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Multi-objective optimization design of key structural layers of cryogenic hose
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Abstract: Cryogenic hose is the core equipment of offshore floating liquefied natural gas ( FLNG) installation system. In this paper,
according to the structural characteristics of multi-material and multi-layer, the structure of cryogenic hose is decoupled into lining layer
structure, armored layer structure and auxiliary layer structure. Based on neural network ( RBF), Kriging modeling and response
surface (RSM) methods, the surrogate models are established and the accuracy of different models is compared. It is found that the
error of RBF modeling method is the least. In the optimization design, based on genetic algorithm, multi-objective optimization design
of three different functional structure layers of cryogenic hose is carried out. In the optimization of lining layer, the minimum mass and
minimum bending stiffness are the optimization objectives. In the optimization of armor layer, the minimum mass and maximum tensile
stiffness are the optimization objectives. In the optimization of auxiliary layers, the optimization objectives are to minimize the mass,
bending stiffness and heat transfer rate. The key design parameters and rational design methods are provided for the structure of
cryogenic hose.
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Fig. 1 Typical FLNG system in series connection Fig. 2 Structure of cryogenic flexible hose
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Fig. 4 Multi-objective optimization design process of cryogenic flexible hose
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Fig. 5 Finite element model of cryogenic flexible hose
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Fig. 6 Section structure of lined U-shaped bellows
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Tab. 1  Precision comparison of agent models of lined U-shaped bellows ( compared with FEM results)
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RBF 0.019 3 0.993 0.001 6 0.999
Kriging 0.080 6 0.882 0.077 5 0.926
RSM 0.026 3 0.993 0.002 3 1.000
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Tab. 2 Typical designs of lined U-shaped bellows of cryogenic flexible hose

sl b W i) JERE 5 il Ipig .
Bt ) ik
H/mm P/mm T,/mm EI,/(N - m") m,/kg
A 12.9 12.0 0.80 94.7 6.69 DU dpe/INES il K EE A 56 H A
B 7.0 6.0 0.80 2 136.4 3.34 Phdse/ N & 4 5 B AR

c 10.0 6.2 0.80 748.6 4.73 el T e 5 W B i £ B bR




556 4] A A AR I SR 2 10 2 BAR LA BT 147

M2 HEEE T LU R A i MR B/ (947 N - m?) EHSURROR 3R 5 6.69 ks 1T AR
IR B BRI, N 3.34 kg (U A g i—=F) | (EHS R B2 T A 0] B2 AR 25 il I E (R A 50
HMIEERY 22 45F) 5 10 C S B MR 1 Jo e 5 25" i B8 8 e it 200K, b DA el i R PR3t 28 M 6 3 P e
BUEESHR I HEOR RIS, K _EIR T AT LU X T Pareto HTHT L AGOLAL T AL, 2475 il W1 B2 AR LI | a4
KGR BT AbRi 51l R ZIRK . XA T 2 AFREAL T Pareto HIHTHY TAEBIHT R,
22 HAEEENSBERAL

AT AR B A TR R R 2 AL, PrRise R4 A 8 Fros, Hb, o oidi
B2 i IR ET AR AR SE A B, T, N ir ARET AR, BUPLGE 2 S5 A 14 ) 27 M RE S vh HL iR 27
YEMRHEPLE S o FUIELE T, FTafiad , R LA b AN G540 S8V E D IR SR M B B Huhr s 4 2 2 BRI Ak iy

Bt AR,

B8 PR IR SR 4 H /R T

Fig. 8 Structure of spiral armored layer
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Tab. 3 Precision comparison of agent models of spiral armored layer ( compared with FEM results)
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RBF 0.037 3 0.974 0.014 9 0.994
Kriging 0.077 6 0.868 0.047 8 0.949

RSM 0.063 1 0.941 0.028 9 0.987
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Fig. 9 Pareto solution for multi—objective optimization

of spiral armored layer
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Tab. 4 Typical designs of spiral armored layer of cryogenic flexible hose
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Fig. 10 Structure of auxiliary layers
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Tab. 5 Precision comparison of agent models of auxiliary layers ( compared with FEM results)

BRI £, Tkt m, fEE % R

g ‘ ‘
AR % FH 5 % FHi5 ik
RBF 0.001 5 0.999 0.000 7 0.999 0.007 8 0.998
Kriging 0.057 3 0.943 0.052 9 0.962 0.052 9 0.954
RSM 0.011 7 0.998 0.001 6 0.999 0.062 9 0.945
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Tab. 6 Typical designs of auxiliary layers of cryogenic flexible hose

D)2 R AN [ fle it R

ke .
BETA T,/ mm T,/mm  EL/(N-+m®) my/kg R/(W-m™) fiid
A 3.71 1.97 10.40 9.82 0.83 DUdpe/INES il K EE A 26 H AR
B 2.50 2.40 21.80 8.15 0.62 PAFRe /NS iR A B H R
C 6.00 3.00 38.71 12.46 0.55 DU dpe/IME #6250 B H AR
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3 %% i

PAE 7 AR R AR R B R S8 (FLNG ) AR RV T W0 4, SEXT 2 bR 22 2 B 454
BEITHE R R AR BN [R] D) RE A A LN e 2 HURESE R S B R = A RSS2 T 2 ) 4 A T
(RBF) \Kriging F84 LL K i Ji7 TR ( RSM) = R 5 S5 57 1 1o =45 Ky JZ i i 70 A A AU AR 2, 3
M AR W B Y LU A, R B 22 M 28 LB (RBF) WY % 22 ¥ d /. TERAR BT b B T st L P iy
NSGA-TIF L7 KRR P T A= DURLE AR B R = A S A 200 0 2t A7 2 B Anfife it
) TR Pareto PUALIEEE . AIARIESEPR AR ] o BOHFE T 5K, 7 Pareto DL AL A HL 4R 2 454>
LR B . AR SCRIPTFE TAR NIRRT TE R A AR Bt T OB S B B i it 7 1

FAT S 2R UM RS E R 2 AL T2t AT T 0T, ARG 75 7800 7% 18 PR IR IR PR 58
Y JCAR TR BE 1V ) LA R SRS T 2 B S R A8 TE VR RE AR5 W), T 5 A ARt P 5T A1 il 5 P A8 T 45 45 M R A Y
PEREAS LT I 5 BRI 25 il H1L5% 2 T O S 8 VR T E AT R SR PR A8 I 4540 120 Ar S 4k

wit,
% 3k

(1] sk, EeiE, S50 . LNG-FSRU fEARHIE 230 T K h SR PERFSE [ T]. W7 A2, 2018, 36(6) : 38-45. (ZHANG
Fengwei, KUANG Xiaofeng, QI Xiangyang. Hydrodynamic study of soft yoke moored LNG-FSRU[J]. The Ocean Engineering,
2018, 36(6) :38-45. (in Chinese) )

(2] KA, WIAESE, BRKI, 2. FLNG Wit 56 5 Ik 1 52w N 3R X e e VE VA IS [ ], W TR, 2015, 33(6) : 26-34.
(ZHANG Dongwei, HU Zhigiang, CHEN Gang, et al. Research on influencing factors and safety evaluation for sloshing-
induced-pressure in FLNG liquid tanks[ J]. The Ocean Engineering, 2015, 33(6) ; 26-34. (in Chinese) )

[3] #s5e, XL, Xz, 5. FLNG MRRPGESARIUR 5P AR 0[], e TR & 580K, 2019, 6(6) : 810-818.
(YANG Liang, LIU Miao’ er, LIU Yun, et al. Analysis on current situation and application prospect of FLNG cryogenic hose
technology[ J]. Ocean Engineering Equipment and Technology, 2019, 6(6) ;: 810-818. (in Chinese) )

(4] #se, XA, Xz, 45 77K LNG A= 15 & HOR R WP [T ). YIRS TP TR, 2018, 34(3): 8-14. (YANG
Liang, LIU Miao’ er, LIU Yun, et al. Progress of the research on unloading system for LNG floating production storage and
offloading unit[ J]. Naval Architecture and Ocean Engineering, 2018, 34(3) : 8-14. (in Chinese) )

[5] skik, %R, miR, 5. MW LNG RRAPCE B0 SR pT 7 BUR ()], e TR 580K, 2020, 7(5) : 300-310.
(ZHANG Jin, AN Chen, GAO Qiang, et al. Research situation of structural design and experiment of offshore LNG cryogenic
hose[ J]. Ocean Engineering Equipment and Technology, 2020, 7(5) : 300-310. (in Chinese) )

[6] YANG Zhixun, YAN Jun, CHEN Jinlong, et al. Multi-objective shape optimization design for LNG cryogenic helical corrugated
steel pipe[ J]. Journal of Offshore Mechanics and Arctic Engineering, 2017, 139(5) : 051703.

[7] GIACOSA A, MAURIES B, LAGARRIGUE V, et al. Joining forces to unlock LNG tandem offloading using 20” LNG floating
hoses: An example of industrial collaboration[ C]//Proceedings of the Offshore Technology Conference. USA, 2016.

[8] LAGARRIGUE V, HERMARY J. Re-shaping LNG transfer [ C ]//Proceedings of the Offshore Technology Conference.
USA, 2018.

[9] SRIVASTAVA V, BUITRAGO J, SLOCUM S. Stress analysis of a cryogenic corrugated pipe[ C]//Proceedings of the 30th



i) YOS | AR T MR A R 10 2 RO 151

[10]

[11]

[12]

[13]

[14]

[15]

[16]

(17]

(18]

[19]

[20]

[21]

(22]

[23]

[24]

[25]

International Conference on Ocean, Offshore and Arctic Engineering. 2011; 411-421.

BUITRAGO J, SLOCUM S, HUDAK S, et al. Cryogenic structural performance of a corrugated pipe[ C]//Proceedings of the
29th International Conference on Ocean, Offshore and Arctic Engineering. 2010, 331-342.

EN. Installation and equipment for liquefied natural gas-design and testing of marine transfer systems-Part 2; Design and testing
of transfer hoses: EN1474-2[ S]. 2008.

WITZ J, TAN Z. On the flexural structural behavior of flexible pipes, umbilicals and marine cables[ J]. Marine Structures,
1992, 5(2) . 229-249.

SAEVIK S, YE N. Aspects of design and analysis of offshore pipelines and flexibles [ M ]. Chengdu; Southwest Jiaotong
University Press, 2016.

TANG Minggang, YANG Chan, YAN Jun. Validity and limitation of analytical models for the bending stress a helical wire in
unbonded flexible pipes[ J]. Applied Ocean Research, 2015, 50(3) : 58-68.

BEAR. LRSI TR [ M]. Ki%E. KM T K% 4k, 2020. (CHENG Gengdong. Introduction to optimum
design of engineering structures| M ]. Dalian; Dalian University of Technology Press, 2020. (in Chinese) )

T, Isight ZEULALINIR 5 S0 B PEfE [ M. b, U fias il R R4 i iiidt, 2012, (LAI Yuyang. Isight parameter
optimization theory and case study[ M ]. Beijing; Beihang University Press, 2012. (in Chinese) )

Tot, BAES. I8 H MM B B LNG A4S 2 BRI [ ], W TR, 2016, 34(2): 88-94. (WANG
Yuan, WANG Deyu. Structural multi-objective optimization of SPB LNG tanks under sloshing pressure [ J ]. The Ocean
Engineering, 2016, 34(2); 88-94. (in Chinese) )

TRTLLL, TRAEAS, RARZ. DR RES B 2 REFR ML T[], 715 5574, 2021, 38(4) : 512-522. (ZHANG
Weihong, XU Shijie, ZHU Jihong. Multi-scale topology optimization method for cyclic symmetric structures [ J ]. Journal of
Computational Mechanics, 2021, 38(4) : 512-522. (in Chinese) )

YANG Zhixun, YAN Jun, SAEVIK S. Integrated optimisation design of a dynamic umbilical based on an approximate model[ J].
Marine Structures, 2021, 7(78) : 102995.

HF, S, RSRT. WeSUE THETER 2 HAREAE[T]. ka5 ahily, 2015, 34(15) : 12-16. (ZHANG Ping, MA Jian, NA
Jingxin. Multi-objective optimization for crashworthiness of corrugated tubes [ J]. Journal of Vibration and Shock, 2015, 34
(15); 12-16. (in Chinese) )

XEER), 2848, EREE. ETHIMUL S 2 B AL R SRR AR IR AL BERS BT [ )] W TR, 2020, 38(2) : 39-48.
(LIU Jiaqi, CAI Zhonghua, WANG Deyu. Design of container similarity distortion model based on topology optimization and
multi-objective optimization[ J]. The Ocean Engineering, 2020, 38(2) : 39-48. (in Chinese) )

KO B, PARK G, LEE W. Mechanical behavior of U-shaped bellows and shape optimal design using multiple objective
optimization method[ J]. KSME Journal, 1995, 9(1) ; 91-101.

BERE. WBUE I FIM]. dbat. Jba Tk K2z H iRt , 1988, (FAN Dajun. Bellows design science[ M]. Beijing: Beijing
University of Technology Press, 1988. (in Chinese) )

ER, FER, R, SRS BRI AR NN TRR N AP (1], W LIRS SR, 2019, 6
(S1) . 80-85. (WANG Dong, LU Qingzhen, WU Shanghua, et al. Study on residual stress for tensile armor wires of marine
flexible pipeline during winding forming process[ J]. Ocean Engineering Equipment and Technology, 2019, 6(S1) ; 80-85. (in
Chinese) )

S, FIRE, W, S AR E S M R BCREAT e Mr RS [ ). P EEE A, 2019, 60(4) : 12-19. (WU
Shanghua, WANG Xujie, YANG Zhixun, et al. Study on bending failure behavior of marine rubber hoses[ J]. Shipbuilding of
China, 2019, 60(4) : 12-19. (in Chinese) )





