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ABSTRACT

Hydrodynamic characteristics of floating horizontal-axis turbine are affected by the wave-induced
motion response of the floating platform for the turbine system. In order to analyze this problem,
the computational fluid dynamic (CFD) technique has been adopted to simulate the hydrodynamic
characteristics of the turbine with rotation and yawing coupling motions in constant inflow, and
study how the hydrodynamic performance of the turbine is affected by yawing frequency, yaw-
ing amplitude, and tip speed ratio. Based on the time-varying hydrodynamic curves of the turbine
from the simulation data of CFD, yawing damping coefficient can be obtained by the least-square
fitting. The results demonstrate that: compared with turbine only rotating in constant inflow, the
instantaneous value of the axial loads coefficient, power coefficient, and yawing moment coefficient
generate fluctuation, the fluctuation amplitudes of these three parameters have a positive correla-
tion with the frequency and amplitude of the yawing motion and tip speed ratio; the frequency and
amplitude of the yawing motion have little impact on yawing damping coefficient but this coeffi-
cient is positively proportioned to the rotational speed of the turbine. The results of this research
can provide data to study the motion response of floating platform for floating tidal current turbine

system and electric control design.

Keywords: Tidal current energy; Horizontal-axis turbine; Yawing; Hydrodynamic force; Damping

coefficient

1. Introduction

Today, traditional fossil fuel energy is the main source
of energy throughout the world; however, based on current
mining trends, fossil fuel reserves will become depleted
within the next few years. Therefore, an increasing num-
ber of countries have begun to develop clean and renew-
able energy resources [1], among which tidal current
energy [2] is characterized by sustainability, high energy
density, predictability and offshore location, and time
changes like season and year have marginal effects on the
energy output of this energy resource. Horizontal axis tidal
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turbine catches the attention of many scholars for experi-
encing less intense load changes in the flow field, stable
power output, and smaller flow interference.

Tidal current turbines are the main area of develop-
ment in the field of tidal current energy generation [3-5].
Turbines can be classified as either vertical axis turbines or
horizontal axis turbines depending on the relative orienta-
tion of the main shaft and the flow direction. Many scholars
focus on the horizontal axis turbine due to its load chang-
ing reposefully in the flow field, stable power output, and
the smaller flow interference. Within tidal current energy
station, the tidal current turbine [4,6-9] is an essential
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component, the hydrodynamic performance directly deter-
mines the efficiency of the power station. Tidal current
power station platforms support turbines, generators, other
equipment, and personnel. In deep waters, floating moored
systems [10] are the best platforms for tidal current tur-
bines because of their advantages in terms of maintenance,
removal, and installation. Therefore, the horizontal axis
turbine with the floating platform is studied in this paper.
Scholars at home and abroad do a lot of researches on
horizontal axis turbines. In 2013, Gaurier et al. [11] studied
the effect of the interaction between wave and flow on the
blade load of the tidal turbine. A 3 blades horizontal axis
turbine is tested in a testing flume, and the radius of the
turbine is 0.4 m. The effect of both current and wave-cur-
rent interactions on measured strains is studied. These
tests show that wave-current interactions can cause large
additional loading amplitudes compared to currents alone,
which must be considered in the fatigue analysis of these
systems. In 2014, Galloway et al. [12] also carried out a
similar model test on 3 blades horizontal turbine in towing
tank, measuring the thrust torque and strain of the blade
root of the turbine. The results show that: The maximum
out-of-plane bending moment was found to be as much
as 9.5 times the in-plane bending moment. A maximum
loading range of 175% of the median out-of-plane bending
moment and 100% of the median in-plane bending moment
was observed for a turbine test case with zero rotors yaw-
ing, scaled wave height of 2 m, and an intrinsic wave period
of 12.8 s. In 2014, Lust et al. [13] carried out the model test
(wave and without wave) on 2 blades horizontal turbine in
towing tank. The diameter of the model is 800 mm, and the
immersing depth is 1.3 and 2.25 D. The resistance, torque,
and rotational speed are tested. The test shows that the
results in two immersing depths are similar and when the
wave exists, the thrust and power experienced periodical
change and the oscillation frequency is consistent with the
wave frequency. Under different combinations of rotation
speed and wave, the oscillation of test power and resistance
are respectively 39% and as high as 79%. Similar hydrody-
namic tests of the turbine were carried out by Barltrop et
al. [14], Galloway et al. [15], and Luznik et al. [16]. Surface
waves are generally adopted in the test, and the effects of
surface waves on turbine performance have a lot to do with
the immersing depth of the blade tip. Besides, the turbine
usually is fixed on the trailer or sinks through the support-
ing component, with no movement. However, in practice,
the floating platform suffers from wave movement, and
the motion of the floating platform influences the hori-
zontal axis turbine. The hydrodynamic performance of the
horizontal axis turbine with the floating platform depends
on the current velocity and the wave response motion of
the tidal current power station (TCPS). It is important
to study the relationship between the variation loads of
the turbine and the movement of the floating platform.
Generally, the hydrodynamic loads of a turbine can
be solved by computational fluid dynamic (CFD) or blade
element momentum (BEM) methods [17-19]. In those
methods, the loads are coupled with the motion of the tur-
bine. In the 6 degrees of freedom (DOF) motion equations,
the loads should be solved step-by-step. The calculations
of the loads of turbines occupy significant CPU time and

lower the efficiency of the numerical analysis. If loads of
the turbine can be divided into added mass forces, damp-
ing forces, and exciting forces, and if the added mass forces,
damping coefficients, and exciting forces can be previously
determined, the solution of the 6 DOF motion equations of
floating TCPS should be more efficient.

The hydrodynamic analysis of horizontal axis tur-
bine with floating platform in wave-current field is very
complicated, the hydrodynamic loads of the turbine
depends on the current velocity, the rotating speed of the
turbine, waves, and the motion of the platform. When the
wave response motion is stable, the loads of the turbine
may be expressed as an explicit function of the waves and
the motion of the TCPS. So we simplify the hydrodynamic
problems and put forward the following three assumptions:
(1) the horizontal axis turbine is fixed on floating platform
with main shaft, and floating platform has slightly simple
harmonic motion with wave action; (2) the inflow velocity
is a constant with no influence of waves, and the flux of the
tidal speed is a small value; (3) the diameter of the turbine
is smaller than wavelength, and the wave-making induced
by turbine can be omitted. Based on the assumptions above,
hydrodynamic problems of horizontal axis turbine in
wave-current field can be simplified as problems of turbine
with simple harmonic motion in a constant tidal current.

This paper is based on ANSYS CFX, using sliding
mesh to analyze the hydrodynamic load in the unbounded
and uniform stream when the horizontal axis turbine is
forced to yawing. It also studies the influences of differ-
ent yawing frequency, yawing amplitude, and tip speed
ratio on turbine hydrodynamic load. The work has also
followed the methods of Zhang et al. [20], which studied
the effects of surge motion of the horizontal-axis tidal cur-
rent turbine. Based on the numerical simulation results,
a function was developed to fit the time history curves
of the hydrodynamic loads to obtain the yawing damp-
ing coefficient according to the principle of least square
method [21] and analyze the effects of yawing frequency,
yawing amplitude and tip speed ratio in order to pro-
vide a reasonable hydrodynamic coefficient for further
performance estimation of floating platform.

2. Basic theories

The inflow direction is defined as the forward direc-
tion of Z-axis, and Y-axis along the direction of gravity.
The turbine moves around the axis parallel to the Y-axis.
The yawing angular speed of the turbine is represented
as w_ (unit: rad/s), the amplitude of yawing A (unit:
degree), the yaw center parallel the Y-axis and the dis-
tance between of Y-axis and roll center h (unit: m), the
inflow speed U (unit: m/s), the diameter of the turbine D
(unit: m), number of blades N, and rational speed of the
turbine w,. Compared with the loads parallel to the inflow
direction, loads perpendicular to it are marginal and the
important factor considered here is the power coefficient.
Therefore, all the simulations in this research neglected the
loads perpendicular to the inflow direction and only study
the axial load, the power coefficient, and Yawing moment.

Considering the convenience of analysis, the following
dimensionless parameters are defined:
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Tip speed ratio:

R
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Dimensionless yawing angular speed of the turbine:
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Dimensionless yawing acceleration of the turbine:
A o’ sm(m t)h2
a _ sy sy (3)
sy UZ
Axial force coefficient of the turbine:
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Yawing moment coefficient of the turbine:
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where R (unit: m) is the radius of the turbine, F, (unit: N)
is the axial force, MSy (unit: Nm) is the yawing moment,
M, (unit: Nm) is the axial torque, p (unit: kg/m®) is the
density of the inflow water.

C,,, can be expressed as:
sy
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where ng, is the yawing damping coefficient:
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and m_ is the yawing added mass coefficient:
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Considering the turbine with N blades, when the hor-
izontal axis turbine rotates with a frequency of w,, overall
hydrodynamics of the turbine oscillate with a frequency
of Nw,, the hydrodynamic coefficients CF n, and m in
Eq. (6) can, respectively, be expressed by trlgonometrlc serles,
as follows:

Cr,=C + ZCTSY sin(kN(t) + ', ) (10)

= +Z[n sin (kN6 t)+\um5y)} (11)
k=1
=l + Z[m sin (kNO(t) + wﬂy)} (12)
k=1
Thus, the hydrodynamic coefficients C, =~ can be
written in the form of series:
Cp, =C : +n G Fma
=C + ;cgy sin(kNO(t) + . )
+{n +Z[n s1n(kN6(t)+\ymSy)}} (13)
+{ 0 +Z[m s1n(kN9(t)+\U,,sy)J} oy
The turbine hydrodynamic load coefficients C,_ in the

time domain can be obtained by experiment or CFD sim-
ulation. If Egs. (10)-(12) is truncated to finite items, the
coefficients in Eq. (13) can be solved by the least-squares
method. ANSYS CFX software uses the finite-volume
method based on finite elements to provide the conserva-
tion characteristics of the finite-volume method combined
with the accuracy of the finite-element method. Moreover,
ANSYS CFX offers high accuracy in the simulation of
rotating machinery because of its fully implicit coupled
solver with multiple grids. Least-squares fits can be eas-
ily achieved through programming and have been widely
applied for curve fitting. Therefore, the methodology used
in this study relies on the least-squares method and CFD
calculations with high simulation robustness.

Fig. 1 shows the flow diagram for the method used
to study the hydrodynamic performance of a floating
horizontal-axis tidal current turbine power station. CFD
simulations and the least-squares method are used to
obtain the added mass and damping coefficients for a tur-
bine under yawing motion, which is the major research
focus of this paper.

3. Numerical setting
3.1. Construction of computational domain

To monitor the stress state of a horizontal-axis tur-
bine during yawing, ANSYS-CFX was used to simulate
the operating conditions of the turbine in the presence
of waves. The blade for calculation model is designed by
Institute of Ocean Renewable Energy System (IORES) in
Harbin Engineering University (HEU), China. The cross-
section airfoil is S809, and the chord length and twist angle
change with the radius, as shown in Table 1. Turbine diam-
eter and blade number are 0.7 m and 2, respectively; the
hub both ends are hemispherical, and the diameter is 0.1 D,
as shown in Fig. 2a. Similar to Yang and Lawn [17], the
whole computational domain is a square rectangular base,
a square side length of 10 D, a rectangular length of 20 D.
The distance between turbine rotation plane and the inlet
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Fig. 1. Method of studying a floating horizontal-axis tidal current turbine power station.

Table 1
Turbine parameters

Radius (mm) Chord (mm) Pitch (°)
70 90.01 26.2
90 84.96 19.9
110 80.11 15.5
130 75.46 12.2
150 71.01 9.8
170 66.76 7.9
190 62.71 6.3
210 58.86 5.0
230 55.21 4.0
250 51.76 3.1
270 48.51 2.3
290 45.46 1.6
310 42.61 1.1
330 39.96 0.5
350 37.51 0.1

boundary is 5 D, as shown in Fig. 2b. During the numeri-
cal simulation in CFD, the rotation and yawing coupling
motion of the turbine should be simulated simultaneously.
In order to avoid the grid quality reduction in the process
of calculation, the entire computational domain is divided
into three parts, named stationary, yawing, and rotation
domain. Rotation domain is within the yawing domain and
yawing domain is within the stationary domain. The dis-
tance between the turbine rotating shaft and the center of
yawing is 0.35 m. The calculation model is shown in Fig. 2.

3.2. Meshing

After the construction of the computational domain,
the discrete method should be applied to the computa-
tional domain, namely, meshing. Meshing is a very import-
ant part of numerical simulation technology, but also more
time-consuming. Grid quality directly affects the accu-
racy and efficiency of numerical calculation. In this paper,
the mesh of the entire computational domain adopted the

combination of structured grid and unstructured grid.
Due to the complexity of blade shape, turbine rotation
domain is adopted unstructured grid, but yawing domain
and static domain are adopted structured grid. The mini-
mum angle of the element is 20°, and the maximum mesh
expansion factor is 1.2. Reference to the document [22],
the height of the turbine surface mesh of the first layer is
0.0005 m, and the y+ ranges in 1-48. The total number of grids
is 2.37 million, and the mesh grid model is shown in Fig. 3.

3.3. Boundary condition

Due to the turbine generate rotation and yawing cou-
pling, sliding mesh is applied in rotation and yawing
domain. Grid will not experience any translation in the
process of motion, namely, the grid quality does not change
in process of calculation, thus improving computing pre-
cision and computing speed. Specific settings: a yawing
motion is given in the yawing section and rotation section,
namely, the overall experiences simple harmonic rotating
motion around the yawing center; rotation section is inside
the yawing section and rotate around itself axis while yaw-
ing together with yawing section; grids in the stationary
section are all stationary.

According to common calculation experience for hori-
zontal axis turbines, the reference atmospheric pressure was
established. The inlet boundary is set to velocity entry and
given a uniform flow velocity U (1.5 m/s) and turbulence
parameters. The outlet boundary uses the pressure outlet
and given the average static relative pressure (0 Pa). The
sides of the computational domain were defined as free-
slip walls, and the turbine surfaces were defined as no-slip
walls. The yawing and rotation domain were given yawing
angular velocity, meanwhile the rotation domain was given
grid position variation with time through subdomains. The
rotation domain and yawing domain were connected by an
interface, as were the yawing domain and the static domain.
Besides, the SST model is adopted as the turbulent model
and the transient solver is used. The time period during
which the blade rotates 3° is adopted as the time step of the
entire simulation, and the blades rotate around the Z-axis.

The turbulence model used in this paper is the SST
model, which was proposed by Menter in 1994 [23]. The
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Fig. 2. Calculation model: (a) turbine, (b) schematic plan view, (c) yawing, and (d) static domain.
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Fig. 3. Calculation model: (a) turbine, (b) rotation, (c) yawing, and (d) static domain.

SST model accurately captures the extreme pressure and
velocity gradients in the vicinity of turbine blades. Many
researchers have proven that the SST model is the most suit-
able model for calculations concerning turbines, including
Wang et al. [24], Ponta and Dutt [25], and Shiono et al. [26].

4. Numerical analysis of blade loads

In order to validate the numerical simulation accuracy
of horizontal axis turbine with grid model, the turbine is
simulated in the uniform flow (velocity as 1.5 m/s and the
drift angle is 0°) with a constant rotation motion under
the same grid model in Fig. 4 and the calculated values of
energy utilization ratio and axial load coefficient are com-
pared with experimental values. The experimental val-
ues are tested in the towing tank of HEU, details of the
experiment can be retrieved in this dissertation [27].

As shown in Fig. 4, the axial load increases, and the
energy utilization ratio firstly increases and then decreases
with the tip speed ratio (TSR) rises, the maximum output
power coefficient (C,) in experimental data is correspond-
ing to the rotating speed 230 rpm of the turbine. The calcu-
lated and experimental values of these two parameters are
in good agreement for most of the TSR values, except when
the speed ratio is around 3. In fact, generally, the speed ratio
is optimum when the energy utilization ratio is the maxi-
mum, and in the blade design process, the optimal speed
ratio is related to the optimal angle of attack. When the
speed ratio is larger than the optimal one, the blade section
airfoil’s angle of attack is smaller than the optimal one and
the flow is not separated, which belongs to the problem of
flows around with a small angle of attack. However, when
the speed ratio is less than the optimal one, the blade sec-
tion airfoil’s angle of attack is larger than the optimal one
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Fig. 4. Comparison between calculated and experimental values: (a) axial force and (b) power coefficient.

and the flow is separated. Especially when the speed ratios
are further reduced, and even the stall phenomenon occurs
so that there is a certain deviation between the calculation
and the experimental results. Overall, the calculated and
experimental results are in good agreement, which indicates
that the ANSYS CFX simulation for horizontal-axis turbine
hydrodynamics can achieve high precision. The type and
quantity of mesh used in numerical verification are the same
as the number used in simulated turbine occurs rotation and
yaw coupled motion, so the impact from number and type
of mesh on the numerical results can be ignored; during
the process of yawing and rotational coupling motion
simulation, the equivalent of a periodic velocity compo-
nents increases in turbine rotation plane, but the maximum
value (0.2094 m/s) is very small, which it doesn’t change
the nature of turbine operation. According to the above
analysis, based on the same grid model, roll motion can be
analyzed as follows and the numerical results are credible.

(2)
0.86

0.85
0.84
Ol0.83
082 il
0.81
0.8

4.1. Effects of yawing frequency on loads of the turbine

In order to study the effect of different yawing fre-
quencies on hydrodynamic performance of horizontal axis
turbine, the yawing frequencies are selected in the com-
mon frequency range of wave, namely 0.4, 0.8, 1.2, 1.6,
and 2.0 rad/s. The fixed rotational speed of the turbine is
230 rpm and the yawing amplitude is 15°. The initial posi-
tion of the turbine is at the equilibrium position of yawing.
The inlet velocity is 1.5 m/s. Fig. 5 shows axial force coeffi-
cient, power coefficient, and yawing moment coefficient of
turbine changing curve with time under different yawing
frequencies, wherein w = 0 denotes no yawing motion.

According to Fig. 5, the axial force coefficient and
power coefficient do not change with time when the
turbine does not yaw. This is an important aspect of why
a horizontal axis turbine is superior to a vertical axis tur-
bine. When turbine yawing, the average value of axial

(b)
038

0.37

13

14

15
t/s

16 17 18

Fig. 5. Instantaneous value of different yawing frequencies (yawing amplitude 15°, rotational speed 230 rpm): (a) axial force,

(b) power, and (c) yawing moment coefficient.
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force coefficient and power coefficient is slightly smaller
than that when no yawing; axial force coefficient, power
coefficient, and yawing moment coefficient fluctuate
obviously. The fluctuation frequency of axial force coef-
ficient and power coefficient are consistent with double
yawing frequency. The fluctuation frequency of yawing
moment coefficient is consistent with yawing frequency,
and the fluctuation amplitude of yawing moment coef-
ficient slightly increases when the yawing frequency
increases. When the turbine rotates, axial force coefficient,
power coefficient, and yawing moment coefficient fluctu-
ate slightly, and the frequency of slight fluctuate is consis-
tent with double rotational frequency for 2 blades turbine.
The axial force coefficient and power coefficient reach a
maximum at the equilibrium position of yawing, and the
maximum is bigger than when no yawing. The axial force
coefficient and power coefficient reach minimum where
the yawing reaches the maximum, and the minimum is
basically same under different frequencies. The reason for
this change is that: (1) the yawing motion produces a yaw
angle between turbine rotational axle and inflow direction,
and yaw angle change over time, but the maximum yaw
angle is same (15°); (2) yawing motion makes the turbine
produce velocity components changing over time in the
rotating plane, and the bigger the yawing frequency, the
greater the velocity changing range. The effect is equiva-
lent to the periodic change of inflow velocity, thus leading
to the fluctuation of the turbine load, which has negative
impacts on the stability of power output and safety of
structure of the turbine.

In order to reflect the effect of different yawing frequen-
cies on average value of the power coefficient and axial
force coefficient, this paper presents the trends of the aver-
age value of the power coefficient and axial force coefficient
under different yawing frequencies. Fig. 6 shows that the
power coefficient and axial force coefficient exhibits min-
imal variations with varying yawing frequencies at the
tip speed ratio (A = 5.62) because the changes in the fluid
velocity distribution around the turbine are equivalent
to the phenomenon in which the turbine is moving with
a complicated velocity profile. Occasionally, the velocity
distribution around the turbine under yawing motion is
more complex than that under non-yawing motion.

(@) 086

0.84

0.82

0.80 1 1 1 1 1 J
0.3 0.6 0.9 1.2 1.5 1.8 2.1
w(rad/s)

4.2. Effects of yawing amplitude on loads of the turbine

In order to study the effects of yawing amplitude on
loads of the turbine, three kinds of yawing amplitude (10°,
15°, and 20°) is calculated in this part. The initial position
of turbine is at the equilibrium position of yawing. The
inlet velocity is 1.5 m/s. Graphs in Fig. 7 show that axial
force coefficient, power coefficient, and yawing moment
coefficient under different yawing amplitudes change with
time. From Fig. 7, it is clear that as the yawing amplitude
increases, the fluctuation amplitudes of the instantaneous
value of the three parameters rise, and the amplitude of
maximal slight amplitude fluctuation rises; under different
amplitudes, the maximum value of load fluctuation has lit-
tle change, but the minimum value changes clearly. These
are caused by the periodical change of relative velocity.
The bigger the yawing amplitude, the greater the changing
ranges of yaw angle, thus the greater fluctuation amplitudes
of loads. The fluctuation of power coefficient increases the
difficulty of power output, and the fluctuation of axial force
coefficient is bad for the safety of structure of the turbine.

In order to reflect the effect of different yawing ampli-
tude on average value of the power coefficient and axial
force coefficient, Fig. 8 shows the trends of the average
value of the power coefficient and axial force coefficient
under different yawing amplitude. The average value of
the power coefficient and axial force coefficient are slightly
decreased with increasing in amplitude at the tip speed
ratio (A = 5.62) because the maximum of yawing angle will
become great when the yawing amplitude is large.

4.3. Effects of tip speed ratio on loads of the turbine

Loads on the turbine should be stable if the yaw-
ing motion of the turbine is not taken into consideration.
This section discusses changing rules of turbine load with
different speed ratios under the same roll motion. The
inlet velocity is 1.5 m/s. The initial position of turbine is
at the equilibrium position of yawing. Five different rota-
tional speeds (150, 190, 230, 270, and 310 rpm) are calcu-
lated, axial load coefficient, power coefficient, and yawing
moment coefficient changing curves with time are shown in
Fig. 9. From Fig. 9, the fluctuation amplitudes of the three

(b) o040
038

036 |

L‘)\ [ ] [ [ ] L]

034

032

0.30 1 1 1 1 1 J
0.3 0.6 0.9 1.2 1.5 1.8 2.1
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Fig. 6. Average value of different yawing frequencies (yawing amplitude 15°, rotational speed 230 rpm): (a) axial force and (b) power

coefficient.
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Fig. 7. Instantaneous values of different yawing amplitude (yawing frequency 1.2 rad/s, rotational speed 230 rpm): (a) axial force,

(b) power, and (c) yawing moment coefficient.
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Fig. 8. Average value of different yawing amplitude (yawing frequency 1.2 rad/s, rotational speed 230 rpm): (a) axial force

and (b) power coefficient.

parameters increases with the increases of turbine rota-
tional speed; when position of turbine is at the maximum
position of yawing motion, the fluctuation of turbine load
based on the rotation frequency of turbine is obvious, and
the amplitude of fluctuation increases with rotational speed
increases. The reason is that when the yawing of turbine
reaches the maximum, the yaw angle reaches the maximum
(15°); the bigger the yaw angle, the greater the difference
of the magnitude and direction of relative inflow when the
blades are different azimuthal angles, resulting the obvious
fluctuation of load.

Fig. 10 shows the trends of the average value of the power
coefficient and axial force coefficient under different tip

speed ratios. The average value of the power coefficient with
yawing motion is smaller than that without yawing motion
obviously, and not clearly in axial force coefficient. In most
cases, the average value of the power coefficient represents
the average annual electricity production. Therefore, the
annual energy production of such a turbine under yawing
motion will reduce some.

4.4. Analysis of flow field characteristics

In order to research the influence on the turbine trailing
vortex by yawing movement, Fig. 11 shows the bird’s eye
view of equal vortex when the turbine is at the two different
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Fig. 9. Instantaneous values of different rotational speed (yawing frequency 1.2 rad/s, yawing amplitude 15°): (a) axial

force, (b) power, and (c) yawing moment coefficient.

a
(a) o -

09
Oos f

07 b — — — - with yawing

without yawing
7
0.6 1 1 1 1 ]
3 4 5 6 7 8
A

b
) 40 . — — — - with yawing
without yawing
035 |
Jo030
025 |
N\
0.20 : : ' ' :
3 4 5 6 7 8
A

Fig. 10. Average value of different tip speed ratio (yawing frequency 1.2 rad/s, yawing amplitude 15°): (a) axial force and (b) power

coefficient.

positions of yawing. In Fig. 11, the inflow speed is 1.5 m/s;
vortex intensity is 6 s™'. As shown in Fig. 9, in the process
of turbine rotating, the trailing vortex near the water tur-
bine is obvious spiral, and the trailing vortex sheds from the
blade and root into the flow field, spreading gradually in
the process of transmission with the vortex intensity abate
and spiral trailing vortex gradually disappearing. From
the comparison of the two figures, it can be found that the
trailing vortex is basically symmetric, namely, when the
blade is at the symmetric position of yawing, the trailing
vortex is symmetric, thus resulting in the fluctuation fre-
quency of axial force coefficient and power coefficient are
consistent with double yawing frequency.

In order to research the influence on the turbine wake
velocity by different yawing frequencies, the planar velocity

contour under different yawing amplitudes is shown in
Fig. 12. Contour shows the magnitude of the physical
velocity, which reflects the distribution of the magnitude
of the velocity on the planar. The plane is parallel to XOZ
plane under the coordinate system as shown in Fig. 2 and
cross the rotating axis and blades of the turbine. In Fig. 12,
the position of the turbine is at the equilibrium position
of yawing. The yawing will not occur when the ampli-
tude is 0°, namely, the turbine rotates around a fixed axis
in the uniform flow. As can be seen from Fig. 10, when
the amplitude of yawing is 0, planar velocity distribution
is basically symmetric, and the low-pressure area is obvi-
ous in the blade wake. When the turbine yaws, the pla-
nar velocity distribution is obviously different from that
when no yawing and the low velocity area luffing. The
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Fig. 11. Level of equal vortex in different position (rotational speed 230 rpm, yawing frequency 1.2 rad/s, and yawing amplitude 20°).
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Fig. 12. Planar velocity contours (rotational speed 230 rpm, yawing frequency 1.2 rad/s). Yawing amplitude of (a) 0°, (b) 10°, (c) 15°,

and (d) 20°.

greater the amplitude, the more obvious the luffing of the
low velocity area, which increases the instability of blade
wake, thus leading to the fluctuation of turbine load.

5. Fitting analysis of the damping coefficient
5.1. Effects of yawing frequency on damping coefficient

According to Eq. (12), the least square fitting method
is applied on the time-varying yawing moment coeffi-
cient curves under different yawing frequencies to gain the
hydrodynamic coefficients, as shown in Table 2. Table 1
only shows the constant terms and first-order terms of the
expansion coefficients of C,_.

As can be seen from Téble 2, in the expansion coeffi-
cients of C,, the magnitudes of C, and C}  are basically
zero. With the increase of yawing frequency, the coefficients
related with the damping coefficient are basically constant,
namely, the damping coefficients of yawing have nothing
to do with the yawing frequency, but the damping coeffi-
cients of yawing will experience periodical change with the
change of blade azimuth angle. The added mass coefficient
of mj and m, gradually decrease with the increase of yaw-
ing frequency. Yawing frequency affects the magnitude of

yawing angular velocity and yawing angular acceleration,
so when the rotational speed and yawing amplitude is con-
stant, the fluctuation caused by yawing frequency depends
on the magnitude of 1} and m{, but the fluctuation caused
by blade rotation depends on the magnitude of n{ and m_.

5.2. Effects of yawing amplitude on damping coefficient

Table 3 shows the constant terms and first-order terms
of the expansion coefficients of C, under different yawing
amplitudes. As can be seen from Table 2, in the expansion
coefficients of C,_, with the increase of yawing amplitude,
the magnitudes of CJ_ and C1TSy are zero; the coefficients
related with the damping coefficient are basically con-
stant, namely, the damping coefficients of yawing have
nothing to do with the yawing amplitude; the coefficients
related with the added mass coefficient are basically con-
stant, namely, the added mass coefficients of yawing have
nothing to do with the yawing amplitude. Yawing ampli-
tude affects the magnitude of yawing angular velocity
and yawing angular acceleration, so when the rotational
speed and yawing frequency is constant, the fluctua-
tion amplitude of C,  varying with time depends on the
magnitude of yawing amplitude.
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5.3. Effects of tip speed ratio on damping coefficient

Table 4 shows coefficients for the constant terms and
first-order terms of the expansion coefficients of C,, under
different rotational speeds.

As can be seen from Table 4, in the expansion coef-
ficients of C, , with the increase of rotational speed, the
magnitudes o C(}Sy and ClTSy are zero; the absolute value of
n? and n! related with the damping coefficient are gradu-
ali’y increase and the magnitude of {  is constant, namely,
the damping coefficients increase with the rotational speed
increase; the magnitude of m? gradually increase. So
when the yawing amplitude and yawing frequency is con-
stant, the fluctuation amplitude of C, caused by yawing
motion depends on the magnitude nj and m,

5.4. Verification of fitting formula

In order to verify the accuracy of the fitting method,
coefficients in Tables 2—4 are put into the fitting formula
and compared with the numerical solution from CFD,
as shown in Fig. 13. 2-15-230-CFD and 2-15-230-EXP in
Fig. 13 are, respectively, the numerical solution of CFD and
the solution of fitting formula when yawing frequency,
yawing amplitude, and rotational speed are, respectively,

2 rad/s, 15°, and 230 rpm. 1.2-15-310-CFD and 1.2-15-310-
EXP in Fig. 13 are, respectively, the numerical solution
of CFD and the solution of fitting formula when yawing
frequency, yawing amplitude, and rotational speed are
respectivelyl.2 rad/s, 15°, and 310 rpm. As can be seen from
Fig. 13, the solution of the fitting formula is in good accor-
dance with the numerical solution of CFD, which verifies
the accuracy of the fitting method. Finally, based on the

0.12 r 2-15-230-EXP 2-15-230-CFD
1.2-15-310-CFD 1.2-15-310-EXP
0.08
EO.O4 3
© 0.00
-0.04
-0.08 L L L L )
10 11 12 13 14 15
A

Fig. 13. Comparison between calculated and fitting values.

Table 2
CTSy expansion coefficient table (yawing amplitude 15°, rotational speed 230 rpm)
W CO Cl \I]l n(] nl 1 m() ml \I]l
sy Tsy Tsy sy sy sy sy sy sy asy
04 0.000 0.0000 4.53 -0.331 0.2166 -123.86 9.577 0.7444 179.14
0.8 0.000 0.0000 34.76 -0.330 0.2170 -123.37 2.385 0.1823 -170.36
1.2 0.000 0.0000 -105.80 -0.331 0.2204 -122.48 1.054 0.0834 -155.82
1.6 0.000 0.0000 88.22 -0.333 0.2241 -122.34 0.592 0.0513 -151.24
2.0 0.000 0.0000 -74.51 -0.332 0.2278 -121.52 0.367 0.0382 -145.92
Table 3
CTSY expansion coefficient table (yawing frequency 1.2 rad/s, rotational speed 230 rpm)
A CO Cl \I]l nO nl 1 m(] ml 1
sy Tsy Tsy sy sy sy wsy sy sy asy
10 0.000 0.0000 -16.14 -0.332 0.2204 -122.77 1.072 0.0860 -158.79
15 0.000 0.0000 -105.80 -0.331 0.2204 -122.48 1.054 0.0834 -155.82
20 0.000 0.0000 -6.41 -0.329 0.2181 -122.87 1.029 0.0839 -149.44
Table 4
C,,, expansion coefficient table (yawing frequency 1.2 rad/s, yawing amplitude 15°)
rpm Cly Cly vy gy My Wiy g, my, sy
110 0.000 0.0001 -175.56 -0.060 0.0894 -58.08 0.014 1.0792 155.96
150 0.000 0.0000 -33.20 -0.160 0.0997 -90.47 0.761 0.7149 170.86
190 0.000 0.0000 153.55 -0.282 0.1704 -123.55 0.979 0.2976 -153.96
230 0.000 0.0000 -105.80 -0.331 0.2204 -122.48 1.054 0.0834 -155.82
270 0.000 0.0000 74.23 -0.372 0.2666 -119.20 1.112 0.1154 45.93
310 0.000 0.0000 -23.23 -0.415 0.3098 -116.40 1.148 0.2235 25.76
350 0.000 0.0000 8.59 -0.457 0.3476 -113.47 1.156 0.2866 10.56
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fitting formula and the coefficients in Tables 2-4, we can
rapidly calculate the yawing moment coefficient within a
certain range of yawing frequency and amplitude.

5.5. Application of turbine simulations

The above three tables show the expansion coefficients
for yawing moment under different yawing frequencies
and yawing amplitude and rotational speed. From these
results, we can obtain a series of expansion coefficients for
any yawing motion (frequencies 0.4-2.0 rad/s, amplitude
10°-20°, rotation speed 110-350 rpm) through interpola-
tion. Then, these expansion coefficients can be applied to
a floating turbine platform to simulate the yawing motion
responses of the platform. Therefore, we can obtain the
motion response under any yawing motion for a floating
horizontal-axis tidal current turbine station, which will be a
key focus of our future research.

We know that the hydrodynamic coefficients of the
platform and mooring system are introduced to analyze
the time- and frequency-domain motion responses from
Fig. 2. Therefore, our future work will be to analyze the
response of the entire floating turbine power station in the
time and frequency domains.

6. Conclusions

A three-dimensional simulation by CFX is conducted
concerning the hydrodynamic performance of a compul-
sorily-oscillated horizontal-axis turbine within a constant
inflow environment. The least-square fitting is used to
get the coefficients in the C,  series. The study demonstrates
that: ‘

* Yawing motion of the turbine in a floating TCPS should
be taken into consideration in the design stage, as it
induces the fluctuation of axial force coefficient, power
coefficient, and yawing moment coefficient, the fluctu-
ation amplitudes of which have a positive correlation
with yawing frequency, yawing amplitude and rota-
tional speed (tip speed ratio) of the turbine, and these
fluctuations have obvious negative impacts on the tur-
bine’s structural security, fatigue life, and the stability of
electronic control system.

® The average of the axial force coefficient and power
coefficient are slightly decreased by the yawing motion
of turbine; therefore, the annual electricity output of the
power station will be reduced.

* Instantaneous value of damping coefficient shows the
periodical fluctuation in the process of rotation of tur-
bine. The frequency of fluctuation is twice the rotational
frequency of turbine (2 blades). The amplitude of fluctu-
ation has nothing to do with the frequency and ampli-
tude of yawing motion and have a positive correlation
with rotational speed of turbine.

* The average of yawing damping coefficient is not rele-
vant to the frequency and amplitude of yawing motion,
but it has a positive correlation with rotational speed.
This can provide effective support for the study of the
motion response of the floating carrier.
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Symbols

— Inflow velocity, m/s

— Turbine angular velocity, rad/s

— Turbine diameter, m

— Number of blades

— Turbine radius, m

Rotation speed of turbine, r/min

— Axial force, N

— Axial torque, Nm

— Yawing moment, Nm

— Axial force coefficient

— Yawing moment coefficient

— Power coefficient

— Density of inflow water, kg/m®

— Yawing amplitude, m

Distance between of Y axis and yaw center, m
— Yawing angular speed, rad/s

— Dimensionless yawing angular speed
— Dimensionless yawing acceleration
Yawing damping coefficient

— Yawing added mass coefficient

Tip speed ratio
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