectional views and the position of the well. The scales are Z/X: 31:1 and
Z/Y: 1.4:1.

Reservoir Initialization. The model is initialized without engaging the calculation of gravity equilibrium. The temperature of the
reservoir is set at 68°C, while the initial pressure is considered constant (equal to 12 500 kPa) during the initialization. In Layers 1-8 in
the z-direction, all the blocks are fully saturated with gas, whereas Layers 9-22 are initially set with 85% oil saturation and 15% water
saturation.
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Fig. 8—Grid resolution in (left) IK-2D and (right) JK-2D cross-sectional views and the well position.

Wellbore Model. The model is run for 5 years to investigate the oil production. The minimum and maximum timesteps are set to 0.00001
days and 0.25 days, respectively. The well model consists of two pipes that represent the wellbore and the production tubing. The
wellbore is a pipe with a length and inner diameter of 3500 m and 0.2159 m (8.5 in.), and the production tubing is a pipe with a length
and inner diameter of 3500 m and 0.1397 m (5.5 in.).

To mechanistically model the simulation period, FWs were defined in the simulator. The FWs are annulus and tubing, both of the
producer type. Three different completion scenarios are modeled and compared. Sand screens only, well completed with ICDs, and well
completed with AICVs are simulated. By considering the target oil production rate and using the single-phase experimental data for oil
shown in Fig. 9, the required number of AICVs and ICDs is determined. The oil flow rate through each AICV and ICD at around 1015
bar drawdown is measured to be approximately 0.4 m*/h. It is assumed that 2500 m*/d oil is produced from 24 zones along the entire
horizontal section. In each zone, 12 AICVs or 12 ICDs are used. To avoid the annular flow of the reservoir fluids, each production zone
is isolated by packers installed in the annulus.

Gas Reduction

?
Water Reduclionl/ /|
/

/1

Qil - AlICV

Gas - AlCV

1 ——— Water- AICV
------ Qil - 1ICD
------ Gas - ICD
------ Water - ICD

Differential Pressure (bar)

0.0 0.2 04 0.6
Volume Flow Rate (m3/h)

Fig. 9—Experimental performance curves for oil (2.1 cp), gas (0.02 cp), and water (0.41 cp) for ICD and AICV.

The production constraints are maximum surface liquid rate of 2500 m>/d, minimum bottomhole pressure of 11 000 kPa, and GOR to
stay below 600 std m*/std m®, with a cutback rate of 0.85 for the 5 years of production. The specifications of FWs and constraints for the
production tubing are given in Table 4.

Constraints

Well Well Size, Wall ID Parameter Limit/Mode value Action
Producer FW, annulus 0.2159 m (8.5in.) — — — —
Producer FW, tubing 0.1397 m (5.5in.) Surface liquid rate MAX 2500 m%/d Continue (CONT)
Bottomhole pressure MIN 11 000 kPa Continue (CONT)
GOR STG Upper limit Continue (CONT)

Cutback rate

Table 4—Well configurations and constraints.

AICVs and ICDs are placed in the production tubing every 12.5 m, and their effects on oil production and gas reduction are investi-
gated. In the simulations, AICV/ICD tables are developed and used to implement their behavior using the characteristics of the AICV/ICD
and the reservoir fluid mixtures. The flow control device (FCD) table allows for characterization of an FCD through tabulated data. In this
work, the AICV and ICD tables are based on experimental data shown in Figs. 10 and 11. The dependent variables to generate the FCD
tables are the gas mass fraction and volume flow rate. A workflow for developing the AICV/ICD tables in the simulator is proposed in
Appendix A.
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Fig. 11—Experimental multiphase flow behavior for ICD and AICV.

Simulation Cases. In this paper, the impact of AICV on improved oil recovery in a thin-oil-rim reservoir is evaluated. To achieve this
purpose, in addition to the main study case with AICV completion, the simulations are conducted for similar cases with ICD completion
and one case that represents sand screens only. AICV and ICD used in the experimental tests have the same strength. The strength of
AICV or ICD is defined as the pressure drop over the valve when the oil flow rate is equal to 1 m*/h. The completion scenarios are
summarized in Table S.

Completion Scenario Number in Each 150-m Zone Total Number Diameter

Sand screens 12 288 8-mm ICD (as an approximation for sand screens only)
ICD 12 288 2.1 mm

AICV 12 288 Same strength as ICDs

Table 5—Completion scenarios.

The simulations for all the different cases have been performed for 5 years of production using the same well constraints as listed in
Table 4.

Results and Discussion
The experiments and simulation results are presented and discussed in the following subsections.

Experimental Single-Phase Flow Test. AICV and an orifice-type ICD with 2.1-mm diameter and discharge coefficient of 0.65 for all
the phases are used for the single-phase experiments under the Troll field conditions. The single-phase experimental results have been
obtained for oil, water, and pressurized air. The results shown in Fig. 9 represent the performance curves of the AICV and ICD. The
performance curves illustrate pressure drop across the devices as a function of volumetric flow rate for single-phase fluids. At a 15-bar
pressure drop, the oil/water ratio for AICV is 2.60, while it is 1.08 for ICD. Also, the oil/gas ratio at the same pressure drop for AICV
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is 3.20, while it is 0.36 for ICD. The corresponding values of the oil/water ratio and oil/gas ratio for the RCP valve are 1.33 and 0.55,
respectively, at a 15-bar pressure drop at Troll conditions (Halvorsen et al. 2016). The approximate fluid ratio values for the ICD, the RCP
valve, and the AICV are summarized in Table 6.

Device Oil/Water Ratio Oil/Gas Ratio
ICD 1.08 0.36
RCP valve 1.33 0.55
AICV 2.60 3.20

Table 6—Approximate fluid ratio values for
ICD, RCP valve, and AICV.

The oil flow rates through the ICD and AICV are equal at a 15-bar pressure drop, and the differences in the flow characteristics are
studied. At a 15-bar pressure drop, the gas and water flow rates through the passive ICD are approximately 7.35 and 2.4 times more com-
pared with AICV. The results indicate that the gas and water reduction by using AICV is significant. The ICD behavior is mainly density
dependent, and therefore the flow rate of oil and water differs slightly, while the AICV chokes the water considerably. This is favorable
when an aquifer is present in the reservoir and water breakthrough is likely to occur.

Experimental Two-Phase Flow Test. The multiphase behavior of inflow control technologies is of significant importance in controlling
the breakthrough and restriction of unwanted fluids such as gas and water. Fig. 10 shows the two-phase oil/gas tests performed at 10-bar,
15-bar, and 20-bar differential pressures across the AICV. The GVF vs. the two-phase oil/gas volume flow rate is presented in Fig. 10.
The results demonstrate how AICV restricts the gas flow rate as the GVF increases. If oil flashes in the reservoir toward the inflow zones,
gas is released from the oil. When the local GVF is up to 30%, the AICV opens, allowing all the oil together with gas to flow through the
valve. The AICV closes gradually from 30% GVF until 100% pure gas flows through the valve. At this point, the AICV is closed for gas
and the only remaining flow is through the pilot flow.

Fig. 11 shows the comparison of the oil/gas experimental results for ICD and AICV at 15-bar differential pressure. The oil flow rate at
15-bar differential pressure through both ICD and AICV is 0.45 m*/h. As the amount of gas (GVF) increases, AICV chokes the gas flow,
while ICD does not restrict the gas production. When the GVF reaches 100%, the volume flow rate through the ICD is 1.27 m*/h, which
is three times more than the volume flow rate for pure oil through the ICD. The AICV restricts the gas flow significantly, specifically at
higher GVF, which is what makes this technology unique compared with other inflow control technologies.

Simulated Fluid-Flow Distribution, Pressure and Oil Production Along the Well. Fig. 12 illustrates the y-z view of the oil-saturation
contours for the least permeable zone (42 md) by considering AICV completion. As shown in the contours, gas is coning toward the
production well and oil is being produced as the oil saturation is less around the well location and the adjacent cells. Therefore, it can be
interpreted that, by use of AICV, the low-permeability zones also contribute to the oil production.
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2070 |
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2110
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Fig. 12—Simulated oil-saturation distribution for the AICV completion in the least permeable zone.

Fig. 13 shows the tubing pressure and gas and oil flow rates along the horizontal length of the well for the cases with AICVs and sand
screens at day 350 when excessive gas production occurs in the AICV case. This is to compare the best and the worst scenarios. The cir-
cles represent the flow influx from each zone, which is isolated by packers. In the high-permeability zones in the heel, which suffer from
excessive gas production, the highest pressure drop occurs through the AICV, while the pressure drop with sand screens is negligible (see
Fig. 13a). AICV chokes the gas flow rate entering the well, resulting in a higher pressure drop across the AICV in the heel while continu-
ing to produce oil from the heel and other zones along the well (see Figs. 13b and 13c¢).

Fig. 14 illustrates the pressure in the tubing for the completion scenarios during the production period. As can be seen from the figure,
AICV has the highest pressure drop (P qervoir — Ptubing) over the whole production period. The higher pressure drop indicates that AICV
chokes the gas flow entering the well for a longer period. This will delay the excessive gas production that will eventually take over the
oil production.

Accuracy of the FCD Tables for Implementing the Behavior of the AICVs. To check if the simulated oil production agrees with the
experiments, Fig. 15 is considered. The plot to the left shows the simulated oil flow rate along the well and the tubing pressure. In pro-
duction zone 1, for the case of AICVs, the pressure drop across the AICV ( reservoir ~ Prubing) 18 around 1500 kPa (15 bar) along the zone
length shown by a blue ellipse. The simulated oil production for this zone is approxrmately 135 m*/d. According to Table 5, there are 12
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Fig. 13—Simulated tubing pressure (a), gas flow rate at RC (b), and oil flow rate at RC (c) along the well for the cases with AICV
and sand screens.
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Fig. 14—Simulated pressure changes of the completion scenarios with time.

AICVs installed in this zone which implies an oil production of 11.25 m*/d (0.46 m*/h) per AICV. Fig. 9 demonstrates that at around 15-
bar differential pressure across the AICV, the oil flow rate is around 0.45 m’/h. The plot to the right shows the comparison of simulated

and experimental data for single-phase oil in production zone 1. The comparison indicates that the implementation of the workflow for
generating the FCD table in the simulator has been successful.

Simulated GOR Development. One important parameter that must be considered for comparing the functionality of the AICVs with
other types of completions is the GOR development. Fig. 16a illustrates the GOR development of the production well for a period
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Fig. 15—Simulated oil flow rate and pressure drop across AICVs along the well (left) and oil flow rate from experiments and
simulation (right).

of 1,825 days. Fig. 16a includes the GOR development by considering completions with both AICVs, ICDs, and sand screens. For
challenging thin-oil-rim reservoirs, it is beneficial to have long-term oil production, as this limits the production from the gas cap. When
the production from the gas cap is restricted, the upward movement and smearing of the oil column are limited (Langaas et al. 2020). As
it can be seen from Fig. 16a, the early GOR level is highest with sand screens, delayed somewhat with ICDs, and even more with AICVs.
The well is producing at a beneficial GOR for a longer time for the AICV case compared with the cases with ICDs and sand screens.
Keeping the GOR at a relatively low level allows the production well to stay longer at a high liquid rate without needing to choke back
because of high GOR.

Fig. 16b shows the GOR at standard conditions as a function of cumulative oil production at RC. This figure illustrates how the GOR
varies with cumulative oil production. Usually in the wells, the total allowable gas production is limited, because the total gas processing
capacity is an active constraint (Mjaavatten et al. 2006). This highlights the importance of developing new inflow control technologies
that guarantee a higher maximum oil production while meeting the GOR constraint. As can be seen from Fig. 16b, the accumulated oil at
a specific GOR (e.g., 400) for the AICV case is approximately four times more than the accumulated oil for the ICD case.

Simulated Cumulative Oil and Gas Production. Another important parameter that must be considered for comparing the functionality
of the AICVs with other types of completions is the accumulated oil and gas. Fig. 17 illustrates the cumulative oil and gas produced at
RC by considering sand screens, ICD, and AICV completions along the well and by time. As it is shown in Fig. 17a, the cumulative oil
production along the entire horizontal length of the well, at a given time, is higher for the AICV case compared with the case with screens.
This implies that both the high- and low-permeability zones along the entire length of the wellbore contribute to the oil production by
using AICVs. Fig. 17b shows that there is an insignificant difference between accumulated oil in the ICD and sand screen cases, whereas
the accumulated gas drops by using ICDs compared with sand screens. However, the difference between accumulated oil in the AICV
case compared with the two other cases is significant. Also, because of the choking effect of the AICVs on low-viscosity fluids like gas,
the amount of accumulated gas drops significantly when the well is completed with AICVs. The values of accumulated oil and gas for the
three simulated cases are presented in Table 7. According to Table 7, the cumulative oil production is 48.7% more when using AICVs
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Fig. 16—Simulated GOR development for sand screens, AICVs, and ICDs simulation cases (a) and accumulated oil production vs.
GOR for sand screens, ICDs, and AICVs (b).
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Fig. 177—Simulated accumulated oil along the well at a given time (a) and accumulated oil and gas from the well by time (b).

Relative Qil Increase Relative Gas Reduction
from Sand Screens Case from Sand Screens Case

Completion Scenario Accumulated Oil (m®) Accumulated Gas (m®) (%) (%)
Sand Screens 347 568 1052216 0 0
ICD 347 754 996 252 Negligible -5.31
AICV 517 146 771 246 +48.7 -26.7

Table 7—Values of accumulated oil and gas after 1,825 days of oil production.
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Fig. 18—Comparison of cumulative oil production as a function of cumulative gas production for well completions by ICDs and
AICVs.

compared with using ICDs and sand screens. Owing to the better performance of AICV in both single- and multiphase flow regions, the
amount of accumulated gas after 1,825 days of production is reduced by 22.5% and 26.7% relative to the ICD and sand screen cases,
respectively. When the gas enters the well, AICV starts to choke the gas production gradually. Indeed, AICV chokes the gas production
consistently as the gas mass fraction increases. This behavior, which is based on the experimental data, was implemented in the FCD
control tables.

The flow influx along the horizontal well can be evened out by using AICVs. Fig. 18 illustrates that the excessive gas production occurs
much later for the case with AICVs than the case with ICDs. The small vertical red lines in Fig. 18 indicate the change in the slope and
the start of the decline in the oil production due to excessive gas production. It can be observed from the figure that the well completed
by AICVs has produced about twice as much oil than the well completed by ICDs at a given cumulative gas production.
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Conclusions

In this study, the performance of AICV in a thin-oil-rim reservoir and its impact on reservoir recovery are evaluated. This was achieved
by performing experiments and simulations. Oil production from a thin-oil-rim field can be challenging because of early gas breakthrough
and high GOR. The AICVs can restrict the inflow of gas in the zones where breakthrough occurs.

The experimental work consists of one-phase and multiphase flow tests for orifice ICD and AICV using water, gas, and oil as the res-
ervoir fluids at realistic reservoir condition. Simulations are performed using a commercial simulator. The results from experiments show
that AICV restricts the gas flow significantly compared with an orifice-type ICD, specifically at higher GVF. This behavior makes this
technology unique when compared with other inflow control technologies.

In the simulations, AICV/ICD tables (FCD tables) are developed based on data from the experiments. The FCD tables are used to
implement the behavior of the AICV/ICD using their characteristics and the reservoir fluid properties. Hence, a workflow for developing
the AICV/ICD tables in the simulator is proposed.

According to the simulation results, by completion of the well with AICVs compared with using ICDs and sand screens only, the
cumulative oil production is increased by 48.7% during the first 5 years of production. Besides, AICVs reduce the cumulative gas produc-
tion by 22.5% and 26.7% relative to the ICD and sand screen cases, respectively. The simulated oil production agrees with the AICV
performance results from the experiments. This shows that the implementation of the workflow for generating the FCD tables in the
simulator has been successful. By evaluation of the simulation results, it can be concluded that the well is producing at a beneficial GOR
for a longer time for the AICV case compared with the cases with ICDs and sand screens. Keeping the GOR at a relatively low level
allows the production well to stay longer at a high liquid rate without needing to choke back because of high GOR. This can be achieved
by using advanced inflow control technologies such as AICVs. As it is demonstrated in this work, deploying AICVs in the most challeng-
ing light oil reservoirs with high GOR can be beneficial with respect to increased production and recovery.

Nomenclature

ayecp = RCP valve/AICV strength parameter
A, = area in vena contracta
C = geometrical constant
C, = discharge coefficient
D = diameter, m
f= friction factor, 64/Re
K, = relative permeability
K, = relative permeability of gas phase

K = oil relative permeability at irreducible water saturation for an oil-gas system
K., = oil relative permeability for a water-oil system

., — relative permeability of water phase

L = length, m

QO = volumetric flow rate, m’/d
Re = Reynolds number
X = user-input parameter
y = user-input parameter
AP = differential pressure, bar
1 = fluid viscosity, cp
Mcal = calibration viscosity, cp
Mmix = mixed-fluid viscosity, cp
p = fluid density, kg/m’
Peal = calibration density, kg/m3
Pmix = mixed-fluid density, kg/m3
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Appendix A—Modeling of AICV/ICD in the CMG STARS Simulator

Modeling of the AICV/ICD by using FCD tables in the CMG STARS simulators can be established as the following workflow:
1. Obtain the necessary data related to the total production rates, number of compartments, reservoir type (sandstone or carbonate), oil
viscosity and density, and the desired behavior as gas shutoff and water shutoff/choking.
2. Find the available experimental data related to the case study that describe the performance of AICV for single phases of oil, gas or
steam, and water. If possible, find the multiphase data of AICV too.
3. Calculate the equivalent orifice diameter by considering the same oil rate at the same pressure drop for the AICV and ICD using the
following equation (Langaas et al. 2019):

! o\
Ap=35p '(A.Cd) ; (A-1)

where AP is the pressure drop, p is the fluid density, A is the flow area of the orifice, C, is the discharging coefficient, and Q is
the volumetric flow rate of fluid. By calculating A, the diameter of the orifice can be obtained. When the experimental data for an
equivalent ICD is not available, Step 3 is applied.

4. Calculate the corresponding gas and water rate through ICD using Eq. A-1.

5. Generate the standard FCD table for ICDs and AICVs with optional dependencies. The optional dependency in this work is the gas
mass fraction (*GFR keyword in the simulator). Total mass flow rates (FRATES MASS keyword in the simulator) are measured
for different pressure drops. One value for each combination of pressure drops and optional dependency appears immediately after
the keyword *RATES MASS. The data used in the simulation of the AICV case are presented in Table A-1. As it is shown in the
tables for six different GFRs and four different pressure drops, the mass flow rates are measured. The first-rate Q (1) on each row
must be zero and the flow rate values must be increasing monotonically. In the case of not having measurements for one data point,
*EXTP may be used to either interpolate or extrapolate from adjacent values on the same table row.

6. If experimental data are not available, drive a mathematical model for the AICV using the RCP model (Mathiesen et al. 2011):

2 y
p .
APyt = <mlx) . (M) -aaicp - 0, (A-2)

Pcal Mmix

where AP, is the pressure drop through the AICV, p_, and p, ;. are the densities of the calibration fluid and mixture fluid, p,; and
ik are the viscosities of the calibration and mixture fluid, a ¢, is the valve strength, and Q is the volumetric flow rate of the fluid.
There are several methods to estimate the x and y, which are the parameters of the RCP valve model. These methods include but not
limited to curve fitting to the experimental data, linear regression (Moradi and Moldestad 2021), and Bayesian approach (Taghavi
and Ghaderi 2021).
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Definitions

*DELP 0 1000 1500 2000 **Pressure drops
(kPa)
*GFR 0 0.05 0.22 0.42 0.9 1 **Gas mass
fractions
*RATES_ *Q (1) *Q (2) **Q (3) **Q (4) **Rates (kg/d)
MASS across 12 valves

1 0 96 350 111 629 135130

2 0 83 520 86 000 89 000

3 0 39 426 42 164 *EXTP

4 0 14 000 14 500 15788

5 0 4500 5500 6000

6 0 3168 3456 3744

Table A-1—FCD table for the AICV case used in the simulations.

7. Generate the performance curves for both single- and multiphase of oil/gas and/or oil/water that represent the behavior of the AICV
up to the desired differential pressure.
8. Generate the standard FCD table for ICDs and AICVs with optional dependencies as Step 5.
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