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Autonomous Flow Control Device Modelling and Completion Optimisation
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Eltazy Eltaher, Khafiz Muradov, David Davies (Heriot-Watt University) and Peter Grassick (RPS Energy)
Abstract
Wells equipped with flow control devices are a proven method of improving sweep efficiency by controlling the influx of
fluids into the well by the addition of a flow restriction at each completion joint. Autonomous Flow Control Device
(AFCD) technology has recently achieved the milestone of being approved for full field, commercial application to
reduce (1) gas influx in light oil reservoirs and (2) water production in heavy oil reservoirs.
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Autonomous Flow Control Completions (AFCC) are frequently designed using steady-state well production simulators.
The more realistic approach of using a dynamic, reservoir simulator often reduces the exaggerated, single well,
production improvement by allowing the reservoir’s flow dynamics to be understood in the context of the total field
recovery and reservoir’s uncertainty. The modelling of AFCCs, as currently implemented in reservoir simulators, is in an
early stage of development and requires further improvement.

SC

AFCC modelling options in a dynamic, reservoir simulator are discussed in this paper. New workflows for AFCC singlephase performance parametrization with a more reliable, physically realistic model of their performance are presented. It
is shown how reservoir simulation of an Advanced Well Completion (AWC) containing ICDs and AICDs can be used to
evaluate the control of water production in a heavy oil field. The performance of multiple AWC designs is compared for
a range of reservoir simulation models that illustrate various production challenges. New comparison methods are
introduced that provide a fundamental understanding of their differences. An oil/water flow modelling workflow for
reservoir and well engineering studies for the selection of the optimal (A)FCD completion is provided.
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Our finding aid engineers to reliably model, and evaluate the “added value”, of AFCC technology on a case-by-case
basis.
1. Introduction to Advanced Well Completions

The recently introduced Autonomous Flow Control Device (AFCD) reacts to “unwanted” fluid phases, such as free gas
and water. AFCDs, a new class of sand face, flow control devices, increase the well’s recovery by restricting their inflow
into the well. The literature describing the application of AFCDs is limited; with a few publications dealing with the
modelling and sizing of such devices. AFCD completed wells require new modelling solutions and methodologies for
their design, modelling and economic evaluation due to their unique ability to specifically reduce the inflow of an
unwanted fluid into the wellbore.

2.
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3.

AFCC performance modelling. AFCC multi-phase flow performance data and models are still limited,
incomplete and difficult to incorporate in the simulation of specific production conditions. This paper reviews
the common AFCC modelling methods, as well as offering new solutions.
AFCC completion optimisation in various geological environments. A standard, widely accepted AFCC
optimisation workflow does not currently exist. This paper offers: (1) insights into how and why an AFCC
completion improves well production and (2) a design workflow that selects the optimal AFCC.
AFCC and wellbore modelling uncertainty and its impact on AFCC completion optimisation. It is routine to size
and evaluate an AFCC completion using commercial reservoir simulation tools. However, the robustness of the
result in the context of the uncertainty inherent in completion’s performance model and its input data is rarely
explored. Several elements of a comprehensive uncertainty analysis are highlighted in this paper.
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The AFCC modelling workflow discussed in this paper have been tested during the last three years as part of our work to
support the implementation of this new technology. Our studies employing a wide range of synthetic and real reservoir
simulation models have identified three major modelling issues:

We will first provide an overview of why, and how, the family of downhole flow control completions has evolved. The
discussion will concentrate on the family’s most recent member – the AFCC.
Horizontal and multilateral wells have become a well-established technology for increasing the recovery of oil and gas by
maximising the well-reservoir contact and intersecting multiple layers and reservoirs. Predicting the production from
horizontal wells required new models and solutions for situations such as transient and steady-state flow, water and gas
cresting, etc. Economic oil recovery from thin oil column reservoirs, Norway’s Troll West Field being the most famous
example, has become a reality thanks to such wells. However, the industry’s move to ever increasing wellbore lengths,
thinner oil rims, and production from multiple reservoirs and layers has comes at the cost of various negative effects such
as non-uniform inflow from heterogeneous formations, the Heel-to-Toe flow imbalance Effect (HTE) due frictional
pressure losses along the completion, cresting of (unwanted) water and/or gas, etc.
Most of these challenges can be efficiently dealt with by the application of Flow Control Devices (FCDs) to control the
inflow/outflow performance of the downhole completion. They increase the oil recovery by increasing both the well’s
production rate and sweep efficiency while reducing the production unwanted fluids. AWCs employing ICDs were first
introduced in the North Sea in the mid-1990’s (Madsen, 1997). They have since become a commonly applied technology
for production wells and are now “field-proven” in a wide range of reservoirs. An FCD completion is a simple idea: the
well’s production/injection interval is divided into zones by packers with each zone being equipped with FCDs to control
the zonal in- or out-flow {Figure (1)}. The additional flow restriction from the FCD, if designed properly, modifies the

2

ACCEPTED MANUSCRIPT
well’s in/out-flow profile in a favourable manner.

Figure (1): An (A)ICD, ICV and AFI completion (Al-Khelaiwi, 2013).
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Figure (1) also shows that the (multi-zone) production of each lateral can be controlled by an Inflow Control Valve
(ICV). The many commercial FCDs {Figure (2)} have significant differences in their design, configuration and flow
performance. (Al-Khelaiwi, 2013) provides a comprehensive overview of ICD and ICV technology.

Figure (2): Downhole Flow Control Device types
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AFCCs, the latest development in flow control technology, add phase selectivity to the (passive) inflow performance of a
FCD by autonomously creating an additional flow restriction in the presence of an unwanted fluid(s). AFCC technology
is rapidly developing {Appendix (1)}. Several AFCDs are available commercially (Eltazy et al., 2014). A conceptual
AFCD flow performance curve {Figure (3)} illustrates the greater inflow of the desired fluid (oil) than the unwanted
water.

Figure (3) A conceptual example AFCD performance showing the relationship between pressure drop across the device
and flow rate

AFCDs are categorised by their response to unwanted fluids:
1. The Autonomous Inflow Control Device (AICD) combines a passive and an active inflow control element to create a
pressure drop which is dependent on the properties of the flowing fluid as well as the flow rate:
i. The Fluidic Diode (FD). This device, based on the vortex principle, forces the less viscous (unwanted) fluid to take
a longer flow path to a nozzle. It experiences a higher pressure drop compared to the (more viscous) oil which travels

3

ACCEPTED MANUSCRIPT
directly to the nozzle (Fripp et al., 2013).
ii. The Rate Controlled Production (RCP) valve. The produced fluids flow through a valve with a levitating disc
that alters the geometry of the flow path when the properties of the flowing fluid change. Some designs allow
adjustment of the active inflow control element during installation at the well site; mitigating the high level of
reservoir uncertainty that exists during the completion design phase prior to drilling and logging the well (Halvorsen
et. al. 2016).
2. The Autonomous Inflow Control Valve (AICV). The flow rate of unwanted fluid through the main flow module is
controlled by the increased pressure drop created as it flows through the by-pass module (Mathiesen et al., 2014) and
(Aakre et al., 2013)}.
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Appendix (2) is a brief history of the application of AFCC Technology in the field. AFCDs are mainly installed in either
heavy oil fields to control water production or in light-to-moderate oil fields to control gas production. This is because
the active inflow control element is reacting to significant changes in the flowing fluid’s viscosity and to a lesser extent,
density. Both AICDs and AICVs are autonomously reversible since they react to the local conditions of fluid properties
and pressure.
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It is important to highlight that the modelling accuracy, and hence the “Added Value” quantification, of AFCCs requires
further research due to their sensitivity to the manner in which multiphase flow is described. This paper studies the
modelling of AFCCs and presents a methodology for optimizing their deployment. A new approach that describes their
performance more reliably in a coupled well-reservoir simulator is also included.
2. AFCC modelling approaches
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Two approaches are currently widely used to incorporate an AFCCs’ performance in a commercial reservoir simulator’s
wellbore model {see (Eltaher et. al. 2017) for details}:
(A) As a formula relating the pressure drop across the AFCC to the phase flow rates and the fluid properties.
The (Mathiesen et. al. 2011) and (Halvorsen et. al. 2012) formula has been incorporated into many reservoir
simulators for modelling the performance of all types of AFCD:




δp =   . 





. a . q

(1)

Where a is a constant called “strength" of the AFCD, x is the volume flow rate exponent, y is the viscosity
function exponent and ρ and μ are the calibration fluid’s density and viscosity respectively. ρ and μ are
the mixed fluid’s density and viscosity respectively. They are defined by the mixing rule:
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ρ!" = #α$"% &' ∗ ρ$"% + #α*'+,- &. ∗ ρ*'+,- + /α0'1 2 ∗ ρ0'1
3

(1a)

μ!" = #α$"% &4 ∗ μ$"% + #α*'+,- &, ∗ μ*'+,- + /α0'1 2 ∗ μ0'1 (1b)
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Where, α is the in-situ volumetric fraction and (a, b, c, d, e, f, g) are the fluid mixture exponents (normally assumed
equal to 1).
Eqn. 1’s success at empirically matching the single-phase AFCC performance curves is attributed to the flexibility
generated by the many variables. A multidimensional table {Figure (4)} may also be used to describe an AFCC’s multiphase flow (MPF) performance when Eqn. 1’s accuracy is questionable.
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(B) As a tabulated input {Figure (4), upper branch} lumps the performance of all FCDs into a single table.
Alternatively, each FCD has its own performance table {Figure (4), lower branch}, resulting in multiple tables:
Table 1 - (A)FCD
performance

Figure (4): illustration of AFCCs’ performance provided as a tabulated input for simulator

Tables offer greater flexibility, being able to represent any FCD’s performance; though care must be taken to reduce
interpolation errors between the tabulated values. These performance tables are useful when the reservoir
simulator’s formula(e) do not adequately describe the AFCC’s MPF performance.

4
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We will now demonstrate the use of Eqn. 1 to calculate the differential pressure across an AICD. The various other
AFCC performance formulae introduced later in the paper were realized in the reservoir simulator using the tabulated
input approach.
2.1 The Parametrized AFCD formula
Eqn. 1 is an empirical extension of the classical ICD formula. It describes the single-phase flow performance curve of an
AFCD with three adjustable parameters: x, y and a , though doubts exist whether:
It accurately describe the multi-phase performance of AFCDs.
The x, y, a  parameters for a particular AICD design are related to the properties of the flowing fluid.
All combinations of x, y, a  are physically possible.
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(i)
(ii)
(iii)

We have overcome these problems with an empirical method for parameterising Eqn. 1 as a function of two parameters.
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Bernoulli’s equation for nozzle flow, assuming x=2, is used to calculate the size of the equivalent nozzle that represents
the device’s performance when flowing single phase oil, water or gas (Eltaher et al., 2014a). Eqn. 2 is a general formula
which describes the strength (K) for ICDs and AFCDs:

Where CU is a unit conversion constant, A is the area of the valve’s constriction and CV is the valve’s flow coefficient.

It is possible to estimate the a  and y parameters in Eqn. 1 by estimating or measuring the AFCC’s equivalent area
open to flow for a single-phase fluid. Feasible combinations of Eqn. 1’s parameters can now be produced by using it for
multi-phase flow performance modelling of an AFCD. This solves Problem (iii).
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The equivalent flow area of a nozzle can now be calculated for a specific AFCD with different produced fluids. (Eltaher
et al., 2014a) while appendix (3) explains how Eqn. 2 may be used to generate the parameters that describe a specific
AICD’s performance with a single phase fluid of known properties. (Eltaher et al., 2014a) also discuss how the
performance of an AWC and a FCD can be modelled at different levels of precision within a reservoir simulator. Their
approach will be adopted to study and analyse AFCC optimization for various reservoir scenarios.
2.2 An AFCD performance formula that is dimensionally consistent

EP

Eqn. 1 is an empirical representation of the multi-phase flow performance of an AFCD performance. One of its problems
is that it is not dimensionally consistent, a significant draw-back when describing the flow of fluids in pipes, wellbores
and through restrictions. A more consistent formula is desirable since it will, among other things, improve the accuracy
of modelling an AFCD’s performance. The following solution derived from dimensional analysis can be used to match
the performance of FD- and RCP- type AFCDs:
Eqn. 1 can be simplified by combining all the constants into the term bAICD:
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δp = W

X
Y



Z . [ . q

(3)

The constant bAICD may be reasonably assumed to depend only on the size of the AFCD. bAICD should thus have the units
of length rather than those from Eqn. 3:
[[ ] = Mass ]^_`a . Time^]^; . Lengthg_^g^]^a

(4)

The time and mass dependencies of Eqn. 4 can be removed by reformulating Eqn. 1 as:
hi


δp = W
jh Z . [ . q


(5)

where bAICD {units (length)-(x+2)} may be multiplied by any other dimensionless function, e.g. the Reynolds Number (Re).
The (x and bAICD) parameters can be fitted to the measured, single phase (oil, water and gas), flow performance data of an
AFCD. This is normally provided by the manufacturer.
Figure (5) describes a workflow for obtaining the parameters required for modelling an AFCD’s flow performance using
published AFCD flow data. An example of the successful use of this approach is provided in Appendix (4). It illustrates
how it is translated to modelling the performance of existing AFCDs flowing oil of different properties with only two
parameters for each AFCD type.
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Figure (5): AFCC performance formulation for multiple fluids

2.3 Impact of the AFCC performance model
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Least et. al 2013 published the multi-phase flow performance of their range 3B Fluidic Diode AICD. The efficiency of
equation (5) at describing an AFCD’s single phase flow performance is compared with that of equation (1) in Figure (6)
incorporated. The 2-parameter equation (5) gives a slightly better match to the single phase flow data. The fitted models
were then used to compare an AFCC completion performance described in model reservoir 2. The similar completion
performance of the two models is confirmed in Figure (7) by the average difference of is less than 0.1% for simulation pf
completion scenarios with 1 – 4 AFCD/joints. It is clearly obvious how the same performance (matching the
observations) can be obtained using various models once these models are used correctly as explained in this paper.
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Equation (5), with its reduced number of parameters that allow the “parameterisation” workflow, is recommended.

Equation (1)
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Equation (5)

Figure (6): Equation (5) is a better matching to the single phase data (Least

et. al 2013) than equation (1)

6

RI
PT

ACCEPTED MANUSCRIPT

Figure (7): The NPV to calculated with equations (1) and (6) has a similar sensitivity to the multiphase flow description
for four different completions using model reservoir 2. A(o,w) is basically simplifying the fluid mixture parameters
given in equation (1a) and (1b) and making them all equal.

3. The impact of AFCC performance on oil recovery efficiency

SC

Several ICD completion design methods are available for passive FCCs where the fluid composition does not affect the
flow performance. ICD completion design involves identifying the optimum type and strength of the device to be
installed. An AFCC adds the extra degree of freedom of phase-selective performance.
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We will now examine the oil recovery for various AFCC functionalities in different reservoirs types by introducing the
“parametrized AFCD-equation” (Section 2.1); though Eqn. 5 could also have been used for this purpose. Two parameters
are used to describe the AFCD’s performance: the “equivalent AFCD area open to 100% oil flow” and the “equivalent
diameter of the AFCD open to water or gas flow”. ICDs and ICVs, where the oil and water/gas flow (equivalent) areas
are the same since these devices do not strongly discriminate between phases, are discussed first followed by AFCD
modelling where the level of the restriction to flow of water/gas is changed from “tolerant” to “highly restrictive”.
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It is also reasonable to ignore annular flow effects in this “AFCC design optimisation” paper by assuming zonal isolation
at every completion joint. This approach allows testing the AFCC concept for a wide range of realistic flow control
capabilities, only some of which are available in current AFCD designs. The understanding developed from the
performance of such AFCC designs (Section 3.1) indicate their optimal performance and allows their comparison with
equivalent, optimal completion designs with employing other FCD designs. It also allows selection of the optimum form
of inflow control and the corresponding AFCC design for a given reservoir model.
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Systematic variation of the two AFCC design parameters showed that the performance could be categorised into 7
regions with differing characteristics and attributes. Table (1) provides a description of each AFCC region along with a
representative valve performance plot. Each region’s representative valve performance was input into a commercial
reservoir simulator and applied to several geological models that illustrate a range of well and reservoir production
challenges. A response surface of the cumulated oil volume as a function of the two AFCC design parameters was built
for each reservoir/well-completion model. The AFCC oil flow areas was compiled from a list of typical ICD sizes
{Appendix (3) - Table (A1)} while the AFCC water/gas flow areas (equivalent to a diameter of 0.1 - 3 mm) were
selected based on literature data and private communications.
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3.1 Results and discussion

The workflow employed to identify the global optimum solution for the given production constraints and selected
completion design was identified using a full factorial experiment that considered all possible combinations of variables
to investigate the complete search space. Several geological models (synthetic and real) accounting for different well and
reservoir conditions were used to investigate the impact of autonomous downhole control on field production {Appendix
(5) and full details in Eltaher et al., 2014b and Eltaher, 2017}. The chosen reservoir models are representative of the
majority of challenges found in heavy oil production with FCD completions (Eltaher et al., 2014b). The production and
wellbore constraints of the 2300 m horizontal well were a flow rate of 3000 (Sm3/day) at a minimum Bottom Hole
Pressure (BHP) of 100 bar in all cases. Only the results from Reservoir model 1 results will be discussed in detail since
all the other models showed conceptually similar results. It will be shown how the Table 1 performance plots can be used
to find the optimal severity of the AFCC’s sandface inflow control and the resulting AFCD design for a specific
particular application.
3.1.1 Model 1
The performance of an AFCC equipped completion is represented by two parameters (1) flow area for single phase oil
and (2) the flow area for single phase water or gas. The AFCC design can now be visualised in a three dimensional
diagram:
(x) axis:
(y) axis:

The “Initial (nozzle) area” is the FCD’s largest flow area (the area for single-phase oil flow).
The “(Equivalent) shut-in diameter” is the nozzle diameter corresponding to the FCD’s smallest flow
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(z) axis:

area (the area for single-phase water or gas flow). It is also used for modelling an AICV’s by-pass nozzle.
The cumulative, field oil production over a specified time period was calculated and the recovery factor,
including the discounted one, used to compare the AFCD design efficiency.

Table (1): Conceptual AFCC performance plot from each region and the relevant performance explanation

Figure (8)

Figure (9)

Region (3)
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Region (2)

Figure (10)
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Region (1)
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Regions 1, 2 and 3 are characterized by a large initial area open to oil flow. This makes the AFCC performance
non-restrictive for oil flow (so the inflow profile is not modified) and nearly insensitive to the water flow until the
water-cut (WC) approaches 100% {Figure (8, 9 and 10)}. A reduced degree of flow equalization results and early
breakthrough is expected, either opposite high permeability layers in heterogeneous reservoirs or at the heel of the
well in homogeneous ones. The AFCC’s reactive performance in region (1) applies a small level of resistance to water
with no improvement in the well performance being observed. This performance is almost equivalent to an ICD
completion with minimal control of the unwanted fluid.

Region (5)
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Region (4)
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A device with a moderate resistance to the flow of water (region 2) can improve the oil production. However, a device
that imposes a greater restriction to flow after breakthrough of the unwanted fluid (region 3) results in a greater
increase in oil production via effective control of unwanted fluid in the most offending sections of the well while
allowing oil in the other sections to flow with minimal resistance. Optimum control may be observed along a narrow
ridge of optimum shut-diameter values. Selecting a region 3 AFCC is risky – the narrow ridge of optimum solutions
implies the control is very sensitive to the shut-in diameter and model prediction uncertainty.

Figure (11)

Figure (12)

AFCC performance in region 4 and 5 are characterized as being “very restrictive to water/gas” {Figure (11 and
12)} with a high pressure drop at small water-cut, restricting the production of both oil and water. Field experience,
and the shape of the relative permeability curve, teach that efficient oil recovery requires a reasonable high levels of
water production. The situation is further complicated if a small nozzle size is selected.
This latter effect is further pronounced in region 5. This region is characterized with a small initial area and a highly
restrictive reaction to unwanted fluids. Region 5 results in the lowest oil recovery due to the high pressure drop across
the completion required for oil flow. This high pressure rapidly increased further immediately after water
breakthrough {Figure (12)}. The above contradicts the belief that a greater restriction of an unwanted fluid

always leads to a better AFCC performance.
Region (6)

Region (7)

Region 6 allow an initial level of flow equalization followed by a further moderate flow resistance after water
production had started {Figure (13)}. The AFCD’s performance is optimized using both the AFCD’s initial area and
the severity of its reactive control. This can also be inferred by comparing region 6 AFCD performance {Figure (13)}
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with that of the other regions. Region 6 often contains the optimal AFCD design.
The performance in region 7 combines a small initial flow area with a small restriction of water. The initial increase in
oil production is achieved due to a more uniform inflow and so delayed water breakthrough; but, when compared with
regions 3 and 6, a reduced level of oil production is recorded after water breakthrough since the watered-out zones are
not effectively controlled. Figure (14) shows the performance of a region 7 AFCD. The response to oil is restricted,
while the response to water is relaxed, bringing the performance curves in a narrow window between the two. This is
very similar to an ICD’s performance. This clearly implies that an optimal ICD completion has a lower efficiency

Figure (14)
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Figure (13)
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than one completed with the optimal AFCC for heavy oil and water production

Figure (15) is the 3D response surfaces of the cumulative oil production versus the initial area and the shut-in diameter
for a well completion with between 1 and 4 AFCD joints per 50 m long wellbore segment. As expected, the “ridge” of
optimum AFCD parameters along the response surface moves towards a larger inflow area - less restrictive reaction to
water/gas when the number of AFCDs reduced from 4 to 1 AFCD joint/segment. An AFCD with an increased flow area
compensates for the reduction in number of AFCDs in order to achieve the optimum cumulative oil production. This
implies that the several optimum combinations of the AFCD’s size and placement frequency, i.e. it is still possible to
achieve an optimum recovery by changing the AFCD placement frequency if the optimal AFCD size is not available.

TE
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We have selected the “4 AFCD joints/segment” option as a typical example for our detailed discussion of the response
surface, such as that for reservoir Model 1 {Figure (15)}. This response surface shows that, once the flow area is large
enough, the pressure drop across the AFCD is negligible compared to the reservoir pressure drop. Hence further increase
in the area makes little difference. This is observed on the “ridge” extending along (x) axis once the value of (x) is larger
than 10 mm2. The impact of the shut-in diameter is not intuitive – the maximum separates the control of “good water”
from the “bad water”, meaning lower water fractions flow should not be restricted so as not to hinder oil production
(good water) while higher water fractions should lead to a restriction of the well’s inflow performance (bad water).
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The rate at which the AFCD’s restriction to water increases has to be carefully selected. Stopping the inflow at a small
water cut is not an optimum solution. Another important observation in Figure (15) is that the number of devices installed
in an optimum well completion is not the same for a passive and an autonomous device. The best performance with a
reduced level of restriction to unwanted fluid requires a smaller number of AFCDs, creating a higher degree of inflow
equalization along the completion {see the 1 joint/segment surface in Figure (15)}. The outflow performance of such a
well may be resulting low BHP pressure limited production. A greater number of devices with a “fluid selective” action
allows a better in-, and out-, flow performance {see the 4 joint/segment surface}.
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Figure 15: Model (1) cumulative oil production response surfaces from model 1 (two side views)
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Figure (16) depicts the seven AFCD performance regions discussed in table (1) and their interaction with the reservoir
model 1 with 4 AFCD joints/ segment wellbore completion. The added value from increasing the flow resistance from
region 1 to region 3 is obvious in Figure (16 a, b, c). On the other hand, the excessively restrictive AFCD performance in
regions 4 and 5 reduces the production below that of the equivalent passive ICD {Figure (16 d, e)}. Region 6 contains the
global maximum production values (the optimal completion scenario) for this particular model and production
constraints. Region 7 requires a relatively small initial inflow area due to its low level of resistance to water. A greater oil
production prior to breakthrough, due to improved inflow equalisation along the horizontal well, is followed by a rapidly
reducing oil production rate once water breakthroughs when compared with regions 3 and 6. Region 7 has therefore been
excluded from further analysis since it also contains a few unrealistic cases where the pressure drop reduces after water
breakthrough due to a combination of the model constraints and the workflow’s conditions.
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Figure 16: Reservoir model (1), cumulative oil production response surface (4 joints per wellbore segment). X = initial area open
for flow (mm2), Y = the equivalent shut-in diameter (mm), and Z = cumulative oil production (sm3). The six plots (A-F) offer the
view of the surface from various perspectives.
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An AFCD’s performance is optimized by both its initial area {see the slope in Figure (16b) and (16c)} and its reactive
control, as shown by a greater oil production with an optimal restriction to water for each nozzle size {Figure (16c)}.

Figure 17: Model (1) - 4 AFCD joints /segment with 1 mm equivalent shut-in diameter (AFCD 0.1 mm), (AFCD 1 mm), (FCD 3 mm)

Figure (17) compares the performance of an ICD vs. AFCD for model reservoir 1. The ICD completion requires a greater
restriction to improve the production. An AFCD with relaxed water restriction mechanism {AFCD (3)} behaves
identically to the ICD. The optimum AFCD does not have an initial flow area equivalent to that of the optimum ICD
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since the optimum ICD and AFCD designs differ conceptually in their objectives. This conclusion has been confirmed by
similar studies of other, geologically different, models (Eltaher et al., 2014b).
3.2 Comparison of the optimal solutions
Figure (18), the top view of the response surface for the four “4 joints per wellbore segment” models shows that:
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•

An optimized AWC results in the best well performance - see Figure (19).
The production increase depends on the both the initial area for oil flow and the severity of the restriction to water.
o A region 3 AFCD has a high initial area with a reasonably high level of AFCD restriction to water flow.
o A region 6 AFCD imposes a (relatively) moderate restriction after water breakthrough with a smaller oil
flow area; providing a corresponding increase in the completion’s, early-time, in-flow equalization.
The optimum solution (highest cumulative oil production) is most commonly found in regions 3 or 6, depending on
the level of the reservoir model’s heterogeneity and complexity.
Note that Optimising “Net Present Value” rather than cumulative oil production will favour completions that
accentuate early production; while high water handling costs will favour water restrictive completions.
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Figure 18: analysis of the top view of the 4 joint/segment response surface for all models. The colours represent the value of the
cumulative oil production (blue is the lowest and dark red is the highest). X = initial area open for flow (mm2), Y = the equivalent
shut-in diameter (mm), and Z = cumulative oil production (sm3)
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Figure 19: Model (1), cumulative oil production response surface (4 joints per wellbore segment). X = initial area open for flow
(mm2), Y = the equivalent shut-in diameter (mm), and Z = cumulative oil production (sm3)

Importantly, these conclusions imply that:
1. The impact of shutting/restricting the well’s outflow performance should be considered at the completion design
stage. It is essential to include the well’s outflow performance when optimising a fluid selective AFCC design.
Figure (20) shows how increasing an AFCD resistance to unwanted fluids (lower values on the Y axis) imposes an
increasing, additional pressure drop that will reduce the well’s outflow capacity. The well control changes to BHP
control once the minimum, lifting BHP is reached and all production ceases. More oil can be produced when the level
of restriction to water is properly optimised.
2. The results from this study can be used to guide and speed up the AFCC optimization process:
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A. The search space employed while optimising a completion design can be reduced to region 3 and 6, reducing the
optimization cost compared to searching the whole response surface by more than 50%.
B. The objective function response surfaces are smooth; allowing the use of fast, gradient-based optimization
techniques to find the global maximum solution.
C. The speed of optimisation can be further increased by considering one variable at a time. It is recommended to
optimize the AFCD performance based on constant number of AFCD joints/segment, providing a smooth response
surface is observed. The severity of the restriction to water should then be optimised for a given initial area. Finally,
AFCC parameters are recalculated for feasible numbers of AFCD joints per segment for a constant, equivalent,
segment in-flow area.

Figure 20: Bottom hole pressure response surface (4 joints per wellbore segment). X = initial area open for flow (mm2), Y =
the equivalent shut-in diameter (mm), and Z = cumulative oil production (sm3). (A) Model 1 and (B) model 2.

4. Impact of AFCC modelling uncertainty on its performance and value prediction

TE
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The accuracy and reliability of AFCC modelling and optimisation is still subject to ongoing research. It is important, on a
case-by-case basis, to recognise this and understand its impact on the AFCC design workflow and the predicted field
production. Some elements of such analysis are explained in this section.
Equation 6 (with fixed oil price) was used for calculating the NPV.

v
r
r
r
k#l& = ∑xrwa ∑qwa
/n$ o$,q
s nt* o*,q
s n$t, o%,q
2

u

y+ z

#a`4&{z

,

(6)

EP

Where | is the total number of simulation steps; }t is the number of production wells, n$ , nt* and n$t, (in $/sm3) are
r
r
r
the oil price, the water handling cost and the operating cost respectively. Variables o$,q
, o*,q
and o%,q
are the oil, water
3
and liquid production rates of well ~ at time step n in sm /day, respectively. The discount rate  is in decimal and  r is
the length of the th simulation step and r is the cumulative time up to the simulation time step in years.
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4.1 Impact of MPF description on the AFCC performance forecast

In an attempt to study the impact of the annular MPF effects on the AFCC optimisation results some reservoir simulation
providers suggest to vary the definition of the mixture properties flowing through an AFCC segment as follows:
ρ!" = #α$"% &' ∗ ρ$"% + #α*'+,- &. ∗ ρ*'+,- + /α0'1 2 ∗ ρ0'1
3

μ!" = #α$"% &' ∗ μ$"% + #α*'+,- &. ∗ μ*'+,- + /α0'1 2 ∗ μ0'1
3

The properties of the oil-water fluid mixture will be changed for one AFCC design to investigate the impact of the MPF
description on the order of optimisation for a varying number of valves across the completion {e.g. Figure (15)}. Figure
(21) shows the result of changing the oil-water mixture’s properties on the completion optimisation for an AFCC
completion with 1 to 8 valves per 50 m wellbore segment. The changes to the multiphase flow as description did not
change the relative ranking of the different AFCD designs, i.e. the sane AFCD design was always the best, but it did
impact the magnitude of the Net Present Value (NPV). However, the relative impact on the NPV of changes to the
AFCC’s MPF description compared to changing the AFCD design depends the severity of the restriction to unwanted
fluid (water).
•

The impact of the AFCC MPF is most pronounced for restrictive AFCD designs due to the greater separation
between the oil curve and that of the unwanted fluid (water in this case). Altering the AFCC MPF performance
{Figure (21b)} results in a 70% change in the NPV compared with only 8% when increasing the number of devices
from 1 to 4.
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Work to date has shown that an AFCC completion is relatively more tolerant to reservoir uncertainty than alternative
completion designs. Moreover, the above suggests that completion design engineers can be confident that this workflow
will identify the optimum AFCC design, though it may not evaluate its benefit correctly. This uncertainty in the “addedvalue” that AFCD technology brings to a particular asset may jeopardise its field-wide deployment. Research work to
develop an improved understanding of AFCC multi-phase flow performance, and hence more accurate AFCC modelling,
will remove this source of uncertainty to the value identification process.

Figure (21): (a) Impact of the AFCC Design on the NPV and {(b) and (c)} the impact of the AFCC multiphase flow model
for two AFCC designs using reservoir model x (Eltaher, 2017). A(o,w) is basically simplifying the fluid mixture
parameters given in equation (1a) and (1b) and making them all equal.
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5. Conclusions
1. Two methods to input AFCC performance data into a commercial reservoir simulator’s wellbore model are described:
a) As a formula: The already widely used workflow has been parameterized, allowing the realistic modelling of the
performance of various AFCD designs available from commercial suppliers. A representative nozzle flow area
for each AFCD design producing a specific fluid is calculated. Importantly, this approach provides a direct
comparison of the performance of an AFCC with that of today’s standard technology, a passive ICD completion.
b) As a tabulated input: this approach is required when the AFCCs’ performance cannot be accurately modelled by
a single formula.
2. A new, simplified formula that accurately matches the published data for the single- and multi-phase flow
performance data for AFCDs is presented. It has the advantage of being easily and accurately included in the
reservoir simulator; allowing more realistic evaluations of an AFCC’s performance in a specific reservoir.
3. The workflow can be used to identify the optimal AFCD performance profile, and how this compares with available
AFCD designs, for a particular reservoir application.
4. A comprehensive study found two possible, optimum, AFCD control characteristics. A:
a) Significant restriction to unwanted fluids combined with a minimal initial restriction to encourage early
production.
a) Moderate resistance to unwanted fluids with a reasonable, initial restriction to flow. This provides a greater level
of flow equalization along the completion; delaying the arrival of unwanted fluid into the well.
5. Analysis of a series of AFCC optimisation studies in multiple reservoir models confirmed that achieving the
maximum added-value requires optimisation of both the completion’s flow equalization and the severity of its
restriction to water.
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6. The studies also showed that the optimum level of initial flow equalisation for a passive ICD completion and an
AFCC are different. The practice of optimising the completion for a passive ICD completion and then installing an
AFCD with an equivalent area to oil is not recommended.
7. Analysis of the uncertainty, or lack of accuracy, in the MPF model showed that the optimum level of the device’s
restrictive response to oil and water was not affected by changes to the MPF model. However, the magnitude of the
“added value” due to installation of the new AFCC technology was reduced. This was true irrespective of whether
cumulative oil, discounted recovery, NPV, etc. was optimised. In general, the:
• AFCC design should achieve an optimum balance between increasing the value of the oil production and reducing
the cost of water handling. The optimum completion design will also be affected by the parameter, or objective
function, to be optimised:
o Higher discount rates and oil prices favours completions that accentuate early production while
o Higher water handling costs favour a completion that is more restrictive to water.
8. A workflow for choosing the optimum AFCC based on the designs of available AFCDs is provided.
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Nomenclature

Autonomous flow control completion
Autonomous flow control device
Autonomous inflow control device
Autonomous inflow control valve
Annular flow isolation
Advanced well completion
Bottom hole Pressure (bar)
Fluidic Diode
Flow control device
Inflow control device
Multi-phase flow

NPV
WC

Net Present Value
Water Cut (%)

f(wc)
x, b, v, z, y
3
sm /d

Fluid viscosity (cp)
Fluid density (kg/m3)
Flow rate (m3/d)
Pressure (bar)
Pressure drop (bar)
Autonomous
flow
control
device
strength
(bars/((kg/m3)(rm3/day)x))
A newly introduced constant for Autonomous flow
control device strength (m-(x+2))
Water cut function
Parameters describing the AFCC performance
Stock tank cubic meter per day

rm3/day

Cubic reservoir meter per day

o

Denote oil property

w

Denote water property

mix

Denote mixture property

cal

Calibration

p
∆p
aAICD
baicd
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µ
ρ
q
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Symbols
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AFCC
AFCD
AICD
AICV
AFI
AWC
BHP
FD
FCD
ICD
MPF
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3D

Three Dimensions
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1) Swellable-type AICD (Hydro-Oil, 2007, Al-Khelaiwi, 2013)
The device employs a swellable material that reduces the flow rate by increasing in volume due to osmosis or
thermodynamic absorption when contacted by an unwanted fluid.
2) Ball-type AICD (Freyer et al., 2002, Al-Khelaiwi, 2013)
The device works on a buoyancy based actuation of metallic balls that shut off the flow into the production
tubing from "Active" nozzles when exposed to an unwanted flowing fluid.
3) Floating flapper (Crow et al., 2006, Al-Khelaiwi, 2013)
The device utilises the buoyancy principle to actuate a flapper that remains open when the density of the
production fluid matches the oil density and closes once the produced fluid density decreases significantly due
to gas or increases due to water influx
4) Water Swelling Rubber (WSR-AICD) with nozzle ICD base (Sang et al., 2014)
A nozzle-ICD is combined with a water swelling rubber (WSR). The WSR, installed inside the nozzle, swells
once water breakthrough occurs in oil or gas wells. The extent of the swelling is a function of the water content.
5) WSR-AICD with Hybrid ICD (Zeng et al., 2014)
Combines a labyrinth ICD and a water swelling rubber (WSR). Similar to the standard hybrid ICD, each of the
flow paths has two flow slots cut at 180° angular spacing, and each set of slots is staggered 90° out-of-phase
with the next set, forcing the flow to turn after passing through each set of slots. The extent of the WSR swelling
installed in the slot s is a function of the water content. Error! Reference source not found.
6) BECH AICD (Aadnoy and Hareland, 2009, Awannegbe, 2014, Aadnoy, 2008)
The device is an autonomous, downhole flow regulator designed to regulate the inflow or outflow of fluids as
desired. The valve is designed to provide a constant flow rate at various locations along the well regardless of
pressure variations. The valve will open to maintain a constant flow rate when reservoir pressure is low and will
close as the reservoir pressure increases.
See also: Autonomous Flow Controller Device (AFD) (Bowen and Aadnoy, 2014)
7) Adaptive Inflow Control system (Delia et al., 2015, Vasily Y. Volkov, August 2014)
Adaptive Inflow Control system consist of: (1) a well screen, (2) a labyrinth ICD configured to suite specific
field conditions and (3) Adaptable Flow Control (AIC-AICD) capable of self-adjustment depending on fluid
rate, pressure and phase composition. The AIC-AICD is located at several exit points.
The ICD chamber functions to gradually increase the hydraulic impedance to liquid flow which reduces the
stream pressure. The hydraulic impedance is increased by simultaneous multiple change of flow direction and
flow acceleration, deceleration, merging and splitting. The system allows to equalize the inflow profile of
horizontal wells as well as controlling the unwanted fluids.
Flow control is achieved due to the design of the AIC-AICD and adjustment of the flow rate through the valve
providing for the required valve activation (opening or closing) pressure drop at the pre-set flowrate.
A special unit is design for gas flow control (Delia et al., 2015, Vasily Y. Volkov, August 2014).
8) Y-shaped (AICD) (Wang et al., 2014)
The valve combines a y-shaped fluid director directing the flow and a disk-shaped restrictor. The y-shaped fluid
director comprises the main pipe and a branch pipe of the same diameter at an angle of < 90 degrees. The main
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pipe enters the disk-shaped restrictor tangentially, while the branch pipe enters tangentially or radially.
Therefore, the maximum number of the y-shaped fluid directors a restrictor can connect with depends on the
entry mode of the branch pipe and its branch angle (2 to 4 “tangential”, 4 to 24 “radial”).
The Y-shaped fluid director uses the balance between the inertial forces and the viscous forces in the fluid to
change the passages. The larger the inertial force, the more likely the fluid is to maintain its original flow
direction, and flow through the main pipe. In addition, the larger the viscous force, the more likely the fluid is to
change its original flow direction, and flow through the branch pipe instead.
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Appendix (2): AFCC Technology field applications
The AFCC technology field application started in 2008 with field deployment of an RCP-completion in Troll Field for
controlling gas production (Halvorsen et al., 2012). More than 75 wells in the field were completed with RCP AICDs
since then (Halvorsen et al., 2016). The technology is now approved for full field implementation. (Semikin et al., 2015)
monitored the downhole performance for RCP-AICD to control gas production by adding chemical sensors to the RCPAICD completion. Their analysis confirmed the autonomous RCP reacted to gas breakthrough at multiple zones within
the well.
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Least (2013) and (Porturas, 2013) described case studies where the FD-AICD improved the well performance by both
increasing the early oil production and decreasing the water production from several fields in Latin America. (Negrescu
and Leitao Junior, 2013)), described the use of FD-AICD to control the expected early water breakthrough in the heavy
oil environment of the Peregrino field. Several success criteria were met during field testing of the FD-AICD technology
in the Peregrino field. The technology is ready for full field implementation. AICV technology is in the proof of concept
stage {Eltaher et al., 2014a}. Pilot AICV completed wells for various production scenarios are being considered {Kais et
al., 2016 and Nugraha et al., 2016}.
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Appendix (3): AICD performance modelling parameters suitable for equation (1)
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AFCC performance parameters

Start with AFCC unwanted-fluid performance curve
Description: Main area is shut (Only bypass element flow is
allowed for AFCCs)
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From equation (2a) find the suitable K value which comprises
the AFCC - unwanted-fluid performance curve.

Oil/gas system
(Calibration fluid is water)

Substitute K in equation (2b) to solve for aAFCC(D)
Note: The viscosity exponent does not contribute at this
step (calibration fluid is water) leaving only one
variable (aAFCC(D)) to be calculated.

Substitute K in equation (2b) and formulate the equation
with two unknowns (aAFCC(D) & viscosity exponent)
Note the viscosity exponent does contribute at this step
resulting in two unknown variables, aAFCC(D) & viscosity
exponent.

Move to the second curve (oil flow)
Description: Main area is open for oil flow.

Move to the second curve (oil flow)
Description: Main area is open for oil flow.

Determine the K from equation (2a) for the second
curve (AFCC oil flow performance curve).

Determine the K from equation (2a) for the second
curve (AFCC oil flow performance curve).
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Oil/water system
(Calibration fluid is water)
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Substitute K and aAFCC in equation (2b) to solve for
the viscosity exponent.

Substitute K in equation (2b) and formulate the equation
with two unknowns (aAFCC(D) & viscosity exponent)

AC
C

Solve the resulting equations (2b for oil and 2b for gas)
for aAFCC(D) & viscosity exponent.

Figure 1A: Workflow (1), AICD performance modelling parameters suitable for equation (1). (Eltazy et. all 2014)

Table A1 : The standard nozzle areas provided by one of the main suppliers (Rajabian et al., 2013)

Number of nozzles per joint

Nozzle size
(mm)

1

1.6

2.01

2.5
4

2

3

4

4.02

6.03

8.04

4.91

9.81

14.72

19.63

12.56

25.12

37.68

50.24

Area (mm2)

Appendix (4): Application of the dimensionally consistent AFCC performance formula to published
data

18

ACCEPTED MANUSCRIPT
Equation (5)’s efficiency is illustrated by examining the FD-AICD type 3B performance for water and three oils of
different viscosities as would be found in the different stages of a SAGD project (Brandon et. al. 2012). The FD-AICD’s
performance was matched to the water and 45 cP oil curves to produce the general equation (B1). The equation
performance (solid line) is compared with the measured data for the calibration fluids (water and 45cP oil). A good
match was achieved. The data for 10cP was reproduced accurately, but for 99cP oil the prediction error was ± 20%
{Figure (1B)}.
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where: b_aicd = 6x10-6 m-4.5 produced for the following units - density (kg/m3),viscosity (cP), flow rate (m3/d).

Figure (1B): Comparison of FD-ACD range 3B function (equation B1) with Experimental Data (data from Brandon et. al. 2012).
Figure (2B): Comparison of RCP-ACD (equation B2) with Experimental Data (data from Halvorsen et. al. 2016).

Equation (5) employing only two fitting parameters in a dimensionally consistent manner, is recommended for matching
the performance of the FD-AICD {Figure (1B)} and the RCP-AICD {Figure (2B)}. However it is not suitable for
modelling an AICV’s performance, as discussed elsewhere.
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where: b_aicd = 17x10-6 m-4.2 produced for the following units - density (kg/m3),viscosity (cp), flow rate (m3/d).
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Appendix (5): Description of Reservoir Simulation Models

AC
C

TABLE C1 – BOX MODEL GENERAL PROPERTIES
Variable
value
Units Variable
Fluid properties:
Geometry:
Oil density at reservoir conditions
Oil dynamic viscosity at reservoir conditions
Length (x direction)
4700
M
Bubble point pressure
Width (y direction)
1000
M
Solution gas oil ratio (GOR)
Height (z direction)
260
M
Water density at reservoir conditions
Oil column
60
M
water dynamic viscosity at reservoir conditions
Depth of OWC
2260
M
Grid blocks in x direction
92
Well dimensions:
Grid blocks in y direction
26
Well length
Grid blocks in z direction
50
Casing OD
Pipe OD
Pipe ID

Model 1 has moderate heterogeneity with simplified deposition

value

Units

990
100
70
5
1000
0.5

Kg/m3
cp
bar
Sm3/ Sm3
Kg/m3
cp

2300
7.0
5.5
5.0

m
in
in
in
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Horizontal permeability
Minimum=100 md
Maximum 1000 md
Kv/Kh = 0.1

Model 2 with extreme permeability variations (high permeability streaks, super K zones, etc.)
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Sand (2):
Horizontal permeability
Minimum 0.1 md
Maximum 300 md
Mean 150
Standard deviation 140
Random distribution
Kv/Kh = 0.5

SC

Sand (1):
Horizontal permeability
Minimum 500 md
Maximum 10000 md
Random distribution
Kv/Kh = 0.2

