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The heave motion of a new cylindrical floating drilling production storage and
offloading system (FDPSO) with extended cylinder, anti-motion structure and a
gap between the extended cylinder and anti-motion structure under high sea
conditions was investigated by implementing numerical simulations for its
reduced-scale laminar flow model (1:77.8) using the CFD software STAR-
CCM+. The effect of changing the width (10 ~ 15 m) and height (10 ~ 15 m) of
the anti-motion structure on the heave motion of the new cylindrical FDPSO
were analyzed. The results show that increasing the width and height of the anti-
motion structure increases the natural period of the structural heave motion,
making it far away from the main energy period of the wave, and has a certain
inhibitory effect on the heave motion of the FDPSO. Comparing the variation of
vortex field around the structures of different sizes, it is concluded that the vortex
generation and vortex shedding around the highwidth anti-motion structure
model is significantly strengthened compared with the low-width anti-motion
structure model. The variation of the vortex generation and vortex shedding due
to the change in height is relatively inferior compared to the change in width.

cylindrical FDPSO, anti-motion structure, heave motion, CFD, scale sensitivity

1 Introduction

“Floating Drilling Production Storage and Offloading System (FDPSO)” refers to adding
drilling functions to an FPSO. It is a floating container-shaped production system that integrates
offshore oil and gas processing, oil storage and offloading, power generation, heating, control,
and living functions. FDPSO has many advantages, including low initial investment, short
construction period, strong oil storage capacity, adaptable to a wide range of water depths, easy
to relocate, and reusable. It is widely used in deep-sea, shallow-sea, and marginal oil fields. Most
of the offshore oil and gas fields being developed or about to be developed in China belong to the
category of marginal oil fields (Wang and Feng, 2011). The constant wear and corrosion of
infrastructure in harsh underwater environments drives up maintenance costs, and these tasks
are currently carried out primarily with remotely operated vehicles (ROVs), which often require
tethered and human operators, or with autonomous underwater vehicles (AUVs), which are
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limited in their accessibility and maneuverability. In order to reduce the
risk and cost of manual maintenance, underwater bionic robots can be
used to check and measure underwater cables, offshore wind farms,
electric fields and other underwater infrastructure (Gorma et al., 2021).
Therefore, FDPSO is quite suitable for the development of China’s
offshore oil and gas fields. After long-term development, a variety of
new forms of FDPSO have emerged, including deepwater octagonal
FDPSO, hourglass-shaped FDPSO, multicylinder FDPSO, and
cylindrical FDPSO. Through motion response analysis of cylindrical
FDPSO, it is found that cylindrical FDPSO has advantages such as low
investment, low cost, and short construction period, but also has some
drawbacks, such as large sway motion amplitude.

A motion response analysis of the cylindrical FDPSO reveals both
strengths and weaknesses, with significant heave motion amplitudes as a
drawback. To develop an internationally advanced FDPSO, Wang
Shisheng (Wang and Zhao, 2014) and others conducted a conceptual
design study on the deepwater octagonal FDPSO. They analyzed the
impact of different oscillation plate sizes on the inherent characteristics of
the octagonal FDPSO and the influence of different floating body
Results indicate that
increasing the oscillation plate size significantly alters the inherent

diameters on the motion performance.

period of the floating body. Addressing the poor wave resistance of
ship-shaped FPSO, Zhao Zhijuan (Zhao, 2012) innovatively designed a
new multi-cylinder FDPSO suitable for operations in the South China
Sea. Computational analysis demonstrates that the inherent period of the
multi-cylinder FDPSO can stay away from its wave period. Yao Yuxin
(Yao and Wang, 2015) proposed a novel hourglass-shaped floating
production storage and offloading system, analyzing the effects of
oscillatory motion response, viscous damping, and nonlinear stiffness
on the heave motion performance of the hourglass-shaped floater. This
provides guidelines for the outer shape design of new floating production
units. Liu Liqin (Liu and Zhang, 2019), following the SEVEN-type
FPSO’s outer shape, modified the oscillation plate structure by removing
the slope foot connecting the cylinder and oscillation plate, adding
inclined oscillation plates. The study investigates the impact of different
sea conditions on the inclination angle of the oscillation plate on its
damping characteristics and anti-rolling effects. Research findings
indicate that smaller cone angles provide better suppression of
structural heave motion, with a 10° cone angle performing well in
inhibiting longitudinal sway under various sea conditions. Ji et al., 2022
found a new drive line immersion boundary mixing method for
predicting the wake characteristics of horizontal axis wind turbines.
Zeng et al, 2024 summarized the research progress of nonlinear fluid
dynamics of floating offshore wind turbines. Zeng et al., 2023 studied the
high order harmonic load and low frequency resonance response of
offshore floating wind turbine under extreme wave group. Zeng et al,,
2021 conducted numerical and experimental studies on the wave
breaking power of a single pile offshore wind turbine. Li et al, 2023a
conducted a numerical simulation of scour waves generated by ship
movement over an uneven seafloor. Li et al., 2023b studied the waves
produced when a ship passes through a change in depth. Li et al,, 2023¢
studied the interference effect of upstream waves generated by depth
changes in catamarans. Li et al, 2023d conducted a time domain
numerical simulation of positive speed motion of multiple ships in
waves. Li et al,, 2019 studied stable hydrodynamic interactions between
human swimmers.

This paper conducts CFD (Computational Fluid Dynamics)
numerical simulation analysis on the heave motion of a cylindrical
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FDPSO equipped with extended cylindrical bodies and a box-type
motion reduction structure. Various height and width conditions of the
motion reduction structure are considered to investigate their impact on
the heave motion of the cylindrical FDPSO. The numerical simulation
provides heave motion and vertical force time history curves, enabling
an analysis of the influence of the motion reduction structure’s width
and height. Additionally, the study elucidates the physical mechanisms
behind how the dimensions of the motion reduction structure affect the
heave motion of the FDPSO, based on the flow field information
obtained from numerical simulations.

2 Mathematical models and
numerical methods

2.1 Governing equations for incompressible
viscous fluids

In the numerical simulation of this paper, the hydrodynamic
load of the floating drilling production storage and unloading device
is obtained by solving the incompressible viscous fluid outside the
device. In three dimensions, for a homogeneous incompressible
fluid, the density of the fluid remains constant during the motion,
then the N-S equations for the three-dimensional incompressible
viscous fluid can be expressed as:

divv=0 (1)
pDv/Dt = pF, - gradp + uV*v (2)

where: v is the fluid velocity vector; p is the pressure per unit volume
of fluid; F, is the mass force per unit volume; p is fluid density; u is
the viscosity coefficient of the fluid. p and y are calculated according
to the free surface capture method.

2.2 Free surface capture method

In this paper, the numerical simulation involves the study of
water and air two-phase flow. Euler-Euler model is used to describe
the two-phase fluid in the calculation domain, and the VOF (Hirt
and Nichols, 1981) (Volume of Fluid) method and the variable of
phase volume fraction is introduced to track the phase interface in
the calculation domain (Guo, 2017).

The fractional function of the VOF model is:

a=0 air
0<a<1 interface (3)
a=1 water

The transport equation of the VOF model function follows the
convection equation as follows:

%+V-(Uo¢)+V-(U,(l—zx)oc)=0 (4)
where U is the fluid velocity and U, is the velocity field used to
compress the interface.

The density and viscosity in the continuity equation and
momentum equation above are obtained by weighted average of
the proportion of the two-phase fluid, and the function is as follows:
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TABLE 1 Wave parameters.

Sea state parameter

Actual sea state

10.3389/fenrg.2024.1368327

Sea state after scale

Wave spectrum JONSWAP JONSWAP
Wind speed/m-s™! 57.2 6.48
Significant wave heigh/m 12.7 0.16
Spectral peak period/s 15 1.7
Surface flow rate/m-s™" 249 0.28
Wind, wave and current in the same direction/(") 0 0

TABLE 2 Physical parameters.

Platform parameter

Actual FDPSO dimensions

Scale FDPSO size

Scale ratio 1:77.8
Cylinder diameter/m 76 0.9768
Reduced structure height/m 10 0.1285
External diameter of reduced structure/m 98 1.2600
Extended cylinder height/m 15 0.1928
Depth of barrel body/m 35 0.4500
Draft/m 40 0.5141
Reduced structural clearance/m 1 0.0129
Lunar pool diameter/m apex 12 0.1542
Extremitas inferior 18 0.2314

p=apw+ (1 -a)pa (5)
= opw + (1 - a)ua (6)

where subscript w represents water and subscript a represents air.

2.3 Wave generation and wave
parameter setting

JONSWAP was measured and analyzed by the North Sea Wave
Joint Project. The spectrum describes irregular waves (Du, 2021).
The setting of wave parameters is shown in Table 1.

2.4 FDPSO motion theory

In the study of CFD numerical simulation, it is very
important to solve the motion of floating body in fluid. In the
case that only the single freedom motion of the floating body is
considered, the motion equation of FDPSO can be established
based on the method of D
‘Alembert’s principle:

direct  equilibrium

my+cy+ky=F (7)

Where: m is the mass of the floating body; y is the displacement
of the floating body in the direction of motion; ¢ is the viscous
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damping coefficient; k is the stiffness coefficient; F is the exciting
force on the floating body in the direction of motion.

When FDPSO does heave motion, the force F consists of the
hydrodynamic force F, and the additional mass inertial force F,
caused by the heave additional mass, i. e:

F=F,+F, 8)
F a = —INg y (9)

By substituting equations (8) and (9) into Equation 7, the
equation of FDPSO heave motion can be obtained:

(m+m,)y+cy+ky=F, (10)

The inherent period of FDPSO is:

T:l=27r m+m,
f k

In order to reduce the heave performance of FDPSO, the natural

(11)

period of the platform heave motion can be increased by increasing
the additional mass of the structure, so that the natural period of the
platform heave motion can be further away from its wave period.

3 Physical model

Based on the actual size of the platform in Table 2, the model was
established according to the scale ratio of 1:77.8. The 3D geometric
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FIGURE 1

Schematic diagram of the geometric model. (A) Geometric diagram. (B) Geometric model profile.
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FIGURE 2
Computational domain sketch.

model profile of the platform established based on SolidWorks is
shown in Figure 1.

4 Numerical simulation and results
discussion

4.1 Computational domain settings
and meshing

The model used in this paper is an axisymmetric structure, so
half of the model is used for calculation domain setting and grid
division. The dimensions of the computational domain are
8 M2 M*2.5 A (M is the wavelength), and 8 X\, 2 A, and 2.5 A
correspond to the length, width, and height of the computational
domain respectively. The boundary conditions for Inlet, Back,
Bottom, and Top are adopted for velocity inlet, symmetric plane
boundary conditions for Front, and pressure Outlet boundary
conditions for outlet. In order to prevent the wave reflection
phenomenon when the incident wave propagates to the exit, a
wave dissipation area is provided at the distance from the exit,
and the wave dissipation area adopts damping wave dissipation. The
calculation domain sketch is shown in Figure 2. The position of the
waterline and the gap between the subtracting structure and the
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extended cylinder are encrypted by a three-layer grid, as shown in
Figure 3. They are the global grid of the computational domain, the
gap out grid and the model surrounding grid.

4.2 Grid convergence verification

In order to conduct convergence analysis on the number of
grids, this paper considers the heave attenuation in still water (Bai
and Li, 2020), and generates three different numbers of grids when
the width and height of the structure with a gap are both 10 m.
According to the different number of grids, grid 1, grid 2 and grid
3 are divided, as shown in Table 3.

Three different mesh density models of 1.5 million, 2 million
and 2.83 million were used to calculate the heave free attenuation
curve, as shown in Figure 4.

Using three different grid density models (1.5 million, 2 million,
and 2.83 million cells), the study calculates heave free decay curves for
the cylindrical FDPSO with a gap motion reduction structure having
widths and heights of 10 m, as depicted in Figure 4. The results obtained
using 2 million grid cells closely match those obtained using 2.83 million
grid cells, while the results from 1.5 million grid cells show slight
discrepancies. Considering computational efficiency, subsequent
calculations will use the 2 million grid cells.
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FIGURE 3

Fluid mesh. (A) Computational domaingrid. (B) Gap grid. (C) Top model around grid. (D) Model surrounding grid.

TABLE 3 Mesh convergence verification numerical value of cylindrical
FDPSO example.

Grid Base mesh size/m Number of grids
Gridl 0.35 1.50x10°
Grid2 03 2.00x10°

Grid3 0.26 2.83x10°

— (150w)
0.10 4 - - - (200w)
- (283w)

- A
1 VAN

-0.02

Heave (m)

-0.04
-0. 06
-0. 08 -

=0.10 +

-0.12

T T T

T

0 5 10 15 20
L (s)

FIGURE 4

Heave free attenuation motion curve of models with different
mesh densities.
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4.3 Result analysis

The cylindrical FDPSO used in this study has extended
cylindrical bodies and a motion reduction structure.
Analyzing the sensitivity of heave motion suppression in the
cylindrical FDPSO with varying dimensions of the motion
reduction structure, the study investigates different scenarios
for the width (10-15m) and height (10-15m) of the motion
reduction structure, while keeping the other dimension fixed at
10 m. Simulation results for heave motion under different
scenarios are presented, and the effect of the motion
reduction structure dimensions on the FDPSO’s heave motion
is analyzed. The study explores multiple numerical cases
considering various widths and heights of the motion
reduction structure, presenting the displacement values for
different scenarios in Table 4.

4.3.1 Effect of reduced structure width on model
heave motion

The heave time history curves for models with widths of 10, 12,
and 15 m are simulated and presented in Figure 5. Performing a fast
Fourier transform on selected data points, the amplitude-frequency
curves shown in Figure 5 demonstrate that increasing the width of
the motion reduction structure leads to a gradual reduction in the
floater’s amplitude.

Statistical analysis of the heave time history curves for different
widths yields the inherent periods of heave motion for models with
varying motion reduction structure widths, as shown in Table 5. The
data indicates that increasing the width of the motion reduction
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TABLE 4 Drainage weight of each size model of anti-motion structure.

10.3389/fenrg.2024.1368327

Width/m Actual drained Scale drainage Height/ Actual drained Scale drainage
weight/kg weight/kg weight/kg weight/kg
10 2.034x10° 431.9 10 2.034x10° 4319
11 2.065x10° 4385 11 2.062x10° 437.8
12 2.096x10° 4452 12 2.089x10° 4437
13 2.129x10° 452.0 13 2.117x10° 449.6
14 2.161x10° 459.0 14 2.145x10° 455.4
15 2.195x10° 466.1 15 2.172x10° 4612
—— (10m)
9~ - - - (12m) — (10m)
(15m) 0.020 - - - (1lm)
(12m)
0.018
1 0.016
0.014
= 0 £ 0.012
~ [}
% :% 0.010
= 0.008
= =
= 0.006
0. 004
27 0.002 -
0. 000
-3 T T T T -0. 002 T T T T T T T T T 1
0 5 10 15 20 0.0 0.2 0.4 0.6 08 1.0 1.2 1.4 1.6 1.8 20
t (s) Frequency (Hz)

FIGURE 5
Motion amplitudes of different widths of heave plate.

TABLE 5 Heave natural period of different anti-motion structure width.

Reduced structure width/m

Heave natural period/s

Natural period increased by percentage/%

11 2.13 493
12 2.28 12.32
13 2.42 19.21

TABLE 6 Comparison of heave motion between 10 m and 15 m width.

The width of the reduced structure is 15 m

Difference/%

Movement The reduced structure is 10 m wide
pattern
Heave/m Max 1.599
Min —2.645

0.955 —47.7

-1.266

structure results in a larger inherent period of heave motion for the
cylindrical FDPSO. Compared to the model with a motion reduction
structure width of 10 m, models with wider structures exhibit
increased inherent periods of 4.93%, 12.32%, and 19.21% for
widths of 11, 12, and 13 m, respectively.

Table 6 compares the maximum and minimum values of
heave motion for motion reduction structure widths of 10 m and
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15 m. The results show that, when considering only floater heave
motion, increasing the motion reduction structure width from
10 m to 15m leads to a decrease in the amplitude of vertical
forces, reducing the heave motion of the platform. The heave
motion for the platform with a motion reduction structure width
of 15m is reduced by 47.7% compared to the structure with a
width of 10 m.
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t=5.75T

FIGURE 6

The vortex field distribution of different anti-motion structure width. (A) t=5.0T (6.0T). (B) t = 5.25T. (C) t = 5.5T. (D) t = 5.75T.

The floating body heave motion is numerically simulated by CFD
method. The vorticity of the model with the same height (10 m) and
width of 11 m and 14 m in the fifth motion cycle is shown in Figure 6.
As can be seen from Figure 6, during the floating body’s movement,
vortices are generated at the sharp edges and gaps of the reducing
structure and the extended cylinder. When FDPSO moves downward
from the equilibrium position to the lowest position (5-5.25T),
vortices in an upward direction are generated at the top sharp
corner of the reducing structure, vortices generated at the bottom
sharp corner of the reducing structure form accumulation at the
bottom of the floating body, and vortices at the gap move upward.
When FDPSO moves upward from the lowest position to the
equilibrium position (5.25-5.5T), during the upward movement,
the vortices gradually start to fall off, and the vortices falling off at
the sharp corners above the reducing structure gradually pile up above
the reducing structure, and the vortices falling off at the sharp corners
below the reducing structure move backward, and new vortices will be
generated at the sharp corners and gaps of the reducing structure.

Frontiers in Energy Research

When FDPSO moves upward from the equilibrium position to a
higher position (5.5-5.75T), a downward vortex is generated at the
outer sharp corner of the reduced structure. When FDPSO moves
downward from the highest position to the equilibrium position
(5.75-6.0T), an upward vortex is generated at the sharp corner of
the reducing structure, and the vortex gradually falls off with the
increase of time. The vortex shed in the early stage continues to move
away from the cylindrical FDPSO and gradually dissipates in the
surrounding flow field. On the whole, the vortex structure generated
by sharp edges and gaps in the process of motion presents a tendency
of dissipation and propagation to the surrounding flow field (Bai and
Li, 2020). The vorticity generation and dissipation of models with
large widths are increased compared with those with small widths.

In summary, the increase of the width of the cylindrical FDPSO
damping structure increases the natural period of the heave motion
of the structure, making it far away from the range of the main
energy period of the wave, and can effectively slow down the heave
motion of the platform.
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FIGURE 7
Vertical stress time curve of different decreasing

structure widths.

4.3.2 Effect of reduced structure height on model
heave motion

Through numerical simulation of the heave motion of the model
with a height of 10, 11, 12, 13, 14 and 15 m of the reduced structure,
the heave time curve is obtained. Figure 8 shows the heave time
curve of the model with a height of 13 and 15 m. Take some data for
fast Fourier transform and draw the amplitude-frequency curve as
shown in Figure 8. As can be seen from Figure 8, the height of the
subtractive structure increases, while the floating body amplitude
gradually decreases.

According to the statistics of the heave time curve of the
different height of the subtraction structure, the natural heave
period of the model with different height of the subtraction
structure can be obtained, as shown in Table 7. The natural
period of the real scale platform movement is obtained by scaling
ratio conversion. When the height of the subtraction structure is

— (G10m)
=== (G13m)
(G15m)

Heave(m)

018
t(s)

0.6

0.4

FIGURE 8
Motion amplitudes of different widths of heave plate.
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Amplitude(m)
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10 m, its heave natural period is 17.91 s. When the height is 13 m,
the natural period is 18.52 s. When the height is 15 m, the natural
period is 19.23 s. The data in Table 7 show that the natural period of
heave motion of cylindrical FDPSO increases with the increase of the
height of the subtraction structure. Compared with the model with a
height of 10 m, the natural period of other height models increases
by 3.45% and 7.93%, respectively.

Table 8 compares the maximum and minimum values of heave
motion of a subtractive structure with a height of 13 m and a height
of 15m. It can be seen that when only the heave motion of the
floating body is considered, when the height of the decreasing
structure increases from 13m to 15m, the amplitude of the
vertical force of the floating body decreases, which reduces the
heave motion of the platform. The heave motion of the platform
with the height of the decreasing structure is 43.1% lower than that
of the platform with the height of the decreasing structure is 13 m.

The vorticity diagram of the model with constant width (10 m)
and height of 12 m and 15 m in the sixth motion cycle is shown in
Figure 9. It can be seen that vortices are generated in the sharp edges
and gaps of the reducing structure and the extended cylinder during
the floating body’s movement. When FDPSO moves downward
from the equilibrium position to the lowest position (6-6.25T),
vortices in the upward direction are generated at the top sharp
corner of the reducing structure, vortices generated at the bottom
sharp corner of the reducing structure form accumulation at the
bottom of the floating body, and vortices at the gap move upward.
When FDPSO moves upward from the lowest position to the
equilibrium position (6.25-6.5T), the vortices gradually start to
fall off during the upward movement, and the vortices falling off
at the sharp corners above the reducing structure gradually pile up
above the reducing structure, and the vortices falling off at the sharp
corners below the reducing structure move backward, and new
vortices will be generated at the sharp corners and gaps of the
reducing structure. When FDPSO moves upward from the
(6.5-6.75T),
downward vortex is generated at the outer sharp corner of the
structure. When the FDPSO moves downward from the highest
position to the equilibrium position (6.75-7.0T), an upward vortex

equilibrium position to a higher position a

is generated at the sharp corner of the reducing structure, and the

(G13m)
(G15m)

10
Frequency(Hz)
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TABLE 7 Sag natural period of different height of subtraction structure.

Reduced structural height(m) Proper period(s) Natural period increased by percentage
10 2.03 0
13 2.10 3.45%
15 218 7.39%

TABLE 8 Comparison of heave motion between 13 m and 15 m heights.

Movement The reduced structure is 13 m wide The width of the reduced structure is 15 m Difference/%

pattern

Heave/m Max 2.376 1.281 —43.1

Min -3.206 -1.894

__

t=6.0T(7.0T)

t=6.25T

t=6.5T

t=6.75T

FIGURE 9
The vortex field distribution of different anti-motion structure height. (A) t=6.0T (7.0T). (B) t = 6.25T. (C) t = 6.5T. (D) t = 6.75T.

vortex gradually falls off with the increase of time. The vortex shedin  the vortex structure generated by edge sharp corners and gaps in the
the early stage continues to move away from the cylindrical FDPSO  process of motion shows a tendency to dissipate and propagate to
and gradually dissipates in the surrounding flow field. On the whole,  the surrounding flow field. The vorticity generation and dissipation
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FIGURE 10
Time-history curves of vertical force with different height of anti-
motion structure.

increase with the increase of height, but the vorticity change is not
obvious compared with that with the increase of width.

Figure 10 shows the time history curve of the vertical force of the
model with different height of the subtraction structure. In this
paper, the effect of fluid viscosity is considered in the research
process. The viscosity of liquid will produce resistance to objects in
motion, that is, the viscous pressure resistance. Relative movement
will cause the pressure difference between the front and back of the
reduced structure. The vertical stress amplitude of the floating
production unit is reduced, but the change of the height of the
damping structure has little effect on the viscous pressure difference.

In summary, the natural period of heave motion can be
increased with the increase of height of cylindrical FDPSO, but
the increase of natural period caused by the increase of height is
smaller than that caused by the increase of width.

5 Conclusion

In this paper, STAR-CCM+, a computational fluid dynamics
software, is used to numerically simulate the heave motion of a new
cylindrical FDPSO with different widths and heights under the
action of irregular waves. According to the calculation results, the
following conclusions are drawn:

(1) under the condition of fixed height of the subtraction structure,
increasing the width of the subtraction structure can effectively
increase the natural period of the heave motion of the new
cylindrical FDPSO, making it far away from the cycle range of
the main energy of the wave, that is, increasing the width can
inhibit the heave motion of the floating production unit.
Under the condition that the width of the reduced structure is
fixed, the increase of the height of the reduced structure also
increases the natural period of the heave motion of the new
cylinder type FDPSO to a certain extent, which has an
inhibiting effect on its heave motion.

During the movement of the new cylinder type FDPSO,
vortices are generated at the sharp edges of the extended
cylinder and the reducing structure, especially at the gap
between the reducing structure and the extended cylinder.
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(4) The generation and shedding of vortices around the high-
width subtraction structure model is significantly increased
compared with that of the low-width subtraction structure
model, resulting in an increase in the friction resistance of the
subtraction structure; Compared with the width change, the
generation and shedding of the vortex caused by the change of
height is relatively weak, and the increase of height leads to the
increase of friction resistance of the structure.

(5) Theincrease of the size of the subtraction structure can inhibit

its sag motion. And compared to the height increasing the

suppression effect on floating platform, increasing the width
of the platform more obvious suppression effect.
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