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Abstract
In order to reduce the number of hydraulic decoders and hydraulic control pipelines in 
hydraulically controlled intelligent wells, reduce production costs and improve oil recovery 
efficiency, the structural design of ICV control of two hydraulic control pipelines and a single 
hydraulic decoder for four production layers in the well was completed. By simulating the 
response law of downhole hydraulic signals and the stress analysis of each structure, the 
motion equation of the layer selection structure of the hydraulic decoder was established 
with 4 MPa as the unlocking pressure, and ADAMS was used to complete the dynamic 
simulation analysis. The variation results of displacement, angle, velocity and acceleration in 
the process of motion were obtained. Finally, the prototype of the hydraulic decoder was 
processed by stereo photo curing 3D printing equipment. Two hydraulic pumps were used 
to press alternately, and the selection of four layers of the hydraulic decoder was realized 
through two hydraulic control pipelines. The self-locking structure could realize the 
established function, and there was no interference and stuck between the components, 
which verifies the effectiveness of the design.
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1. Introduction
The hydraulic decoder provides different pressure signals 
through the wellhead power generation system above the well 
to drive the movement of the downhole decoding device, so as 
to realize the layer selection. After selecting different horizons, 
the flow of the corresponding horizon could be controlled by 
the flow control valve, and the pressure of each production 
layer and the velocity of the fluid could be adjusted in real time 
[1]. As a key component of the hydraulic control intelligent well, 
it plays a very important role in improving the efficiency and 
quality of oil production.

WellDynamics first applied direct hydraulic system and micro 
hydraulic system as early as 1998 [2,3]. Digital hydraulic system 
can control up to six layers of underground through three 
pipelines [2,4]. The hydraulic intelligent well system developed 
by BakerHughes was mainly InForce, which could control three 
layers of underground through a 1/4in control line and an 
auxiliary pipeline in each layer [5].

Zhang et al. [5] proposed a layer selection scheme of miniature 
hydraulic decoder. Each layer of miniature hydraulic decoder 
used a two-position four-way valve, a hydraulic control pipeline 
and a return oil pipeline. Through the change of high and low 
pressure, the two ends of the flow control valve were controlled 
respectively to realize the opening and closing of the flow 
control valve, so as to realize the decoding function. However, 
this hydraulic decoding system was suitable for oil wells with 
less than 3 layers.

Guo [6] and Zhang [7] proposed, respectively, a design scheme 
of hydraulic decoder in the paper. The whole hydraulic decoder 
system included layer unlocking module, pressure value signal 
decoding module, etc., which could realize the selection and 
throttle control of up to four states and six layers in a single 
layer.

Zhao [8] designed a hydraulic decoder in the paper. The 
decoder was installed in the front end of the flow control valve, 
and the flow control valve of the corresponding layer was 
unlocked through three control pipelines in different application 
sequences. Similarly, the three control pipelines could also 
realize the control of up to six layers.

Jia [9] and Li [10] each proposed a design method of 
underground hydraulic decoding system based on three 
hydraulic control pipelines in their paper. The basic idea was to 
realize the rotation and locking of the valve core through the 
cooperation of a new hydraulic directional valve and a toothed 
rotating valve core and a spring. When the valve core rotated to 
different positions, different layers can be selected.

The existing hydraulic decoder mostly adopts the scheme of 
three hydraulic control pipelines to control up to six production 
layers, which increases the number of hydraulic decoders and 
pipelines, improves the complexity of pipeline logic and 
increases the technical difficulty when crossing the packer. 
Therefore, it is of great significance to innovate the control 
strategy and structure of hydraulic decoder to improve oil 
production efficiency and quality.

2. Hydraulic decoder structure design

2.1 Overall design of hydraulic decoder

According to the size of the oil well and the structure and 
technological requirements of the hydraulic decoder, the 
relevant design parameters are shown in Table 1.

Table 1. Design parameters of hydraulic decoder

The parameter types Parameters size

Casing 41/2 in, size 100.7 mm

Oil tube 11/2 in, Outer diameter 48.3 mm
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Hydraulic decoder depth 1000 m
Control the number of pay zones 4

>Unlock pressure 4 MPa

2.1.1 Overall structure of hydraulic decoder

The hydraulic decoder mainly included hydraulic cylinder 
sealing structure, self-locking structure, layer selection 
structure, hydraulic valve structure and its supporting springs, 
pins, bolts and pipelines. The overall structure is shown in 
Figure 1.

(a) External overall structure

(b) Internal overall structure

1−Lower cover; 2-Lowercavity; 3-Fixed pins; 4-Upper cavity; 5-
Upper cover; 6-Limit sliding sleeve; 7-reset spring; 8-Thrust 

ball bearings; 9-Hydraulic valve fixed seat; 10-Hydraulic valve; 
11- Movement sliding sleeve; 12-Pipeline joints ; 13-Guide rod; 
14-Fixed pins; 15-Reverse cylindrical cam ; 16-Rotary sliding 
sleeve; 17-Fixed sliding sleeve; 18-Thrust sliding sleeve; 19-

Limited block; 20-Piston; 21-O-ring retaining ring; 22-O circle

Figure 1. Overall structure of hydraulic decoder

2.1.2 Overall structure of hydraulic decoder

During operation, the pipeline 2 connected to the upper end of 
the decoder is first pressurized to drive the sliding sleeve to 
move, and the guide rod on the anti-cylindrical cam contacts the 
hydraulic valve of the corresponding layer, which is connected 
by mechanical force. Then the pressure of this pipeline is 
relieved, and pipeline 1 is pressurized, at this time, the piston is 
reset, and each sliding sleeve moves backward under the action 
of the return spring. The rotating sliding sleeve is stuck after 
rotating at a certain angle due to its contact with the fixed 
sliding sleeve, so as to realize the locking of the mechanism at 
this time, because the hydraulic valve has been turned on, the 
flow control valve of this layer can be operated normally.

When the layer needs to be closed, pipeline 2 is pressurized 
again, pushing each sliding sleeve to move a certain distance, 
triggering the unlocking structure, rotating the sliding sleeve to 
rotate at a certain angle again to unlock the sliding sleeve, and 
then pipeline 1 is pressurized. Under the action of the return 
spring, each sliding sleeve moves to the initial position at this 
time, the anti-cylindrical cam rotates by a fifth of a turn, when 
the layer selection movement is carried out again, the next layer 
will be selected.

2.2 Force analysis of sliding sleeve and 
establishment of motion equation

The designed inner diameter of the hydraulic cylinder was 76 
mm, and the selected piston diameter was 62 mm, at this time, 

the area of the piston ring cavity was 1516.62 mm2. According 
to the pressure provided by the hydraulic power generation 
system above the well, the maximum thrust on the sliding 
sleeve in the decoder was 6066 N.

2.2.1 Response law of downhole hydraulic signal

Established a long-distance pipeline in AMESim software to 
simulate the pressure change trend of the port at the depth of 
1000 m underground. For a long-distance pipeline of 1 000 m, a 
more reasonable HL0040 pipeline model was adopted. In the 
model, a relief valve was set as a safety valve, a constant 
pressure source with a pressure of 40 bar was used, and a zero 
flow source was set at the other end of the pipeline.

As shown in Figure 2, the pressure at port2 port was always 
maintained at 40 bar, while the pressure at port1 port had 
hardly changed in the first 15 s, proved that the pressure 
transmission time under this condition was at least 15 s. The 
pressure could reach about 40 bar at 160 s.

Figure 2. Simulation results of long-distance pipeline

 Through fitting the functional relationship of pressure change 
at 1000 m position is shown in Eq. (1)

P = { 0 x ∈ (0, 15)

4 − 8 × 0.95x  x ∈ [15, 140]
4 x ∈ (140, + ∞)

(1)

 The vertical axis is the port pressure (MPa), and the horizontal 
axis is the time (s). The fitting image of pipeline pressure change 
is shown in Figure 3.

 The functional relationship of the thrust F acting on the piston 
ring cavity surface is shown in Eq. (2)

F = { 0
6066 − 12132 × 0.95x

6066

x ∈ (0, 15)
x ∈ [15, 140]

x ∈ (140, + ∞)
(2)

2.2.2 Stress analysis of key components and 
design of return spring

(1) Friction calculation between hydraulic cylinder and O-
ring

Since the hydraulic decoder was 1000 meters underground, the 
gravity of the hydraulic oil in the pipeline must be considered. 
Here, the pressure loss of the pipe wall was ignored. Before 
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Figure 3. Pressure change function image

pressurization, the initial pressure P0 could be calculated as 8.43 
MPa according to the hydraulic oil density and well depth.

When the piston was in motion, the O-ring on it will produce a 
large friction force with the hydraulic cylinder due to the large 
compression rate. The friction force was composed of the force 
FPrecompression  generated by the pre compression of the O-ring 
and the pressure F1 of the hydraulic oil. According to the 
empirical formula, the friction is calculated as shown in Eq. (3) 
[11]

Ff 1 = Fprecompression + F1 = fπDd
1 − μ2 [0.2πeE + μ (1 + μ )P ] (3)

where, Ff 1 is the total friction generated by the O-ring, N; f  is 
the friction coefficient; D  is the outer diameter of O-ring, mm; d  
is the section diameter of O-ring, mm; μ  is the Poisson's ratio of 
O-ring; E  is the elastic modulus of O-ring, MPa; and P  is the 
pressure provided by hydraulic oil, MPa.

In the first 15s of pressurization, due to the pressure delay, this 
part of friction was only generated by the pre compression of 
the O-ring, when the pressure began to change, the friction 
would change, after calculated, the friction generated by the O-
ring is shown in Eq. (4)

Ff 1 = { 3698 x ∈ (0, 15)

5235 − 3075 × 0.95x  x ∈ [15, 140]
5235 x ∈ (140, + ∞)

(4)

(2) Friction between self-locking structures

Since the thrust sliding sleeve and the rotary sliding sleeve of 
the self-locking structure were contacted through a 45° inclined 
surface, and the two sliding sleeves were limited in the chute of 
the fixed sliding sleeve, the friction force during their movement 
was large. As shown in Figure 4, the stress analysis of the two 
sliding sleeves was carried out. Figure 4(a) shows the stress of 
the thrust sliding sleeve, and Figure 4(b) shows the stress of the 
rotating sliding sleeve.

(a) Force on thrust sliding sleeve (b) Force on rotating sliding sleeve

Figure 4. Stress analysis of self-locking structure

 In Figure 4, { FN′ cos45° = FN

FN′ sin45° = FPush
, at this time FP ush = F − Ff 1 the 

friction coefficient was taken as 0.15, and the friction force of a 
single sliding sleeve was 0.15 FPush . Since the forces on the two 
sliding sleeves were mutual and in contact with the fixed sliding 
sleeve respectively, the total friction force of the self-locking 
structure Ff 2 was 0.3 FPush , and the size is shown in Eq. (5)

Ff 2 = 0.3FP ush = { 0 x ∈ (0, 15)

249 − 2717 × 0.95x  x ∈ [15, 140]
249 x ∈ (140, + ∞)

(5)

(3) Sliding sleeve gravity and other friction

The friction force during the movement of other sliding sleeves 
was estimated by gravity, the mass m  of the sliding sleeve was 
estimated to be 20 Kg, took the friction coefficient between the 
sliding sleeve and the oil pipe as 0.15, the friction force Ff 3 was 
about 30 N and the gravity G  was about 200 N.

The unlocking and resetting of the sliding sleeve in the 
hydraulic decoder was realized by the return spring installed at 
the bottom, because the spring needed to overcome the gravity 
of the sliding sleeve to reset it when unlocking, the spring 
preload F0 was set as 300 N.

2.2.3 erivation of motion equation of decoder

When a certain layer was selected, the piston and each sliding 
sleeve moved forward, at this time, took the direction of piston 
movement as positive, the following motion equation could be 
obtained, as shown in Eq. (6). The compression y (x ) of the 
spring is the displacement of the sliding sleeve and is a function 
of time x

F − Ff 1 − Ff 2 − Ff 3 + G − F0 − k × y (x ) = m ÿ (x ) (6)

 Since the sliding sleeve had no movement 15 s before 
pressurization, it did not meet the above equation, after 
finishing, it is shown in Eq. (7)

{ 0

452 − 6340 × 0.95x − 4.7y (x ) = 20 ÿ (x )

452 − 4.7y (x ) = 20 ÿ (x )

x ∈ (0, 15)
x ∈ [15, 140]

x ∈ (140, + ∞)
(7)

 In the process of resetting, due to the large friction between the 
O-ring and the wall, it was difficult for the return spring to push 
the piston to reset, so pipeline 1 was required to pressurize to 
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assist the piston to reset. At this time, the basic law of sliding 
sleeve movement was similar to that of locking, and the motion 
equation is shown in Eq. (8)

F + F1 − G − Ff 1 − Ff 2 − Ff 3 − k × y (x ) = m ÿ (x ) (8)

 The equation of motion of each time period is sorted out as 
shown in Eq. (9)

{ 0

808 − 6340 × 0.95x − 4.7y (x ) = 20 ÿ (x )

808 − 4.7y (x ) = 20 ÿ (x )

x ∈ (0, 15)
x ∈ [15, 140]

x ∈ (140, + ∞)
(9)

 When selecting layers, the function image is shown in Figure 5, 
and the function relationship is shown in Eq. (10)

y = { 0 x ∈ (0, 56.26)

96.2 − 1724 × 0.95x  x ∈ (56.26, 85.75)
(10)

Figure 5. Image of displacement-time function at layer selection

 The equation of motion when canceling layer selection is shown 
in Eq. (11), and its function image is shown in Figure 6. There 
would also be a sudden change in speed at the beginning of 
reset

y = { 0 x ∈ (0, 44.85)

172.2 − 1718 × 0.95x  x ∈ (44.85, 60)
(11)

3. Dynamic analysis of hydraulic decoder

3.1 Model establishment and parameter setting

During the simulation, the model was simplified, and only the 
components that affect the motion were retained, as shown in 
Figure 7. The force exerted on the sliding sleeve in a motion 
cycle is shown in Eq. (12), and the established function curve is 
shown in Figure 8 which is defined as external load

Figure 6. Image of displacement - time function when deselecting layers

FPush = {
0 x ∈ (0, 47)

831 − 9057 × 0.95x  x ∈ [47, 85.75]
719.63 x ∈ [85.75, 132)

− 125.07 + 9057 × 0.95x −85.75 x ∈ [132, 152)
0 x ∈ [152, 199)

831 − 9057 × 0.95x −152 x ∈ [199, 237.75]
719.63 x ∈ [237.75, 284)

− 125.07 + 9057 × 0.95x −237.75 x ∈ [284, 320)

(12)

Figure 7. Simplified mode

3.2 Analysis of dynamic simulation results

Figure 9 shows the time-displacement image of the sliding 
sleeve. Figure 10 shows the speed time image of the sliding 
sleeve. Figure 11 shows the acceleration time image of the 
sliding sleeve. Figure 12 shows the rotation angle change of the 
rotating sliding sleeve. Figure 13 shows the angle change of the 
anti-cylindrical CAM during the movement.
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Figure 8. Image of external load function

Figure 9. Sliding sleeve time displacement image

Figure 10. Sliding sleeve speed image

Figure 11. Sliding sleeve acceleration image

Figure 12. Angle deflection image of rotary sliding sleeve

Figure 13. Rotation angle image of layer selection structure

 It can be seen from the image that the sliding sleeve started to 
move around 55 s, with the maximum velocity of 0.009 m / s 
and the maximum acceleration of 0.092 m / s2. When the 
external load decreased, the sliding sleeve displacement 
decreased by about 0.01 m under the action of the reset spring, 
and remained unchanged. It proved that the fixed sliding sleeve 
had fixed the position of the rotating sliding sleeve at this time. 
The angle change of the rotating sliding sleeve corresponded to 
the time of the sliding sleeve displacement change. When the 
sliding sleeve displacement reached the maximum, 5° 
deflection occurred. When the sliding sleeve was locked and 
unlocked, 15° deflection occurred. Since the number of layers 
was four, there was another vacancy. Therefore, for each 
complete motion of a period, the rotation angle of the anti-
cylindrical cam should be 72°. When the selection layer was 
successful and the selection layer was finished, it corresponded 
to half a period, and the angle was 36°.
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Therefore, the internal sliding sleeve of the decoder could 
realize the established movement in the movement process, 
and there was no mutual interference, jamming and other 
situations between the components, and the structural design 
was reasonable.

4. Experimental verification of hydraulic 
decoder based on 3D printing technology

The three-dimensional light curing technology was used to 
process the test tooling, such as reserved appropriate clearance 
and shell pulling to ensure smooth installation, cut part of the 
cavity to make it exposed for easier observation, etc.

The processed parts are shown in Figure 14, and the assembled 
hydraulic decoder is shown in Figure 15.

Figure 14. Components of hydraulic decoder

Figure 15. Hydraulic decoder after assembly

 The movement of the layer selection structure was completed 
by alternating pressure of two hand pumps. First, slowly 
pressurized by pump 2, at this time, it was observed that the 
layer selection structure rotated slowly and moved forward, and 

the guide rod was inserted into the two position two-way valve 
of control layer 1 until the guide rod no longer moved. At this 
time, relieved the pressure on pump 2, under the action of the 
return spring, the guide rod moved backward for a certain 
distance, and then stopped moving. At this time, closed the 
lower pipeline of the decoder connected to layer 1 (hereinafter 
referred to as pipeline 1), slowly pressurized pump 1, and if it 
was found that the guide rod cannot move, it was proved that 
the self-locking structure had locked the layer selection 
structure. Open pipeline 1, and it was found that hydraulic oil 
flows out, which proved that the two-way valve of layer 1 had 
been turned on.

Closed the pipeline 1 and slowly pressurized the pump 2 again. 
It was found that the guide rod moved forward again for a 
certain distance, and then stopped moving, at this time, the 
pressure of pump 2 was relieved and pump 1 was slowly 
pressurized. The guide rod rotated slowly and moved backward 
under the action of the return spring and pump 1 until it 
stopped moving, which proved that the reset of the layer 
selection structure was successful.

Continued to repeat the above operations, the four layers could 
be successfully selected and reset, and the pipelines of the 
corresponding layers had hydraulic oil flowing out, which 
proved that the control strategy, layer selection, self-locking and 
reset functions of the decoder meat the requirements of the 
expected design.

5. Conclusions
According to the development status and requirements of 
intelligent well completion technology, aiming at controlling 
four layers in the well by controlling a single hydraulic decoder 
with two hydraulic control pipelines above the well, this paper 
designed the structure of the hydraulic decoder, simulated and 
analyzed its performance, and verified its working principle by 
experiments. The main research contents and conclusions are 
as follows:

(1) The downhole single hydraulic decoder was controlled by 
two hydraulic pipelines on the well, and the ICV of four layers 
was controlled by the combination of hydraulic drive and 
mechanical movement. The motion equation of the layer 
selection structure of the hydraulic decoder was established 
with 4 MPa as the unlocking pressure.

(2) The dynamic simulation analysis of hydraulic decoder was 
carried out by ADAMS software. The results show that the 
motion of the sliding sleeve inside the decoder was normal, and 
the layer selection, locking and unlocking functions can be 
realized. When selecting the layer, the sliding sleeve started to 
move around 55 s, the maximum velocity was 0.00648 m / s, the 
maximum acceleration was 0.072 m / s2, the maximum velocity 
was 0.009 m / s, and the maximum acceleration was 0.092 m / 
s2. The positions with large velocity changes appear in the 
linear motion part of the anti-cylindrical cam and the impact 
force generated during the movement was small, and the 
structure design was reasonable.

(3) The prototype of the hydraulic decoder was processed by 
stereo light curing 3D printing equipment, and the reliability of 
the hydraulic decoder structure was verified. The results 
showed that the layer selection structure can realize the 
selection and reset of the corresponding layer, and the self-
locking structure can lock the layer selection structure and 
unlock it. During the movement, there was no mutual 
interference and stuck between the sliding sleeves.
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