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Abstract: With the advancement of completion technology for horizontal wells in bottom water
reservoirs, Autonomous Inflow Control Devices (AICDs), which have achieved good results in
recent years, have been widely used in the oil fields of the eastern South China Sea. Although some
mathematical methods can be used to predict the production performance of horizontal wells, there
is no dynamic prediction method for the production performance of horizontal wells completed with
AICDs. In this work, a mathematical model of porous flow in the reservoir, nozzle flow in the AICD,
and pipe flow in the horizontal well is established, and then a new model is presented for predicting
the dynamic performance of horizontal wells completed with AICDs in bottom water reservoirs. The
new coupling model is compared with two horizontal wells completed with AICDs in the bottom
water reservoirs of the eastern South China Sea, and the results indicate that the accuracy of the new
model is sufficiently high to provide theoretical support for the further prediction of horizontal wells
in the eastern South China Sea.

Keywords: bottom water reservoir; horizontal well; autonomous inflow control device; performance
prediction

1. Introduction

Bottom water breakthrough presents many problems and challenges in the efficient
development of horizontal wells in the bottom water reservoirs of the eastern South China
Sea, which can be solved by controlling the influx of reservoir fluid into the wellbore
using different completions [1]. The Inflow Control Device (ICD) is a kind of water control
completion installed along the horizontal well in the bottom water reservoir to counteract
the non-uniform inflow, hence improving oil recovery. Studies have shown that ICD
techniques can be classified as passive inflow control, but the effect diminishes as the water
cut increases, especially in the middle and late stages of production. In order to solve this
problem, Autonomous Inflow Control Devices (AICDs) have been widely used as a new
generation of water control completion technology that is also a passive inflow control
device, similar to the ICD. After bottom water breakthrough, it can independently adjust
the pressure difference along the horizontal wellbore according to the change in water
content to restrain bottom water coning [2–4].

The South China Sea is a critical strategic area that has enormous potential for offshore
oil and gas exploration and production. The majority of oil wells in the area were developed
using horizontal wellbore technology, which has demonstrated high individual productivity.
However, these wells have a relatively short period of water-free oil production, with high
water content periods lasting over 90% of the production time. To address this issue,
water control development is necessary, and the application of water control devices,
such as ICDs and AICDs, has achieved significant results. Nonetheless, due to geological
variations and differences in development plans, there is considerable variability in the
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effectiveness of these devices between different production wells. Completion parameters
should, therefore, be customized to suit the unique geological conditions and development
plans. At present, there is little professional AICD optimization design software available.
This study presents a dynamic production prediction model for bottom water reservoirs
that can optimize the design of ICDs and AICDs, specify scientific completion plans, and
enhance oil recovery rates.

Since the mid-1990s, different types of ICDs, such as the tube, nozzle, and helical path
types, have been used for water control in bottom water reservoirs [5]. The first AICD was
installed in Norway in 2008 and was used extensively in the Troll field in 2013 with good
results [6].

AICDs are mainly of the floating disc type or flow channel type.
The floating disc AICD (Figure 1) [7] has been successfully used in more than 200 oil

wells. This disc regulates flow through a moving stream of fluid. The greater the flow
velocity, the greater the pressure drop in the stream. When the water cut of a horizontal
wellbore increases, the flow velocity increases significantly, resulting in a large pressure
difference that inhibits bottom water coning.
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Figure 1. Schematic diagram of floating disc AICD (The red arrows represent the direction of
reservoir fluid).

The other type of AICD is the flow channel type. Oil and water enter from the inlet on
both sides and flow out from the nozzle in the middle. The oil phase, being more viscous,
tends to choose a shorter path to the nozzle than the water phase. This difference creates a
significant pressure drop that greatly reduces the water flow rate through the AICD [8].

The flow performance of ICDs and AICDs represents the relationship between pressure
and flow and is the key factor in calculating the effect of ICDs and AICDs. Least et al.
performed flow performance testing of a new kind of AICD in single-phase experimental
conditions in a viscosity range of 1 mPa·s to 1000 mPa·s [9]. Least et al. tested the flow
performance of oil, water, and gas of the Fluidic Diode Autonomous Inflow Control Device
Range 3B, which restricts the flow in areas that produce undesirable fluids [10]. They
discussed the testing of ICDs and AICDs in steam flow conditions, that is, the pressure
and temperature of the SAGD environment. ICD includes both nozzle-type ICDs and
tube-type ICDs [11]. Greci et al. carried out erosion testing of the fluidic diode type ICD
in a high sand concentration-level environment. The change in flow performance with
time was studied as erosion occurred by comparing the performance curves before and
after corrosion [12]. Corona et al. measured the multiphase flow performance of the fluidic
diode AICD in light-oil reservoirs. It was proved that the fluidic diode AICD is a reliable
solution to increase oil recovery with no moving parts [13]. Carlos A et al. described the
successful application of AICDs in heavy oil fields [14].

Numerical simulation methods are an effective means of simulating the production
dynamics of the horizontal well and offer many advantages. Oliveira studied the coupling
between the reservoir and horizontal wells using a 3D geological model developed based
on numerical simulation methods [15]. Youngs et al. used a multi-segment well model com-
bined with the ICD flow model to study the ICD dynamic simulation mathematical model



Energies 2023, 16, 2602 3 of 15

and carried out a field-wide application study that illustrates how the model works [16].
Thornton et al. proposed an integrated solution considering both wellbore characteristics
and reservoir characteristics of ICDs. This approach can also be used to support new
water control technology such as AICDs and ICVs [17]. Eltaher et al. proposed a process
for simulating an Autonomous Inflow Control Valve (AICV) in a coupled reservoir and
wellbore model that makes possible a quantitative comparison of downhole completion
technologies such as ICDs, AICDs, and AICVs [18]. MoradiDowlatabad et al. provided a
method to quantify the impacts of ICD and AICD on reservoir uncertainties. The results
show that AICD has a better water control effect than ICD [19].

In this paper, we present a production performance prediction model of horizontal
wells completed with AICDs in bottom water reservoirs. The new model is an integrated
mathematical model coupled with AICDs, horizontal wells, and bottom water reservoirs.
Furthermore, we verify the accuracy of the model by using field data of a real horizontal
well completed with AICDs and achieve good results.

2. Integrated Coupled Mathematical Model
2.1. Flow Assumptions

Driven by the pressure drop between the bottom water reservoir pressure and the
bottom hole flow pressure, the oil–water two-phase liquid in the formation enters the
annular space between the wellbore and the completion string at different positions in
the horizontal section, and mixes in the annular space, which is separated by packers.
Then, the liquid enters the horizontal wellbore through the AICD valve, which provides
an additional pressure drop according to different water content. Finally, the liquid flows
from the toe of the horizontal well to the heel and is extracted from the ground.

The analysis incorporates the whole process of liquid flowing into the wellbore from
the bottom water reservoir to production including multiphase flow in porous media,
annulus flow in the wellbore and completion strings, viable mass flow in a horizontal pipe,
and orifice flow in the AICD (Figure 2). At the same time, since the distance between the
two packers is generally short, in order to simplify the calculation, it is assumed that there
is no annular flow pressure drop in the modeling process.
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2.2. Reservoir Simulation

Reservoir simulation uses numerical models to predict well production dynamics. It
is an important tool for good management and helps reservoir engineers determine the
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best production strategy by predicting the future oil and water production of a well. A
numerical model is created by discretizing the reservoir into different grids and solving by
the differential method. It is assumed that the reservoir is a bottom water reservoir with
only oil–water two-phase flow, regardless of the influence of gas and the composition of
each phase fluid. The material balance equation is [20,21].

−∇
(

vo

Bo

)
− qo =

∂

∂t

(
φSo

Bo

)
(1)

−∇
(

vw

Bw

)
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∂
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(
φSw

Bw

)
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where vo is the seepage velocity of oil, m/s; vw is the seepage velocity of water, m/s; Bo is
the volume coefficient of oil, decimal; Bw is the volume coefficient of water, decimal; So is
the saturation of oil, decimal; Sw is the saturation of water, decimal; qo is the flow rate of oil
in the standard state, m3/s; and qw is the flow rate of water in the standard state, m3/s.

The influence of gravity can be obtained from Darcy’s law:

vo = −KKro

µo
∇(po − ρogD) (3)

vw = −KKrw

µw
∇(pw − ρwgD) (4)

where K is the absolute permeability, 10−3 µm2; Kro is the relative permeability of oil,
decimal; Krw is the relative permeability of water, decimal; µo is the viscosity of oil, mPa.s;
µw is the viscosity of water, mPa.s; po is the oil phase pressure, MPa; pw is the water phase
pressure, MPa; ρo is the density of oil, kg/m3; ρw is the density of water, kg/m3; g is the
acceleration of gravity, m/s2; and D is the depth (downward is positive), m.

Substituting Equation (3) into Equations (1) and Equation (4) into Equation (2) gives
the seepage equations of the oil and water phases:

∇
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)
(5)
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− qw =

∂

∂t

(
φ

Bw
Sw
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Auxiliary equation:
So + Sw = 1 (7)

pcow = po − pw (8)

where pcow is the capillary pressure, MPa.
Initial conditions:

po(x, y, z, t)|t=t0
= po

0 (9)

Sw(x, y, z, t)|t=t0
= Sw

0 (10)

where po
0 is the initial oil phase pressure, MPa; and Sw

0 is the initial saturation of wa-
ter, decimal.

Boundary conditions:
∂po

∂n

∣∣∣∣
Ω
= 0 (11)

2.3. Flow Performance Model of AICD

Figure 3 shows a floating disc type AICD provided by CNOOC. The flow performance
of an AICD is usually obtained using the experimental method. The flow performance data
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were obtained by conducting experiments and consist of flow rates and pressure drops for
different water content (Figure 4).
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The flow performance formula of an AICD can be determined by Equation (12) and is
represented as (Mathiesen et al., 2011 [22])

∆PAICD = K · ρ · q2 (12)

where ∆PAICD is the pressure drop across the AICD, MPa; q is the volume flow, m3/d; K is
the AICD coefficient, dimensionless.

When the properties of the fluid or the water content change, the formula for calculat-
ing K is

K = [
ρm

ρcal
] · [µcal

µm
]
y
· aAICD (13)

ρm = fwρw + (1− fw)ρo (14)

µm = µ
(1− fw)
o · µ fw

w (15)

where y is the viscosity index, decimal; aAICD is the AICD control constant, decimal; ρm is
the mixture density of oil and water, kg/m3; ρcal is the calibration density, kg/m3; µm is the
mixture viscosity of oil and water, mPa.s; µcal is the calibration viscosity, mPa.s; and f w is
the water content, decimal.
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In the process of fitting the characteristic curve obtained from the experiment, the
most important thing is to obtain the aAICD and viscosity index y. This study adopts the
following methods to obtain these two key parameters:

(1) Perform parameter fitting on the characteristic curve of pure water (100% water
content)—in this case, the AICD coefficient K is equal to the AICD control constant
aAICD—to obtain aAICD.

(2) Using different viscosity exponents y, the experimental data of different water contents
are fitted by Formulas (12)–(15), and the y with the highest fitting degree is selected.
Finally, a characteristic curve model suitable for floating disc AICD is obtained.

Using the above method to fit the curves in Figure 5, the coefficients obtained are as
shown in Table 1.
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Table 1. Coefficients of the flow performance curve of the AICD.

Water Content y aAICD

15% −12.46 10.22
60% −6.268 10.22
80% −5.324 10.22

100% −3.98 10.22

Figure 5 presents a comparison between the calculated results of the flow performance
curve of the AICD and the experimental results, and consists of a flow rate and pressure
drop relationship curve for different water content. It can be seen that the fitted model has
high accuracy [23].

This study further simplifies the viscosity index, denoted as y, based on Mathiesen et al.’s
formula (Mathiesen et al., 2011). To accommodate fluid mixtures with varying water
content, a fitting formula is proposed to fit y with fw. The fitting formula is as follows:

y = a× f b
w (16)

where y is the water cut index, decimal; a is the constant, decimal; and b is the water content
index, decimal.

Using Equation (16) to fit the curves in Figure 5, the coefficients obtained are as shown
in Table 2.

Table 2. Coefficients of the water cut index (y).

a b

−4.525 −0.5361
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2.4. Flow Model in Horizontal Wellbore

When the two oil–water phases flow from the toe to the heel in the horizontal wellbore,
a certain pressure drop will occur. The pressure drop between adjacent well sections can be
expressed by the momentum conservation equation, which is written as follows [24]:

Pi − Pi−1 = ∆Ph,i + ∆Pf ,i + ∆Pa,i(i = 2, 3, ..., n) (17)

where ∆Ph,i is the gravity pressure drop between i − 1 and i, MPa; ∆Pa,i is the acceleration
pressure drop between i − 1 and i, MPa; and ∆Pf,i is the friction pressure drop between
i − 1 and i, MPa.

2.5. Model Coupling

A new method based on nodal analysis is presented to couple the flow models of
different scales, such as flow in porous media, AICD valve, horizontal wellbore, and
horizontal annulus between the wellbore and completion strings.

In order to facilitate the calculation, the block size of the reservoir grid along the
horizontal well direction is set as the length of the horizontal wellbore, which has an AICD
completion, i.e., each horizontal well section has one connection with a reservoir block and
another connection with an AICD completion as shown in Figure 6.
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For each time step, we obtain the bottom hole pressure for each horizontal section
using the following method.

(1) Assume that the packer splits the horizontal well into n segments with m AICDs in
each segment.

(2) For each well segment, assume a series of annular pressures and calculate the oil and
water inflow for each segment using the reservoir pressure, saturation, permeability,
and well index for that time step.

(3) Using the flow performance model of AICD, calculate the bottom hole flow pressure
corresponding to a series of annular pressures and obtain the relationship between
bottom hole flow pressure and oil and water inflow for each well segment.

(4) Superimpose the production of n segments with the same bottom hole flow pressure to
obtain the relationship between total fluid production and bottom hole flow pressure.

(5) Obtain the corresponding bottom hole flow pressure from step (4) and the annular
pressure of each well section from step (3) according to the horizontal well produc-
tion allocation.
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(6) Input the annular pressure of each well segment from step (5) into the reservoir model
as bottom hole flow pressure in an explicit form and calculate the oil and water inflow
at that time step.

3. Optimization of the Position of Packers
3.1. Optimization Methods

The isolation of the packer in the annulus between the wellbore and the completion
string has an important impact on the water control effect of the horizontal well with
AICD completion in a bottom water reservoir. The more packers run in, the better the
water control effect will be. However, too many packers installed in the horizontal well
can incur huge costs and also increase the engineering risks of construction. In this study,
we propose a method for optimizing the running position of the packer based on the
permeability distribution.

(1) Determine the permeability corresponding to each horizontal well segment.
(2) Calculate the Ai, T, and Ci values for all adjacent horizontal well segments.

Ai = [Ki+1 − Ki], i = 1, 2, · · ·, n− 1 (18)

T =
n−1

∑
i=1

Ai (19)

Ri =
Ai

T
(20)

where A is the permeability difference of the adjacent horizontal well segments, mD; T
is the sum of the permeability differences of all the horizontal well segments, mD; R is
the weight of the permeability difference between the adjacent horizontal well segments,
decimal; i is the serial number of the horizontal well segment, integer; and n is the total
number of horizontal well segments, integer.

(3) Obtain the order of importance of each packer sorted by Ri.
(4) Determine the optimal number of packers and optimal position of every packer based

on the order of importance of each packer and the actual operating experience.

3.2. Optimization Example

One case has been proposed for the importance of optimizing the position of the
packer. As shown in Figure 7, the horizontal well is divided into six sections within zone
I to VI, based on the permeability distribution. The distribution illustrates that zones I
and III have higher permeability and are susceptible to bottom water coning, therefore
requiring a reduction in wellbore inflow to inhibit the coning phenomenon [25].

Two packer position schemes are formulated based on the permeability distribution.
As shown in Figure 7, the AICD is denoted by a red circle, the packer is denoted by a black
square, and the dashed line represents the zoning of the horizontal well through the packer.
The resulting inflow profiles for each design were calculated, and the outcomes of these
calculations are shown in Figure 8.

Analysis of the inflow dynamic curve reveals that scheme 1 exhibits a balanced
flow curve as shown in Figure 8, providing a favorable liquid lifting effect on zones II
and V, while effectively constraining inflow from zone VI and limiting water production.
Consequently, the optimal position of packers is instrumental in maintaining the balance of
liquid production, underscoring the criticality of packer optimization.
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4. Application

Luo et al. and Zhang presented a new semi-analytical model for predicting the
performance of horizontal wells completed with ICDs and AICDs, respectively [26]. The
semi-analytical model uses a volumetric source to simulate small well sections in a box-type
reservoir and connects each small well section back and forth in the form of a horizontal
well to obtain an analytic solution for the horizontal well reservoir. The variable mass
flow in the horizontal wellbore and the flow in the ICD or AICD are solved by numerical
methods. Then, all models are coupled for the solution and an equivalent method is used
to simulate different cases of water content. This approach is different from the numerical
simulation method used in this study.

There are some commercial software packages that can also simulate horizontal well
control completions, the most popular of which are Netool software and Eclipse software.
The former uses a static simulation approach, which requires water content prediction
based on known permeability distribution and water content saturation distribution. The
latter uses a multi-segment well simulation approach (MSW model), which allows dynamic
prediction of different water control completion methods.

Therefore, this study compared the Production Performance Prediction Model with
the production dynamics of horizontal wells in the eastern region of the South China Sea.
As a comparison, we also calculated the production dynamics using Eclipse numerical
simulation software.

Two cases were proposed to verify the application of the new model. Two horizontal
wells completed with AICDs in the bottom water reservoirs of the eastern South China Sea
were used to verify the accuracy of the integrated coupled mathematical model.

Case 1. In this case, the reservoir grid is divided into 80 × 50 × 3. The grid step
in the x, y, and z directions is 11.3 m, 50 m, and 1.5 m, respectively. The x-direction is
the same as the extension direction of the horizontal well. The length of the horizontal
well is 396.2 m, and this is divided into 35 segments, with each horizontal well segment
corresponding to an AICD completion. The reservoir parameters are shown in Table 3.
The reservoir permeability is shown in Figure 9. The well structure of the horizontal well,
which is separated by three packers, is shown in Figure 10.

Table 3. Reservoir parameters for Case 1.

Parameters Values

Porosity, % 23.4
Stratigraphic pressure, MPa 15.06

Saturation pressure, MPa 0.4
Stratigraphic temperature, ◦C 74.09

Crude oil density, g/cm3 0.941
Crude oil viscosity, mPa·s 353.5
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Figure 11 displays the field water cut and the field oil production of the horizontal
well compared to the predicted ones. It can be seen that the model proposed in this paper
has high accuracy, reaching 91.2%.
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Figure 11. Comparison of predicted results with field results for Case 1.

Figure 12 displays the inflow rate on day 200, indicating that both the packer and
AICD effectively restrict the flow. The figure highlights the notable limitation of inflow by
AICD, which contributes significantly to mitigating bottom water coning.
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Figure 12. Inflow profile of horizontal well section for Case 1.

Case 2. In this case, the reservoir grid system is the same as in Case 1. The total length
of the horizontal well in Case 2 is 393.3 m, and this is divided into 34 segments and each
horizontal well section corresponds to two AICD completions. The reservoir parameters
are shown in Table 4. The reservoir permeability is shown in Figure 13. The well structure
of the horizontal well, which is separated by nine packers, is shown in Figure 14.

Table 4. Reservoir parameters for Case 2.

Parameters Values

Porosity, % 27.9
Stratigraphic pressure, MPa 16.57

Saturation pressure, MPa 8.5
Stratigraphic temperature, ◦C 74.85

Crude oil density, g/cm3 0.941
Crude oil viscosity, mPa·s 353.5
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Figure 15 displays the field water cut and the field oil production of the horizontal
well compared to the predicted values. It can be seen that the model proposed in this paper
has high accuracy, reaching 93.4%.
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Figure 15. Comparison of predicted results with field results for Case 2.

Figure 16 displays the inflow rate on day 200, indicating that both the packer and
AICD effectively restrict the flow. The figure highlights the notable limitation of inflow by
AICD, which contributes significantly to mitigating bottom water coning.
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Figure 16. Inflow profile of horizontal well section for Case 2.

The calculations of the two cases show that the new model can be effectively applied
to the production prediction and dynamic analysis of horizontal wells completed with
AICDs in the bottom water reservoir in the South China Sea.

5. Conclusions

AICDs have been widely used as a new generation of water control completion tech-
nology. To date, there is no effective method to accurately predict its production dynamics.

In this study, a new integrated coupled mathematical model was established based on
coupling for the flow in porous media, AICD valve, horizontal wellbore, and the horizontal
annulus between the wellbore and completion strings. This model can solve the prediction
of a horizontal well completed with AICDs in a bottom water reservoir.

Case studies of two horizontal wells completed with AICDs in a bottom water reservoir
were provided in this paper, and the field water cut and field oil production were compared
to the predicted values. The accuracy of the model proposed in this work is high enough
that it can be applied to the dynamic prediction of horizontal wells in the South China Sea.
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