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Abstract: For a floating tidal current power station moored in the sea, the mutual interactions
between the carrier and the turbine are pretty complex. Current simulation methods based on
potential flow theory could not consider the complicated viscous effects between the carrier motion
and rotor rotation. To accurately account for the viscous effect, developing a different numerical
simulation method based on computational fluid dynamics is necessary. This paper deals with a
moored FTCPS (floating tidal current power station) with 6-degree-of-freedom motion in uniform
flow based on dynamic fluid body interactions (DFBI) method. Results showed that the blockage
effect caused by the columns would increase the average power output of the turbine, while the
power output fluctuation also increased. When the carrier is individually moored in the sea, the
motion response of the carrier is pretty small, and the carrier is obviously trimming by the bow.
However, when the turbine is mounted on the carrier, the carrier motion response is simple harmonic.
The motion response frequency of the carrier is in relation to the rotation frequency of the turbine.

Keywords: tidal current energy; vertical axis twin-rotor turbine; hydrodynamic performance; dy-
namic fluid boundary interaction

1. Introduction

The tidal current energy is one of the most abundant clean renewable energy resources
worldwide [1]. Due to its high energy density, strong predictability, and energy stability,
tidal current energy has become a hot topic in ocean energy research in recent years [2].
The tidal current turbine is the core component that converts the ocean tidal current kinetic
energy into electricity. Tidal current turbines can be classified into fixed turbine and floating
turbine based on their supporting platforms [3]. Figure 1 shows some typical fixed and
floating tidal current turbine worldwide. Most of them are still in the demonstration stage
and far from commercialized applications. Compared to fixed turbines, floating tidal
current turbines are suitable for different kinds of complex marine environments. Floating
tidal current turbines are easy to install [4]. The large deck area is convenient for daily
operation and maintenance. The turbines can better make use of the strong ocean surface
tidal current kinetic energy. The floating platform can be easily removed and redeployed
when the platform experience extreme weather conditions. The floating platform has
no requirements for the submarine topography and ocean depth [5]. Thus, the FTCPS
possesses broad development prospects in the future.
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(d) BlueTec (e) Evopod (f) “Hai Neng” II

Figure 1. Fixed and floating tidal current turbine worldwide. (a) SeaGen; (b) AK-1000; (c¢) “Hai Ming” I; (d) BlueTec; (e)

Evopod; (f) “Hai Neng” II.

The floating platform can be easily removed and redeployed when the platform
experience extreme weather conditions. The floating platform has no requirements for the
submarine topography and ocean depth. Thus, the FTCPS possesses broad development
prospects in the future [6]. However, the FTCPS is moored to the sea in the long-term. The
turbine’s operation would generate a high working load, which would heavily influence
the motion response of the carrier. Since the flow field is highly changed due to the motion,
the motion response of the carrier would, in turn, affect the turbine’s power output. To
enhance the reliability and safety of such a kind of device, it is necessary to thoroughly
study the mutual and complex interactions between the carrier and the turbine before
commercial development and application.

Experiments about the coupled interactions between the platform motion and tur-
bine’s hydrodynamics are seldom seen in the literature. Firstly, it is difficult to simulate
the load condition of the turbine mounting on a floating platform. Secondly, scaled-down
FOWT models have underlying limitations for simultaneously satisfying essential scaling
laws (Froude and Reynolds number scaling) [7]. That is, when the Froude scaling law is
applied, the Reynolds number scaling law is not guaranteed, and vice versa. Usually, an
experimental test costs much more than ordinary numerical analysis. Currently, there is no
systematic theoretical framework or mature commercial software to analyze the coupled
interactions between the carrier and the turbine for such a system. The turbine and the
carrier are often considered as two independent parts. The mutual interactions between
the turbine and carrier are usually ignored or simplified. Since the structure of FTCPS is
similar to the floating offshore wind turbine (FOWT), some researchers suggest that the
analysis method of FTCPS could learn from the OFWT [8]. Thanhtoan et al. studied a
FOWT experiencing the prescribed pitching motion of a supporting platform as a sine
function [9]. Results showed that the unsteady dynamic loads of the turbine were dra-
matically changed by the frequency and amplitude of the platform motion. Shifeng et al.
carried out a wind-tunnel experiment for a horizontal axis wind turbine with prescribed
rolling and pitching motion to study the wake and power fluctuations [10]. Results showed
that the power output of the turbine could increase with moderate tower oscillations.
The cube of the relative incoming flow velocity impinging the rotor in the pitching, and
a momentum replenishing in the rolling motion could lead to the power increasing of
the rotor. Thanh et al. established a computation fluid dynamics framework based on
dynamic fluid body interaction approach to inspect the turbine’s power fluctuations and
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the platform’s motion responses [11]. Three different methods (DFBI, FAST-BEM, GDW)
have been conducted and detailed compared for the simulation of FOWT. Compared to the
conventional techniques, such as FAST-BEM and generalized dynamic wake (GDW) meth-
ods, the maximum oscillating amplitude of turbine power output could be an approximate
four-fold difference by the proposed DFBI methods. Some researchers have used similar
methods to study the tidal current turbine learnt from wind turbine research. Guo et al.
established a framework based on a modified blade element momentum to investigate the
power output and rotor loads of a horizontal axis tidal current turbine with prescribed
floater motions [12,13]. The floater motions were calculated in the time domain by poten-
tial flow theory. Results showed that floater-motion-induced contributions dominate the
rotor load. They suggested that the rotor should be mounted close to the floater center to
avoid the floater-motion-induced velocity on the blade section. Brown et al. developed a
computational HATT model for generalized incident flow conditions using the actuator
theory [14]. The arbitrary movement of the turbine was modeled based on the ‘weighted
body force implementation’. This method requires no constraints in the local structure
of the mesh around the turbine, which allows for a quick and efficient simulation of the
turbine. Shugqi et al. established a numerical model based on the dynamic mesh technique
to study the turbine’s hydrodynamics with prescribed platform oscillating motions [15,16].
Results showed that the turbine’s loads and power output were highly affected by the
oscillating frequency and oscillating amplitude. The damping coefficient and added mass
of the turbine were obtained by the least square method. They explained that the fully
coupled motion prediction of the platform could be realized by adding the damping and
added mass of the turbine to the platform’s motion equation in time domain. However, the
technique about the motion prediction of the platform are not reported yet in the literature.
Xu et al. studied the coupled motion of a catamaran by linearly adding the wave excitation
force of the turbine to the platform’s motion equation [17]. However, the motion response
of the catamaran tends to be underestimated.

As described above, there is currently no systemic method for analyzing the fully
coupled characteristics of floating tidal current power stations. The turbine’s hydrody-
namics and platform’s motion response are always investigated separately. Therefore, a
fully coupled method which can take the platform’s motion, turbine’s hydrodynamics, and
mooring line tension into consideration is required for the FTCPS.

Therefore, this study establishes a six-degree-of-freedom motion model of a platform-
turbine-mooring coupled system under the gas-water two-phase flow based on the dynamic
fluid-solid interaction and volume fraction methods. The complicated coupling mechanism
between the turbines and the platform is studied. The dual-rotor turbines and the power
station carrier model are simplified to reduce the interference of other complex components
in the investigation of the coupling effect between the turbines and the platform. The
force and moment are transmitted between the carrier and hydraulic turbines through a
rotating hinge to reduce interference with connecting construction on hydraulic turbine-
carrier coupling. Meanwhile, a double overlapping grid will ensure the convergence of
the computational results to prevent the large-scale transient movement of the carrier
and the rotating motion of the turbines from causing the calculation results to diverge.
Based on the above methods, this article first compares the simulation results with the test
results to verify the reliability of the research method. Then, the interactions between the
motion of the carrier and the rotating motion of turbines under the uniform flow condition
are computed and the mutual influence law and the flow field are obtained by using the
aforementioned numerical simulation method. Finally, the influence of the speed ratio
on the hydrodynamic characteristics of the turbine under the uniform flow condition is
discussed. This research not only outputs the information of turbine load, power and flow
field in real-time by the CFD prediction method for the coupled characteristics of a tidal
current power station but also predicts the motion response of the power station carrier.
The research results can provide specific theoretical guidance and technical support for the
design and engineering of floating tidal current power plants.
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2. Floating Tidal Current Power Station Design

In this paper, a four-column semi-submersible tidal current power station is designed
by adopting a vertical-axis counter-rotating double-rotor turbine. The main structure of
the FTCPS includes the main floating bodies on the left and right sides, two symmetrical
lower beams, four columns, the platform deck, and the upper buildings. Figure 2 shows
the sketch of the floating tidal current power station model. The twin-rotor turbine is
symmetrically deployed.

Deck Controlling Room

Fence
Gear Box

Column
Supporting Frame
Brace
Floating Twin-rotor turbine

Figure 2. Effect picture of floating tidal current power station.

The airfoil of the turbine is NACA-0018, as shown in Figure 3a. The designed capacity
of a single turbine is 120 kW, the designed flow velocity is 2.5 m/s, the turbine’s diameter
is 8 m, and the airfoil chord length is 1 m. A sketch of the turbine is shown in Figure 3b. To
increase the computation efficiency and minimize the influence of unnecessary components
of the FTCPS, the FTCPS has been simplified in the numerical simulation process. A
simplified model of the FTCPS is shown in Figure 4.

Section : NACA 0018

e
\\‘.“

(a) Blade airfoil (b) sketch of a single turbine.

Figure 3. Twin-rotor turbine. (a) Blade airfoil; (b) sketch of a single turbine.

Figure 4. Simplified numerical model of floating tidal current power station.
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3. Numerical Research on the Performance of Vertical-Axis Twin-Rotors Tidal
Current Turbine

3.1. Numerical Verification of CFD Simulation

In the present research, all the simulations employed a semi-implicit method for
pressure-linked equations (SIMPLE) solution algorithms. A second-order up-wind scheme
was used for the convection terms. In the unsteady simulation of the floating power station,
a second-order central difference scheme was used for the time discretization. Meanwhile,
the overset method was used to avoid the computation divergence caused by the signif-
icant platform’s motion coupled with turbine rotation. In general, the computational is
composed of a background domain, an overset refined turbine rotation domain, and a plat-
form motion domain. Detailed discussions have been discussed in previously published
literature [18,19].

The overall computational process for the DFBI analysis used in this study is well
described in References [11,20]. The turbine rotation is coupled in the 6-DOF motions of
the platform, which superimposes a body rotation in addition to the platform motion. The
volume of fluid (VOF) and the 6-DOF motion solver is used to solve the fluid-induced
motion of the FTCPS in a two-phase flow composed of water and air. The catenary mooring
line method is used to model the four mooring lines attached to the FTCPS in time domain.

3.2. Computational Domain Settings

In the present numerical simulations, a global fixed coordinate system (XYZ), one
6-DOF coordinate system (XoY¢Zg), and two local rotating coordinate systems (X;Y1Z; and
X2Y27Z5) has been established in the computational domain. As shown in Figure 5a,b, in
the simulation process, the left turbine rotates clockwise in X;Y1Z; by the Z;-axis, while
the right turbine rotates counterclockwise in X;Y>Z; by the Z,-axis. This internal counter-
rotation method can maximize the power output of the twin-rotor system, which has
been proved by many researchers [12]. As has been mentioned in Section 3.1, the rotation
coordinate (X1Y1Z1 and X;Y2Zy) of the twin-rotor turbine is coupled with the platform’s
body motion coordinate XoYgZy. The carrier is set as a DFBI body. The carrier and the
turbine are connected by a virtual hinge. The virtual hinge can transmit the force and
momentum between the carrier and the turbine at each time step.

J'.Yl J\Yz
Z1 X1 22 )(2
—>» =

A Yo £Y2

7] X} 20 Xg 22 X2

N <
>

Figure 5. Coordinate system establishment. (a) Coordinate system of the twin-rotor turbine; (b) Coordinate system of
the FTCPS.

As Figure 6 shows, the four catenary mooring lines are symmetrically attached to
the platform, forming an angle of 30 degrees with the incoming flow direction (the Y-axis
direction). The mooring line simulation is based on quasi-static theory. The net weight of
the mooring line is 10 kg/m, and the overall length of each line is 7 m.
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(a)Top view (b) Front view

Figure 6. Mooring design. (a)Top view; (b) Front view.

When calculating the coupled motion of the carrier, turbine and mooring system are
under uniform flow conditions. There is a two-phase flow in the numerical model due to
free surfaces. VOF (Volume of Fluid) is an effective numerical technique for free surface
modelling based on the Euler method [21]. Therefore, the VOF fifth-order wave model is
used to simulate the numerical tank.

As Figure 7 shows, the whole computational domain is divided into three sub-domains:
background domain, rotating domain, and moving domain. The background domain and
the moving domain are connected by overset. The implementation of overset method
can reduce the risk of computational divergence resulted from the large movement of
the carrier. The rotation domain and the background domain are also connected by the
overset method.

Rotation
domain

Background
domain

\‘ Motion

domain

Figure 7. Schematic diagram of the computational domain.

The size of the whole computational domain is shown in Figure 8. The numerical
tank measures 20D x 10D x 10D (D is the diameter of the turbine). The entrance of the
computational domain is set as velocity inlet, and the incoming flow speed is 1.5 m/s. The
outlet and the top of the computational domain is set as pressure outlet, and the relative
pressure is set as 0 Pa. The bottom is set as a solid wall. Both sides of the computational
domain are set as symmetry planes.

The trimmed cell mesh technique was used in the mesh generation for the whole
numerical simulation cases. Due to the complex rotation and 6-DOF movement of the
turbine, the mesh around the turbine blade has been refined to capture the flow separation
and accurately simulate the mesh around the turbine blade, and the free surface has been
refined to accurately simulate the physical scene and capture the flow separation near
the blade surface. The mesh around the interface between the water and the air has also
been refined to maintain the stability and accuracy of free surface in space and time. The
generated computational domain grid, boundary layer grid, and blade surface grid are
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shown in Figure 9a—c. During the mesh generation around the blade surface, there are
8 layers inside the boundary, with a first layer of 0.0004 m and a progression ratio of 1.5.

8D 12D
Symmetry
— D -
X
Velocity g Rotation domain e
Inlet Outlet —
| background |
— E—

Figure 8. Geometry layout of the computational domain.

(a) Computational domain grid of the turbine.

(b) Boundary layer grid. (c) Blade surface mesh.

Figure 9. Grid settings. (a) Computational domain grid of the turbine; (b) Boundary layer grid; (c) Blade surface mesh.

For the numerical simulation under uniform flow conditions, due to the existence of
the free surface, the motion of the carrier and the turbine will lead to the mesh deformation
of the free surface. Therefore, the surrounding grid needs to be encrypted to maintain the
stability of the free surface in space and time. At the same time, to reduce the error caused
by the iterative transmission of data between grids, this paper encrypts the grid from the
rotation domain to the background domain layer by layer, and the overall grid division of
the computational domain is shown in Figure 10.
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Figure 10. Refined grid of the FTCPS model.

Notably, a grids independency test has been carried out to keep a balance between
computation efficiency and computation resources. Three different refined meshes (coarse
mesh: 170 W, medium mesh: 250 W, fine mesh: 340 W) have been simulated, and the results
are shown in Figure 11. The difference between the medium mesh and the fine mesh is
relatively small, while the coarse mesh tends to underestimate the power output efficiency
of the turbine. Thus, the fine mesh has been selected in the following numerical simulations.

170W

- ———-250W

_FE e 340W
04 t

Figure 11. Power output efficiency.

3.3. Validation of the Computational Model

Figure 12 shows the comparison between the numerical simulation results and the
corresponding model test results [22]. The test model parameters are consistent with
the turbine parameters designed in this paper. It can be seen that, as the speed ratio
increases, the turbine power output efficiency (Cp) first increases and then decreases. The
value difference between the experiment and numerical simulation at the best speed ratio
is small, and the overall trend is in good agreement. However, since the mechanical
friction, free liquid surface, and waves are not considered in the numerical simulation, the
computational results are a little higher than the experimental results. The simulation error
does not exceed 10% (within the error range) in the low-speed ratio area. In general, the
simulation results of the CFD numerical simulation method for the vertical axis turbine
are in good agreement with the test results, which verifies the reliability of the CFD
numerical simulation method for computing the hydrodynamic performance of the vertical
axis turbine.
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Figure 12. Comparison of computational results and experiment results.

4. Results and Discussions
4.1. Influence of Speed Ratio on the Hydrodynamic Characteristics of Hydraulic Turbine

During the operation of a floating tidal current power station, the tidal current speed
is not always constant. In order to maximize the power output of the turbine, it is necessary
to adjust the rotation speed of the turbine. This section discusses the changing tendency of
the hydrodynamic characteristics of the floating turbines under different tip speed ratios
(1,1.5,2,25,3). The incoming flow velocity is 2.5 m/s, and the direction is along the
negative direction of the y-axis.

4.1.1. Power Output

Figure 13 shows the time history curve of turbine power output efficiency at different
tip speed ratios (TSRs). It can be seen that, under the condition of uniform flow, the power
output efficiency changes periodically, and its change period is consistent with the rotation
period of the turbine. Sawtooth line sections could be observed at the time history curve
of the turbine power output curve when the TSR is low. When the turbine is operating at
low TSR, flow separations occurs around the blade surfaces, which caused the blade force
fluctuations.

04 r

— ---- 15

\S)

——-25 e 3

202 . . . . . . . . . )
4 4.1 4.2 43 44 4.5 4.6 4.7 4.8 4.9 5

t(s)

Figure 13. Time history curves of power output efficiency at different speed ratios.
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Figure 14 shows the fluctuation amplitude (Cp) and average value (C,) of power
output efficiency of the turbine at different speed ratios. It can be seen that, as the speed
ratio increases, both C), and C’,, first increase and then decrease. When the speed ratio
approaches 2, both C, and Cp reach their maximum values. Meanwhile, when the speed
ratio is increasing from 1 to 2, the increasing trend of Cp is faster than that of Ep, and, when
the speed ratio is from 2 to 3, the decreasing trend of C,, is slower than Cp.

0.6 r 03
05 t o 025 f A
3 2
& g A
2 04 g o2t} "
: g
& =
203 f 2 0I5 r P,
5 =
& 3
Z 02t g 0l r
< Z A
A~y
o1 L 0.05 |
0 :
0 - - - 05 15 25 35
0.5 L5 2.5 3.5
TSR TSR
(a) Average power output (b) Fluctuation of power output

Figure 14. The value of C, and C, at different speed ratios. (a) Average power output; (b) Fluctuation
of power output.

4.1.2. Thrust Coefficient

Figure 15 shows the time history curve of the thrust coefficient of one of the turbine at
different TSRs. It can be seen that, as the TSR increases, the fluctuation rate of the thrust
coefficient becomes more intense. It can be seen from Figure 16 that the average thrust
coefficient (Cr) is positively correlated with the change of the speed ratio because the thrust
of the hydraulic turbine increases with the increase of the speed ratio.

—_ —==15 mmeee 2

0.8
=~ 0.6
0.4
0.2

-0.2
_04 1 L 1 1 J

T(s)

Figure 15. Time history curve of thrust coefficient at different TSRs.
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Figure 16. Average of thrust coefficient at different TSRs.

4.1.3. Lateral Force Coefficient

Figure 17 is the time history curve of the lateral force coefficient of a single turbine at
different speed ratios. It can be seen that the lateral force coefficient of the hydraulic turbine
changes periodically, and its change period is consistent with the rotation period of the
hydraulic turbine. When the speed ratio is low, the lateral force fluctuation of the hydraulic
turbine is small. As the speed ratio increases, the lateral force coefficient of the turbine
increases, and the fluctuation become more intense. Figure 18 shows that the amplitude
of the lateral force coefficient of the turbine (C) increases with the increasing speed ratio,
but the increasing trend gradually slows down. As the speed ratio increases, the average
value of the lateral force coefficient (C}) first increases and then decreases. The maximum
lateral force coefficient at the best speed ratio of 2 is 0.35. At this time, the hydraulic turbine
continues to receive positive lateral force. This is because changing the direction of rotation
will change the direction of the side force. In order to offset the influence of lateral force
on the rolling and swaying motion of the turbine and its carrier, the usual method is to
arrange an even number of inwardly rotating turbines side by side.

3 15 0

25 —-25 ----3

t(s)

Figure 17. Time history curves of the lateral force coefficient of a single turbine at different
speed ratios.

4.2. Influence of Carrier Motion on the Hydrodynamic Characteristics of Hydraulic Turbine

This section compares the hydrodynamic performance difference of the twin-rotor
turbine at two different operation conditions, e.g., fixed and floating conditions. In the
fixed condition, the computational domain only includes the twin-rotor turbine without
any motion. In the floating condition, the computational domain includes the twin-rotor
turbine and the carrier with 6-DOF motion. The TSR of the turbine is 2, and the incoming
flow velocity is 2.5 m/s. The specific design parameters of the computational domain are
shown in Table 1.
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Figure 18. Average of lateral force at different TSRs.

Table 1. Specific design parameters of the computational model.

Case Velocity (m/s) TSR Computational Domain
A 2.5 2.0 Stand-alone turbine
B 2.5 2.0 FICPS

4.2.1. Power Output

Figure 19 shows the comparison of power output efficiency with respect to time
between case A and case B due to the carrier 6-DOF motion.

It can be seen that the fluctuation rate of the turbine with 6-DOF motion is bigger than
the fixed turbine. The motion response of the carrier caused higher flow fluctuations for
the incoming flow acting on the turbine disk, leading to larger power output fluctuations
for the turbine. The average power output of the turbine in case A is 0.24, while the
average power output of the fixed turbine is 0.2. The power output increasing of the
floating turbine is caused by the two front columns of the carrier. The submerged part of
the column changed the boundary conditions of the flow field around the turbine. The
two front columns are similar to a flow deflector, which increases the flow velocity passing
through the turbine. A flow acceleration zone is clearly observed in Figure 26. The flow
velocity increasing effect would be thoroughly discussed in Section 4.4.1.

4.2.2. Thrust Coefficient

Figure 20 shows the comparison of thrust coefficient with respect to time for the
twin-rotor turbine. The maximum value of thrust for the floating turbine is 1.3 times that
of the fixed turbine. The fluctuation rate of thrust for the floating turbine is 1.13 that of the
fixed turbine. The deflector effect of the columns increased the power output of the floating
turbine, but it also increased the thrust. As for the fluctuation rate difference between the
two cases, the motion response of the carrier increased the flow velocity changing rate
acting on the turbine, which definitely would increase the fluctuation rate. It can also
be observed that the fluctuation frequency of the thrust for the floating turbine is almost
equal to the fixed turbine, which implies that the motion response of the carrier would not
influence the thrust frequency response characteristics.
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Figure 19. Influence of the carrier motion on the power output efficiency. (a) Time history curves of
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FTCPS

stand-alone turbine - - --

1.6

0.4

55

45
t/s

35

Figure 20. Time history curve of thrust coefficient.
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4.2.3. Lateral Force Coefficient

The change of the lateral force of the twin-rotor turbine will affect the rolling and
swaying motion of the vertical-axis tidal current turbine. Figure 21 is a time history curve
of the lateral force coefficient of the vertical axis turbine. It can be seen that the fluctuation
range and maximum value of the lateral force coefficient of the turbine with a carrier are
1.125 times and 1.3 times that of the turbine without a carrier. The reason is that the carrier
increases the lateral force acting on the turbine. However, the minimum values of the
lateral force coefficients are all-around 0. It can be seen that the lateral force coefficient is
much smaller than thrust coefficient. The lateral force between the two rotor is opposite
leading to the resultant of lateral force decreasing. Meanwhile, the carrier is equivalent to
shortening the distance from the turbine to the boundary. The reflected wave formed by
the fluid passing through the surface of the carrier is also one reason for the increase in the

lateral force coefficient.

1 r stand-alone turbine ---- FTCPS

! n | ]
0.8;1‘!” ! ! i'I'II“ Y ah

-

0.6 Al::lll TR | B I'::

4
t(s)
Figure 21. Time history curves of the lateral force coefficient.

4.3. Influence of the Turbine on the Hydrodynamic Response of the Carrier

This section compares the motion response difference of the carrier at two different
scenarios, e.g., a stand-alone carrier (case C) and a carrier with the twin-rotor turbine
(case D). Only three difference directions have been chosen in the discussion e.g., surge,
pitch and heave. The motion response at these three directions is the most essential for the
safe operation of such a kind of device. TSR of the twin-rotor turbine is set as 2, and the
incoming flow velocity is 2.5 m/s. The specific design parameters of the computational
domain are shown in Table 2.

Table 2. Specific design parameters of the computational domain.

Case Velocity (m/s) TSR Computational Domain
C 2.5 2.0 Stand-alone carrier
D 2.5m/s 2.0 FTCPS

4.3.1. Surge Motion of the Carrier

Figure 22 shows the comparison of surge motion response with respect to time due to
the operation of twin-rotor turbine. It can be seen that the stand-alone carrier would move
towards the negative axis of X first and then move downstream. The negative value of
surge motion response is caused by the pretension of the mooring line. In the end, the surge
motion of the carrier is almost a constant value when the carrier moves to the equivalent
position. However, for the FTCPS scenario, the carrier would directly move downstream,
which is different from the stand-alone carrier. This is caused by the thrust generated by
the turbine. The surge motion of the carrier is almost sinusoidal when the carrier moves
to the equivalent position. The frequency of the surge motion response is equal to the
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rotation period of the twin-rotor turbine. It can also be seen that the surge motion response
of case D is much bigger than case C. The thrust of the twin-rotor dramatically increased
the motion response of the carrier and changed the equivalent position of the carrier.

35 - — -stand-alone carrier
3 | FTCPS

_05 C
t/s

Figure 22. Time history curve of surge motion.

4.3.2. Pitch Motion of the Carrier

Figure 23 shows the comparison of pitch motion response with respect to time due
to the operation of twin-rotor turbine. In the initial stage, the motion response of the two
scenarios is almost the same. However, the pitch motion of the stand-alone carrier is almost
a constant value when the carrier moves to the equivalent position. The average pitch angle
is —1.77°, which implies that the carrier is trimming by head. Compared to the stand-alone
carrier, the pitch motion of the FTCPS is also trimming by head. However, the pitch motion
of the FTCPS is almost sinusoidal when the carrier reaches equivalent position. The pitch
motion frequency of the FTCPS is almost equal to the rotation period of the twin-rotor
turbine. The average pitch angle is —2.25°, which implies that the thrust of the twin-rotor
turbine would increase the trimming by head situation, which increases the risk of wave
running-up.

1 -
0.5
0
-0.5 )

-1 F )
-Ls oy

Pitch/deg

=
U
\

=2 r )

=25 F 0 h .
\ - = =stand-alone carrier

-3 FTCPS
-35

-4t t/s
Figure 23. Time history curves of pitch motion.

4.3.3. Heave Motion of the Carrier

Figure 24 shows the time history curve of the heave motion response of the carrier.
It can be seen that the heave motion of the carrier with turbine is much bigger than the
stand-alone carrier. The stand-alone carrier would stay steady when the carrier moves
to the equivalent position. The heave motion of the stand-alone turbine can be neglected
compared to the carrier with the twin-rotor turbine. For the FTCPS, the heave motion
is also sinusoidal. The heave motion frequency is also linked with the turbine rotation
period. Due to the existence of the twin-rotor turbine, the full system would reach a new
equivalent position.
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Figure 24. Time history curves of heave motion.

It can be seen that the heave motion response value difference is pretty small compared
to the surge motion and roll motion. Since the turbine is a straight-bladed turbine, the
horizontal cross-sectional area of the blade is small, which has little influence on the vertical
heave damping and added mass of the turbine.

4.4. Flow Field Analysis
4.4.1. Flow Velocity

To investigate the hydrodynamics of the turbine and carrier dynamic motion response
in detail, the flow field chosen from different sections in the computational domain is
analyzed. Figures 25-30 show the instantaneous iso-velocity contours of the turbine with
rotating blades and the carrier with 6-DOF motions in the computational domain.

Velocity: Magnitude (mis) Velocity: Magnitude (m/s)
0000 2 4.2000

0.0000 1.0000 2.  3.0000 4.0000 5.0000 0.0000 1.4000 8000 5.6000 7.0000
(a) Stand-alone turbine (b) Turbine with 6-DOF motion

Figure 25. Comparison of velocity field between the fixed stand-alone twin-rotor turbine and the
twin-rotor turbine with 6-DOF motion. (a) Stand-alone turbine; (b) Turbine with 6-DOF motion.

(a) Fixed stand-alone turbine (b) Turbine with 6-DOF motions

Figure 26. Comparison of horizontal iso-velocity field for the fixed stand-alone turbine and the
turbine with 6-DOF motions. (a) Fixed stand-alone turbine; (b) Turbine with 6-DOF motions.
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Figure 27. Comparison of vertical iso-velocity field for the fixed stand-alone turbine and the turbine with 6-DOF motions.
(a) Fixed stand-alone turbine; (b) Turbine with 6-DOF motions.
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Figure 28. Comparison of the vertical section iso-velocity flow field for the stand-alone carrier and the carrier with twin-rotor
turbine. (a) Stand-alone carrier; (b) FTCPS.
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Figure 29. Comparison of the free surface iso-velocity flow field for the stand-alone carrier and the carrier with twin-rotor
turbine. (a) Stand-alone carrier; (b) FTCPS.

Figure 25 shows the comparison of velocity field around the blade cross section
between the fixed stand-alone twin-rotor turbine and the twin-rotor turbine with 6-DOF
motion. It can be seen that the velocities around the leading edge of the blade cross section
are all less than 2 m/s, forming an obvious velocity stagnation area, which produces the
pressure difference and makes the turbine rotate. The velocity difference for the turbine
with 6-DOF motion is much bigger than the fixed turbine, which explains that the thrust
and lateral force of turbine with 6-DOF motion is larger than the other.
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Figure 30. Flow pressure for the stand-alone carrier and FTCPS. (a) Stand-alone carrier; (b) FTCPS.

Figure 26 shows the comparison of horizontal section iso-velocity field for the fixed
stand-alone turbine and the turbine with 6-DOF motions. For the fixed stand-alone turbine,
the velocity flow field is almost symmetrical, and a minimum velocity area could be
observed at about 1D (D is the diameter of the rotor) downstream. The velocity flow field
would recover at about 5D downstream. An obvious velocity stagnation area could be
seen between 2D~5D downstream in the facing-flow side. Meanwhile, the facing-flow
side velocity recovery is faster than the downflow side. For the twin-rotor turbine with
6-DOF motion, due to the blockage effect of the carrier, the flow velocity in the facing-flow
side has been accelerated, which led to the increasing of power output [23]. Compared
to the fixed stand-alone turbine, the facing-flow side velocity recovery for the twin-rotor
turbine with 6-DOF motion is much faster, and there is no velocity stagnation area in the
facing-flow side. Therefore, more fluid could pass across the turbine in a period, and more
kinetic energy could be captured by the turbine.

Figure 27 shows the comparison of vertical section iso-velocity field of the fixed
turbine and the turbine with 6-DOF motion. It can be seen that flow fields around carriers
are distributed symmetrically. There is a clear speed-dividing line of the flow field around
the middle section of the carrier without turbines. The backstream velocity around the
carrier support structure has a clear stagnation zone. With the development of the flow
field, the carrier wake field gradually recovers at a slower speed. However, for the carrier
with turbines, the rotational motion of the turbines makes the fluid velocity flowing
through the carrier have no clear dividing line. The backflow velocity of the carrier support
structure has a smaller stagnation zone. The velocity increases, and the internal wake field
velocity gradually decreases, forming a clear deceleration zone and, finally, mixing with
the surrounding flow field.

Figure 28 shows the comparison of the vertical section iso-velocity flow field for the
stand-alone carrier and the carrier with twin-rotor turbine. The velocity flow field for the
stand-alone turbine at the vertical section is almost symmetrical. A funnel-shaped velocity
acceleration area could be both observed for the two scenarios. However, the funnel-shaped
velocity acceleration area for the stand-alone carrier is smaller and the funnel shape is more
cuspidal than the other. The low velocity area of the carrier with the rotating turbine is
smaller than the other, which implies that the rotation of the turbine accelerates the velocity
recovery of the flow field.

It can be seen that the wave run-up effect is more obvious for the carrier with the
rotating turbine in Figure 29. Compared to the symmetrical velocity flow field of the
stand-alone turbine, the free surface flow field of the carrier with the rotating turbine is
more disorganized than the other. Meanwhile, the rotation of the turbine enlarged the
influenced flow velocity recovery area at the free surface area.
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4.4.2. Flow Pressure

Figure 30 shows the flow pressure contour field for the stand-alone carrier and the
carrier with twin-rotor turbine. It can be seen that both contours are symmetric. Due to
the blockage effect of the twin-rotor turbine, the pressure field in front of the FTCPS is
much larger than the stand-alone turbine. The fluid velocity passing across the turbine
decreased due to turbine energy capturing, which leads to the pressure field increasing for
the FTCPS. Meanwhile, the pressure field before the second row columns for the FTCPS is
much increased due to the operation of the turbine. Therefore, the operation of the turbine
can dramatically change the flow pressure field around the turbine, and the structure
strength of the FTCPS should be given more consideration during the construction stage.

5. Conclusions

This research establishes a numerical simulation method for the fully coupled viscous
turbine-carrier-mooring system simulation based on body fluid boundary interaction
approach. The STAR-CCM+ software was used to compute the hydrodynamic performance
of the vertical axis turbine and compared with the experimental results, which verified the
reliability of the CFD numerical simulation method. Then, the DFBI approach was used to
compute the coupled motion of the carrier, turbine, and mooring system under uniform
flow conditions. The hydrodynamic characteristics, flow field characteristics, and speed
ratio effects of the carrier and turbine were analyzed. According to the numerical results,
the following conclusions were obtained:

(1) The average value of power output efficiency for the twin-rotor turbine reaches
the maximum value when the TSR is around 2. Lateral force coefficient and the fluctuation
amplitude of turbine thrust coefficient increase with the increase of speed ratio.

(2) The blockage effect caused by the columns of the carrier can increase the power
output efficiency of the turbine. In the meantime, the complex flow field change also
increases the fluctuation range of the thrust and lateral force of the turbine.

(3) The motion response of the carrier with the turbine in swaying and pitching will
increase, but the influence of turbine rotation on the carrier heaving motion response is
relatively small.

(4) The turbine output efficiency benefits from the blockage effect of the carrier. How-
ever, the existence of the carrier would increase the pressure acting on the columns of
the carrier, which should be given more consideration during the construction stage of
the carrier.
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