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Abstract: This study focuses on the integrated manufacturing process of sensors in unbonded flexible pipes for deep-sea mining
engineering, investigating the sensor integration process with compensation reinforcement layers and their mechanical performance.
A simulation model for the winding process of the compensation reinforcement layer in flexible pipes was established,
systematically analyzing the influence patterns of winding tension and winding angles on sensor integration processes. Additionally,
the effects of sensor quantity and winding angles on the tensile performance of integrated compensation reinforcement layers were
explored. The results demonstrate that winding tension significantly affects sensor elongation rates, while winding angles
predominantly influence stress distribution in the lining layer. The tensile performance of integrated compensation reinforcement
layers shows minimal sensitivity to sensor quantity, and variations in winding angles within a specific range exhibit limited impact
on anti-tensile properties. These findings reveal the correlation between sensor integration parameters and structural performance of

flexible pipes, providing theoretical guidance for optimizing sensor integration processes in deep-sea flexible pipes.
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Tab.1 Structural dimensions of sensor and flexible tube integrated processing process simulation model

Structure name Component Structure Size/ mm Number Helix angle

Linin o o Inside diameter 200 | -
& Outside diameter 224

Optical fiber Diameter 0.125

Compensation reinforcement Sensor cable bundle  Outer sheath  Outside diameter 2.5 2,4,6 35°,45°, 54°
layer 1 Aramid fiber Thickness 0.25
Aramid rope Aramid fiber Diameter 3 168, 166, 164 35°,45°, 54°
Optical fiber Diameter 0.125
Compensation reinforcement Sensor cable bundle  Outer sheath Outside diameter 2.5 0 —35°, —45°, -54°
layer 2 Aramid fiber ~ Thickness 0.25
Aramid rope Aramid fiber Diameter 3 170 -35°, —45°, -54°
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Fig.2 Simulation model of integrated processing technology for sensors and flexible pipes: (a) Overall structure; (b) Guide ring;

(c) End of lining layer
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Tab.2 Material parameters of the inner lining layer and compressive reinforcement layer of the prepreg

. Elastic modulus/ Poisson's N
Structure Material . Limiting performance
MPa ratio

Lining Modified ultra-high molecular weight polyethylene 536.2 0.41 Ultimate strength

20 MPa
si0,™” Ulti longati
Sensor ' 2. 362 (Axial) 03 t(l)mate elongation
High molecular weight polyethylene 2.8%
. . 133] . Ultimate strength
Aramid rope Aramid fiber 17 100 (Axial) 0.3 960 MPa
Sensor cable bundle — 9 867 (Axial) 03  Ultimate elongation

2.8%
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Fig.4 Boundary condition setting for winding process
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Tab.3 Process parameter setting™

Process parameters Value
Tension force/N 20, 30, 50
Winding angle 35°,45°, 54°
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Tab.4 Process parameter setting

e Process parameters Value
- Sy Y. 2% bk e L
[zl 6 *i"fﬁiﬂ gﬁ); lﬁfg@%ﬁdﬁmﬁ!’fﬁﬁ*ﬁﬁﬂﬁm% Number Of Sensors 2, 4, 6
Fig.6 Boundary setting of compensation enhancement layer
Winding angle 35°,45°, 54°

and sensor winding simulation model
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Fig.7 Integrated process simulation results with a winding angle of 35 ° and a tension of 30 N
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(c) Stress distribution of the inner lining layer
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Fig.8 Results when the number of optical fibers is 2
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Tab.5 Sensor rope elongation and inner lining stress results under different tension forces

Stress Tension force 20 N Tension force 30 N Tension force 50 N
Sensor cable bundle elongation rate 0.075 6% 0.093 7% 0.108%
Lining/MPa 0.779 0.876 1.21
Stress of aramid rope/MPa 11.0 13.69 18.2
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Tab.6 Sensor rope elongation and inner lining stress results at different winding angles

Stress Winding angle 35° Winding angle 45° Winding angle 54°
Sensor cable bundle elongation rate 0.034 1% 0.038 6% 0.093 7%
Lining/MPa 0.343 0.535 0.876
Stress of aramid rope/MPa 6.01 6.07 13.69
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Tab.7 Influence of different numbers of optical fibers on the compensation and enhancement layer structures

Stress 2 optical fibers 4 optical fibers 6 optical fibers
Sensor cable bundle elongation rate 2.003% 1.91% 1.975%
Stress of aramid rope/MPa 675.5 689.7 682.4
Lining/MPa 9.44 8.725 8.33
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Tab.8 Influence of different winding angles on the compensation and reinforcement layer structures

Stress Winding angle 35° Winding angle 45° Winding angle 54°
Sensor cable bundle elongation rate 1.83% 1.91% 1.42%
Stress of aramid rope/MPa 650.0 689.7 732.0
Lining/MPa 491 8.725 11.90
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(1) QL8 T LB 08 7K % 77(20~50 N)FYHE R 23 3 35 48 FHE A K R.(0.075 6%~0.108%), HE
R AL R AN W L (R JH L% AR B (35°~54°) M HE i 5 3 N4 )2 % 7 1 F4(0.343~0.876 MPa), XL JEgsn 4 fig
SN A R .
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