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Table 2 Main parameters of lifting pump and buffer
Weight /kg
Component Outer diameter/m Height/m
In air Underwater
Lifting pump 0.75 6.4 7500 6509
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Table 3 Ocean current velocity profile

Elevation/m Velocity/(m's ")
0 0.77
-2 0.75
-167 0.54
—331 0.53
—496 0.31
—1000 0.29




2531 4555 10

FoRM, & NPERER G ARG RE T B R 1 2 b 2841

R S TN B A A R, A SRR ) it 5
4m, FEE 5 H iz 8 KR HIA R DY 3.89m.

3 #ER57HE

3.1 BRSO

PRI B B e 2 0K R R R G A i
DR Ik 7 o 56 A I 2 e R T R ] st
PRI RS S HEAT 204, BAVEAl IR ZK R ik &
GUURAENL I . ERERITR 1. SRS, B
% A0 FN b Kb AR R A2 PR BSOSO 22 4 g Ok
R, FRNBEEZR T SRR R LA A B
B 7= RSB e [ S T 2 P = 7 |
BT, YR S 6, BL60 m A FUA B (N %
$5e R E AL ST I PRI FEE) A 220 m AT TB0ER BE (P4 18
B¢ R 7 1) VA R S FR) Y 6 ) T A U 1 M A R PR R AT
IHTe BT AR anE 7 8 Bk

(a)
4
Z
s
T 3
8
g
g7
e Deployment depth: 60 m
1l ——=— Deployment depth: 220 m
0 500 1000 1500 2000
Time/s
0
(© o Deployment depth: 60 m
= ——-— Deployment depth: 220 m
1 beeeegeg%%o ceoaeepepeeoen
C " %ﬂ%% ﬁw
E ) i
£ 3t ¥ e
3 A" B4
o 2 :
: -4t @ %q%j ;9
&, g ¢
& Y $
D -5t s g
L #
Q L
_6 [ O‘ogag
_7 1 1 L
500 1000 1500 2000
Time/s

7 PRV ) 5 A R 1A T e o e

M7 ATCUE IR 5 1) 5 I ] 1)
THOLN, FER T 2, TR B i R A A AN K,
ZWIKEZM /N, Von Mises M. 77 b il#s /A1 A it
SbAmAS 5Z R K, L A] AR Ak S5 P 3 R
ARG —2, 7E 1000 s BT IA S R AH. [HI,
TN 60 m AR EE RN 220 m A R FE X LT
PARIL, SRS, WK JI7E 60 m AR &
THLHME/NT 220 m AJBORBERIE, 1H Von Mises
RiJ] bR A A AR TE 60 m A SR EE T
T PR AR 246 B 25 KT 220 m A R FE T 0 (e
YA B FRESVFTEL 2.2 )RR s )
LRI, bl & E R TERTK 7181 Von Mises B 7]
SN T VR AT, Tk 30 4 AR R T A (A% ) i
CE BB VAT E .. DR 5 A A0 ik
e RBREIEL 22 EZEE R, BAENK EERTT
] 5 AL A ) 15 00 T 5 60 m AT UAR E HE 220 m A i
R P TR DR, S 5 1

350
(b)
s000 0 o Deployment depth: 60 m
s ——=— Deployment depth: 220 m
% 250 7%
8 PN
G 200 dﬁ a@:
3] s a7 B
Z LN
= 150 & -
§ gﬁaﬁéﬂ’? k
100 £ rmoaeee o Pagy eecsEsem
maeooeed"g %o"e@eeeogo
50 ' . '
0 500 1000 1500 2000
Time/s
6
@ _
o Deployment depth: 60 m
S5t ——-— Deployment depth: 220 m
4 5°%%
o Tu
2 o
¢ 8
2 8
e ,ZDBEBESE\ B

.,"‘ 3
i %ﬁw

OBEBEEEEJ
©00000000]

Offset at moon pool position/m
w

0 500 1000 1500 2000
Time/s

Fig. 7 Transient response of pipeline at direction angle between upper layer of internal wave and ocean current of 0°:

(a) Top tension; (b) Von Mises stress; (c) Upper rotation; (d) Offset at moon pool position



2842 T EA O8RS 2021 4£ 10 H
5 250
(a) ® .
o Deployment depth: 60 m
—-o-— Deployment depth: 220 m
. 4t s 200+
S 2 f“oe%'q,
=S 37 3 150} g °-b.
2 % $ ?
=] ] é b
Q ] ' 5
& o < Deployment depth: 60 m s 100, /-'P fnﬁu% Q'b. eEEEne)
= ——a—Deployment depth: 220 m = : °
] 000900
1t > S‘R'}b'o o
0 500 1000 1500 2000 0 500 1000 1500 2000
Time/s Time/s
8 2
(c) (d)
~~~~~~~ o Deployment depth: 60 m g 14
6l ——=-— Deployment depth: 220 m E $P99000000500 ﬁfﬁwoow
.S 0t %00y 50°°
> a ﬂq% Sﬂ dz.zdzinoo
= 6o & S Eﬂsﬂbﬂmeﬂ* i
g ki °o°"wqu 'é G‘q gn’g
g 5"? QQA 2- 2f bﬁo oﬁd
= 2 -4 ] =) O6p00
& 5 % g =3t
% gdg Jﬁﬂﬂ GQQ I o Deployment depth: 60 m
0 o° %o% o] ——s— Deployment depth: 220 m
weeo Cogg, % -5t
_2 L ! ! —6 L 1 1
500 1000 1500 2000 500 1000 1500 2000
Time/s Time/s

B8 W LRI T A SR I 0 v o e

Fig. 8 Transient response of pipeline at direction angle of 180°: (a) Top tension; (b) Von Mises stress; (¢) Upper rotation;

(d) Offset at moon pool position

M 8 FTLAE i, NI R 7 19 5 & )
THOLN, ESTFE T, Tk 7[R RE R A 42 fk
A K. Von Mises W J1. 305 A H it AbfF2 [F)
FEZ B R, (R R B a0 H b A (w2
B 8] A2 40 5 A % RE = K24 AH— 3, Von Mises
IS ) R A 7 U A B I 52 T PN 9 I R A [ AR
b, TAE PRI S 3055 P i A e 1A AY . JE T
X 60 m AT R LA 220 m A R FE R E T Bk
B, SRS, B A A M A A SR 2 B
HVEN 224 EE R 3R, [FFE 60 m A7 JBUR L L 220
m A R P P AU S B . S B 7 R 8 FE L
ERTCARBL, U Z 7 ) S R R T X
B 2 i 1 P BT R SRR A T

32 EHZAEES
Hp ] G USRS R HR AT A AN 3 A i 9

Fiome MO dimf DU Y, B4 S5 80N e KA
RAET BT, ATBOREE 60 m 7EEHE i
(10 58 288 ) 2 3 R T A IR FE 220 me i X L
Kl 9(a) 5 (b)i& FT LUK IL, XFF vk B R TT R 5
b [ B RV B Vg VA K <2 N R - = i
IF] 5 ¥ S ) L0

Al oS AR T RS W E 10 Fis.
M 10 HATEAE H, X T 60 m i BUREE, B HEM
TS B AR EE, SR A% R A AR A ()
GALE): AT 220 m A BUREE, ERRIEES R,
“C” AL, NIRRT RS R R R TR
WFe KA 92 m KIRALE, Wik EZRI7 SR
SRRV S ON % e sk ex = s A (G R EIREN A A S

Bl 11 Bz o IR BT () [ B DA T3] 58 Vi
W(OC) 5 MR LA 558N J1 % Lt it . MK 11
Rl LR, BN RS, AR TR



331 4258 10 ) FoRM, & NPERER G ARG RE T B R 1 2 b 2843

50 50

(a) () e nnaneees
AT T TR s e ﬂ:--__—,.‘..‘.‘.'- .......................
U =$Tﬂmww o
RO .'.:: ~,
SN e N
g -s0r TN £ -50f ’ B
= J = /
a, / a
2 -100} 7 2 -100} e
2 ] 2 /
— L . - . 7
2 -150 (/ ---------- Deployment depth: 60m = ~150 e Deployment depth: 60 m
- Yy T Deployment depth: 220 m 5001 T e Deployment depth: 220 m
_250 1 1 1 1 1 _250 1 1 1
0 50 100 150 200 250 300 0 50 100 150 200
Von Mises stress/MPa Von Mises stress/MPa

9 Von Mises ZERU N 11434
Fig. 9 Distribution of Von Mises stress: (a) At direction angle of 0°; (b) At direction angle of 180°

50 50

(a) (b)
ual'; ....... -;l
L o, L e 4
o S N I
S e e ;
g -50r N g 50 t
= ) = L
a i o
2 -100f ! 3 -100f .
8 /s 5 S~
< 4 = SN
= -150¢ e = 150+ B
—200L /’ -------- Deployment depth: 60m | | ) \s\
0 e Deployment depth: 220 m -200} Deployment depth: 60 m ~
----- Deployment depth: 220 m
~230 5 10 15 20 25 26 -5 0 5 10
Displacement/m Displacement/m
10 EHIREEN
Fig. 10 Change of string shapes: (a) At direction angle of 0°; (b) At direction angle of 180°
50 50
.......... OC 15 m/s Ty Tl L L IT T L L L LLCLL LT CLE ]
0 ==e=:= OC: 1.0m/s 0
-, — 0C: 0.5m/s
£ 50 M, T OC: 0m/s g s0F % e 0C: 1.5m/s
;a Y eg ===-=0C: 1.0 m/s
2 -100 ; B -100 ——0C: 0.5m/s
5 ; 5 | P emem- OC: O0m/s
s H 5]
= -150 ;7 = -150
s s
Y k]
-200 g -200
_25 L 1 1 L L 1 1 _250 Il 1 1 1 1 1
95 0 5 10 15 20 25 30 35 0 50 100 150 200 250 300 350
Displacement/m Von Mises stress/MPa

B 11 B AR 5 BRI AL T 25 5 A8 RN TR B
Fig. 11 Comparison of pipe string shapes and Von Mises stress superimposed with different currents strength: (a) String

shapes; (b) Distribution of Von Mises stress



2844 s B 0 24

20214F10 A

SRR SRR AR AR P IR B
UERER bl EE Ve 2N PR VA E S (Vs B}
FoAt i B A R A5 RN RN o

33 WHERERES R

EESF AN BOS AR, VHEAS A A O FE R A
B EE RGN, 5 IEEATT
5 BT A AT SO M 2 H ) A 6 i B A A 6 A
-

B 12 i N i K Von Mises 25 2% 3 71 BB A
R FE IR L. A 12 HATAE Y, Uit
Firh, fi%5 5K Von Mises 282508 /7 BRAE AR TN
K 80 m VR, AR KIREE & 808 /)
PRV, B LR A SR A
BLCE AR N T 1) e K S 38 3 K F 9 i
R RS R A TR R AR N T 2).

700
£
S 600
é 500 —=<—Case 1
2 ——a&— Case 2
2 400 — Allowable stress
z 300
=
S
E 200
£
% 100
=

0 200 400 600 800 1000
Deployment depth/m

12 TE%E f K Von Mises [ BEAR BUER FE 12510

Fig. 12 Change of maximum Von Mises stress of rigid
pipe under different deployment depths (Case 1: At
direction angle of 0°; Case 2: At direction angle of 180°)

B 13 From o N R B b e A A0 A T AL Al
M BEATTIN KR AL DL . A 13 T A
tH ARG AR B R A AN A i A £ X {E S
W AT TBGAR FE RIS N BRI G K, B S SR, AR
AK 80 m PRI I A AR, e XA AR K
27 0~300 m IRPEVEH . NI RIS 15 R R ]
THLE A AREE N T D) B AR f A i A (R £2
IO EERUEIEE N o - S s W A KSR 53 ) g L T
(B FFREN T 2). ATBGERE S, W BRI

L5 A ) 17 T 0 1) PSR i A0 H S Ak i % 1) 48 %
(IERE PN IRy s 2 DR IR M =it e s I DRI
% MRk 22 2 IR R 2, A R FUT 1A
5 AL ] 17 00 A St SRR ML R S R T 08, AT
AR 0~300 m I ET B OB R A fE BB B o

FXHEE T =, e e BA KRR AR ,
DR AP SHL R N TR A 9B ) e A DX BB S 3o
2 B il R I ey, JEHSE 0~300 m IR ETE
0 IR N B B AR R, A
B o =iy o S e ] R T NS =i o e A
i, Rk, K FEERZEIR SRR BERK
7 77 BB A AR R T A A% R Y
. MERBEIENL 245 18, hia ok #E
FEVLAE A EFT BE SRR R s 4%, R /e
WA b R P A A, A A TV e
I, R A AL T 0~300 m R BE K fE I X I,

(a)

—e—Case 1
—=s=— Case 2
—— Allowable rotation

e
\/

0 200 400 600 800 1000
Deployment depth/m

Upper rotation/(°)

IS

(7

—e—CCase 1

Offset at moon pool position/m
o

2l —e—Case 2
——— Allowable offset
-4
_6 L 1 1 1 L
0 200 400 600 800 1000

Deployment depth/m
13 1% A R0 T A i B AT TR FE ARG 1L
Fig. 13 Changes of upper rotation(a) offset at moon pool
position(b) under different deployment depths (Case 1: At
direction angle of 0°; Case 2: At direction angle of 180°)



2531 4555 10

FoRM, & NPERER G ARG RE T B R 1 2 b

2845

2 i [a) G A 12 S s DX, RT LI I Wi m] B
AT TB0E B AR PR DA P ) 8T 1% X 4k

4 g

1) L7 NS T b A AR SOBOS R 1Y
BRI MIAHEAY, KA Newmark 5 HEAIHEAT T
KA, ESFER B A T NBAE R R ERE RG
R, G5 REN: SRS, TR 2N
Perb i L/, Von Mises 25248 1. 3B £ A0
A S 52 P p e 2 K, FLUAAE HH AR B )
5 P9 e AR H I I TA) — 2. 60 m AT RUARFE EE
220 m A JECA BE YRR 5

2) G M T A AL SOROS FR HRE A S RN )
AT RERETEAS . SEREN]: BUsad R T A AL
8y f R A B R AT R T, AR 60 m
T A A BT 1 A5 A g Y KT A RO
220 m [ LB XFF 60 m AHURIE, EHMEESRE
IR E LR, fo R ImHe R A TR RS 4T 220 m
MARIREE, EHMESRIEL “C” 78, WLk
JZE T ) 5 L I 1) 0 B R e e R A A A A
R, AR BRI 1) SR S e R e A K
AR FE IR o

3) AT WSO A A TSGR R B R
JERIAALIE L, JFSVFATERAT L. 45 RR W]
HE) B A 7K 0~300 m R B BOR OB AR 1) 16
BB, B B IR i KSR T LA R R H
M A% I PRI = KT, Horh b4 M R0 it Ak
e A& 2 ma ARk 22 4 1 BRI R 2 . ik B =R T 19
5L 1) ) O RO M F XU 2K T N i B2
77 17 5 IR S I )

REFERENCES

(11 EzE, xIIE4L, VR, 5. NIRRT KSR
B RGAE 2 AV 0], B A, 2015, 27(3):
119-125.

WANG Rong-yao, LIU Zheng-li, XU Liang-bin, et al.
Assessment on operation safety of deep water drilling risers

in soliton environment[J]. China Offshore Oil and Gas, 2015,

(2]

(3]

(4]

(5]

(6]

(7]

(8]

(9]

(10]

(1]

27(3): 119-125.

BN, XIIEAL, Bk M. B N SRR K B S
KT AR T, 2015, 37(1): 160-162.

HU Wei-jie, LIU Zheng-li, CHEN Bin. Impacts of internal
waves in the South China Sea on deepwater drilling safety
and corresponding countermeasures[J]. Oil Drilling &
Production Technology, 2015, 37(1): 160—162.

MIEAL, WIS, M BOK A SEHBOR B S R[], A
MAE R LE, 2015, 37(1): 8-12.

LIU Zheng-li, HU Wei-jie. Countermeasures and challenges
of deepwater drilling and completion technology in South
China Sea[J]. Oil Drilling & Production Technology, 2015,
37(1): 8—12.

XU Feng, RAO Qiu-hua, MA Wen-bo. Turning traction force
of tracked mining vehicle based on rheological property of
deep-sea sediment[J]. Transactions of Nonferrous Metals
Society of China, 2018, 28(6): 1233—1240.

CHUNG J S, CHENG Bao-rong, HUTTELMAIER H P.
Three-dimensional coupled responses of a vertical deep-
ocean pipe[J]. International Journal of Offshore and Polar
Engineering, 1994, 4(4): 320—339.

MUSTOE G G W, HETTELMAIER H P, CHUNG 7 S.
Assessment of dynamic coupled bending-axial effects for
two- dimensional deep-ocean pipes by the discrete element
method[J].
Engineering, 1992, 2(4): 289-296.

International Journal of Offshore and Polar

HONG S, KIM H W, CHOI J S. A new method using euler

parameters for 3D nonlinear analysis of marine
risers/pipelines[C]//Proceedings of the 5th Ocean Mining
Symposium. Tsukuba: ISOPE, 2003: 83-90.

LI Yan, LIU Shao-jun, YU Hong-yun. Dynamic analysis of
deep-ocean mining system based on multi-rigid-body
discrete element model[J]. Journal of Central South
University, 2006, 37(4): 742—747.

LI Yan, LIU Shao-jun, LI Li. Dynamic analysis of
deep-ocean mining pipe system by discrete element
method[J]. China Ocean Engineering, 2007, 21(1): 175—185.
DAI Yu, LIU Shao-jun. An integrated dynamic model of
ocean mining system and fast simulation of its longitudinal
reciprocating motion[J]. China Ocean Engineering, 2013,
27(2): 231-244.

DAI Yu, YIN Wan-wu, MA Fei-yue. Nonlinear multi-body
coordinated motion control

dynamic modeling and



2846

T EA O8RS

20214E10 A

[12]

[13]

(14]

[15]

[16]

(17]

simulation of deep-sea mining system[J]. IEEE Access, 2019,
99: 1-9.

DAI Yu, LI Xu-yang, YIN Wan-wu, et al. Dynamics analysis
of deep-sea mining pipeline system considering both internal
and external flow[J]. Marine Georesources and
Geotechnology, 2021, 39(4): 408—418.

R, ¥ e, BHOR. BERAENIRERT RE8)
ZrHT]. R KFEER(ERBIEM), 2020, 513):
641-649.

XU Hai-liang, PENG Neng, YANG Fang-qiong. Dynamic
analysis of deep sea mining system in obstacle avoidance
mode[J]. Journal of Central South University (Science and
Technology), 2020, 51(3): 641-649.

DU Tao, SUN Li, ZHANG Yi-jun, et al. An estimation of
internal solution forces on a pipe in the ocean[J]. Journal of
Ocean University of China, 2007, 16(2): 101-106.

CAI Shu-qun, LONG Xiao-min, WANG Sheng-an. Forces
and torques exerted by internal solitions in shear flows on
cylindrical piles[J]. Applied Ocean Research, 2008, 30(1):
72-77.

IR L TR N IS 5 VR ST I AE ELAE Y BUE AU
WFE[D]. i EIgACIE KA, 2012: 47-61.

GAO Yuan-xue. Numerical investigation on the interaction
of internal solitary wave and deepwater riser[D]. Shanghai:
Shanghai Jiao Tong University, 2012: 47-61.

sk R RIS A ISL AR A B R R B 7 e
WD) H&: HEEEE R, 2013: 107-126.

ZHANG Li. Study on dynamic characteristics and dynamic

[18]

[19]

[20]

(21]

[22]

(23]

response of solitary waves in deep sea risers[D]. Qingdao:
Ocean University of China, 2013: 107—126.

LOU Min, YU Cheng-long, CHEN Peng. Dynamic response
of a riser under excitation of internal waves[J]. Journal of
Ocean University of China, 2015, 14(6): 982—988.

FAN Hong-hai, LI Chao-wei, WANG Zhi-ming, et al.
Dynamic analysis of a hang-off drilling riser considering
internal solitary wave and vessel motion[J]. Journal of
Natural Gas Science and Engineering, 2017, 37: 512-522.
LIU A K, CHANG Y S, HSU M, et al. Evolution of
nonlinear internal waves in the East and South China Seas[J].
J Geophys Res, 1998, 103: 7995-8008.

KIRK C L, ETOK E U. Dynamic and static analysis of a
marine riser[J]. Applied Ocean Research, 1979, 1(3):
125-135.

M T S EOUE A KRR 1000 m i
ARG BRI SIZ /1AW FE[D]. Kib: R, 2009:
24.

LI Yan. Research on global linkage dynamics of 1000 m
deep sea mining system based on 3D discrete element
pipeline model[D]. Changsha: Central South University,
2009: 24.

LIM F, MCGRAIL J. Bottom weighted riser—A novel
design for relocation and disconnection[C]//Proceedings of
the Nineteenth International Offshore and Polar Engineering
Conference. International Offshore and Polar Engineering

Conference 2009. Osaka: ISOPE, 2009: 423—427.



331 4258 10 ) FoRM, & NPERER G ARG RE T B R 1 2 b 2847

Mechanical analysis of buffer retrieve/deployment
operations considering internal solitary waves

WANG Rong-yao"?, CHEN Guo-ming’, LIU Wei’, ZHENG Hao"

(1. School of Mechanical and Electrical Engineering, Hunan City University, Yiyang 413000, China;
2. Centre for Offshore Engineering and Safety Technology,
China University of Petroleum, Qingdao 266580, China;
3. Ocean Mining Research Institute, Changsha Research Institute of Mining and Metallurgy Co., Ltd.,
Changsha 410012, China;
4. State Key Laboratory of Exploitation and Utilization of Deep-Sea Mineral Resources,
Changsha Research Institute of Mining and Metallurgy Co., Ltd., Changsha 410012, China)

Abstract: The marine internal waves have brought great challenges to the safety of deep-sea mining buffer
retrieve/deployment operations. Based on the finite element method, a finite element model of the buffer
retrieve/deployment operations under the combined action of internal waves and currents was established, and the
Newmark method was used to solve the model. The transient response and factors, such as string shape, tension,
equivalent stress, upper rotation and offset, at the moon pool position in the retrieve/deployment process of the
buffer were analyzed. The results show that, among the factors, the equivalent stress, upper rotation and offset at
the moon pool position are greatly affected by internal waves while the top tension is less affected by internal
waves. The maximum equivalent stress of hard pipe occurs near the suspension point; the upper rotation and offset
at the moon pool position are the limiting factors affecting operation safety. The condition that the internal wave
combined with the same direction current is the dangerous condition for the buffer retrieve/deployment operations,
and the stage that the buffer stayed in the water depth range of 0—300 m is the dangerous stage.

Key words: deep-sea mining; buffer; internal solitary wave; finite element analysis
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