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Effects of vibration absorbers on the lifting pipe in deep-sea mining have been attracting more and more attention in the recent
three decades; however, there are very few reports about the influence of ocean current on the pipe vibration in the literature.
Considering the geometrical features of the prototype, this paper establishes the physical model, mathematical model, and
simulation model of the lifting subsystem. A comprehensive finite element model for the deep-sea mining system by the OrcaFlex
is developed to explore the influences of buffer mass and sailing velocity on the deflection angle and the axial load and stress of the
lifting pipe. Analytical and numerical simulations have been formulated to illustrate variation rule of longitudinal vibration and
axial stress at the position of pump and buffer for the lifting subsystem to determine the dynamic vibration absorber parameters.
In this paper, MATLAB and Orcaflex software are used to verify the mathematical model. The simulation results show that the
attaching DVAs can effectively reduce the axial stress, and longitudinal displacement at certain positions of the lifting pipe.

1. Introduction

The development of renewable energy and the application of
high and new technology need the support of new infra-
structure that will consume a different mix of minerals from
current applications, including not only “critical” metals such
as rare earths, but also vast amounts of common commodities
such as copper, steel, and cement [1]. The huge potential of
marine mineral resources has been confirmed by many re-
searchers, and deep ocean mining is being pushed to the next
frontier of resource development [2]. Rich marine mineral
resources will become irreplaceable resources for human
development and utilization. Therefore, the development of
marine mineral resources has become the strategic goal of all
countries in the world. Companies in China, the UK, Belgium,
Germany, France, and Japan have won contracts for explo-
ration of deep-sea resources for three different mineral re-
sources: seafloor massive sulphides, ferromanganese crusts,
and poly metallic nodules [3]. In 2019, commercial deep-sea
mining has begun off the coast of Papua New Guinea [4].

The solid mineral resources from the deep-sea bottom,
such as ferromanganese nodules and cobalt-manganese
crusts, most common ferromanganese nodules, are found
typically at water depths of 4000-7000 m, and in the coastal
areas of the shelf [5]. The deep-sea mining system consists of
an ore collection system, a mother station, and a trans-
portation system between the miner and mother station [6].
The transportation system is an important part of deep-sea
mining system, which transports the collected manganese
nodules from the miners to the mother station.

The research on the dynamic performance of the
transportation system is of great significance to the design,
performance evaluation, and control of the deep-sea mining
system [7]. Under the influence of wind and waves in the
complex marine environment, the mining vessel will pro-
duce surge, sway, heave, pitch, roll, and yaw motion. Ob-
viously, the movement of the mining vessel will produce a
motion excitation to the lifting pipe, which affects the re-
liability of the transportation system and the sea miner;
especially the heave direction motion caused by ocean wave
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motion has a significant impact on the safety and stability of
deep-sea mining system operation.

The longitudinal vibration of lifting pipe has been
continuously researched and improved since deep-sea
mining began to be studied. In order to reduce the longi-
tudinal vibration of the lifting pipe, Aso etal. [8, 9] proposed
a vibration absorber composed of a mass, springs, and
dampers to the pump module as well as the buffer, and gave
an active control system to control the longitudinal vibration
of the pipe string [10]; the resonance amplitude at the top of
the lifting pipe is greatly reduced. Kobayashi and Aso [11]
installed a linear and a non-linear spring supports on the
upper end of the lifting pipe, respectively; they found that
linear spring supports often increase the resonance fre-
quency of the string and the resonance amplitude of the
buffer, and reduce the maximum axial load of the string. Cui
and Aso [12] systematically studied the longitudinal vi-
bration of the lifting pipe by Galerkin method, and proposed
a method to reduce the amplitude and axial load of the lifting
pipe by using additional vibration damper and sectional
lifting. Using the method of separating variables, Erol [13]
studied the overdamping and underdamping modes of the
hoisting system, respectively, and obtained the exact ana-
Iytical solutions of free response and forced response of the
system damping under the heave motion of the mining
vessel.Yu and Liu established a comprehensive dynamic
model of orbit terrain interaction to adapt to China’s deep-
sea mining system, and the simulation analysis of the vertical
reciprocating motion process was carried out [14]. Oh et al.
[15] designed a coupling device with rotational freedom for
deep-sea mining flexible pipe and analyzed the motion
characteristics of the coupling device with multi-body dy-
namic simulation method and finite element method. Kim
et al. [16] used the subsystem synthesis method to establish
the motion equations of the vessel lifting pipe system and the
flexible mining robot subsystem, respectively, which im-
proves the efficiency of the solution. Lee et al. [17] compared
the finite difference method with lumped mass and the
substructure method from the field of flexible multi-body
dynamics in the deep seabed mining system, and it was
reported that the finite difference method with lumped mass
is more efficient than the substructure method if the same
number of elements was used in the model. Ma et al. [18]
compared the continuous line bucket lifting system and the
pipe lifting system in terms of the lifting efficiency, the
energy consumption, and the profitability and pointed out
that the mining depth and the solid mineral production rate
of the pipe lifting system have a wider application range
compared with the continuous line bucket system. Yang and
Liu [19] proposed a measuring method for solid-liquid two-
phase flow in slurry pipeline for deep-sea mining based on
differential capacitively coupled contactless conductivity
detection. Yang and Liu [20] put forward a heave com-
pensation system combined with a vibration absorber and
accumulator, and the frequency domain characteristics and
compensation rate of the system were analyzed and com-
pared. Li et al. [21] used the discrete element method,
computational fluid dynamics method, to study the solid-
liquid two-phase flow in the deep-sea elevator pump and
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obtained the pressure distribution on the suction surface and
pressure surface and the distribution of particles in the pump
under different rotating speeds. Liu et al. [22] used Euler
Lagrange two-phase flow model to simulate the turbulent
flow of solid-liquid two-phase in the pump and used Finnie
wear model to predict the wear rate of hydraulic components
of deep-sea mining pump under different flow rate, rotation
speed, and particle concentration. Cho et al. [6] studied the
performance of the deep-sea manganese nodule experi-
mental miner, designed the ore guiding system composed of
chassis structure, buoyancy, crushing system, electric con-
trol system, track, and sea miner, and analyzed the coupling
relationship of the ore guiding system by using the axiomatic
design method. Liu et al. [23, 24] analyzed the longitudinal
vibration characteristics of lifting pipe under different
working based on the finite element method. Song et al. [25]
firstly used the Lagrangian method to establish the dynamic
model of the rigid space stepped-pipe strings system and
obtained the analytical solution by modal analysis method.

It can be seen from the above references that the current
research on deep-sea mining system focuses on three as-
pects: mining sea miner [6, 16], pump set [21, 22], and
lifting pipe [8-14, 18, 23-25]. The research on lifting pipe
mainly focuses on two directions: reducing the longitudinal
vibration of the lifting pipe with additional vibration damper
[8-10], computer simulation with dynamic simulation
method, and finite element analysis [14, 19].

At present, these researches are focused on the lifting pipe
within one kilometer and did not consider that the lifting pipe
will rotate at a certain angle when it is affected by the complex
environmental load. However, most of the solid mineral
resources in the deep sea occur in the depth of 4000-7000
meters [5]. Therefore, it is necessary to study the performance
of the lifting system close to the actual sea depth. The goal of
this paper is to offer a quantitative assessment of the influence
of ocean current on the vibration characteristics of lifting pipe
during deep-sea mining operation. Thus, according to the
mechanism of deep-sea mining, physical model and analytical
model of lifting system are designed. Second, the current
velocity is divided into four cases by means of linear least-
square approximate subsection method to solve the geometric
nonlinear migration problem of ocean current, and the linear
motion balance equation is deduced. Then, considering the
effect of ocean current on the lifting subsystem, the dynamic
models of the lifting subsystem with or without dynamic
vibration absorber are established. Meanwhile, a finite ele-
ment model for deep-sea mining with the OrcaFlex software
is developed to simulate the dynamic responses of lifting pipe
under the action of ocean current. Last, the dynamic model of
lifting subsystem is verified by comparing the experimental
curve and the simulation curve.

2. Model Setup and Linear Approximate
Calculation under Current Force

2.1. Model Setup under Current Force. The physical model of
the lifting system is a 1 : 80-scale prototype tested in National
Ocean Technology Center of China, as shown in Figure 1.
The mining vessel and lifting pipe in the model are
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approximate to the objective entity. The wave load of the
deep-sea mining system is provided by the wave making
system and the wave height sensor. The motion state of the
mining vessel and the axial force of the lifting pipe are
obtained by using pull pressure sensor, attitude sensor,
signal processing module, and signal acquisition software.
In this study, the influence of ocean current on lifting pipe
and the vibration reduction analysis of dynamic vibration
absorber are mainly considered.

Figure 2 shows the general model of the lifting pipe
subsystem in deep-sea mining system under the action of
ocean current, which is mainly composed of lifting pipe
(four parts), lifting pumps (concentrated mass: M,), and
buffer (concentrated mass: M,). The upper end of the
lifting pipe is hinged with the mining vessel, the lower end
of the lifting pipe is connected with the buffer, and the
lifting pump set is installed at L, from the top of the lifting
pipe. Ls; (i=1, 2, 3, 4) is the segment length of the pipe
sting in still water, and Lg;=500m, Lg,=1000m,
Lg3=2000m, Lgys=3500m, Lg5=5000m. The current
forces brought to bear on each segment are gy, qn2> Gn3»
qns> and gus. In addition, g is the acceleration of gravity
and v is the linear density of the lifting pipe.

As can be seen from Figure 2, the lifting pipe has four
parts, the length of each part is L;, and the basic parameters
of lifting pipe are shown in Table 1.

2.2. Linear Approximate Calculation under Ocean Current.
In order to solve the geometric nonlinear problem of current
velocity, a linear approximate solution of current velocity in
deep-sea mining is proposed in this paper. In this linear
approximation model, the lifting pipe string is regarded as a
rigid body. When the string is placed in still water, the two-
dimensional coordinate system W-O-V is established, and
the O-W axis is vertical downward, and the positive di-
rection of O-V axis is consistent with the wave propagation
direction. When it is placed in ocean current, the string will
shift angle 0, and its coordinate system is X-O-Y.

The stability analysis of deep-sea mining lifting pipe
involves ocean current, resistance coeflicient, Reynolds
number (Re), and other factors [26]. In particular, the ve-
locity and direction of the ocean current vary significantly
with depth and thus affect the dynamic characteristics of the
lifting pipe. Using computer fitting methods, the current
velocity is calculated depending on its depth below ocean
surface [26]; one could obtain

5000 — x)”
5000 ’

V.=b+k x( (1)
where x is the depth below ocean surface, and the value is
zero on the seawater surface. b and k are constants and
coeflicients related to current resistance and here we take 0.1
and 1.6, respectively.

The fitting current velocity is shown as A-curve in
Figure 3. Obviously, the current velocity becomes smaller
and smaller with the deepening of the seawater depth and it
no longer increases with the deepening of the seawater
depth, but presents a steady flow when the seawater depth
exceeds 2000 meters. Since the nonlinear complex models
are generally difficult to solve, the current velocity V¢ can be
linearized into four cases by means of linear least-square
approximate method, and they can be expressed as
1.15

Ve = ———>x+17,

500 0<x<Lg,

0.34
Va=_<§%>x+osa Ly<x<Ly,
(2)

0.055

VC3 = —(W)x + 0.32, L52 <x< LS3’

[ Ve, = 0.1, Ly<x<Lg.

Figure 3 shows a comparison of the fitting and linearized
current velocity with ocean depth. The red-A line is the
fitting current velocity curve, and the blue-B line is the
current velocity after linearization. It can be clearly seen that
the linearized curve is very close to the actual curve.

The current force per unit length acting on the lifting
pipe can be expressed by Morison equation as

1
fnlx) = (E)CDPijIVNlVN’ (3)

where Cp, is the drag coeficient, Cp = 1.2, p,, is the seawater
density, D; (j=1, 2, 3, 4) is the external diameter of the lifting
pipe, and V is normal current velocity of V.

According to the linearization of the current velocity in
equation (2), the linearization of the normal current force on
the lifting pipe can be expressed as follows:

qui(x) =a;x +b;,i=1,2,3,4, (4)

where a; and b; are related to current velocity and current
force per unit length of lifting pipe.

For a;,
a sz(le)_fN(o)
! 1000 ’
a, = fN (LSZ) - fN (le))
) 1000 (52)
s = fN(Ls3) _fN(LSZ)
3 1000 ’
| a4 = a5 =0.
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FIGURE 2: The mechanical model of the lifting pipe subsystem under the action of ocean current. (a) Mechanical model. (b) Forcemicro

element. (c) DVA.

TaBLE 1: Basic parameters of the lifting pipe subsystem.

Pipe section Length (m) Internal diameter, d (mm) External diameter, D (mm) Wall thickness, h (mm)

Density, p (kg/m?)

Ly
L,
Ls
Ly

1000
1000
1500
1500

206 254 24
206 240 17
206 232 13
206 226 10

7850

Linearization of current velocity

1.8

Current velocity (m/s)

0 1000 2000 3000 4000 5000
Depth (m)

—— A:real current
—— B:linearized current

FIGURE 3: The current velocity curves below ocean surface.



Shock and Vibration

For bi,
by = fn(0),

bz = 2fN (Lsz) - fN (le)’

ba = 3fN (Lsz) - sz (Ls3)’

1 (5b)
((O.l ~V)’D;Cpp,cos” 9)

b, = 5 ,

b ( (0.1 - V)’D,Cpp,,cos’ 9)
5 = .
2

Under the action of ocean current, the lifting pipe will
rigidly offset a certain angle (6) around the origin O when
the system is balanced. According to the moment balance
condition at the origin, the equation of moment balance can
be deduced as

L Ly . q* L2 3 (2L n-1) T L Ly « L2 - LZ( -1 *
?:1<j0 qudx - QNlle> +< le = + Z = 3) = .[L andx - QNn(Lsn - Ls(n—l)) + = 25 D) dNn
's(n-1)

n=2

4

ANn dx - Z

n=2

5
Lsn + Ls(n—l) JLS”
2 Lgry

LSZ
—J y19x sin Odx +
0 n

=4

where gj; is the unit load of gqui(x) in Ly that is,
qy; = qni(Ls). Here, the Ry, and Ry, are constants related to
the quality, and R,;; = M, , Ry, = M, when the pipe is not
equipped with a vibration absorber.

3. Vibration Analysis of the Lifting
Subsystem without DVA

3.1. Mathematical Model of Longitudinal Vibration.
When a wave propagates forward, it moves sinusoidally and
its shape remains unchanged [27], so the mining vessel is
subjected to a harmonic motion with heave amplitude 7, at
frequency Q , represented as 7 (t) = 7,e/*. In the W-O-V
coordinate system, the excitation motions of the OV axis and
the OW axis can be represented by 7, (t) = #,e/¥ sin 0 and
1, (£) = 1,e’* cos 0. When the lifting pipe is working, the
mass per unit length of lifting pipe y; is calculated by the
following formula:

D> - d? 2
)= 7‘[( i 1)P _(ﬂD,pw), (l =1,2, 3,4)) (7)

4 4

where D; and d; are the external and internal diameters of
each lifting pipe L;, respectively. p is the density of lifting
pipe material, and p,, is seawater density.

The mechanical model of the lifting subsystem is
shown in Figure 2. The lifting pipe has four parts, the
length of each part is L;, the elastic modulus is E;, the
cross-sectional area is S;, and the mass per unit length is
y;- The viscous damping coefficient of the surrounding

Lsn + Ls(n+1)

Ls(n+)
5 J- l Yn9 sin 0dx —[Ry; Ly, + RyppLis]g sin 6 =0,
L

'sn

(6)

seawater is ¢;, and the relevant physical parameters are
given in Table 2.

The axial displacement of each section is usually different
because the lifting pipe is composed of infinite particles.
Therefore, the displacement of any section x of the i-th pipe
is a function of position and time, denoted as u; (x,t). The
equations of motion of the lifting pipe can be established as

o’y Ou;,  Ou;
E;S -1y -c =0,

SoF (v -a, i=1,2,34 (8

Setb; = 23:1 L;(i = 1,2,3,4); then the boundary and the
continuity conditions of lifting subsystem in the X-O-Y
coordinate system can be formulated as

u, (0,1) = e’ cos 6,
1 Mo 9)

U; (bi’ t) = Uiy (bi’ t)-

The following equations are introduced to represent the
force continuity condition:

Oou, (x,t) o%u, (x,1) ou, (x,t)
ES, lax lyp, + MlTlx:bl = E,S, 28x lyp,>
ou; (x,t) ou;,, (x,t) .
EiSilaTlx=bi = Ei+1si+1#|x=bg 1=12,3,
ou, (x,t) *u, (x,t)
E4S4487x|x:b4 + z#hc:m =0. )
(10)
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TaBLE 2: Relevant physical parameters of the lifting pipe subsystem.

i L; (m) y; (kg/m) Si (mz) M; (kg) ¢; (N-s/m) E; (MPa)

1 1000 17513 0.0173 8000 400 20600

2 1000 120.27 0.0119 30000 400 20600

3 1500 90.32 0.0089 — 400 20600

4 1500 68.53 0.0068 — 400 20600
The method of separating variables u; (x,t) = ¢,(x) x  where A; and B; are complex constants to be determined; the

q(t) is introduced, and equation (8) is transformed into the
following form:

ES;, d¢;(x) (
vidi(x) dx®

1 dq(t) dq(t)) .
q(t) df*  yq(t) dt P
(11)
where g; are complex constants to be determined.
Letting g(t) in equation (11) be represented by eM, here, A

is an eigenvalue of vibration differential equation; then
equation (11) takes the form

d2¢'(x) Yi
1 , | = 1, 2) 3, 4)
dx>  ES; aifi(x) =0,
(12)
/\2+&)L=ai’ i=1,2,3,4.
Yi

Setting v? = (y,/E;S;)a;, the first equation in the above
equation (12) is expressed as

d2¢l (x)

Vi (x) =0, i=1,23,4. (13)

Suppose that the general solution of equation (13) is
expressed as

¢:(x) = (A" +Bee "), i=1,2,3,4, (14)
1 1 0 0
ev]bl e v, b, e“zbl —e” v,b,
aevll ﬁe 191 _Kezbl e v,b,
1 2 2
0 0 €Uzb2 -v,b
G =
0 0 K,e””  —ie
0 0 0 0
0 0 0 0
L 0 0 0 0

equation is equivalently expressed by the following equation:

(A, +B))e" = 5,e’™ cos 6. (15)

According to the theory of solution of differential
equation and [13], A must be equal to jQ (A = jQ). The
boundary and the force continuity conditions given in
equations (9)-(10) are transformed into the following forms

as

[ ¢, (b;,t) = ¢y, (bist),
d¢1 (b ) d¢, (b;)
1 M ¢1 ( ) - EZSZT’
| dab) o () 1o
E»Si# = Eism%, i=2,3,
d, (b,
E Sy ¢2l§c ) M, ¢, (b4)A2 =0.

Substituting equation (14) and the substitution of the
expression A = jQ) into equations (16) and (15) lead to

Gx|A,,B,, A, B, A, B,A,B,|

(17)
= [, cos 6,0,0,0,0,0,0, 0] 5
where
0 0 0 0 7
0 0 0 0
0 0 0 0
_ev3b2 e vsb. 0 0 ( )
18
Kye"? rpe 0 0
ev3b3 e v3bs _ev4b3 e v,bs
Koe"" —rpe B et ke
0 0 (X4€U4b4 /348_ vby i
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Note that the coefficients w;, §;, and k; are the expressions
of M;, E;, S;, v;, and A, as follows:

[ a, = M,A* + E,S,0,,
a, = M,A* + E,S,v,,

15 :MIAZ_EISIUD (19)
By = Mz/lz = E,S40,5
k; = E;S;v;, i=2,3,4

[t &4

Program (code) was written in MATLAB R2013a en-
vironment to model the longitudinal vibration of lifting pipe
in the deep-sea mining system using equations (8) to (17).
The physical parameters required in the model are listed in
Table 2, and the calculation results in equation (17) are
shown in Table 3, where j is the imaginary unit. Therefore,
the general solution of equation (13) ¢, (x) and the forced
longitudinal displacements of lifting pipe u;(x,t) are
determined.

3.2. Influence of Ocean Current on the Displacement of the
Lifting Pipe. This paper mainly studies the influence of
marine environment on the vibration of the lifting sub-
system. Orcaflex software is based on the finite element
method, combined with the time integration scheme to
express the dynamic stress and response. OrcaFlex software
allows modeling of waves, wind, and current which can be
added to the lifting subsystem simulation. The inertia
characteristics of the model were calculated in SolidEdge (a
3D CAD modeling tool) and were input into Orcaflex model
of deep-sea mining system, as shown in Figure 4(a). The
motions are simulated numerically using OrcaFlex under sea
condition of level 6 operation, and the heave motion of the
mining vessel is evaluated using Response Amplitude Op-
erator (RAO). The ocean current parameter setting is shown
in Figure 4(b), and the heave motion RAO curve of the
mining vessel under the action of facing wave (180°) is shown
in Figure 4(c).

Assuming that the water depth of deep-sea mining
operation is 5000 m, and it works under the sea condition of
level 6 (wave height is 7m; wave period is 10s), according to
heave motion RAO curve in Figure 4(c), the heave amplitude
of mining vessel is 0.9 m. In combination with [12, 15], the
heave motion of the mining vessel can be simplified as a
simple harmonic motion with the amplitude #, = 1m and
the angular frequency Q = 0.6283rad/s. Considering the
influence of ocean current on lifting pipe, according to the
previous equations (3)-(6), the model of lifting subsystem is
established and solved in MATLAB, and the deflection angle

0 of the lifting pipe under the action of current is 0.5709°.
Figure 5 shows longitudinal and lateral displacement of
lifting pipe for harmonic motion of e/%*3 with MATLAB.

It can be seen, with the increase of the length of the lifting
pipe, the longitudinal vibration displacement also increases.
If the influence of ocean current is not taken into account,
the maximum longitudinal vibration displacement at the
end of the lifting pipe is 16.75 m; if the influence of current is
taken into account, the maximum longitudinal vibration
displacement at the end of the lifting pipe is 17.05m, which
shows that the influence of current on the longitudinal
vibration displacement of the lifting pipe is small. However,
the current has a great influence on the lateral displacement
of the lifting pipe, and the end displacement is as high as
49.82 m, which will affect the operation of the sea miner. In
summary, the ocean current has little influence on the
longitudinal vibration of the lifting pipe, but it has great
influence on its lateral displacement, which is enough to
affect the normal operation of the sea miner. Therefore,
some measures have to be taken to reduce this influence.

The Orcaflex software is used to calculate the longitu-
dinal vibration displacement of lifting pipe at 1000 m,
2000m, 3500m, and 5000m deep sea, as shown in
Figure 6(a), and the corresponding longitudinal vibration
curve is shown in Figure 6(b). At the same time, MATLAB is
used to solve the differential equation of the lifting sub-
system, and its longitudinal vibration displacement is shown
in Figure 7. The comparison of longitudinal vibration
simulation results is shown in Figure 8.

By carefully comparing Figures 6-8, it is not difficult to
find that the numerical simulation results in MATLAB and
Orcaflex show good agreement, and the longer the lifting
pipe, the greater the longitudinal displacement. In addition,
Table 4 lists the longitudinal vibration displacement errors at
different times and locations. It was obvious that the cal-
culating results obtained by MATLAB are in accordance
with the simulation results obtained by Orcaflex finite ele-
ment model, and the longitudinal amplitude error at the end
of the lifting pipe is the largest, only 5.07%.

3.3. Axial Stress of the Lifting Pipe under Current Force.
The total axial stress of the lifting pipe is composed of the
gravity stress caused by its own weight and the dynamic
stress caused by the vibration of the mining vessel.

The total axial stress of the lifting pipe is determined by
the structure, elastic modulus, cross-sectional area, linear
weight, linear damping coefficient, and other factors.

Using mechanical knowledge, the gravity stress of each
stepped lifting pipe can be calculated as
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TasLE 3: Calculation values of A; and B; in equation (17) under ocean current.

i 1 2 3 4
A, —0.3230 +0.0648j —0.0103 +0.0030j 0.0001 - 0.0001j —0.0005 +0.0002j
B, 1.8180 - 0.0648; 1.7687-0.8299j 2.6000 —0.5900j 4.3810 +0.7707j

[T RAQ origin (m): Phase origin {m):
S % x [ vy | = x [ v [

54.15¢ | 0.0085 -2,000 ~ ~ ~
PR
0°  [45¢ [ooe |13se | 1800 [225° [270° |315° |
—
— Periods: |20 (4]
Surge Sway Heave
—_—
Period Ampl.  Phase Ampl.  Phase Ampl.  Phase
— (=) (kNfmy  (deg) | (kN/m)  (deg) | &kN/m)  (deg)
2,03 21.600 110.7 2,070 137.4 28.900 284.3
2,14 36,200 207.9 1.740 37.3 40,500 4.5
— 2,26 53.700 290.5 3.350 11.2 213.00 3534
2,39 88.200 336.3 1.200 256.7 266.00 3334
— 2.55 114.00 308.3 2.330 2336 448.00 277.2
s 272 511.00 293.3 11.300 289.9 502.00 133.0
292 114.00 5.2 5.550 288.5 661.00 914
— 3.15 126.00 342.1 10,5900 Q0.4 962.00 3029
3.42 209.00 197.5 0.284 1445 890.00 195.1
- 3.74 216.00 53.9 0.338 297.3 1050.0 414
—, 4.13 173.00 245.2 0,903 115.2 1110.0 228.1
461 184.00 49.0 1.780 3514 1330.0 37.9
—
(a) (®)
1.0 1
0.8 4
E
El
% 0.6
g
8 04 +
T
0.2
0.0 T T T T T T 1
0 10 20 30 40 50 60 70
Wave period (s)
— 180°
()

FIGURE 4: Simulation model based on Orcaflex: (a) solid edge model, (b) ocean current parameter setting, and (c) heave motion RAO curve.
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18 Longitudinal displacement of lifting pipe
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FIGURE 5: Longitudinal and lateral displacement of lifting pipe. (a) Longitudinal displacement. (b) Lateral displacement.

Modified 12:17 on 2021/3/20 by OrcaFlex 10.0e

Column A: Time (s)

Column B: linel dynamic z (m) at 1000m
Column C: linel dynamic z (m) at 2000m
Column D: linel dynamic z (m) at 3500m
Column E: linel dynamic z (m) at 5000m

Period: t = 0.000 to 30.000s

()

Column A| Column B Column C Column D Column E
0.0 3.8999 7.5398 12.9997 16.1196
0.1 3.7959 7.3388 12.6530 15.6898
0.2 3.6789 7.1126 12.2630 15.2061
0.3 3.5503 6.8639 11.8343 14.6745
0.4 3.4112 6.5950 11.3707 14.0997
0.5 3.2625 6.3076 10.8752 13.4852
0.6 3.1049 6.0029 10.3498 12.8337
0.7 2.9389 5.6820 9.7965 12.1476
0.8 2.7652 5.3460 9.2173 11.4295
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FIGURE 6: Simulation results of longitudinal vibration displacement based on Orcaflex: (a) calculation results and (b) longitudinal vibration

curve.
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TaBLE 4: Longitudinal vibration displacements of lifting pipe at different positions.
Time (s) At 1000m (m) At 2000m (m) At 3500m (m) At 5000 m (m)
ime (s
OrcaFlex MATLAB OrcaFlex MATLAB OrcaFlex MATLAB OrcaFlex MATLAB
0 3.8999 4.0727 7.5398 7.8964 12.9997 13.4222 16.1196 16.9369
2 0.9537 0.996 1.8438 1.931 3.179 3.2823 3.942 4.1418
4 -3.4231 —3.5748 -6.618 -6.931 —11.4104 —11.7812 —14.1488 —14.8662
6 -3.4673 -3.6209 —-6.7035 -7.0206 —-11.5578 —-11.9334 —14.3317 —15.0583
8 0.8926 0.9321 1.7257 1.8073 2.9753 3.072 3.6893 3.8764
Error 4.43% 4.73% 3.25 5.07
M, + M, + L, —x)+(y,L, + y3L; + y4L
Ogl(x7t): 1 2ty (L é (V2Ly + y3Ls + 74 4)gcost9, 0<x<L,
1
M, + L, +L,—x)+(y;L; +y,L
ng(x’t) _ Vo Y2 (Ly 2 S )+ (vsLs +y4 4)gc059, Li<x<L +L,,
2
- (20)
M, + L, +L,+L;—x)+y,L
043 (x,1) = 2+l fg 2= X) Y % gcosb, Li+L,<x<L,+L,+L,
3
M, + L+L,+L;+L,—x
gy (x,1) =—2 va(ly SZ S )gcose, Li+L,+Ly<x<L +L,+L;+L,
4 J

Under the action of oceanic wave # (w, t), the lifting pipe
and the mining vessel heave at the same frequency, so the
dynamic stress on the lifting pipe is only related to the
longitudinal displacement u; (x,t), and then the axial dy-
namic stress produced in the pipe can be obtained by the

the pump and the buffer of the lifting pipe are equipped with
a dynamic vibration absorber, respectively.

In this section, the calculation will be demonstrated by
using the DVA physical parameter given in Table 5 and the
previous parameters given in Tables 1 and 2.

following equation: Applying  the variable-separating method, let
du, (x,1) zi(x,t)=Z;(x)xq;(t), i=1,2, be the displacement
o4 (x,t)=E lT (21)  function of DVA; the motion differential equation of the first
* DVA can be calculated as
. . . P 82z1 (x,1)
4. Vibration Analysis of the Lifting gt ki [z, (x,1) = uy (by, )]
. t
Subsystem with DVA (22)
In the complex marine environment, the vibration and axial +d, [azl (1) _ou, (x, t)!x_b ] =0.
stress of the lifting subsystem caused by the motion of the ot ot !

mining vessel are easy to cause the fatigue failure and failure
of the subsystem. Under the action of ocean current, with the
increase of the length of the lifting pipe, the lateral dis-

The second DVA’s motion differential equation is as
follows:

placement at different positions of the pipe increases sig- 0’2, (x,t)

nificantly, which seriously affects the safety performance of " ot S EACDREACAD)

the lifting pipe. By adding vibration absorber, the vibration (23)
amplitude can be reduced by changing the natural frequency 0z, (x,1)  duy(x,1)|

of the lifting subsystem, so as to reduce the dynamic +d, ot ot xh| T 0.

maximum axial stress and the lateral displacement of the
pipeline. This dynamic vibration absorber model consists of
a spring element k; a damping element d;, and absorber
concentrated mass m;, as shown in Figure 2(c). In this model,

When the two DV As are equipped in pump and buffer
respectively, the mathematical model of lifting subsystem
can be established as
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TaBLE 5: Physical parameters of DVA.
i m; (kg) k; (N/m) d; (N-s/m)
1 1660 119000 200
2600 119000 200
d¢, (x d¢, (x . Results and Di ion
s, gl;i )lx:b, My (b2 + 2, (12 = B,8,792 () qZ; )|x:hl’ 5. Results and Discussio

m Zy (A% + dA[Zy (%) = ¢1 (by)] + ki [Z,(x) = ¢ (b))] =0,

ARG

S +m,Z, (x)\* = 0,

My, (b))

My Zy (O + dpA [ Z, (x) = 64 (04)] + Ky [ 2, () = 84 (8,)] = 0.
(24)
Substituting the form of complex solution of differential

equation into the second equation in equation (24), the
displacement expression of DVA can be obtained as follows:

Z,(x) = A_l 5211/1+k1 o + B, ‘le+k1 e_vlbl,
mA +dA+k mA+dA+k
7,0 = A dyA + k, b B d,A +k, b

mA> + dyA + k, “mA? + dy) + k,

(25)

When the buffer and pump are equipped with DVA,
respectively, Ry, = M, + m;, Ry, = M, + m, in equation
(6). Numerical simulation has been performed with
MATLAB to determine that the deflection angle 6 of the
lifting pipe is 0.4307°. Combining equations (14) and (24),
the equation for determining the unknown quantity is
obtained as equation (17). In the case of dynamic vibration
absorbers, the coeflicients «,, a,, 3, and 3, in equation (18)
are recombined as follows:

o :<M1 "
oc4=<M2

B =<M1 +

po-(on

Using physical model parameters given in Tables 1,
2, and 5, combined with deflection angle 0= 04307
and equations (8)-(17), the coefficients A; and B;
equation (17) are obtained by MATLAB, as shown in
Table 6.

my (d, )+ k)

/12+ESv,‘
m A2 +d A+ k, S

A%+ E,S,v,,
mA? +dod + k, e

- (26)
my (dA +k,)

- E,S,v,,
m A2 +d A +k B

)
msz+@)>
it o)

m, (dyA + k
22( 2 2) )AZ—E4S4U4.
mud” + d,A + k,

5.1. Influence of Ocean Current. In the process of deep-sea
mining operation, the lifting pipe will be offset due to the
action of ocean current load. When the parameters of the
lifting pipe have been determined, the mass of the buffer
(M,) and the force of the ocean current (qy) are the im-
portant factors affecting the deflection angle (60). According
to Morison equation, the current force is a function about
the relative velocity of vessel and ocean current. In order to
illustrate the effects of ocean current on the lifting pipe
dynamic characteristics during deep-sea mining operation,
seven buffer masses are selected with different sailing ve-
locities (V) of the mining vessel.

It is assumed that the mining vessel is considered to be
dynamically stable and sailing against the current during
towing. The comparison of the calculated results obtained
from these states is conducted on aspects of deflection angle.
As shown in Figure 9, under the condition of the same
sailing velocity of the mining vessel, the deviation angle of
the lifting pipe becomes smaller with the increase of the mass
of buffer. Meanwhile, under the condition of the same buffer
mass, the maximum deviation angle takes place at the
maximum sailing velocity of the mining vessel; obviously the
minimum deviation angle occurs when the sailing velocity is
minimum. Moreover, the buffer mass has little effect on the
deflection angle when the sailing velocity is smaller.

In order to intuitively understand the influence on the
dynamic characteristics of the lifting pipe caused by the change
of buffer mass and sailing velocity, the axial load and stress of
the lifting pipe under aforementioned buffer mass and sailing
velocity are simulated using the software OrcaFlex, as shown in
Figure 10.

It can be seen from Figure 10 that the axial load decreases
gradually with the increase of water depth. The axial load has
a small abrupt change at 1000m due to the influence of the
mass of the pump unit. For the whole lifting pipe, the axial
load is continuous and is equal at the joint of any two-stage
pipe. As shown in equation (19), the axial stress equation is a
piecewise function related to the cross-sectional area, which
is discontinuous due to the stepped structure of the pipe, so
the axial stress is discontinuous. The dynamic load of lifting
pipe is higher than its static load under the same sea con-
dition. The maximum axial load takes place at the top of the
pipe, the maximum static stress takes place at the top or
1000m of the lifting pipe, and the maximum axial dynamic
stress takes place at 2000m of the pipe.

As a whole, the axial static load significantly increases
with an increase in buffer mass, and the maximum axial
static load at the top of it attains 4.73 x106 N at 60 T and
increases 14.25% compared to the calculated value
4.14 x106 N at 0T. The axial dynamic load of the lifting pipe
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TABLE 6: Values of A; and B; in equation (17) with DVA.
i 1 2 3 4
A 1.3633 - 0.3881j —0.0053 - 0.0269j 0.0002 +0.0002; -0.0003 - 0.0013;
B; 0.1317 +0.3881j 1.7061 +4.7149j 0.8981 + 6.7834j —2.9977 + 11.0151;
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FiGgure 9: Effect of buffer mass on deflection angle under different sailing velocities.
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Ficure 10: Continued.
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FIGURE 10: Axial load and stress of the lifting pipe. (a) Influence of buffer mass on axial load. (b) Influence of buffer mass on axial stress.
(c) Influence of sailing velocity on axial load. (d) Influence of sailing velocity on axial stress.

decreases gradually with the increase of the buffer mass, and
the maximum dynamic load at the top of it attains
15.6x106 N at 0T and increases 89.09% compared to the
calculated value 8.25x106N at 60 T. Similarly, the axial
stress changes in the same way as the axial load; when the
mass of buffer is 0T and 60T, the maximum axial static
stress is 2.39 x 108 Pa and 2.79 x 108 Pa, respectively, with a
difference of 16.74%, and the maximum axial dynamic stress
is 14.82x108Pa and 7.65x108 Pa, with a difference of
93.73%. In addition, assuming that the mass of the buffer is a
fixed value, the axial static load, axial dynamic load, axial
static stress, and axial dynamic stress of the lifting pipe
gradually decrease with an increase in the sailing velocity of
the mining vessel.

Undoubtedly, the aforementioned results adequately
demonstrate that obvious buffer mass and sailing velocity
strongly influences not only lateral displacement of the
lifting pipe, but also axial load and axial stress; among them,
the influence of buffer mass on dynamic load and dynamic
stress is more significant. Therefore, a reasonable selection of
the buffer mass and the sailing velocity of the mining vessel
in the practical engineering can effectively decrease the total
axial load of the lifting pipe.

5.2. Comparison of the Lifting Pipe with and without DVA.
In order to further explain the vibration characteristics of the
lifting pipe after adding DVA, in this section, we compare
the longitudinal vibration characteristics of the lifting pipe
with and without DVA. Figure 11 is the comparison of the
lifting pipe’s longitudinal vibration with and without DVA
on time=0.

It can be seen from Figure 11 that when the DV As are
attached at this subsystem, the longitudinal vibration am-
plitude is greatly reduced with the increase of the lifting
pipe’s length. At 5000 m, the longitudinal vibration ampli-
tude of the subsystem with DV As is 13.24 m, while that of
the subsystem without DVA is 16.75m. After attaching
DVAs, the longitudinal amplitude is reduced by 20.9%.

Figure 12 is the longitudinal displacements of the lifting
pipe with DVAs from 0 to 20 seconds. Form it, we can see
that after attaching DVAs the vibration frequency of the
lifting pipe is not changed, it still vibrates with the motion
period of sea wave, and the vibration displacement ampli-
tude is reduced when DV As are installed.

When the DVAs is equipped, the deflection angle of the
lifting pipe subsystem decreases from 0.5709° to 0.4307°
under the action of sea waves, and the lateral displacement of
the lifting pipe is reduced from 49.8196 to 37.5853. So, after
equipping DV As, the lateral displacement at the end of the
pipe is reduced by 24.56%.

5.3. Comparison of Axial Force and Stress. In this section, we
compare the axial force and stress characteristics of the
lifting pipe with and without DVA. The MATLAB software
was used to calculate equations (19)-(20), and the simulation
results about gravity stress, dynamic stress, and total axial
stress of the pipe with and without DVA are shown in
Figures 13-16.

It can be seen from Figure 13 that the dynamic load is
larger than the gravity load, and the trend is consistent with
the total load. Figures 14-16 show a comparison between
with and without dynamic vibration absorber. For gravity
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FiGure 11: Comparison of the lifting pipe’s longitudinal vibration with and without DVA. (a) x: 0 — 1000 m. (b) x: 1000 — 2000 m. (c) x:

2000 — 3500 m. (d) x:3500 — 5000 m.

load and gravity stress given in Figure 14, no matter with or
without DVA, the downward trend of gravity load or gravity
stress does not change but their values increase. At the top of
the lifting pipe, the gravity stress increases from 0.261 GPa to
0.279 GPa. For dynamic load and dynamic stress, attaching
DVAs can reduce the dynamic load and dynamic stress, as
shown in Figure 15. And it is obvious that, at the top of the
pipe, the dynamic stress is 0.624 GPa without DVA, and it
decreases to 0.501 GPa when attaching DV As. For the total

axial load and axial stress, the same effect can also be ob-
served from Figure 16 where the value of total axial stress of
the lifting pipe with DV As is 0.786 GPa at the top, and the
value reaches 0.887 GPa without DVA. Therefore, attaching
DVAs can effectively reduce the axial stress of the lifting
pipe.

Using the experimental platform built in Figure 1, the
experiment axial force of the connection point between the
vessel and the lifting pipe is obtained. The simulation axial
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FIGURE 12: Longitudinal displacements of the lifting pipe. (a) x=1000m. (b) x=2000m. (c) x=3500m. (d) x=5000 m.

force can be calculated by MATLAB, and the experimental It can be seen from Figure 17 that the
value and simulation value are compared to verify the  experimental curve is very consistent with the simulation
usefulness and reliability of the mathematical model pro-  curve. It can be claimed that this difference may be due to

posed. The data comparison is shown in Figure 17. the axial force collection error and the difference
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between the physical model and the prototype of the
lifting system.

6. Conclusion

The main goal of the proposed model is to allow for more
accurate dynamic model considering the influence of
ocean current with DV As in typical lifting pipe of deep-
sea mining. Considering the geometrical features of the
prototype, the physical model of lifting system is built at
the National Ocean Technology Center of China, which
simulates different marine environmental loads. Com-
bined with the linearization method and current velocity,
the equation of moment balance is derived, and then the
deflection angle of lifting pipe is calculated by MATLAB.
At the same time, a comprehensive deep-sea mining
model is established by using Orcaflex software, and the
influence of the buffer mass and sailing velocity on the
deflection angle and the axial load and stress of the lifting
pipe is studied. Applying the method of separation of
variables, exact analytical solutions of the vibration and
axial stress excited by the heave motion of mining vessel
are determined with and without DV As. The vibration
process is modeled in MATLAB and Orcaflex to assess its
feasibility, and the comparative analysis has shown that
the proposed mathematical model of lifting pipe can be
useful and reliable.

Since the solution of vibration and axial stress of the
system equipped with DVAs is obtained according
only to the experimental model in this work, the pa-
rameters combination of dynamic vibration absorbers
cannot be directly used in production due to the different
working environment of deep-sea mining. But this
method has important guiding significance for the vi-
bration and axial stress analysis of lifting pipe of deep-sea
mining.
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