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Abstract: Based on the health monitoring requirements for unbonded flexible pipes in deep-sea mining opera-

tions, the integration process schemes for optical fiber sensors with flexible pipes were investigated. Three inte-
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gration processes (the aramid fiber rope and sensor winding, the pre-impregnated tape with embedded sensors,
and the lining grooving for sensor placement) were designed, and the effects of different process parameters on
mechanical performances of sensors and flexible pipe structures werw analyzed through finite element simula-
tions. Simulation results indicate that, in the aramid fiber rope winding process, variations of the tension force
and the winding angle minimally affect sensor elongation rates and inner liner layer stresses, both below materi-
al limits. For the pre-impregnated tape embedding scheme, changes of the tension force and the winding angle
do not significantly compromise the sensor performances. For the lining grooving solution, under an internal
burst pressure load of 60 MPa, the sensor elongation rate exceeds its limit, posing a risk of failure. A compre-
hensive evaluation demonstrates that, the aramid fiber rope winding process offers low stress, high reliability,
and process simplicity, making it the optimal choice. This research provides a theoretical foundation and a
process optimization strategy for sensor integration of deep-sea flexible pipes.

Key words: deep-sea mining; unbonded flexible pipe; sensor; integration process; finite element simulation
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Table 1 Integrated processing and forming methods for the sensor and flexible tube composite

integrated processing solution sensor placement location processing and molding method processing diagram

. oo . the compensation reinforcement
method I : integrated winding the sensor is located ) ) o
layer is fabricated by winding

process of aramid ropes in the compensation )
. aramid ropes and sensor
and sensor ropes reinforcement layer
ropes together
the aramid fibers and sensors are
method Il ; pre-impregnated the sensor is located impregnated with glue to form
tape winding process in the compensation a pre-impregnated tape and wrapped -
with built-in sensor enhancement layer around the lining to form the
compensation reinforcement layer
method Il ; lining slotted the sensor is located inside groove the outer surface of the
with built-in sensor the groove of lining lining and place sensors
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Fig. 1 The simulation model of integrated processing technology for sensors and flexible pipes
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Table 2 Structural dimensions of the sensor and flexible tube integrated processing process simulation model

structure name component material size value/mm number helix angle/(°)
inside diameter 200
lining - - 1 -
outside diameter 224
optical fiber diameter 2.5
compensation sensor cable ] }
outer sheath outside diameter 0.125 2,4,6 35,45,54
reinforcement bundle
aramid fiber thickness 0.25
layer 1
aramid rope aramid fiber diameter 3 168,166,164 35,45,54
optical fiber diameter 2.5
compensation sensor cable ) )
outer sheath outside diameter 0.125 0 -35,-45,-54
reinforcement bundle
aramid fiber thickness 0.25
layer 2
aramid rope aramid fiber diameter 3 170 -35,-45,-54

K3 WHZE MR SRR R S8

Table 3 Material parameters of the inner lining layer and compressive reinforcement layer of the prepreg

structure material elastic modulus/MPa Poisson’ s ratio limiting performance
modified ultra-high molecular ultimate strength
lining 536.2 0.41
weight polyethylene 20 MPa

. ultimate strength
aramid rope aramid fiber ?”) 17 100( axial) 0.3

960 MPa
STONE
high molecul. ultimate elongation
sensor bundle rope el molecutar 9 867 (axial ) 0.3 .
weight polyethylene 2.8%

aramid fiber

x4 TEB¥oxsE

Table 4 The process parameter setting

process parameter value
tension force/N 20,30,50
winding angle/ (°) 35,45,54
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Table 5 Dimensions of each structure in the pre impregnated tape winding model

structure

inside outside
material thickness/mm helix angle/(°)
diameter/mm diameter/mm
ultra high molecular
lining 200 224 12 -
weight polyethylene
continuous long fiber
pressure armor layer 224 230 3 80
composite material
compensation enhancement continuous long fiber
230 242 6 35,45,54
layer 1 reinforced composite material
compensation enhancement continuous long fiber
242 254 6 —-35,-45,-54
layer 2 reinforced composite material
RP-23 RP-22
RP-24 RP-21
RP-25
RP-20
RP-26
RP-19
RP-27
RP-18
RP-2
RP-17
RP-16
sensor
RP-15
RP-14

pre-impregnated tape
pressure armor layer

lining

B2 WiiRiiiserin
Fig. 2 The pre-impregnated tape winding model
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Table 6 Material parameters of the pre-impregnated lining and compressive reinforcement layer

structure material elastic modulus/MPa Poisson’ s ratio performance limit
modified ultra-high molecular
lining 536.2 0.41 ultimate strength 20 MPa
weight polyethylene
continuous long fiber
pressure armor layer 33 700 0.3 -
composite material
silicon dioxide
sensor 362 0.3 maximum elongation rate 2.8%
outer cladding
9476.5 (E,;),679(G,,) 0.34 (vy,)
pre-impregnated tape aramid fiber resin 2156.5 (Ep) ,711(Gy) 0.34 (v3) -
2 167.9 (E53),718(G5,) 0.5 (vy3)

K Ansys Workbench H1(#%) Material Designer BHUTHR TR A R G A BHIY S5 50 S 80 L IR G A BHIY 25
PRSI B RIS L 41 4 7 LRy 80% , 5 4B 4T 4 BAR R 5 o TEREHI TS 5 1R AT e A U, i HLACH

— -5 T8 T 3 T A AR i A BE R DN B 0.5 72 85 [ 5 i ) OIS AT Tt I 1™ 4 v g, T 1) 45 TRl A v
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Table 7 Winding process parameter settings

process parameter process interval
winding tension/N [50, 300]
winding speed/ (r/min) [0.25, 2]
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Fig. 3 The overall structural model of the flexible pipe and the model of the lining slotting
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Table 8 Geometric dimensional parameters of the overall structure

inside outside
structure material thickness/mm  winding angle/(°)
diameter/mm diameter/mm

modified ultra-high molecular
lining 200 224 12 -

weight polyethylene
pressure armor layer aramid fiber 224 230 3 80

compensation

aramid fiber 230 242 6 54
enhancement layer 1
compensation
aramid fiber 242 254 6 -54

enhancement layer 2

fiberglass reinforced

skeleton layer ) 254 274 10 80
composite
tensile reinforcement layer 1 aramid fiber 274 286 6 30
tensile reinforcement layer 2 aramid fiber 286 298 6 -30
outer covering layer polyurethane 298 306 4 -

RO ZMMESH

Table 9  Structural material parameters

longitudinal tensile lateral tensile in-plane shear main Poisson’ s

structure material
modulus/GPa modulus/GPa modulus/GPa ratio
outer covering layer thermoplastic polyurethane 0.041 4 0.49

tensile reinforcement  aramid fiber K29+unsaturated

9.94 2.55 2.37 0.34

layer polyester
skeleton layer fiberglass 1 33.70 7.35 2.50 0.3
hot melt adhesive hot melt adhesive 3.2 0.3

(a) PoffzRfir (b) MIE#AF
(a) The tensile load (b) The internal pressure load

B4 R ABE

Fig. 4 Boundary condition settings
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max stress (in-plane principal) / Pa
(avg: 75%)
1.82E7
1.69E7
1.57E7
1.45E7
1.32E7
1.20E7
1.07E7
9.51E6
8.28E6
7.04E6
5.81E6
4.57E6
3.33E6

(a) FMEEHESRJZN ) 43 A1

(a) The compensation enhancement layer stress distribution

max elongation (in-plane principal) stress(Mises) /Pa
(avg: 75%) (avg: 75%)
1.08E-4 1.21E6
1.02E-3 1.11E6
9.57E-4 1.01E6
8.95E-4 9.09E5
8.33E-4 8.10E5
7.71E-4 7.10E5
7.09E-4 6.10E5
6.47E-4 5.10ES
5.85E-4 4.10E5
5.24E-4 3.10E5
4.62E-4 2.10E5
4.00E-4 1.11ES
3.38E-4 1.07E4
(b) fBEAR SRR RS 10 (¢) WHER 153710
(b) The sensor elongation distribution (¢) The inner lining layer stress distribution

B 5 ZJigifh S4° Mk E ) 50 N m4HLe T 2005 Has R
Fig. 5 Integrated process simulation results with a winding angle of 54° and a tension of 50 N
WG T2 B RN 5 s 5 (a) WY, AMERGTR 2 B0 1 0 AT AEAE — o 25 5, Hoh 7 R 4 i i K
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LR KI5 (c) 4 T NRTZ 0 Mises N ) 4345, Hbs RAE N 1.21 MPa, H BUAESRSERIIY | Bl S 3BT T
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Table 10 Sensor rope elongation and inner lining stress results under different tension forces

stress/ elongation tension force 20 N tension force 30 N tension force 50 N
sensor rope elongation/% 0.075 6 0.093 7 0.108 0
stress of lining/MPa 0.779 0.876 1.210
stress of aramid rope/MPa 11.0 13.7 18.2

Bt , FEK I E D 30 N B, lf— 20 AN 8 M 18 (357, 45° F1 54°) f A& SR A S5 A N 4SS 1
TIor AR FAOGA R LA 11,
T RFIBLEAIE TGRSR K AR B 45

Table 11  Sensor rope elongation and inner lining stress results at different winding angles

stress/elongation winding angle 35° winding angle 45° winding angle 54°
sensor rope elongation/% 0.034 1 0.038 6 0.093 7
stress of lining/MPa 0.343 0.535 0.876
stress of aramid rope/MPa 6.01 6.07 13.69

11 S5 5LR M BEAE JHSE AR B RN, (B IRERIC LR PR AT BT R R EL RIS 7R 540 B, R KA KA
4 0.093 7% , AR T HARBRANK R 2.8% , & 24y B 50 /2[RI, N4 )2 i d R Mises 1 7 7S Bl 71 B 384 K 7
151, 7E 54° 07353 0.876 MPa, {H 5 H AR BEAH AT A BOR 22 85 I, AT DA TE 35° 2 54° 1 4 48 ff B
FBL A, A B AR A A% SR 25 TP 4o J2 AR 52 M 9 55/

TR T S 9GEA EE 0 AT A SRR U W2 T 2 S BT AS SO 530 Bl N X A% S P BB 1 AN ) 1l 0 5 5 i
32 AR EEENERRTELRIZHELERSN
321 ELBIEGAZERNMN

DAJESEFAFE 54° KB 7 200 N 19 T2 5544 R ], 50 B A IR s S B T 20 5 R 0 0 BT AR 285 R L 45
SRR S8 THT N a2 R 0L 18 6 s T 958 T A0 BL5E iU a5 3%, b B 6 (a) M (b) 43911
A S0 7 53 A TG SR AR R 5 R 8] 6 (a) /R T S AR TP Y A2 5K Mises [ 7724 0.264 MPa,
TERBERI GO B ™ A T —E I 1 AE 6 (b) FTLLE Y AR Bs EA i KAHK 58 0.009 18, i fIX T1& B
(WL 58 2.8%. PR L, A4S S S 0) 1 22 OC T PN AT J2 B L T 28 Ak AR e 2 I 2 g T3 388/ N e i T
J IR BE (20 MPa) LG 2KE , S 5E I BT N Aef 2 FIAL IR Y 2 A A /).
322 RENFEGEHFEAITEZ L LA "

e A N B TR AT P58 T 20 A DG T 2 S B0 45 5K B ) RN 8 £ B2 DR b, AS B 5 3 sk 43 A i
Fh T 2280, R HOWHMB IR SR G SR B A2 R | B 7R DA X S S HUR 5 S XL R AR A i 8 ) A 7 1 W 2
S T R R R I AR B SRR T AR B AR 2 mm 5K )R 200 N SR, 258 AR B 430l
h 35°,45° 1 54° B XL IR AR 3 S A 2 1 T3 43 AT (RS2 3% 12 s G858 0 78 rh fE R [R) 8 5 ff) BE T X%
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JEAAR AR AR/, H i A AR e R 585 e v ™ HE A DT S4° I ek, I8 51 0.918% , /N TR 2T B R
R 2.239% , 2858 £ JBE A0 0 R A% TR B i IR R I R B 3 PR SR B O )™ A= R AN XL £F
F 12 PR RE 7 A S 2SR s AT IZ AN [R) S8 £ B2 T B H 45 R R S 58 i3 R X NS T2 B2 AR N S0 TR
B4R R B AE S HE— 2PN T N ).

stress(Mises) / MPa max elongation ( principal)
(avg: 75%) (avg: 75%)

2.64E-1 9.18E-3
2.43E-1 8.42E-3
2.21E-1 7.65E-3
1.99E-1 6.89E-3
1.77E-1 6.12E-3
1.55E-1 5.36E-3
1.33E-1 4.59E-3
1.12E-1 3.83E-3
8.90E-2 3.06E-3
6.78E-2 2.30E-3
4.59E-2 1.53E-3
241E-2 7.65E-4
2.22E-3 1.31E-7
(a) PIARTER 15340 (b) fEIRAR R
(a) The inner lining stress distribution (b) The sensor elongation distribution

Bl 6 fREEAREAE 2 mm HHLEM 549K 5 TT 200 N I 4E5E T2 (7 HL25 R
Fig. 6 Simulation results of the winding process with a sensor diameter of 2 mm, a winding angle of 54 ° and a tension of 200 N
R A2 WO FAT RN RIESE M B LLT BN R D T 455

Table 12 Stress results of optical fibers and inner lining layers with different winding angles calculated by winding simulation

stress/ elongation winding angle 35° winding angle 45° winding angle 54°
sensor elongation rate/% 0.891 0.906 0.918
stress of lining/MPa 0.142 0.379 0.264

Rl FRATTARSE IS T 7EAL B ELAR 2 mm QSR A B R 54° 925440 T, 5Kk 58 143512 200 N, 250 N AT 300
N B XA B A 3 B N AT 2 I 0 5 . 26 13 S 28 R v 2 R TRl ok B0 R, X A% B R 1 52 i)
AR/, He P A R A G 28 B v P2 AR A R AE 300 N Ik, 3k 31 1.29%. 5K 5 0 A 36 A A5 B ) i 3
KA LT RE R IR AR I F1 A REAN & W5 R s A IR FEAS IR 9K S50 T (R g g 25 SR W s 48 4%
T FEXT P4 2 A RE M AR/ DN,

CEATTREE T WL FE T i B LR T2 S B0 N, 158 B X R A B s M 5k A B, AS 2 %A% Jk
e R [RIRE | 4 Sek B ) 1 AL AR B s N,

F A3 SHLEOT ORI S LR B IR 55

Table 13 Stress results of fiber optic and lining under different tensions calculated by winding simulation

stress/ elongation tension force 200 N tension force 250 N tension force 300 N
sensor elongation rate/% 0.918 0.966 1.200
stress of lining/MPa 0.264 0.277 0.283

33 ARIN:NHAEAEENERBHEERST
3.3.1  AATETTAE BN RS AP BT A& R oM

PSP AT T N AT Z S5 H AL IRER 1Y Mises N 1 WL 7 B AE PR RAT 2508 T, FFAE AR N ) 4
KHBAE B TR BRAR S0 A, Fe K Mises W J1 4 15.64 MPa,/NT A 2S00 E 20 MPa HJEFRIN S50,
T PRURAL AR S AAIGEIERSZ T — B 1. 7 (b) 45 3 s T RE R AL BRE P K RN 2.07% , i &
IR BIE AR B0 SRR R,
3.32 AATETFEENERE N ERAG AR5

7 20 MPa 1 60 MPa [N 2k faf 4514 T A2 E5F FIDGLF B9 Mises N 3N 8 FEl 9 frm. &l 8 45 3R iR
A2 B K Mises W J13K %) 10.44 MPa, W A7 55 KA B 5 B4 T 7E AP J2 IS, AR M8 P9 42 ) 2R 380 JE 20
MPa, HAGRER M RIAE] 1.39%. 81 9 255 B R AT Z 5K Mises [ 11355 32.85MPa, 378 8 PN 41 )2 19 2 8505
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J 20 MPa SEET R ARIA T 4.45% , 52 4 TR AR BRAPH SR, R L7 9 TR 330 2 60 MPa IR IX A S8 T RE 2
H LA S R R R A, RS S BRI A 2 T B AL I T 1k

stress(Mises) / MPa max elongation ( principal)
(avg: 75%) (avg: 75%)
15.64 2.07E-2
14.53 1.94E-2
13.42 1.82E-2
12.31 1.69E-2
11.20 %Zgl}g—%
10.09 . —
1 i
7.87 . =
&8 5 1eF3
454 7.87E-3
343 6.58E-3
232 530E-3
(a) PRI Mises 5115 11 (b) BT T AR
(a) The Mises stress distribution of the lining (b) The elongation distribution of the sensor

under tensile load
7 RLAhE T B R

Fig. 7 The simulation results under tensile load

stress(Mises) / MPa max elongation ( principal)
(avg: 75%) (avg: 75%)
4 s
9.62 121E-2
9.21 1.12E-2
8.80 1.03E-2
8.39 9.45E-3
7.98 8.55E-3
7.57 7.65E-3
e s
034 4.96E-3
5.93 4.07E-3
5.53 3.17E-3
(a) WNHZ (b) s
(a) The inner lining layer (b) The sensor

E 8 HJE 20 MPa T4 Mises I J1 430 A

Fig. 8 The Mises stress distribution under an internal pressure of 20 MPa

stress(Mises) / MPa max elongation ( principal)
(avg: 75%) (avg: 75%)
32.85 4.45E-2
2803 18383
73.63 3.55E-2
23.23 3.25E-2
20.82 2.94E-2
18.41 2.64E-2
1360 2 B4E
11.20 1.74E-2
8.79 1.44E-2
6.38 1.14E-2
3.98 8.34E-3
(a) PIHIZ (b) fER
(a) The inner lining layer (b) The sensor

9 N 60 MPa T[4 Mises . 1437

Fig. 9 The Mises stress distribution under an internal pressure of 60 MPa

4 =MEERUIN T RNEEE % &

LT HTIAA FRICHT BT RAE R LR T2 ME S RERE B8 23 B, AR 7 0 = Pl IG 21 A% JB i 1 )07 58 19 348 FH
PEATERE VR, 03 14 P,

D7 %8 AN Tad 7 v X A2 SRS 2 M A5, AR A 0 LA R A T 22 M (3R 1 20~50 N, JEZE £
359~ 54°) & MRIEAHH R A/NT 0.108% A ARLL S /T 1.21 MPa, IR T A4 R i T 50R H BOR A4 T
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SEMAAT BRI T A2 4 ] SRR %07 ST BV I 5 AL Jadie AR TOU2 415 1 4, B A5 TR P AT HES T 05 42 21 4
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77 5 WAET TS FE A By LI B RN (E SR KU T S iR e, e 3y T (JEI 60 MPa)
PR AR (4.45% ) S AR FRAKZRBE 11 (2.8% ) , SBARSNZ SR A S04 BAE R TR s b i 2, T
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Table 14  Analysis of the comprehensive impact of integrated processing processes of 3 solutions on sensors

methods advantage and disadvantage of the plan overall consideration

low stress and high safety; mature manufacturing

method 1 : sensor equipment and simple process flow; the sensor is
and aramid ropes well protected; but the consistency between the
winding processing aramid rope and the sensor winding needs to be
controlled to some extent considering the difficulty
strong structural integrity and excellent corrosion of structural design
method 1II ; the sensor i
resistance ; high precision requirements for winding; and processing
is embedded in a pre-impregnated i
however, the preparation of prepreg is complex technology,
tape and wrapped for processing i
and costly; high requirements for process control method [ is
the sensor is close to the inner wall, with high suggested
method Il : groove the lining monitoring sensitivity; however, stress concentration
and embed the sensor is significant under ultimate load; difficult to control
inside the groove processing accuracy; leakage and structural safety

hazards exist

5 4 1w

KBRS A BRTERES T 20T, RGP T RO LT A B T 2 76 VA T R 25 T P 5 o (03
Sl E

1) SRS T 2 (Jrge 1) Ao Tk Aol f s B R0 1 s ST (R 3 K %<0, 1089% , P et
JZI J<1.21 MPa) , FLT. 2B RE BN, RENS S M T80 F (0 92 PERE 9K 2 TR RO D 7 .

2) T T 4 (R 1) B AT AR LR (L £ 6T MO Bl 6 2 T LA s, 7 i
A R o
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