energies

Article

Experimental Study on the Contact Force between the Vessel
and CBF in the Integrated Floating Transportation Process of

Offshore Wind Power *

Linggian Meng 1'* and Hongyan Ding 12

check for
updates

Citation: Meng, L.; Ding, H.
Experimental Study on the Contact
Force between the Vessel and CBF in
the Integrated Floating
Transportation Process of Offshore
Wind Power. Energies 2022, 15, 7970.
https:/ /doi.org/10.3390/en15217970

Academic Editor: Amrit Shankar

Verma

Received: 4 August 2022
Accepted: 24 October 2022
Published: 27 October 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

School of Civil Engineering, Tianjin University, Tianjin 300072, China

State Key Laboratory of Hydraulic Engineering Simulation and Safety, Tianjin University,

Tianjin 300072, China

*  Correspondence: menglinggian@tju.edu.cn

t  This paper is an extended version of our paper published in 37th ASME International Conference on Ocean,
Offshore and Arctic Engineering Conference, Madrid, Spain, 17-22 June 2018.

Abstract: More and more clean energy is used worldwide and offshore wind power is an important
part of clean energy. The difficulty of offshore construction is an important problem. The integrated
floating transport technique of composite bucket foundation (CBF) provides an important method to
solve this problem. The main purpose of this paper is to study and verify the safety of the integrated
floating transport technique of the composite bucket foundation. Through the test method, we
determine the location distribution where the contact force changes greatly and identify the factors
that have a great impact on the contact force. We study the influencing factors of the contact force
between the composite bucket foundation and the installation vessel during the towing process and
verify the experimental results through project data monitoring. We conclude by proposing feasible
suggestions for the safety assurance of the project based on the contact force problem.

Keywords: offshore wind power; composite bucket foundation (CBF); one-step installation technique;
contact force

1. Introduction

The stock of fossil fuels is limited and they can cause significant pollution to the
environment, while wind energy is a renewable and clean energy source. To achieve
the goal of lower pollution with a longer service life in energy production, wind energy
is increasingly being utilized. The proportion of wind power generation in the world
has increased significantly (Figure 1a,b). By 2020, China’s offshore wind power installed
capacity reached 30 GW. In Europe, where offshore wind power is widely used, 100 GW
of offshore wind farms will have been built by 2020. Approximately 93 GW of new wind
power was installed globally in 2020; 53% more than 2019, and the total installed capacity
worldwide reached 742 GW [1-5]. Today, offshore wind power has been widely used, but
there is still a problem of high transportation and installation costs (about twice the cost of
onshore wind power installation). In addition, the safety of offshore construction is still an
urgent problem to be solved.

Complex marine conditions and the seabed make it difficult to solve the problem
of offshore construction, thus contributing to the high price of offshore wind power: the
unit price of offshore wind power in Europe is about EUR 0.15, while the unit price of
onshore wind power is about EUR 0.07/kWh. Therefore, reducing the offshore construction
period is one of the important challenges in offshore wind power application, and the
optimization of the form of the offshore wind power foundation can effectively achieve
this. The common foundation forms of offshore wind power include mono-pile foundation,
multi-pile cap foundation, gravity foundation, bucket foundation, jacket foundation, and
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floating foundation. These foundation forms have their own advantages, but also have
their own applicable water depth, seabed, fan capacity, etc. [6-15].
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Figure 1. Wind power overview. (a) New global wind installations (GW) (GWEC-Global-Wind-
Report-2021) * Source: GWEC Market Intelligence; IEA World Energy Outlook (2020), volume in
2022-2024 and 20262029 are estimates; (b) global final energy consumption (GWEC-Global-Wind-
Report-2021).

In a word, the common problem of these foundations is the difficulty of offshore
construction, which leads to long construction time and high cost. Under such conditions,
the composite bucket foundation (CBF) was developed. It combines the traditional bucket
foundation with the gravity foundation, and has the advantages of onshore manufacturing
and assembly, integrated transportation and installation, and is reusable. In particular, it
provides an effective solution to the problems of high construction costs and long construc-
tion time, that is, the integrated floating transport and installation technique of composite
bucket foundation. So far, the first offshore wind turbine using CBF has been operating
safely for 10 years, which indicates that CBF can meet the requirements of an offshore wind
turbine foundation [16-22].

For the transportation of offshore wind turbines, many scholars have carried out
research on this topic. Collu et al. took a real floating body as the research object for
analyzing offshore wind power in the transportation and installation process. Ding et al.
and Zhang et al. studied the property of bucket foundation by simulation and experimental
research methods. Han et al. studied the stability of integrated bucket foundations in the
process of wet towing by a large-scale test. Completion of offshore transportation and
installation together can greatly reduce the offshore construction time and optimize the
construction cost and safety [23-27].

The main features of the CBF are onshore integral construction and offshore one-step
installation; these two processes are an integral whole. As shown in Figure 2, the CBF and
one-step integrated installation techniques for offshore wind turbine are described in order
to better illustrate the characteristics of this structure.

(b)

Figure 2. (a) Onshore integral construction (b) offshore one-step installation.
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Traditional offshore wind power mostly completes the construction process offshore,
while the integrated floating transport technique of offshore wind turbines with CBF
completes most of the construction onshore. The integrated floating transport technique of
offshore wind turbines with CBF simplifies the construction steps, and the construction
time on the sea is greatly reduced as a result. Firstly, the construction of the bottom steel
bucket and the concrete transitional segment should be fabricated on land, and these two
parts are joined by welding. Secondly, the sinking position is next to the pier during the
lifting of the CBF into water with the 5000 T gantry crane, and sinking the CBF in place
through suction. Thirdly, the wind turbine tower and generator are installed near the
pier. Fourthly, the whole structure is shipped on the maritime transport and installation
ship, and is transported to the designated location. Finally, using the negative pressure
technology, the installation tasks of two CBF can be finished at once. At present, this
installation technology has been applied in practice in China (Figure 3) [25,26,28-35].

(b)

Figure 3. One step installation example of the composite bucket foundation. (a) Xiangshui wind farm
(3.5 MW); (b) Dafeng wind farm (6.45 MW); and (c) Rudong wind farm (4 MW).

In order to further verify the safety of this technique, the wholeness of the vessel and
CBF must be confirmed, which means that the vessel and CBF cannot be separated. This
requires the study of the contact force between the vessel and CBF. Therefore, model tests
were conducted to study the contact force between the vessel and CBF during the towing
operation.

2. Model Test Setup

The tests are based on a 1:50 scaled vessel and CBF model which is made of plexiglass.
As long as it is properly maintained, plexiglass can maintain better water tightness for
a long time. The geometric dimensions of the model and the prototype are reduced by
1:50, but because of the different materials from the prototype, the weight at the center of
gravity is used to achieve the weight scale. Due to the transparency of plexiglass, the use of
plexiglass can better observe the vessel’s draft and the relative position changes between
the CBF and thus determines the ship interaction between the CBF. The structure and mass
distribution of the scaled model are consistent with the prototype. Froude’s scaling laws
are applied in the model test. The vessel model is 2.064 m long and each bucket model has
a diameter of 0.7 m and a height of 0.23 m, other sizes are summarized in Tables 1 and 2.
The towing tank is about 130 m long, 7 m wide, and 6-9 m deep at Tianjin University.

As shown in Figure 4a, the whole model (vessel and CBF) is placed in water. In order
to install the CBF, there is a groove on each side of the vessel. There are 7 cabins inside the
CBF and they are used to compress the air inside to provide buoyancy (Figure 4c,d). Each
cabin has an opening at the bottom. Air will be injected into the cabins and the bottom
will be closed by the water surface. Each CBF is floated on the water and then self-floats
to the concaved bottom of the vessel by the pressure resulting from compressed air inside
the cabins (Figure 4a). Two towing points are set at the front of the vessel and at the same
height as the deck. The other end of the towing bridle is attached to the trailer above the
towing tank. The height of the trailer is the same as the towing points (Figure 4b).
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Table 1. Parameters of the vessel.

Full Scale Model Scale
Length (m) 103.2 2.064
Width (m) 51.6 1.032
Depth (m) 9 0.18
Draft of vessel (m) 6 0.12
Displacement (t) 16,700 0.1336
Bottom area (m?) 2783 1.11

Table 2. Parameters of the CBE.

Full Scale Model Scale
Diameter (m) 35 0.7
Depth (m) 11.5 0.23
Weight (kg) 3807 x 10° 30.5
Bottom area (m?) 962 0.385

(©)

Figure 4. The vessel and the CBF model: (a) Installation of CBF; (b) Towing of CBF; (¢) CBF model;

and (d) 7 cabins of CBE.

The sensors used in the model test are one-way type-S tension pressure sensors. The
vertical contact force between the vessel and the CBF is measured by the sensors which
connect the vessel to the CBF. In the experiment, the wave is regular, and the wave direction
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angle is 180°. To measure the vertical force between CBF and the installation vessel more
accurately, the sensor is rigidly connected with the vessel. Five sensors are arranged on
each CBE and the positions of the measuring points are shown in Figure 5. In order to
clearly obtain the contact force during towing, the data measured by the sensor are reset
before towing. In order to directly obtain the contact force, no pre-tension is provided in
this experiment. Then, the final measured data are the contact force during towing. The
test data are collected during the towing process.

o 5
\ e

 SENSORS

CBF | \ CBF

. | VESSEL | -

(a) (b)

Figure 5. Sensor arrangement: (a) sensor installation on CBF; (b) sensor position on CBE.

3. Results and Interpretation
3.1. Working Condition Arrangement

The control factors in the model test include wave height, towing speed, and draft.
The specific parameters are selected in Table 3 below. A total of 60 groups of tests were
completed. In the experiment, the wave is regular, and the wave direction angle is 180°.
The appropriate working conditions will be selected for analysis.

Table 3. Wet-towing conditions used in the test.

Items Units Parameter 1 Parameter2 Parameter3 Parameter4 Parameter 5
Wave height H (period) m 0 0.03 (0.86) 0.05 (1.06)
Towing speed V m/s 0.22 0.29 0.36 0.43 0.50
Draft depth Iy m 0.12 0.10 0.08

3.2. Effect of Bow and Stern

Firstly, the contact force between the vessel and CBF at the bow and stern is analyzed.

The test conditions are shown in Table 4. Once the model motion state became stable,
the results for the contact force between the vessel and CBF (Figure 6) were extracted for a
period of 60 s. The figure shows the difference of the contact force between the bow and
stern of the vessel and CBF during wet towing. It can be seen from the figure that the stern
contact force is between £0.5 kg, while the bow contact force changes are between —1.7 kg
and 1.2 kg. The contact force of the bow facing the wave is much greater than that of the
stern. The contact force fluctuation of the bow facing the wave is also much larger than
that of the stern. The contact force period of bow and stern is consistent, which indicates
that the integrity of the vessel and CBF is consistent during towing. Based on the above
experimental results, the limit conditions are more valuable for safety research, and the
bow data are selected in the following analysis.

3.3. Effect of Wave Height

Taking the wave height as the main variable, and keeping the factors except for wave
height unchanged, we can combine the following conditions (Table 5); the values in the
table are the model-scale values.
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Table 4. Wet-towing conditions used in the test.

Items Units Condition 1
Wave height H
H (period) m 0.05 (1.06)
Towing speed V m/s 0.43
Draft depth 1 m 0.12
15¢ —— bow
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Figure 6. The contact force between vessel and CBF model.

Table 5. Wet-towing conditions (wave height as main variable).

Items Units Condition 2 Condition 3 Condition 4
Wave height H
H (period) m 0 0.03 (0.86) 0.05 (1.06)
Towing speed V m/s 0.36 0.36 0.36
Draft depth Iy m 0.12 0.12 0.12

Figure 7 shows a typical plot of contact force in time history. Obviously, what can
be observed is that under condition 2, the contact force is very small; under condition 3,
the contact force is between £0.7 kg; and under condition 4, the contact force is between
—0.2 kg and 1.0 kg. It can be seen that under the conditions of the same draft depth and
the same towing speed the contact force between the vessel and CBF increases with the
increase in wave height. It can also be seen from the figure that the contact force shows
that the tensile force increases with the increase in wave height. The time history diagram
shows that the maximum tension is no more than 1 kg, that is to say, if more than 1 kg
pre-tension is provided, the vessel and CBF will not separate.

3.4. Effect of Speed

Taking the towing speed as the main variable, and keeping other factors unchanged,
we can obtain the following conditions (Table 6); the values in the table are the model-scale
values.

The analysis conditions are shown in Table 6. Figure 8 shows a typical plot of contact
force in time history. It is clear from Figure 8 that, given the constant draft depth and
wave height, the contact force between the vessel and CBF increases with the increase in
the towing speed. The value of the contact force is between %1 kg. As the towing speed
increases, the contact force between the vessel and the CBF shows little fluctuation. When
the traction speed increases from 0.22 m/s to 0.50 m/s, the contact force between the vessel
and CBF increases from 0.1 kg to 0.7 kg. This indicates that when we select an appropriate
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draft and wave condition, the influence of speed on contact force is relatively small. This
also means that in practical projects, when the wave conditions meet the standard, we can
shorten the overall towing time by increasing the towing speed, which will not greatly

affect the overall towing safety.
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Figure 7. The curve of contact force vs. time considering wave height effect.

Table 6. Wet-towing conditions (speed as main variable).

Items Units Condition 5 Condition 6 Condition 7 Condition 8 Condition 9
Wave height H
H (period) m 0.03 (0.86) 0.03 (0.86) 0.03 (0.86) 0.03 (0.86) 0.03 (0.86)
Towing speed V m/s 0.22 0.29 0.36 0.43 0.50
Draft depth Iy m 0.12 0.12 0.12 0.12 0.12
Condition 5

Condition 6
Condition 7
Condition 8
Condition 9

[ I ‘
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Figure 8. The curve of contact force vs. time considering towing speed effect.

3.5. Effect of Draft Depth

Taking the draft depth as the main variable, and keeping other factors unchanged, we
can obtain the following conditions (Table 7); the values in the table are the model-scale

values.

Table 7. Wet-towing conditions (draft depth as main variable).

Items Units Condition 10 Condition 11 Condition 12
Wave height H m 0.03 0.03 0.03
Towing speed V m/s 0.36 0.36 0.36
Draft depth hy m 0.08 0.10 0.12

Figure 9 shows a typical plot of contact force in time history. At first glance, it can
be seen that the instantaneous value of contact force is between +0.1 kg, which is quite
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small. In addition, the contact force between the vessel and the CBF decreases as the draft
increases. The fluctuation of contact force between the vessel and CBF also decreases with
the increase in draft.

0.154

Condition 10
Condition 11
Condition 12

0.10

lil il“‘”ﬁ'ﬂll”'w i iy : fi

.\‘i‘ i "“‘l i I Ll

Contact Force(kg)

-0.10

0 10 20 30 40 50 60
Time (s)

Figure 9. The curve of contact force vs. time considering the draft depth effect.

4. Experimental Results and Practical Engineering Verification

It can be seen from the experimental data that the maximum contact force during
towing is close to 2 kg. This means that providing a pre-tension of 2 kg can ensure that
the CBF and vessel will not separate during the towing process. According to the 1:50
similarity ratio, it can be restored to the project. By setting a reasonable safety factor, the
pre-tension of 500 t can be set in the actual project.

Taking a practical project as an example, we monitored the contact force between the
vessel and CBF during the towing process.

Figure 10 shows that in the process of towing, there is still a contact force of at least
490 t between the vessel and CBF, and the bonding between the vessel and CBF is tight
enough. The one-step installation method of composite bucket foundation can meet the
requirements of the vessel and CBF and does not detach during towing. When towing with
another composite bucket foundation, according to previous towing experience, a 500 t
contact force is still adopted as the control standard. From the data collected by the sensors,
it can be seen that during towing, the fluctuation of force between the vessel and CBF
does not exceed 30 t. This shows the reliability of the experimental results. The floating
transportation of more than 40 actual engineering CBF has been completed based on this
method.

525 ~

Contact Force(T)

485 ! ! ! ! ! J
0 1000 2000 3000 4000 5000 6000

Time(s)

Figure 10. The curve of contact force during towing.
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5. Conclusions

In this paper, the integrated floating transport technique of offshore CBF is introduced.
The model test was also conducted to study the contact force between the vessel and the
CBF. Based on the results, the following conclusions are made:

(1) Inthe process of towing, the combination of the vessel and CBF is good. It meets the
requirements of towing in long-distance and complex sea conditions. The contact
force of the bow facing the wave is much greater than that of the stern. The contact
force fluctuation of the bow facing the wave is also much larger than that of the stern.

(2) From the model test results, it can be seen that the three factors have a certain influence
on the contact force between the vessel and CBF. The contact force between the vessel
and CBF increases with the increase in the towing speed. The contact force between
the vessel and CBF increases with the increase in wave height. The contact force
between the vessel and the CBF decreases as the draft increases. Increasing the
draft is conducive to the safety of wet towing. The influence of towing speed is
mainly reflected in the towing resistance. The wave height will directly affect the
contact force between the vessel and CBF. Therefore, if there are big waves and
adverse environment, it is necessary to avoid navigation or take adequate preventive
measures.

(3) According to the experimental results, combined with the appropriate safety factor,
setting 500 t pretension can ensure that the vessel and CBF will not disengage during
the towing process when applied to practical engineering.

With the popularization of one-step installation technology, there are more factors
related to towing that need to be studied. For example, the study of towing resistance is
one of the future research directions.
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