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a b s t r a c t

Bottom water coning is the main reason to reduce the recovery of horizontal bottom water reservoir. By
water coning, we mean the oil-water interface changes from a horizontal state to a mound-shaped cone
and breaks through to the wellbore. Autonomous inflow control device (AICD) is an important instru-
ment maintain normal production after bottom water coning, however, the resistance increasing ability
of the swirl type AICD is insufficient at present, which seriously affects the water control effect. Aiming
this problem, this paper designs a multi-stage resistance-increasing and composite type AICD. The
separation mechanism of oil-water two phases in this structure, the resistance form of oil-water single
phase and the resistance-increasing principle of water phase are analyzed. Establishing the dual-phase
multi-stage separation and resistance-increasing model, and verified by measuring the throttling pres-
sure drop and oil-water volume fraction of the AICD, it is found that the composite type AICD has the
effect of ICD and AICD at the same time, which can balance the production rate of each well section at the
initial stage of production, delay the occurrence of bottomwater coning. In the middle and later stages of
production, water-blocking can be effectively increased to achieve water control and stable production.
After structural sensitivity analysis, the influence law of various structural parameters on the water
control performance of composite AICD was obtained. The simulation calculation results show that,
compared with the existing swirl type AICD, composite AICD has higher sensitivity to moisture content,
the water phase throttling pressure drop is increased by 4.5 times on average. The composite AICD is
suitable for the entire stage of horizontal well production.
© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

Horizontal wells can greatly increase oil well production and
recovery factor (Toshev and Rakhimov, 2022; Jie et al., 2022), while
bottomwater coning will lead to premature water breakthrough in
the horizontal section, reduce oil production, and even shut in well
and shut down in severe cases (Mahmood and Guo, 2021; Chen
et al., 2021). Water control devices are widely used in the field to
alleviate the problem of production reduction caused by bottom
water coning (Dikshit et al., 2020; Sabet et al., 2022). Various types
of water control devices have been developed in the industry,
gineering, Southwest Petro-

y Elsevier B.V. on behalf of KeAi Co
including ICD (passive) and AICD (autonomous) (Cui et al., 2020).
The ICD by generating friction pressure drop and local pressure
drop, to inhibit the oil in high permeability sections of horizontal
wells is being rapid production, balance the production profile,
which can delay the occurrence of bottom water coning (Pinilla
et al., 2022; Zhu et al., 2019; Prakasa et al., 2019; Al-Jumah et al.,
2022). Once bottom water breaks through into the wellbore, ICD
fails to effectively limit the production of water, thus losing its
function (Zhang et al., 2021). AICD can increase resistance to water
according to the increase of water content in the fluid, even if the
bottom water breakthrough can maintain the production for a
certain period of time (Zhang et al., 2019). However, the water
restricting effect of current spiral-flow type AICD is still insufficient,
resulting in short production cycle of water free or lowwater cut in
horizontal wells, which severely limits the popularity and appli-
cation of the technology.
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http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:dll181@163.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.petsci.2023.09.018&domain=pdf
www.sciencedirect.com/science/journal/19958226
www.keaipublishing.com/en/journals/petroleum-science
https://doi.org/10.1016/j.petsci.2023.09.018
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.petsci.2023.09.018
https://doi.org/10.1016/j.petsci.2023.09.018


L.-L. Dong and Y.-L. Zhang Petroleum Science 21 (2024) 1290e1304
To improve the water control performance of AICD, many ex-
perts and scholars have conducted in-depth research on the
structure and principle of the water control device. Jia et al. (2021)
proposed a steady-state characteristic mechanical representation
model of floating disc AICD, compared and analyzed the water
restricted effect under different fluid properties and structural
parameters, and obtained the optimal matching relationship be-
tween the radius of floating disc and inlet channel radius. Yang et al.
(2020) based on the principle of automatic phase separation pro-
posed a spiral-flow type AICD, analyzed the sensitivity relationship
between throttling pressure drop and fluid properties, and opti-
mized the structure. Buwauqi et al. (2022) based on Paha's law and
Bernoulli's principle proposed a guide tube, fluid with different
viscosity will produce different pressure drop, which gives the
water control device the independent identification function, for
unnecessary fluids, it will actively close the channel, stop produc-
tion. Wang et al. (2014) based on the principles of flow separation
and swirling resistance-increasing, combined the Y-shaped flow
channel and circular chamber, initially realized oil-water separa-
tion and increase resistance to water, analyzing the relationship
between structural parameters and throttling pressure drop,
completed the optimization of device structure. Langaas et al.
(2019) tracked and analyzed the data of ICD and AICD integrated
in Norwegian offshore Alvheim Oilfield, and found that the AICD
layout is adopted for the well section near the overlying gas cap,
and the ICD layout is adopted for other locations, which can
maximize the productivity. At present, spiral-flow type AICD has
been widely used in oil fields of China due to its stable and reliable
operation without moving parts inside. But it can only increase
resistance by single-stage spiral flow, the resistance-increasing
ability is insufficient, which seriously limits the water restricted
ability.

In this paper, a composite type inflow control device (Fig. 1) is
proposed by Simonds et al. (2023) and Yao et al. (2023), in which
each diverter block direct the flow, and narrow channel restrict the
flow, with increase of the number of the block and channel, the
restricting effect is stronger. A multi-stage separation and
resistance-increasing model is established, throttling pressure drop
and oil-water volume fraction are verified through experiments.
Further studied the influence factors of water restricted effect,
analyzed the sensitivity of structural parameters of device to
pressure drop and volume fraction, and optimized the device
structure.
2. Analysis on the mechanism of water control and oil
stabilization of the model

2.1. Principle of fluid separation

The composite type inflow control device contains one inlet and
outlet and 4 diverter blocks, the diverter block divides the flow area
into 2 flow paths, each path provides varying flow drag. Therefore,
oil and water are subject to different degrees of restriction.
Fig. 1. Flow channel model of the c
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When the fluid viscosity is determined, frictional drag is pro-
portional to the length of the flow channel. Take one diverter block
area as an example, the frictional drag is shown in Fig. 2. Obviously,
the blue path is longer than the red path, the fluid will suffer
greater frictional drag in the blue path. The friction pressure drop is
calculated as follows (Xu et al., 2019):

DPf ¼ l
lrv2

2d
(1)

where l is the friction factor, l is the length of the flow path, r is the
fluid density, v is the time-averaged velocity, and d is the equivalent
diameter of the flow channel.

Oil as low-density and high-viscosity fluid, is mainly affected by
frictional drag. When oil flow in the composite AICD device, it will
pass through the upper and lower flow channels of the diverter
block. However, due to the inconsistent frictional drag between the
upper and lower flow channels, the flow rate of the oil will be
slowed down in the flow channel (blue path) with high frictional
drag, while the flow rate in the other flow channel (red path) with
low frictional drag is faster, causing subsequent oil to choose the
flow channel with low frictional drag.

Water as high-density and low-viscosity fluid, is mainly affected
by differential pressure drag. When water flow in the composite
AICD device, it also passes through the upper and lower flow
channels of the diverter block. However, the frictional drag of water
in both channels is very small, and the impact of frictional drag on
water can be ignored. Therefore, the water flow rate in the upper
and lower flow channels is consistent. However, its flow is affected
by inertial forces, making it difficult to change the direction of flow.
Without obstacles, it will maintain a straight flow, and when
encountering obstacles, it will flow along the shape of the obstacle.
Whenwater passes through the first diverter block, the flow rate is
evenly divided into the upper and lower flow channels of the
omposite water control device.

Fig. 2. Schematic diagram of friction drag.
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diverter block. When passing through the second diverter block,
due to the lower flow channel of the second diverter block being
tangent to the inflow direction, the water is affected by inertial
forces, and most of the water flows in the original flow direction,
causing most of the water to be distributed in the lower flow
channel of the second guide block, while a small amount of water is
distributed in the upper flow channel. Therefore, the tangential
flow path (blue path) becomes the main flow path for water.

2.2. Principle of differential pressure drag stratum

Differential pressure drag is due to fluid create pressure drop in
the direction of flow, this differential pressure can be created in
front of and behind the obstacle, and also be created in the local
position where the flow channel area and shape change. Therefore,
the differential pressure drag can further be classified as the vortex
drag and the local differential pressure drag.

(1) Vortex drag

When viscous fluid flows through the diverter block as shown in
Fig. 1, it creates frictional drag in the tangential direction of the
block surface, also creates flow pressure in the direction normal to
the block surface. The pressure drop is calculated as follows:

DPr ¼
ð
A
ðP cos qþ tu sin qÞdA (2)

where P cos q is the component of the diverter block surface
pressure P in the flow direction, tu sin q is the component of the
diverter block surface frictional drag tu in the flow direction, A is
the lateral area of the diverter block, q is the angle between the
pressure P and the flow direction.

(2) Local differential pressure drag

There is a narrow channel between two diverter block areas, the
flow rate changes suddenly as fluid passes through the location (Liu
and Liang, 2022), then create a pressure drop before and after this
position, forming flow drag:

DPj ¼G2seð1� seÞvf (3)

where G is the mass flow rate, kg=ðm2 � sÞ; se is the average
expansion area ratio; vf is the specific volume of the fluid, m3= kg.

2.3. Drag calculation equation

2.3.1. Frictional drag
Frictional drag has little effect in the low viscosity fluids, but in

high viscosity fluids, it becomes dominant. The frictional drag for
oil in this model can be expressed as:

DPfo ¼ l
lrv2

2d
(4)

2.3.2. Vortex drag
When water flows through the diverter block, due to the low

viscosity, differential pressure drag becomes dominant. The vortex
drag can be expressed as:

DPr ¼
ð
A
P cos qdA (5)
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According to the drag coefficient CD ¼ DPr
1=2rV2D and the pressure

coefficient (Huang et al., 2022) CP ¼ P
1=2rV2, by changing the

calculation equation of the drag coefficient CD, the vortex drag
equation related to the drag coefficient CD can be obtained:

DPr¼ CD
rV2D
2

(6)

where r is the fluid density, V is the average velocity of the fluid,
and D is the wetted circumference of the diverter block.

The formula for calculating the area of the vortex at the tail of a
two-dimensional square pier is:

Sdz ¼ k0DLdz; (7)

The length Ldz of the vortex area is related to the fluid velocity V,
the coefficient k1 and the gravitational acceleration g:

Ldz ¼ k1
V2

2g
(8)

Combining Eqs. (7) and (8) and bringing them into Eq. (6), the
vortex drag equation related to the area of the tail vortex is ob-

tained (where k ¼ CD
k0k1

, k0 is the coefficient):

DPr¼ krgSdz (9)

Therefore, the vortex drag equation of water is:

DPrw ¼ krgSdz (10)

Since water will be subjected to vortex drag in the four diverter
block areas in this model, these drags can be superimposed,
therefore, the total vortex drag for water is:

DPrW¼DPrw1 þ DPrw2 þ/þ DPrwi，i ¼ 1;2;3;4 (11)
2.3.3. Local differential pressure drag
When oil flows through a narrow channel, the flow velocity will

decrease and a local pressure drop will be created before and after
the position, so the local differential pressure drag of oil can refer to
Eq. (3):

DPjo ¼Go
2seð1� seÞvfo (12)

The model has 3 narrow channels that can create differential
pressure drag and these drags can be superimposed, so the total
local differential pressure drag of oil is:

DPjO ¼DPjo1 þ DPjo2 þ DPjo3 (13)

Whenwater passes through this position, it will also be affected
by local difference pressure drag:

DPjw ¼Gw
2seð1�seÞvfw (14)

Similarly, it can be known that the total local differential pres-
sure drag of water is:

DPjW¼DPjw1 þ DPjw2 þ DPjw3 (15)

In conclusion, the total drag to oil and water in this model is:

�
DPO ¼ DPfo þ DPjO
DPW ¼ DPrW þ DPjW

(16)

Through the above drag equation, the flow field and differential
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pressure drag distribution of oil and water in this model can be
obtained, as shown in Fig. 3.

2.4. Flow field governing equations

2.4.1. Mass and momentum conservation equations
Mass conservation equation in differential form (continuity

equation):

vr

vt
þVðrVÞ ¼ 0 (17)

Momentum conservation equation in differential form (NeS
equation):

8>>>>>>>><
>>>>>>>>:

vðruÞ
vt

þ V$ðruVÞ ¼ �vP
vx

þ vtxx
vx

þ vtyx
vy

þ vtzx
vz

þ rfx

vðrvÞ
vt

þ V$ðrvVÞ ¼ �vP
vy

þ vtxy
vx

þ vtyy
vy

þ vtzy
vz

þ rfy

vðrwÞ
vt

þ V$ðrwVÞ ¼ �vP
vz

þ vtxz
vx

þ vtyz
vy

þ vtzz
vz

þ rfz

(18)

The above equations are combined to form the basic governing
equations of the flow field, where r is the fluid density, u, v, and w
are the velocities in the x, y, and z directions, V is the velocity scalar,
P is the pressure distribution on the surface of the fluid micelle, txx
is the normal stress on the surface of the fluid micelle, and txy is
Shear stress, fx, fy, fz are the body forces in the x, y, and z directions.

2.5. Conservation equation for two-phase flow field

The normal stress on the surface of the oil micelle is much
smaller than the shear stress, so the influence of the shear stress on
the flow is mainly considered; The shear stress on the surface of the
water micelle is much smaller than the normal stress, so the in-
fluence of the normal stress on the flow is mainly considered. The
body force f of the fluid micelle is only gravity, so the mass and
momentum conservation equations of the oil-water two-phase
flow field are (time-averaged processing):

8>>><
>>>:

vr

vt
þ VðrVÞ ¼ 0

r

�
Du
Dt

þ Dv
Dt

þ Dw
Dt

�
¼ F þ r2Qg

(19)

The above equation is also a governing equation for oil-water
two-phase flow. The left side of the second equation in the above
formula is the time-average velocity change rate, that is, the form of
the derivative of matter, and the right side is the total surface force
and volume force of the fluid micelle. Where F is the total surface
force, including normal stress and shear stress; r is the average
density,Q is the total volume of the fluid, and g is the acceleration of
gravity.
Fig. 3. Schematic diagram of mod
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2.6. Volume fraction equation for two-phase flow field

Oil and water are immiscible with each other and there is a clear
interface between the phases, and the flow rule conforms to the
VOF multiphase flow model. Therefore, the calculation equation of
the volume fraction of oil and water two phases is:

anþ1
q rnþ1

q �anqr
n
q

Dt
Vþ

X
f

�
rqU

n
f a

n
q;f

�
¼
2
4Xn

p¼1

�
_mpq� _mqp

�þSaq

3
5V

(20)

Where q and p respectively represent the phase of the fluid, if q is
water, then p is oil; aqnþ1 and aq

n are the unit values of the q-phase
volume fraction at time steps nþ1 and n, respectively; rqnþ1 and rq

n

are the unit values of the q-phase density at time steps nþ1 and n,
respectively; V is the unit volume; Uf is the volume flow; aq,f is the
face value of the volume fraction of the q phase; _mpq is the mass
transfer from p phase to q phase, _mqp is the mass transfer from q
phase to p phase; Saq is the quality source item, which is 0 by
default; nþ1 represents the index of the current time step, and n
represents the index of the previous time step.
3. Simulation model and experimental verification of
separation resistance-increasing performance

3.1. Geometric modeling and meshing

The geometric model and object of the composite type AICD is
shown in Fig. 4, and the flow channel structure composed of four
diverter block areas. In the early stage of production, the high
proportion of oil is mainly affected by the frictional drag of the
device, which can delay the bottom water coning in the high
permeability well section. After water breakthrough in production,
water affected by the differential pressure drag of the device and
increases with the increase of water content, so as to achieve water
control and stable production.

The fluid region of the composite type AICD is extracted and
meshed, as shown in Fig. 5, the global hexahedral mesh is used, and
the local position is not refined due to the uniform distribution of
the mesh, the grid independence verification is carried out, and the
most suitable scheme is selected by calculating the pure water
throttling pressure drop of the above model under different grid
numbers. The results are shown in Table 1.

From the tabular data, it can be concluded that as the number of
grids increases, the pressure drop first increases and then decreases
and tends to stabilize, the error rates between adjacent schemes are
26.3%, 19%, 2.3%, and 0.06% (error rate: h ¼ P2�P1

P2
%), it can be seen

that the error rate between scheme 4 and scheme 5 is the mini-
mum, so the number of grids in scheme 4 is more reasonable.
el differential pressure drag.



Fig. 4. Geometric model and object of composite type AICD.

Fig. 5. Fluid region meshing of composite type AICD.

Table 1
Mesh independence verification results.

Name Grid size, mm Number of grids Pressure drop, Pa

Scheme 1 2 616 12896
Scheme 2 1 1698 17496
Scheme 3 0.5 14226 21596
Scheme 4 0.3 65010 21113
Scheme 5 0.2 223515 21100
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3.2. Simulation analysis of resistance-increasing performance

The simulation analysis will be carried out from the throttling
pressure drop of the oil, gasoline and water single phase, and
comprehensively review the water control performance of the
device. Simulation calculation parameters are shown in Table 2.

(1) Throttling pressure drop of single phase

Calculate the throttling pressure drop for oil, gasoline and water
in turn, and the results are shown in Table 3.

(2) Volume fraction ratio of oil-water two-phase

To accurately calculate the volume fraction ratio of oil andwater,
the simulation calculation model shown in Fig. 6(a), (b) and (c) is
proposed.

The model in Fig. 6(a) is a tee structure, the grey area is full of
fluid, there are two outlets in the model with outlet2 attached to a
composite type AICD. Outlet1 and outlet2 have a same size of
flowing cross-section in Fig. 6(a), whereas in Fig. 6(b) and (c), the
outlet1 flowing cross-section was reduced from original by 1/3 and
2/3, respectively. In the right figure of Fig. 6(a), oil and water flow in
Table 2
Simulation calculation parameters.

Fluids Viscosity, cp Density, kg/m3

Oil 100 850
Gasoline 0.76 750
Water 1 1000
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at a volume fraction ratio of 1:1, after a period of time, volume
fraction of outlet2 oil increased to 93% and water decreased to 1%,
oil-water volume fraction ratio is 9.3, this shows that the composite
type AICD has a very significant water restricted effect when
outlet1 have a same size with outlet2. In fact, although oil-water
volume fraction ratio of outlet2 is large, the flow drag of outlet1
is much smaller than outlet2, this cause most of oil and water to
flow out of outlet1, only a small part of the oil and water flow from
outlet2. As the flowing section of outlet1 decreases, the flow
pressure of outlet1 will increase, at the same time, the pressure of
the AICD inlet will increase accordingly. It can be seen from right
figure of Fig. 6(b)e(c) that with the decrease of the flowing section
of outlet1, the oil-water volume fraction ratio of outlet2 is also
decrease. In the right figure of Fig. 6(b) that after the flowing sec-
tion of outlet1 is reduced by one third, the oil-water volume frac-
tion ratio of outlet2 decreases to 3.75; In the right figure of Fig. 6(c),
after the flowing section of outlet1 is reduced by two-thirds, the
oil-water volume fraction ratio of outlet2 decreases to 2.

From the above conclusion, the pressure of the AICD inlet will
increase with the decrease of outlet1 flowing section, this led to the
decrease of AICDwater restricted effect. we can infer that the water
restricted effect provided by the composite type AICD is different
when it working in different horizontal well section. According to
the pressure of each well section, reasonable distributed the
number of the AICD, to achieve the best water restricted effect.
3.3. Experimental verification

Fig. 7(a) is a schematic diagram of the experimental setup,
which can independently complete the pressure drop test and oil-
water volume fraction test. As shown in the figure, close the
switches 2 of T-joint A and switches 4 of T-joint B, and open the
switches 1 and 3, to complete the oil pressure drop test; Close the
switches 1 and 4, and open the switches 2 and 3, it complete the
water pressure drop test. Open all the switches of T-joint A and T-
joint B, and adjust switch 4 to change the flowing section of the
flow channel, the fluids at the outlet beakers would be measured
for oil and water volumes after standing for stratification complete
the oil-water volume fraction test. Fig. 7(b) is the physical
connection set up diagram, and Fig. 8 depicts the flow routes of oil
and water during pressure drop testing.



Table 3
Simulation data of throttling pressure drop for oil, gasoline and water.

Water Gasoline Oil

Flow rate, L/min Pressure drop, Pa Flow rate, L/min Pressure drop, Pa Flow rate, L/min Pressure drop, Pa

1.8 6689 1.8 5513 1.8 11527
2.4 15651 2.4 10496 2.4 16117
4.8 53967 4.8 30497 4.8 36086
6 69889 6 49710 6 55090
7.2 92344 7.2 71837 7.2 79088
7.8 107100 7.8 85174 7.8 96301
8.4 128581 8.4 98555 8.4 108595
9 148035 9 123665 9 118205
9.6 172211 9.6 149326 9.6 128901
10.2 196008 10.2 175692 10.2 147349
10.8 225835 10.8 191701 10.8 162281
11.4 242243 11.4 212323 11.4 175029

Fig. 6. Simulation model and calculation results of oil-water volume fraction. (a) Simulation model 1 and calculation results of oil-water volume fraction. (b) Simulation model 2
and calculation results of oil-water volume fraction. (c) Simulation model 3 and calculation results of oil-water volume fraction.
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(1) Throttling pressure drop experiment

This experiment will measure the pressure drop of water
1295
(industrial distilled water), gasoline and oil (petroleum, viscosity is
98 cp) respectively, experimental materials and some measuring
instruments are shown in Fig. 9.



Fig. 7. Connection diagram of experimental device. (a) Schematic diagram of the experimental setup. (b) Physical connection diagram.

Fig. 8. The flow route of oil and water in the experimental device.
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Measure the pressure drop of water, gasoline and oil in turn
according to the above operation sequence and method. Adjust the
manual valve once for each experiment to obtain the pressure drop
under different flow rates. The pressure drop experimental data of
water, gasoline and oil are shown in Table 4, comparison of pressure
drop experimental data and simulation data are shown in Fig. 10.

As can be seen from Fig. 10, with the increase of flow rate, the
pressure drop of water is the largest, followed by gasoline, and the
pressure drop of oil is the smallest. When the flow rate is low, the
pressure drop of oil is greater than that of water and gasoline. This
is because the differential pressure drag of water and gasoline at
low flow rate is smaller, and oil is always subject to greater friction
drag. The density and viscosity of gasoline are very close to that of
water, so the pressure drop changes rule are basically the same,
because of its smaller density, gasoline suffers less inertial force,
therefore, the pressure drop is less than that of water.

The experimental pressure drop data are universally greater
than the simulation data, this is because there is a slight difference
between the pressure measuring position of the experimental de-
vice and those of the simulation model. The simulation model
1296
directly measures the AICD's inlet and outlet pressure, but the
installation of pressure gauge has to be considered for the experi-
mental device, and tee joints need to be respectively connected at
the inlet and outlet of AICD device. The diameter of the tee joint is
smaller than the inlet diameter of AICD device, so the fluid at the
tee joint will be affected by resistance, resulting in pressure rise.
This error can be reduced through subsequent improvement of the
model.

(2) Volume fraction ratio experiment

Open all valves and switches of the experimental device, then
close the switch 4 by one third as shown in Fig. 11(a). Turn on the
water pump and oil pump at the same time, and adjust the manual
valve until the flow values of water and oil are equal. During this
period, the oil and water from the two outlets are temporarily
collected in the same beaker. After the flow of oil and water is
adjusted to be the same, the oil and water from the two outlets are
collected into two different beakers. After the experiment is
completed, clean the pipe and reduce the switch 4 of T-joint B by



Fig. 9. Experimental materials and measuring instruments. (a) Water. (b) Gasoline. (c) Oil (petroleum). (d) Digital pressure gauge. (e) Pressure sensor. (f) Digital flowmeter.

Table 4
Experimental data of throttling pressure drop for oil, gasoline and water.

Water Gasoline Oil

Flow rate, L/min Pressure drop, Pa Flow rate, L/min Pressure drop, Pa Flow rate, L/min Pressure drop, Pa

1.8 10000 1.8 10000 1.8 20000
2.4 20000 2.4 20000 2.4 30000
4.8 60000 4.8 40000 4.8 60000
6 80000 6 60000 6 80000
7.2 110000 7.2 90000 7.2 100000
7.8 130000 7.8 110000 7.8 120000
8.4 150000 8.4 130000 8.4 130000
9 180000 9 150000 9 140000
9.6 200000 9.6 170000 9.6 150000
10.2 230000 10.2 210000 10.2 160000
10.8 250000 10.8 230000 10.8 180000
11.4 270000 11.4 250000 11.4 200000
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two-thirds, then repeat the experiment. The volume of gasoline
and water is shown in Fig. 11(c)e(d), the volume of oil and water is
shown in Fig. 11(e)e(f).

As can be seen from Fig.11(c)e(d), nomatter how the opening of
switch 4 changes, the volume of gasoline and water flowing from
the AICD outlet is always equal. This shows that the composite type
AICD cannot increase gasoline production. As shown in
Fig. 11(e)e(f), when switch 4 is reduced by one third, the volume of
oil flowing from the AICD outlet is three times that of water, but the
total volume of oil and water is small. As the opening of switch 4
continues to decrease, the volume fraction ratio of oil and water
flowing out of AICD outlet is also decreasing. This also shows that
with the increase of AICD inlet pressure, its water restricted effect
decreases.

Comparing the experimental data of oil-water volume fraction
with the simulation data, it can be found that, when switch 4 is
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reduced by one third, the experimental value of volume fraction
ratio is 3, and simulation value of volume fraction ratio is 3.75;
When switch 4 is reduced by two third, the experimental value of
volume fraction ratio is 2, and simulation value of volume fraction
ratio is 1.9, the experimental data are more agree with the simu-
lation data. This experiment confirms the validity of the simulation
calculation, and also shows that the composite type AICD has good
water restricted ability.
4. Sensitivity analysis of structural parameters of water
control device

To study the water-controlling and oil-stabilizing performance
of the device, it is necessary to conduct a sensitivity analysis on the
structural parameters of the model to further improve the water-
controlling capability of the device. The specific structural



Fig. 10. Pressure drop data of experiment and simulation.

Fig. 11. Experimental process and results. (a) Switch 4 turns off one third. (b) Switch 4 turn
corresponds to the outlet of AICD). (d) Volume of gasoline and water corresponds to Fig. (b)
to Fig. 11(a) (left beaker corresponds to the outlet of AICD). (f) Volume of oil and water cor
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parameters of the model are shown in Table 5. Schematic diagram
of structural parameters is shown in Fig. 12.
4.1. Outlet position

For this study, five outlet positions will be investigated: upside,
upside middle, middle, bottom middle and bottom. Fig. 13 shows
the velocity contours and pressure contours of oil and water (the
pressure drop laws and flow paths of each optimization model are
similar, so only part of the contours are listed). It can be seen from
the pressure contours that the differential pressure of oil before and
after each narrow channel is much smaller than that of water
except narrow channel 1, indicating that the local differential
pressure drag of oil is smaller. Because when the water flows
through the diverter block 2 and 3, the water flow rate on both
sides of the diverter block is different, water flow rate on the side of
long flow path is large, when this water converges at the narrow
channel 2 and 3, due to the change of the flow direction, it will
produce a large vortex, which will produce a large pressure drop
before and after the narrow channel 2 and 3. At the same time, it
s off two third. (c) Volume of gasoline and water corresponds to Fig. 11(a) (left beaker
(left beaker corresponds to the outlet of AICD). (e) Volume of oil and water corresponds
responds to Fig. 11(b) (left beaker corresponds to the outlet of AICD).



Table 5
Structural parameters of composite type AICD.

Outlet position Number of diverter blocks Diverter block cone angle, � Flow channel width, mm

Upside, upside middle, middle, bottom middle, bottom 4 39 3
Middle 2, 3, 4, 5, 6 39 3
Middle 4 34, 36, 39, 44, 50 3
Middle 4 39 2, 2.5, 3, 3.5, 4

Fig. 12. Schematic diagram of composite type AICD's structural parameters.
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can be observed that the flow paths of oil and water are signifi-
cantly different, which also verifies that in the first section of the
article, oil and water chose their respective flow paths due to
different resistance. Fig. 14 shows the oil-water single-phase
throttling pressure drop and oil-water two-phase volume fraction
ratio corresponding to different outlet positions.

As can be seen from the above figure, as the outlet position
moves from upside to bottom, the oil pressure drop hardly changes,
and the water pressure drop significantly decreases. This is because
the oil is mainly affected by the frictional drag and local pressure
difference drag, and these drags has nothing to do with the outlet
position. Water is mainly affected by the last diverter block, when
the outlet is located on the maximum flow path (when the outlet is
at the upper part, the flow path of water is the longest), the water
flow direction changes severely in the last diverter block area,
resulting in the strongest vortex and the maximum vortex drag. As
the outlet positionmoves down, the effect of the vortex currentwill
be weakened, and the vortex drag will decrease.
4.2. Number of diverter blocks

Limited by the structure size, the number of diverter blocks
should not exceed 6. Fig. 15 shows the corresponding velocity
contours of oil and water with different numbers of diverter blocks.
Oil and water still maintain their respective flow paths as the
number of diverter blocks increases. Fig. 16 shows the oil-water
single-phase throttling pressure drop and oil-water two-phase
volume fraction ratio corresponding to different numbers of
diverter blocks.

From the simulation calculation results, it can be seen that the
pressure drop of oil and water is sensitive to the number of guide
blocks, the pressure drop of oil and water is directly proportional to
the number of guide blocks, and the differential pressure drag of
water and the friction drag of oil increase significantly. The increase
of the throttling pressure drop in the water phase is greater than
that of the oil, which indicates that the increase in the number of
diversion blocks has a stronger restricted effect on water. When
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number of diverters is 5, it exhibits highest oil/water volume ratio
which indicates the best water restricted effect.

4.3. Diverter block cone angle

Fig. 17 is the velocity contours of oil and water corresponding to
different cone angles of the diverter block. It can be seen from the
figure that as the angle of the cone surface increases, the diverter
block becomes more “rounded” from “slender”, and the total length
of the model also decreases. Fig. 18 shows the oil-water single-phase
throttling pressure drop and oil-water two-phase volume fraction
ratio corresponding to different cone angles of the diverter block.

It can be seen from Fig. 18 that with the increase of the cone
angle of the diverter block, the throttling pressure drop of the oil
phase shows a downward trend as a whole, while the water phase
increases gradually. This is because the angle of the conical surface
of the diverter block increases while the radius does not change,
which reduces the length of the entire model, resulting in a
shortened flow path and reduced frictional drag to the oil. At the
same time, the upstream surface of the diverter block becomes
more “blunt”, and the direction of water flow changes more
violently, the vortices generated at the tail of each diverter block are
also stronger, the vortex drag of the water increases, which en-
hances the hindering effect on the water. When the cone angle is
50�, it exhibits highest oil/water volume ratio which indicates the
best water restricted effect.

4.4. Flow channel width

Fig. 19 shows the oil and water velocity contours for different
flow channel widths. It can be seen from the figure that with the
increase of the channel width, the volume of the diverter block is
significantly reduced. Fig. 20 shows the pressure drop and volume
fraction ratio of oil and water corresponding to different channel
widths.

Increasing the width of the flow channel means that the volume
of the diverter block decreases, and the distance between the outer



Fig. 13. Pressure contours and velocity contours corresponding to different outlet positions. (a) Oil (left) and water (right) pressure contours corresponding to the upside outlet
position. (b) Oil (left) and water (right) velocity contours corresponding to the upside outlet position. (c) Oil (left) and water (right) pressure contours corresponding to the bottom
outlet position. (d) Oil (left) and water (right) velocity contours corresponding to the bottom outlet position.

Fig. 14. Pressure drop and volume fraction ratio corresponding to different outlet
positions.
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wall of the diverter block and the inner wall of the flow channel is
greater. At this time, the contact area between the oil and the
diverter block is significantly reduced, and the frictional drag
received is also greatly reduced, resulting in a decrease in oil
pressure drop. As the volume of the diverter block decreases, the
vortex generated by the water at the tail of the diverter block also
weaken, and the vortex drag is also decreases, resulting in a
decrease in water pressure drop. When the channel width is
2.5 mm, it exhibits highest oil/water volume ratio which indicates
the best water restricted effect.
5. Comparative analysis of water control performance

From the sensitivity analysis results, it can be seen that the
composite water control device would have the best water control
performancewhen it has a maximum flow path and with 5 diverter
blocks, 50� cone angle and 2.5 mm channel width. This chapter will
quote a common spiral-flow type AICD17 structure, then compare it
with the performance of this composite type AICD under different



Fig. 15. Velocity contours corresponding to different number of diverter blocks. (a) Velocity contours of oil (left) and water (right) corresponding to the 2 diversion blocks. (b)
Velocity contours of oil (left) and water (right) corresponding to the 6 diversion blocks.

Fig. 16. Pressure drop and volume fraction ratio corresponding to different number of
diverter blocks.

Fig. 17. Velocity contours corresponding to different cone angle of diverter block. (a) Velocity contours of oil (left) and water (right) corresponding to a 34� cone angle. (b) Velocity
contours of oil (left) and water (right) corresponding to a 50� cone angle.

Fig. 18. Pressure drop and volume fraction ratio corresponding to different cone angle
of diverter block.
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Fig. 19. Velocity contours corresponding to different flow channel width. (a) Velocity contours of oil (left) and water (right) corresponding to a flow channel width of 2 mm. (b)
Velocity contours of oil (left) and water (right) corresponding to a flow channel width of 4 mm.

Fig. 20. Pressure drop and volume fraction ratio corresponding to different flow
channel width.

Fig. 21. Structure of model A (

Table 6
The structural parameters of Model A and Model B.

Inlet area, mm2 Outlet area, m

Model A 10.5 10.5
Model B 10.5 25p

L.-L. Dong and Y.-L. Zhang Petroleum Science 21 (2024) 1290e1304

1302
fluid properties. As shown in Fig. 21, the optimized structure of this
paper is shown by model A, and the comparison structure is shown
by model B, the structural parameters of model A and model B are
shown in Table 6. Table 7 shows the three fluid property scenarios
of the sensitivity study in this paper.
5.1. Influence of water content on water restricted effect

The relationship between throttling pressure drop and water
content is shown in Fig. 22. It can be seen from the figure that the
pure water pressure drop of model A is four times that of model B,
this means that the model A can generate greater resistance to
water. From the slope chart in the figure, it can be seen that the
sensitivity slope of model A starts to increase at a moisture content
of 20%, while the sensitivity slope of model B only starts to increase
at a moisture content of 70%. This indicates that model A is much
more sensitive to moisture content than model B, and have sig-
nificant limitations on water when the moisture content is low.
left) and model B (right).

m2 Grid size, mm Number of grids

0.3 59630
0.5 54734



Table 7
Fluid properties study parameters.

Water content, % Oil density, kg/m3 Oil viscosity, cp

Scheme 1 0, 10, 20, 30,40, 50, 60, 70, 80, 90, 100 850 100
Scheme 2 50 800, 850, 900, 950, 1000 100
Scheme 3 50 850 1, 5, 10, 20, 50, 100, 150, 200, 250, 300

Fig. 22. Relationship curve between water content and pressure drop.
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5.2. Influence of oil density on water restricted effect

The relationship between throttling pressure drop, volume
fraction ratio and oil density is shown in Fig. 23(a). It can be seen
from the figure that the throttling pressure drop and volume
fraction ratio of model A are much greater than that of model B. The
throttling pressure drop and volume fraction ratio of model B
almost do not change with the increase of oil density, which shows
that the model B is insensitive to the density. The throttling pres-
sure drop of model A increases gradually with the increase of oil
density, while the volume fraction ratio decreases greatly, which
indicates that the water restricted effect is more sensitive to the
density. The higher the density, the worse the water restricted ef-
fect of model A is. Fortunately, the density of the oil in the stratum
is very stable, and there is no major change, so the model A can
adapt to most of the stratum.
Fig. 23. Pressure drop and volume fraction ratio versus oil density and viscosity. (a) Relat
tionship between oil viscosity, throttling pressure drop, volume fraction ratio.
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5.3. Influence of oil viscosity on water restricted effect

The relationship between throttling pressure drop, volume
fraction ratio and oil viscosity is shown in Fig. 23(b). With the in-
crease of oil viscosity, the throttling pressure drop of model A and
model B decreased first and then increased, but the pressure drop
of model A is much larger than that of model B. In this process, the
flow state of the oil gradually changes from turbulent flow to
laminar flow, and the frictional drag gradually increases. The oil-
water volume fraction ratio of model B changes little, and is less
sensitive to oil viscosity; the oil-water volume fraction ratio of
model A decreases greatly with the increase of oil viscosity, and is
more sensitive to viscosity, but still has goodwater restricted effect.
Model A has a wide range of adaptation to viscosity, and can play a
good role in controlling water and stabilizing oil for both light and
heavy oil.
6. Conclusion

This paper proposes a multi-stage resistance-increasing com-
posite type AICDwhich has been verified by experimental data. The
performance of this AICD has been compared with that of an
existing water control device. Results are summarized as below.

1. The composite type AICD has the water control effect of ICD and
swirl type AICD at the same time, which can limit the rapid
recovery of oil in the high permeability well section at the initial
stage of production, thus balancing the production rate of each
section of horizontal well and delaying the occurrence of bottom
water coning; In the middle and later stages of production,
water-blocking can be effectively increased to achieve water
control and stable production.

2. A two-phase multistage separation resistance-increasing model
was established, and the measurement experiments of throt-
tling pressure drop and volume fraction were designed. Result
indicates that the simulation result agrees qualitatively with
that of the experimental data, verified the accuracy of the oil-
ionship between oil density, throttling pressure drop, volume fraction ratio. (b) Rela-
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water single-phase pressure drop simulation model and the oil-
water two-phase volume fraction simulation model.

3. By analyzing the sensitivity of structural parameters, the
sensitivity relationship between the pressure drop of oil and
water and various structural parameters is obtained. The water
pressure drop is more sensitive to the outlet position, number of
diverter blocks, and cone angle of the diverter blocks of the
composite AICD, while the oil pressure drop is more sensitive to
the flow channel width of the composite AICD. The AICD has a
greater impact on water pressure drop.

4. With the increase of water content, the water control ability of
the composite type AICD is stronger. With the increase of oil
density and viscosity, the water restricted effect of the AICD
decreases, so it is not suitable for high density and high viscosity
heavy oil.

5. The simulation calculation results show that, comparedwith the
existing swirl type AICD like model B, composite AICD has
higher sensitivity to moisture content, the water phase throt-
tling pressure drop is increased by 4.5 times on average. The
composite AICD is suitable for the entire stage of horizontal well
production.
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