=
Journal of

Marine Science and Technology

£
5
S

. A=
Volume 29 | Issue 6 Article 2

Simulation of a Ship and Tension Leg Platform Wind Turbine Collision

Jiamin Guo
Shanghai Maritime University, Shanghai, China, jnguo@shmtu.edu.cn

Yu Zhao
Shanghai Maritime University, Shanghai, China

Weigang Chen
Zhejiang Southest Space Frame Co., LTD, Hangzhou, China

Guangeng Zhou
Zhejiang Southest Space Frame Co., LTD, Hangzhou, China

Follow this and additional works at: https://jmstt.ntou.edu.tw/journal

b Part of the Fresh Water Studies Commons, Marine Biology Commons, Ocean Engineering Commons,
Oceanography Commons, and the Other Oceanography and Atmospheric Sciences and Meteorology Commons

Recommended Citation

Guo, Jiamin; Zhao, Yu; Chen, Weigang; and Zhou, Guangeng (2022) "Simulation of a Ship and Tension Leg Platform
Wind Turbine Collision," Journal of Marine Science and Technology: Vol. 29: Iss. 6, Article 2.

DOI: 10.51400/2709-6998.2553

Available at: https://jmstt.ntou.edu.tw/journal/vol29/iss6/2

This Research Article is brought to you for free and open access by Journal of Marine Science and Technology. It has been
accepted for inclusion in Journal of Marine Science and Technology by an authorized editor of Journal of Marine Science and
Technology.


https://jmstt.ntou.edu.tw/journal/
https://jmstt.ntou.edu.tw/journal/
https://jmstt.ntou.edu.tw/journal/vol29
https://jmstt.ntou.edu.tw/journal/vol29/iss6
https://jmstt.ntou.edu.tw/journal/vol29/iss6/2
https://jmstt.ntou.edu.tw/journal?utm_source=jmstt.ntou.edu.tw%2Fjournal%2Fvol29%2Fiss6%2F2&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/189?utm_source=jmstt.ntou.edu.tw%2Fjournal%2Fvol29%2Fiss6%2F2&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/1126?utm_source=jmstt.ntou.edu.tw%2Fjournal%2Fvol29%2Fiss6%2F2&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/302?utm_source=jmstt.ntou.edu.tw%2Fjournal%2Fvol29%2Fiss6%2F2&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/191?utm_source=jmstt.ntou.edu.tw%2Fjournal%2Fvol29%2Fiss6%2F2&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/192?utm_source=jmstt.ntou.edu.tw%2Fjournal%2Fvol29%2Fiss6%2F2&utm_medium=PDF&utm_campaign=PDFCoverPages
https://jmstt.ntou.edu.tw/journal/vol29/iss6/2?utm_source=jmstt.ntou.edu.tw%2Fjournal%2Fvol29%2Fiss6%2F2&utm_medium=PDF&utm_campaign=PDFCoverPages

RESEARCH ARTICLE

Simulation of a Ship and Tension Leg Platform Wind
Turbine Collision

Jiamin Guo **, Yu Zhao *, Weigang Chen °, Guangeng Zhou "

# School of Ocean Science and Engineering, Shanghai Maritime University, Shanghai 200135, China
b Zhejiang Southest Space Frame Co., LTD, Hangzhou 311209, China

Abstract

Collisions between ships and tension leg platform wind turbines (TLPWTs) result in the TLPWT damage, including
tower damage and tension leg breakage. This paper details a collision between a ship and TLPWT simulated using the
LS-DYNA software package. During simulation, the behaviors of the water around the ship and of the TLPWT were
processed using the constant added mass and the fluid—structure interaction methods, respectively. The results indicate
that the energy conversion during collision is generally consistent with the law of conversion of energy, suggesting that
the simulation's calculations are acceptable. The TLPWT simulation results imply that two distinct collisions occurred
during the broader collision period because of TLPWT pitch or roll, and the simulated damage mainly occurred in the
contact areas. All tension legs were not slack during collision because of prestress, and the responses of the symmetrical
tension legs were largely equivalent. The response of the TLPWT decreased over time due to water resistance. The
results of this paper can be consulted to prevent and reduce losses caused by ship—TLPWT collisions.

Keywords: Tension leg platform wind turbine, Collision, Fluid—structure interaction, LS-DYNA

1. Introduction noted that these tension legs might be relaxed under
maximal wave height. Heather et al. [8] proposed a

ind energy development takes place small-scale test model for floating wind turbines
W onshore, offshore, and finally, in deep sea and verified the model's reliability at laboratory
areas. Particular research focus has been given to ~ conditions. Andrew et al. [9] proposed a unified
offshore wind turbines (OWTs) [1]. Several types of T[',PWT model that acc01'1nts for the effects of both
OWT are now produced. The monopile foundation qu waves and. _dampmg. In recent years, .the
wind turbine is the simplest wind turbine [2] and is P(?SSlblhtY‘Of COHISIQHS between ships and ﬂoat%ng
widely used in offshore areas. With the further =~ Wind turbines has increased due to the growing
development of deep-sea wind energy, the floating num‘b.ers of OWTs and t‘he expansion of sea routes.
foundation, which is more suitable for deep sea use, ~ Collisions between marine structures can have se-
has also emerged. The main types of floating foun- ~ Vere —consequences. Extensive research on
dations are spar [3], semisubmersible [4] and ten- ShlP_Shl_p( ship—bridge, and shlp—offshore plat-
sion leg platform (TLP) foundations [5]. TLP wind form collisions has be'en conducted. Aditya et al‘. [10]
turbines (TLPWT) are still under development. studied the rebounding phenomenon of a striking
Research on TLPs has been widely conducted. ship and its effect on the crashworthiness of the
Bachynski et al. [6] compared five types of TLPWTs impacted ship structure under the configurations of
and studied the influence of their different param- predefined scenarios. Sha et al. [11] used numerical
eters. Nematbakhsh [7] simulated TLPWTs and Simulation methods to analyze the safety of a
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pontoon under the impact load of a ship and studied
the pontoon's dynamic response. Travanca et al. [12]
conducted a series of finite element analyses to
provide a clearer understanding of the strain energy
dissipation phenomenon, especially in terms of
ship—offshore structure interactions during colli-
sions. Minorsky [13] classified the collision problem
into independent mechanisms of structural damage
and kinetic energy loss, which are internal and
external mechanisms, respectively. The kinetic en-
ergy loss problem is solved using completely in-
elastic collision theory, and the influence of the fluid
on the collision is simplified by applying the addi-
tional quality method. In postcollision studies, many
scholars have improved Minorsky's empirical for-
mula. Among them, Paik [14] expanded the scope of
Minorsky's formula. Aditya et al. [15] studied
ship—ship collisions with different ship types; In
their study, they analyzed postcollision structural
damage and energy conversion before and after a
collision. Moulas et al. [16] developed a numerical
nonlinear finite element analysis approach to eval-
uate the damage to wind turbine foundations from a
collision with an offshore support vessel. Gjerde
et al. [17] studied the mechanism of a collision be-
tween a ship and jacket platform; They analyzed the
classification of collision degree and the failure
mechanism of platform components. Ou and Ren
[18] simulated a collision between a ship and a fixed
single-pile foundation, and they analyzed the stress
change, plastic strain, and collision force upon the
single-pile foundation. Hamann et al. [19] simulated
a collision between a 200,000-Mg tanker and a
gravity foundation. Hao et al. [20] indicated that the
jacket foundation achieved optimum comprehen-
sive anti-impact performance under low-energy
collisions by generating the minimum collision force
among three foundation types (monopile, tripod,
and jacket). Bela et al. [21] performed simulations of
nonlinear collisions between a rigid striking ship
and an OWT. Mo et al. [22] performed transient
response and damage analysis on the grouted con-
nections of monopile OWTs when subjected to ship
collision impact. Ren et al. [23] proposed an anti-
collision device for single-pile OWTs to reduce pile
foundation damage. Until now, only limited
research has been conducted on TLPWT collisions
because they were developed much later than
offshore oil platforms. If the tension legs fracture
after collision, the OWT will be irreparably
damaged. Thus, studying the collision between
TLPWTs and ships is of critical concern.

The layout of the paper is as follows: section 2
provides the basic theory for the effects of sur-
rounding water, section 3 gives the detailed model

for the collision simulation, section 4 relates the
results obtained from the collision simulation,
which suggest that it is reasonable to simulate the
effect of water on the TLPWT and the ship using
fluid—structure interaction (FSI) and constant added
mass (CAM) methods, respectively.

2. Theory on surrounding water effects

Collision analysis encompasses examining
external dynamics and internal mechanics. The
water surrounding objects has effect on collisions.
Thus, analyzing the effects of surrounding water is a
key step in collision analysis. The effects of sur-
rounding water are considered using two methods:
the CAM method and the FSI method. The FSI
method has higher accuracy in simulating the ef-
fects of surrounding water than the CAM method
[24,25]; however, it also requires a more complicated
model and longer calculation time. The theories
behind these two methods are summarized in the
following subsections.

2.1. FSI method

The FSI method can provide a solution to a fully
coupled ship collision problem in which the sur-
rounding water flow is explicitly simulated and
actual ship motion is considered when the contact
force is being evaluated. The solution is obtained
using numerical methods such as computational
fluid dynamics, arbitrary Lagrange—Euler (ALE)
methods, smoothing particle hydrodynamics, and
other simplified fluid dynamic simulation methods
[25]. Currently, the ALE method is widely used in
marine structure collision analyses. The ALE
method is convenient for designers to implement
because this formulation is included in most design
or finite element software (e.g., Fluent, LS-DYNA)
platforms. The LS-DYNA program provides a
various materials (such as water and air) and Euler
substances for achieving coupling between a fluid
and the solid structure by using the ALE algorithm.
However, the ALE solver in LS-DYNA is not a
complete Navier—Stokes solver; it does not consider
fluid boundary layers. The effect of fluid viscosity is
only derived from the material model [26]. The fully
coupled ALE method requires considerable
modeling work and computing resources. The solve
was implemented using the Lagrangian—FEulerian
method in LS-DYNA. Because a TLPWT was the
key research object in this paper, the FSI between
water and TLPWT was simulated based on the FSI
method.



JOURNAL OF MARINE SCIENCE AND TECHNOLOGY 2021;29:731—742 733

2.2. CAM method

Minorsky [27] first proposed a simplified ship
collision decoupling method named the CAM
method. The CAM method involves considering the
influence of surrounding fluid on a collision by
attaching a certain mass to the collision structure.
Due to its simplicity, the CAM method has attracted
great interest in ocean engineering and is widely
used in ship collision analysis. The slicing method
and an empirical formula can be used to estimate
the CAM of a structure involved in a collision.

Minorsky [28] proposed a simple empirical for-
mula for additional mass during lateral drift:

M,y =0.4m (1)

where My, is the additional mass and m is the
quality of the ship.

The CAM of the ship is not a fixed value during
horizontal drift. The longer is the collision time, the
greater is the added mass. The CAM variation range
can be shown as follows:

My, = (0.4 ~ 1.3)m )

When the ship is forward and backward, its
additional mass is expressed as

XH (t) = - u°Mxx (3)

where Xy (t) is the hydrodynamic force acting on the
ship, a is the acceleration of the forward and back-
ward movement of the ship, and M,k is much
smaller than the ship's mass m. The following
equation can be used to estimate M,y:

M, = (0.02 ~ 0.07)m (4)

Motora et al. [29] studied the effectiveness of
Minorsky's assumption of CAM by using a series of
test models and concluded that the aforementioned
assumption is only valid for short-duration colli-
sions. For collisions of a longer duration, the value
of additional mass increases to even higher than the
value of the ship's mass. In addition, the CAM
method does not consider the relative motion be-
tween water and a structure or the wetted surfaces
of the two objects during a collision. In this study,
the CAM method was used only to consider the
hydrodynamic added mass of a ship; the CAM co-
efficient of the ship was set to 0.05 for simplicity.

3. Collision simulation

Collision simulation is a key step for establishing
the safety of TLPWTs in service. To illustrate the
influence of a collision on TLPWTSs, in this study,

overall structural responses, the internal force of
tension legs, and cabin responses were analyzed.
The overall collision simulation was performed
using LS-DYNA. Except for collision force, our
study did not involve consideration of other external
environmental factors such as wind and waves,
because these have a markedly lower impact than
does collision force; this approach is consistent with
those of other authors [30]. The results revealed that
although under certain circumstances waves have
an adverse effect on a collision, collision force and
depth were almost the same as those under wave-
free conditions.

3.1. Numerical model

In this study, a parked 5-MW TLPWT was
employed as an example, as depicted in Fig. 1. This
TLPWT was studied previously [31]; and it was
called the National Renewable Energy Laboratory
offshore 5-MW baseline wind turbine. Four tension
legs groups, each comprising two tension legs,
support the TLPWT. The main parameters of the
TLPWT model are listed in Table 1.

As illustrated in Fig. 1, the origin of the co-
ordinates is at the bottom of the platform's central
column. The x- and y-axes are parallel to the axis of
the pontoon, and the z-axis is vertical to it. The
remaining parameters (e.g., speed, angle) are based
on the aforementioned coordinates without other
special instructions.

Z-Axis

Cabin
240000kg

Central column

84m

Float4".
5100000kg

Fig. 1. TLPWT.
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Table 1. TLP parameters [31].

Items Value (Unit)
Column outer wall thickness 20 (mm)
Platform weight 5.1 x 10° (kg)
Inner height of the pontoon 11(m)

Float outer wall thickness 20 (mm)

Rib thickness 20 (mm)

Platform displacement 5.98 x 10° (kg)
Outside height of the pontoon 5(m)

eult (1) 3]

2 3

” —
p+1

pP= [1—(51—1)M—Sz

poCu+ (vo + ap)E;

The material chosen for the TLPWT numerical
model was steel, and material was considered
nonlinear due to its large plastic deformation during
collision. In this study, a plastic dynamic model was
adopted that can consider strain hardening and
maximum plastic failure strain [32]. Once an
element reaches the maximum plastic failure strain,
the element ruptures, the stress is equal to zero, and
external load can no longer be borne.

The plastic properties of marine low-carbon steel
are highly sensitive to strain rate. The yield stress
and tensile strength limits of such steel increased
with strain rate, and thus, the influence of strain rate
should be introduced in a material model. In this
study, the Cowper—Symonds constitutive equation
[33] was used to consider strain rates, and the nu-
merical results were consistent with experimental
data [34]. The formula for strain rate is as follows:

1

o[t (o) ®

where o is the initial yield stress, ¢ is the effective
plastic strain rate, E, is the plastic hardening
modulus given by E, = E,E/(E — Eu), e;ff is the

Table 2. Plastic material parameters.

Material properties Value (unit)

Density 7800 (kg/m®)
Young's modulus (E) 2.10 x 10'(Pa)
Passion ratio 0.3

Initial yield Stress (a) 2.35 x 10%(Pa)
Tangent modulus (Ejy) 1.18 x 10°(Pa)
Hardening rate () 0

Failure strain 0.34

effective plastic strain, 8 is the hardening param-
eter, E; is the tangent modulus, E is the elastic
modulus, D is 40.4, and P is 5. The material pa-
rameters are detailed in Table 2.

When the FSI was used in this study, a null ma-
terial model was to simulate water and air. The
pressure—volume relationship of the null material
model is defined using the Gruneisen state equation
[26]. The pressure for compressed and expanded
materials in the null material model are calculated
as follows:

5+ (vo + au)E;  (compressed material)

(6)
(expanded material )
/x:p%—l (7)

where E; is the internal energy per initial volume, p,
and p are initial density and current density,
respectively, and C is the intercept of the u; —u,
curve (us is the velocity of the shock wave, u, is the
velocity of the medium particle, and the character-
istic curve of the material in the u; — u, coordinate
system is called the u; — u, characteristic curve). Sq,
Sy, and S3 are the coefficients of the us — u, curve, v,
is the Gruneisen gamma, and a is the first order
volume correction to ;. Constants C, S1, Sy, S3, vy,
and a are user-defined input parameters that can be
obtained directly from experiments.

The structure studied in this paper had eight
tension legs. Their material parameters are listed in
Table 4.

The initial pretension of all tension legs was set to
1.075 x 10° N. The internal force was affected by
buoyancy, pretension, and gravity.

3.2. Finite element model

For the finite element model (FEM), a conven-
tional supply ship with 5000-Mg mass [35] crashed

Table 3. Water and air material parameters (in null material model).

Material properties Water Air
Density (kg/m®) 1025 1.226
C (m/s) 1650 344
S1 1.92 0

S2 —0.096 0

S3 0 0

Yo 0.35 1.40
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Table 4. Geometrical and material parameters of tension legs.

Material Section diameter(m) length(m)

Axial stiffness(N)

Dry weight (kg/m) Break strength(N)

Steel cable 0.10 200

9.891 x 108

55.46 1.0 x 107

into the wind turbine along the negative x-axis at
3 m/s. The geometric model of the ship is presented
in Fig. 2. Because the bulb bow has sufficient stiff-
ness and the collision response of the TLP was the
principal concern in this study, only the bow model
was built to simulate the whole ship's behavior. The
ship's bow had the same mass, collision speed, and
inertia moment as the whole ship did. The bow's
FEM is depicted in Fig. 2(b).

To reduce the number of elements and enhance the
calculation efficiency, some minor ribs were neglec-
ted during construction of the FEM, and the wind
turbine was simplified as a mass. Shell 163 elements
were used to simulate the shell and ribs
at the column and pontoon depicted in Fig. 1. Link 167
elements were to simulate the tension legs.
The simplified FEM, which refines the elements at the
areas where collision occurs, is illustrated in Fig. 3.

Additionally, in the FSI analysis model, the overall
area of the fluid was 200 m x 120 m x 80 m
(length x width x height). The air and water in the
fluid were simulated using Solid 164 elements. All
material parameters for the FEM are shown in Ta-
bles 2—4.

3.3. Contact and boundary conditions

To avoid initial penetration, the ship was config-
ured to maintain an initial distance of 0.9 m from the
TLPWT, as illustrated in Fig. 3. During collision, the
master and slave contact interfaces were defined as
the ship bow and the refined elements in the TLP,
respectively. The coefficients of dynamic friction
and static friction were both set to 0.2 during
contact.

The TLPWT was constrained by its tension legs,
which had fixed bottoms. A nonreflective boundary
constraint was applied around the fluid due to the
flow field being infinite.

4. Results

Based on the aforementioned theory and numer-
ical model, this paper details the simulation of col-
lisions between a ship and TLPWT.

4.1. Velocity and force during collision

The velocity and the collision force are displayed
in Fig. 4.

Figure 4 shows that the collision force began to
appear at 0.3 s and reached a maximum at 0.645 s. It
began dropping rapidly thereafter until it reached
zero at 1.025 s; hence, the TLP was separated from
the ship at that time. From 0.3 to 0.645 s, the ship
velocity decreased almost linearly, but the TLP ve-
locity increased almost linearly, thus explaining the
eventual separation. After 1.560 s, the collision force
reoccurred and increased to 7.14 x 10° N. It then
began to decrease, reaching zero again at 2.205 s.
This indicates that the second collision occurred
between 1.560 and 2.205 s. From 1.025 to 1.560 s, the
ship velocity was always higher than the TLP ve-
locity; this explains the second collision. During the
second collision, the ship velocity decreased grad-
ually and was less than the TLP velocity at 1.950 s.
At 2.205 s, the ship separated from the TLP again,
and ship speed tended toward a certain nonzero
value when water resistance was ignored. Under the
influence of interactions between the tension legs

Fig. 2. Ship geometry model & the finite element model of the bow.
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Fig. 4. Velocity and collision force curves.
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and water, the TLP slowly vibrated and moved. Its Figure 6 suggests that plastic failure mainly
velocity tended toward zero because of the effect of  occurred at the collision area involving the upper
water resistance. The maximal collision force of part of the bulb bow and the bow parts. The

27.89 x 10 ® N appeared during the first collision. deformed shapes of the two impact zones are related
to the shape of the bow structure. At 0.45 s, the
4.2. System energy analysis strain was smaller than the material failure strain of

0.34, which indicates that failure did not occur
The energy conversion between the ship and  before this time point. As the impact force increased

TLPWT during collision is the key factor in assess-  rapidly during the collision, the unit plastic strain
ing the rationality of the simulation results. The reached the failure value of 0.34 after 0.45 s. Ac-
energy conversion results are displayed in Fig. 5. cording to the calculated results from LS-DYNA, the

Figure 5 demonstrates that the total energy of the  shell element 20163 failed at 0.486 s and until the
system and initial kinetic energy of the ship are both  end of the entire collision process, and no other

23.62 MJ. Energy conversion mainly occurred dur-  element in the entire structure reached the failure
ing the first collision (i.e., from 0.3 to 1.025 s) when  strain value of 0.34. The area of the plastic defor-
the kinetic energy of the ship was primarily con- mation cloud map suggests that the plastic defor-
verted into system internal energy, platform kinetic = mation gradually increased with the progress of the
energy, water kinetic energy, and ship residual ki-  collision (i.e., from 0.3 to 1.025 s), and the failure area

netic energy. The system's hourglass energy could was not the largest when the impact force was at its
account for less than 1.7% of the total energy, and maximum, at 0.645 s. Instead, after the peak of the
the energy conversion was generally consistent with  impact force, the plastic failure area continued to
the law of conversion of energy, which indicates that  expand until the separation of the ship and TLP.
the collision calculation results were acceptable. In addition to plastic deformation at the collision
Throughout the collision process, the kinetic energy  area, Fig. 7 presents the equivalent stress cloud of
and the internal energy transformed into each other, = the TLPWT at 0.65 s when the collision force was
and the system internal energy accounted for more  almost at its maximum.

than 80% of the total energy. It is understood that Figure 7 indicates that the maximum stress in the
during collision, the initial energy is mainly be  collision zone was 586.5 MPa, which is approxi-
converted into a system's internal energy. mately 2.5 times the material static yield stress

(235 MPa). Notably, the stress at the joint between
4.3. Structural damage analysis the pontoon and the central column also exceeded

235 MPa. During the collision, the stress was

The damage deformation of the structure can be  concentrated in the collision zone and the connec-

reflected by plastic strain. Figure 6 shows the plastic ~ tion area between the central column and the

strain cloud diagram at the collision zone of the  pontoon and tower. These areas should be protected
TLPWT at different times. at the platform design stage.

23.6225 |

80.2% 84.6% 81 -7"": 82.7%

18.0%:

MV\,\,\ 16.0% [
H TN
WMV 13'3%\‘\’\’—’/-"""" sl

Energy /MJ

; P i
i0.6% ,,lg‘i/f = = 8%, I
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e
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Fig. 5. System energy conversion curves.
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Fig. 6. Plastic strain cloud diagram at the collision zone (3 m/s).
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Fig. 7. Equivalent stress cloud map (v = 3 m/s, t = 0.65 s).

The plastic strain and equivalent stress cloud di-
agrams of the TLPWT when the initial speed of ship
was reduced to 2 m/s are depicted in Figs. 8 and 9,

respectively.

Figure 8 indicates that the strain value was always
smaller than the material failure strain value of 0.34.

Fringe Levels
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Fig. 9. Equivalent stress cloud map (v = 2 m/s, t = 0.75 s).

The maximal strain value was 0.2963. Figure 9 shows
that the maximum stress in the collision zone was
384.1 MPa, which was lower than 586.5 MPa at 2 m/
s. The plastic strain and equivalent stress cloud di-
agrams of the TLPWT when the initial speed of ship
is increased to 5 m/s are shown in Figs. 10 and 11,
respectively.

Time/$

Fig. 8. Strain cloud diagram of the collision area (2 m/s).
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Fig. 10. Strain cloud diagram of the collision area (5 m/s).

REEE KERES Figure 10 shows that the unit plastic strain reached

Eizzx the failure value of 0.34 after 0.22 s. The collision
iy damage at 5 m/s appeared markedly earlier than did
4.478c+08 _ that at 3 m/s. Figure 11 reveals that the maximum
3.838e+08 stress value in the collision zone was 639.7 MPa,
3.199e+08 which is markedly higher than the values at 2 and
2.569e+08 | 3 m/s. These results suggest that the higher is the
1.919e+05 _| . . . .

speed of the ship, the greater is the collision damage
1.279e+08
6.3970+07 to the platform; thus, reducing ship speed is an
0.000¢+00 _| effective approach for reducing collision damage.

4.4. Internal force of tension legs

Tension legs are key components of a stable
TLPWT; if tension legs fracture, they fail to support
the TLPWT. Thus, the internal force of tension legs
during a collision is also of critical interest. The
response of tension legs during a collision is char-
acterized in Fig. 12.

Figure 12 shows that the axial force magnitudes and
curve trends oflegs1and 2,3 and 8, 4and 7, and 5 and
6 were essentially the same because these tension leg
pairs were each symmetrical with one another. The
tension legs located on the positive half of the x-axis

Fig. 11. Equivalent stress cloud map (v =5 m/s, t = 0.4 s).
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Fig. 13. Displacement of the tower and cabin acceleration in the x direction.

(tension legs 1, 2, 3 and 8) were first loaded and then
unloaded. The internal force trend of tension legs on
the negative half of the x-axis (tension legs 4, 5, 6, and
7) was exactly opposite. This was caused by the pitch
of the TLP around the y-axis after collision. In addi-
tion, the axial force variation of the tension legs near
the y-axis coordinate was small, whereas the diver-
gence of tension legs 1 and 2 away from the y-axis was
greatest among that of all the tension legs pairs; their
axial force increased from 1.075 x 10° N to
1.645 x 10° N. The axial force of each tension key was
concentrated at 0.88 x 10° N at 5 s; this value is lower
than the initial pretension value of 1.07 x 10° N,
indicating that the collision caused the rigid
displacement of the TLPWT in the negative direction
of the z-axis at this time point. After 5 s, the tension
legs tightened again under the influence of buoyancy,
and their axial forces gradually returned to their
pretension value. None of the tension legs exhibited
the relaxation phenomenon. Hence, enhancing the
initial prestress of tension legs an effective method of
avoiding tension leg relaxation. Figure 12 also reveals
that the internal force was always less than the break
strength (i.e., 1.0 x 10” N); thus, the tension legs were
not at risk of breakage.

4.5. Tower top cabin response analysis

The nacelle is a key component for normal opera-
tion of wind turbines; thus, a response analysis of a
cabin during a collision is essential. Figure 13 lists the

displacement response of the tower and the acceler-
ation of the cabin in the x direction at different times.

All five nodes had displacement on the negative x-
axis, indicating that the TLPWT exhibited rigid body
displacement after the collision. The displacement of
the five nodes at different stages suggested a wave-
form growth, indicating that the tower was pitching
back and forth and coupled with rigid displacement.
The pitch amplitude reached the first peak of —4.52 m
(the displacement difference between the tower bot-
tom and its top node) at approximately 3 s, and the
second peak of 0 m occurred at 6.6 s. The pitch de-
grees were 3.7%, 2.06%, and 2.14% of the height of the
tower (124m) at 2.95, 6.6 and 10.0 s, respectively. The
pitch amplitude decreased over time due to the
resistance of water. The acceleration of the cabin in
the x direction increased rapidly after a collision, and
its direction was opposite to the collision force; hence,
cabin inertial force (rather than collision force) caused
the acceleration of the cabin at this stage. The accel-
eration reached a maximum value (—5.11 m/s?) at0.7 s
and then gradually decreased. In general, except for
the first peak, the acceleration of the cabin reached
the local largest value when the tower pitch ampli-
tude was at its maximum.

5. Conclusion

In this study, a collision between a ship and a
TLPWT was simulated. The fluid around the
TLPWT and the ship was analyzed using FSI and



JOURNAL OF MARINE SCIENCE AND TECHNOLOGY 2021;29:731—742 741

CAM methods, respectively. Several conclusions
can be drawn from the collision simulation results.

First, the fluid around the collision objects is a key
factor during a collision. Although the FSI method is
more time-consuming and occupies more compu-
tational resources than the CAM method, using the
FSI method to study the effects of water conditions
on research objects (e.g., TLPWT) is recommended.
In this study, the ship was the only object that pro-
duced collision force; thus, the fluid around the ship
was considered using the CAM method. Second, the
stress was concentrated in the collision zone and the
connection area between the central column and the
pontoon and the tower. Hence, limiting ship speed is
an effective approach for preventing collision dam-
age. Third, tension legs are key components of
TLPWTs. Enhancing the initial prestress of tension
legs helps to avoid tension leg relaxation.

Finally, the tower of the wind turbine tended to
pitch back and forth, coupling with a rigid
displacement after collision, and the acceleration of
the cabin reached the local largest value when the
tower pitch amplitude reached its local maximum.
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