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ABSTRACT

Simulation of the hydrodynamic performance of a floating current turbine in a combined wave and flow environment
is important. In this paper, ANSYS-CEX software is used to analyse the hydrodynamic performance of a vertical-axis
turbine with various influence factors such as tip speed ratio, pitching frequency and amplitude. Time-varying curves
for thrust and lateral forces are fitted with the least squares method; the added mass and damping coefficients are
refined to analyse the influence of the former factors. The simulation results demonstrate that, compared with non-
pitching and rotating turbines under constant inflow, the time-varying load of rotating turbines with pitching exhibits
an additional fluctuation. The pitching motion of the turbine has a positive effect on the power output. The fluctuation
amplitudes of thrust and lateral force envelope curves have a positive correlation with the frequency and amplitude of
the pitching motion and tip speed ratio, which is harmful to the turbine’s structural strength. The mean values of the
forces are slightly affected by pitching frequencies and amplitudes, but positively proportional to the tip speed ratio of
the turbine. Based upon the least squares method, the thrust and lateral force coefficients can be divided into three
components, uniform load coefficient, added mass and damping coefficients, the middle one being significantly smaller
than the other two. Damping force plays a more important role in the fluctuation of loads induced by pitching motion.
These results can facilitate study of the motion response of floating vertical-axis tidal current turbine systems in waves.
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INTRODUCTION

Traditional fossil fuels account for a major part of the
world’s energy consumption, but we will no longer use fossil
fuels in the next few years, according to the current mining
rates [17]. Therefore, more and more countries in the world
have begun to develop clean and renewable energy sources,
and as a kind of marine renewable energy, tidal current energy
is gradually entering people’s vision.

As the main development device of tidal current energy;,
tidal current turbines can be divided into vertical- and
horizontal-axis turbines according to the relative location
of the main shaft and flow direction [2]. Compared to
a horizontal-axis turbine, a vertical-axis turbine has the
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following characteristics: 1. the rotating direction is not
affected by flow direction, and there is no yaw mechanism;
2. easy processing and low cost because of simple blade
structure; 3. the power generation system and speed-
increasing mechanism can be installed above the surface to
reduce the difficulty of underwater sealing.

At present, the main theories used to study the
hydrodynamics of vertical-axis turbines are flow tube
theory, vortex theory, experimental and CFD (computational
fluid dynamics) methods. Compared with the former two
theories, the ability of CFD to capture more instantaneous
flow field information is the biggest advantage. Experiments
are not massively used because of their high expenditure.
Furthermore, a full-scale model can be simulated by



using CFD. Taking these advantages into consideration,
currently CFD is extensively employed in research concerning
vertical-axis tidal current turbines [13, 17].

Over the past several decades, vertical-axis tidal current
turbines rotating with a fixed upright axis have been the main
research subjects, and a mass of research achievements has
been captured. Li and Calisal [8, 9] examined the influence
of the incoming flow angle, relative distance and rotating
direction on the power output and torque fluctuation by
modelling twin-turbine systems in 2009-2010. The results
showed that the total power output of a twin-turbine system
with optimal layout can be about 25% higher than two times
that of a stand-alone turbine, and when the co-rotating system
is optimally configured, the downstream turbine should be
partially in the wake of the upstream turbine. In 2011, Li
[10] conducted a series of experiments with vertical-axis
turbines to research the hydrodynamic influence of density,
leaf number, pitch angle and chord length, and then compared
the results with those from a numerical simulation to validate
the reliability of CFD. It showed that the SST turbulence
model can provide higher computational accuracy, and the
grid has little influence when Y* < 2. His research also proved
that fixed pitch angle turbines are poor at self-starting, but
free variable pitch angle turbines can self-start quickly and
have higher energy utilization. In 2014, Li et al. [4] developed
a hybrid approach that combines a discrete vortex method
with a finite element method that can simulate the integrated
hydrodynamic and structural response of a vertical-axis
turbine. They discovered that the optimization of a three-
blade vertical-axis turbine design using the hybrid method
yielded a turbine H/R ratio of about 3.0 for reliable maximum
power output.

In summary, these researches mentioned above are on
vertical-axis turbines revolving around a fixed upright axis. In
fact, the floating platform of the floating tidal current power
station will undergo six degrees of freedom motion induced by
waves, and the axis of turbines will be skewed to the incoming
flow. Recently, little research on wave-induced motions
about vertical-axis tidal current turbines has been done.
However, horizontal-axis tidal turbines can offer us a series
of predeterminations and experiences. In 2010, Galloway
et al. [3] conducted experimental research on three-blade
horizontal-axis tidal turbines in regular waves and deep water
(wave height = 0.08 m, inflow velocity = 1.5 m/s); the results
showed that the mean parameters (thrust and torque) are the
same with or without waves, but the transient values were
highly influenced by waves: the fluctuation of thrust increased
by 37% and torque reached up to 35%. The analogy analysis
method can also be used to predict the change regulation of
vertical-axis turbine parameters in waves. In fact, vertical-axis
turbines will move with the platform, and then the velocity
distribution around the turbine also alters with different
distributions of wave height and frequency. Therefore, as
with a horizontal-axis tidal turbine, the load and torque of
the turbine must also fluctuate greatly.

Study of vertical-axis wind turbine rotated in oblique flow
or tilted conditions can provide some creative proposals for

the study of vertical-axis tidal current turbines. In 2016,
Chowdhury et al. [1] carried out a numerical validation of
an existing experimental work on vertical axis wind turbines
(VAWT) in upright and tilted conditions. The numerical
validation was accomplished by means of CFD analysis;
mesh dependency analysis and optimum time step were
also conducted. The results showed that the result obtained
from SST k-omega was closest to the experimental one and
a VAWT in the tilted condition produces greater torque
downwind in comparison to an upright one. The wake of
a tilted-axis turbine would proceed downstream in a tilted
manner. As a result, the wake of a tilted turbine would be
shifted downward. In 2011, the vorticity transport model
was used to simulate aerodynamic performance and wake
dynamics by Scheurich and Brown [14]. The results partly
confirmed previous experimental measurements and
suggested that a straight-bladed vertical-axis wind turbine
operated in oblique flow might produce a higher power
coefficient than when it is operated in normal flow. This is
because oblique flow skews the convection of the wake, which
allows a significant portion of the blade to operate. In such
a case, over its entire azimuth in a flow region, the influence
of the wake is significantly reduced compared to the situation
in normal flow. VAWT and tidal current turbines have almost
the same operating principles. Therefore, studying VAWT in
tilted flow conditions can provide constructive comments
on the research on tidal current turbines rotating around
a skewed axis. Later in 2017, Zhang et al. [20] established
a 3-D calculation model in the CFD software and evaluated
the effect of extension length on the hydrodynamic loads and
the wake field. In 2018, Li et al. [6] further explored a vertical-
axis tidal turbine array with a single blade and studied the
phenomenon of hydrodynamic interference of the tidal
turbine array based upon their former proposed unsteady
boundary element model [5]. Later they further explored
the effect of the configuration parameters on the vertical-
axis tidal turbine and obtained the hydrodynamic loads
characteristics [7]. Tomporowski [16] designed a floating and
innovative water turbine to convert the mechanical energy
to electrical energy and analyzed the effect of geometrical
and dynamic features on the pressures, forces and torques.

However, most of the current research on turbines
focuses on the conversion efficiency of the turbine under
environmental conditions such as different velocity
or deflection angle, and there are few reports on load
refinement evaluation of turbines in additional wave
environments. Especially when the coupling model of the
turbine and the floating platform is placed in a wave and
current environment, research on its complex motion and
hydrodynamic characteristics is worthy of attention. In
fact, a tidal power station in practical application is often
accompanied by the action of waves. Therefore, it is very
important for the design, construction and application of
tidal power stations to simulate the motion of a tidal power
station in a complex marine environment based on current
software functions. This paper studied the hydrodynamic
performance of a vertical-axis turbine with compulsorily
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pitching motion under the steady inflow condition using
ANSYS-CFX. The axis of a vertical-axis tidal current turbine
is assumed to stay in the tilted condition during pitching
motion in waves. A series of simulated working conditions
with several tip speed ratios, frequencies and amplitudes
was conducted. The time-varying hydrodynamics curves
for thrust and lateral forces were measured, and fitted to get
the added mass and damping coeflicients by using the least
squares fitting method. This research can provide vital data
for research on wave-induced responses of floating support
structures for tidal current turbines.

NUMERICAL SIMULATIONS
BASIC THEORIES

The incoming flow velocity of the turbines is represented
as V, the diameter of the turbine as D, the number of blades
as Z and the rational speed of the turbine as w; the positive
direction of the X-axis is the inflow direction. The relative
parameters which will be employed in the following text
are given in Table 1. C,_, C, and C, are essential indices for
assessing the hydrodynamic performance of a turbine.

Tab. 1. Nomenclature for turbines

Symbol Explanation Symbol Explanation
V' |Incoming flowing velocity | Fy |Thrustof turbine
D | Diameter of turbine F, |Lateral force of turbine
zZ Number of blades A Tip speed ratio
@ | Angular velocity of turbine | @ | Torque of turbine
o Blade azimuth angle H |Bladelength
@' |Pitching angular velocity & Pitching angle
A |Pitching amplitude R' | Length of pitching arm
Chord length @, | Pitching frequencies

The following dimensionless parameters are defined by

Tip speed ratio:
A=RaolV (1)

Thrust coeflicient:

Crx = Fy /(O.SPVZDH) (2)
Lateral force coeflicient:

C,y = F,/(0.5pV>DH) 3)
Power coeficient:

C, = Qw/(0.5pV*DH) )

Dimensionless angular velocity
of pitching motion:
o' =o'R'IV (5)
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Dimensionless angular acceleration
of pitching motion:
a =(0,0)R"?V? (6)

Pitching angle:
& = Asin(w,t) (7)

According to the motion response of the floating structure
and the symbolic characterization of physical quantities
such as displacement, velocity and acceleration in waves,
the coeflicients of thrust and lateral forces can be divided into
three components: the homogeneous hydrodynamic term,
the damping term and the added mass term, respectively.

XX xx (8)

o'R'" 9,ER Aw, cos(w HR'

V 14 V 9)
_, (@B R* *R? —Aw’sin(w HR"
a = = = -

V2 V2 VZ

-

The damping and added mass terms are functions of 6
(blade azimuth angle), which can be developed into triangular
series functions as follows:

n, = % =n) + Z nt sin(kz0(t) +y’,.)
k=1
n, = % =n), + > ) sin(kz0(1) +yL,)
k=1
10
5CFX 0 > ko k ( )
WS > ml, sin(kz6(1) + /L)
k=1
6C - .
m, = W—F'Y =m) + Y m! sin(kz0(t)+ L)
k=1

Finally, the thrust and lateral force coefficients are
expressed as follows:

Coy =Cl+n, @ +m.a

—c Z;Cf\ sin(kz0(r) w@w{n?\ + ;[n* sin(kz0(r) + v/, )]}a’ +{m?‘ +Z[mf\ sin(kz0(r) H,/},,,)]}ﬁ
Cpy=Cln @ +m@ (11)

=C’ + gcﬁ sin(kz0(1) + " )+ {nﬁ + g[nf, sin(kz0(1) + k., )]}a‘ + {m:" + ;[mk sin(kz0(1) + v/, )]}F

The time-varying curves for thrust and lateral force
coefficients can be obtained by CFD. And then, by using
the least squares method, the load coeflicients for the
homogeneous hydrodynamic, damping and added mass
terms can also be obtained. ANSYS-CFX software can
simulate small scale turbines and obtain relatively accurate
calculation results. Because this paper mainly through the
calculation of forced motion of the turbine load, and on this
basis, combined with the theory of floating body in waves,
the load of the turbine is decomposed and the hydrodynamic
coeflicients of different orders can be obtained, which can be



coupled with the floating platform analysis. In such a case, the
fittings according to different geometrical and environmental
parameters, as well as the accuracy of the decomposition, have
a great effect on the reliability of the obtained hydrodynamic
coefficients. However, the least squares method is widely
applied in curve fitting and is accurate enough. Therefore,
the methodology adopted in this paper included the least
squares method and CFD simulation for better robustness,
and is applicable to turbines of different sizes.

CFD SIMULATION

The two-bladed vertical-axis turbine used in this
simulation model was developed by Harbin Engineering
University (HEU). Table 2 shows the detailed particulars
of the HEU turbine model. A series of experiments was
conducted in the circulating water tunnel laboratory of
HEU. The two-bladed turbine is installed on a test platform,
which is installed in the circulating water tunnel working
segment (8 m x 1.7 m x 1.5 m). By changing the velocity, the
hydrodynamic performance of the turbine can be studied
under different work conditions, which can be tested for
a long time (see. Fig. 1).

Tab. 2. Particulars of turbine model

Item Symbol Data Unit
Diameter of turbine D 0.8 m
Velocity \ 1.0 m/s
Blade length H 0.6 m
Chord C 0.12 m
Blade airfoil NACA0018
Number of blades Z 2

(a) Two-bladed vertical-axis tidal turbine (b) Test platform

Fig. 1. Experimental facilities and test site

(a) Blade (b) Rotation section

Fig. 2. Grid model

Before using the CFD method to simulate the hydrodynamic
performance of a turbine, the most significant work is to
discretize the simulated area, namely by grid partitioning. For

(¢) Circulating water tunnel of HEU

(c) Pitching section

all CFD numerical simulations, the storage of structured grids
can be recorded by a computer multidimensional array, and
the simulation’s precision and speed are significantly superior
to those of unstructured grids. Therefore, structured grids
are employed to divide the calculation domain of the turbine.

Fig. 2 shows the mesh grid models of the vertical-axis
turbine. In order to fully simulate the vertical-axis turbine
field characteristics, a sufficiently large computational domain
needs to be established. The entire fluid domain employed
in this paper is rectangular, with length 25D and width 40D.
The calculation domain is divided into three sections, namely
rotation, pitching and static sections. They are connected
by sliding mesh interfaces. In such a case, grid deformation
does not exist during the simulation, which can ensure grid
quality and improve the calculation precision. Quadrilateral
structured O grids are used in three sections because of their
high quality in dividing grids around cambered models.
A pitching motion (& = Asin(w,?) ) is applied to the rotation
and pitching sections. Furthermore, rotary motion occurs
concurrently around the centre of the rotation section, and
the grids of the static section remain motionless.

The first layer of the turbine’s surface meshes are defined as
0.00003m especially, which ensures Y* < 2. The total number
of grids is 1200000, and the SST model is chosen to simulate
the vertical-axis turbine. The SST model proposed by Menter
[11] in 1994 combines the advantages of kK —¢& and k — @
models. It can also capture extreme pressures and velocity
gradients in the vicinity of the turbine blades more accurately.
It has been proven by many researchers, including Wang et
al., Ponta and Dutt, and Shiono et al., that the SST model is
more suitable for calculations of vertical-axis wind or water
turbines [13, 15, 18]. Based on CFX software, the CEL code
is programmed. According to
previous research experience,
the boundary conditions are
set as follows. The reference
atmospheric pressure is
established, and the inlet
boundary is set as entry
speed with V = 1.0 m/s. The
turbulence parameters and
speeds are set simultaneously,
and the outlet uses a pressure
outlet boundary with a relative
pressure of zero. The period
during which the blade rotates
1° is adopted as the time step
of the entire simulation, and
the blades rotate around the
Z axis.

(d) Static section

CFD SIMULATION VERIFICATION
The power coefficient of the turbine in constant inflow is

illustrated in Fig. 3. The simulated and experimental values of
power coefficients are in good accordance. The error between
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the results may come from the influence of free surface and
wall on the hydrodynamic characteristics of the turbine,
which are not considered in the calculation. This comparison
result demonstrates that the CFD simulation method for tidal
current turbines has satisfactory accuracy.

= EXP ——CFD

0.5 15 A 25 35 45

Fig. 3. Comparison of experimental and CFD simulation results

SIMULATION RESULTS ANALYSIS

The time-varying curves for thrust and lateral forces
under non-pitching motion with an incoming flow velocity
V'=1m/s and optimal turbine speed ratio A = 2.5 are shown
in Fig. 4(a) and (b), respectively. Fig. 4(c) and (d) illustrate
the time-varying curves for thrust and lateral forces under
pitching motion (A = 10°, W = 1.2 rad/s) with the same
velocity and turbine speed ratio. In the second condition,
the turbine revolves around the fixed main axis in uniform
flow. The upper and lower envelopes of Fig. 4(a) and (b) are
approximately straight lines.

However, the envelopes under pitching motion in Fig. 4(c)
and (d) exhibit obvious cyclical fluctuations because of
an added pitching motion. The main axis of the turbine
undergoes a pitching movement when the turbine revolves
around the main axis. Therefore, an additional fluctuation
to that induced by turbine rotation itself is observed in the
thrust and lateral forces of the turbine. In this paper, we study
the hydrodynamic performance of vertical-axis tidal current
turbines under pitching motion with different speed ratios,
pitching frequencies and amplitudes.
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Fig. 4. Time-varying curves for thrust and lateral forces under pitching
and non-pitching motion
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TIP SPEED RATIOS

The power coeflicient is the most significant factor for the
initial design of a turbine. Therefore, the power coefficients
of turbines were first compared under pitching and non-
pitching motion. Fig. 5(a) presents the differences in power
coefficients for the two motions with different tip speed ratios.
The power coefficients in the former motion are obviously
higher than those in the latter one, especially at middle and
high tip speed ratios. Compared with turbines under non-
pitching motion, the fluid speed distribution around the
turbine of pitching motion changed because the additional
pitching motion changes the transient force and torque of the
turbine. Therefore, the transient values of the power coeflicient
under pitching motion will be higher. Then we compared the
blade tangential force between non-pitching and pitching
motion. The transient values of blade tangential force reflect
the power coefficient of turbines directly.

0.4 500

Pitching Non-pitching

Pitching - ---- Non-pitching 400

Fig. 5. Comparison of power coefficients and tangential force between non-
pitching and pitching motion

As shown in Fig. 5(b), the power coefficient cf, of pitching
motion is obviously higher than that of non-pitching motion
at a blade azimuth angle approximately from 120° to 200°. The
upstream disk is the main work area for the turbine because
the downstream values are almost zero. In consequence, the
power coefficient under pitching motion is higher than that
under non-pitching motion.

The thrust and lateral force envelope curves under pitching
motion with five different tip speed ratios (A = 1.5, 2.0, 2.5,
3.0, 3.5) are also considered in this study. The envelope curves
for thrust and lateral forces on the turbine should be stable
if the pitching motion is not taken into consideration. The
pitching frequency is set as 1.2 rad/s, and the amplitude is
10°. Fig. 6 shows the upper and lower envelope thrust curves
in panels (a) and (b) and the lateral force in panels (c) and
(d). The envelope curves for thrust and lateral forces under
pitching motion fluctuate obviously. As the tip speed ratio
increases, the upper envelope curves for thrust and lateral
forces increase obviously. On the contrary, the lower envelope
curves decrease with a rising tip speed ratio. The oscillation
of thrust and lateral force of turbines under pitching motion
impedes the stability of the output electricity and the security
of the structure.
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Fig. 6. Envelope curves for thrust and lateral forces of pitching motion under
different tip speed ratios

The fluctuation amplitudes are defined by X = FX,, — FX,

max min

and FY = FY,, - FY,,. Fig. 7 shows the fluctuation amplitudes
of thrust and lateral forces with different tip speed ratios. It
is shown that the fluctuation amplitudes increase gradually
with increasing tip speed ratios. The fluctuation amplitude
under pitching motion is obviously higher than that under
non-pitching motion with the same tip speed ratio. When the
tip speed ratio is 2.5, the thrust fluctuation amplitude under
pitching motion can be up to 29% larger than that under
non-pitching motion, with a 28% increase for lateral force.
Therefore, when the turbine works in waves and current,
the structure should be strengthened because there will be
pitching motion.
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Fig. 7. Comparison of fluctuation amplitude under different tip speed ratios

PITCHING FREQUENCIES

The pitching frequencies of the turbine are related to wave
frequencies. Therefore, the pitching frequencies were selected
as 0.4, 0.8, 1.2, 1.6, and 2.0 rad/s, respectively. The tip speed
ratio of the turbine was set as 2.5 and the pitching amplitude
is 10°.
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Fig. 8. Envelope curves for thrust and lateral forces of pitching motion
with different frequencies

Fig. 8 shows how the envelope curves for thrust and lateral
forces under different pitching frequencies change with time.
In the following figures, the graphic legends represent the
pitching frequencies and 0 rad/s means non-pitching. The
upper and lower envelope curves for thrust are shown in
subgraphs (a) and (b) and those for lateral force in subgraphs
(c) and (d), respectively.

When the turbine works in waves, the load envelope curves
fluctuate, with the envelope curves for a non-pitching load as
the baseline. The upper envelope curves’ fluctuation amplitude
of thrust is obviously higher than that of the lower envelope
curves, and the lateral force of the envelope curves fluctuates
with almost same the order of magnitude. According to the
graphs, as the pitch frequency increases, their fluctuation
amplitudes rise while their periods decrease. For example,
when the pitching frequency is 2.0, the fluctuation amplitude
of the lateral force’s upper envelope curve can be as large
as 85.1% of the non-pitching value and 87.6% for the lower
envelope curve. The pitching motion changes the fluid speed
distribution around the turbine, which links to the transient
force and torque of the turbine. Therefore, the loads on the
turbine oscillate with high frequency and large amplitude
when high-frequency waves occur, and the turbine structure
should be strengthened in high-frequency waves.

The mean values and fluctuation amplitudes are defined by

FX = [*FXdt /(t, - 1), FX = FX,, ~FX,, , FY = [ FYdt/ (&, -1
4 h

and FY =FY, _—FY,_. . The mean values and fluctuation
amplitudes of thrust and lateral forces under the designed
working conditions (incoming speed 1.0 m/s, tip speed ratio
2.5 and amplitude 10°) are shown in Table 3. We can conclude
that the mean values have minimal influence with increasing
pitching frequencies and that the fluctuation amplitudes
increase gradually. For example, when the pitching frequency
is 2.0 rad/s, the fluctuation amplitude of thrust force can be
up to 41.3% higher than that in non-pitching motion, with
a 71.3% increase for lateral force.

Tab. 3. Comparison of average values and fluctuation amplitudes

800 Orad/s 0.8rad’s 6 Orad/s 0.8rad/s
1.2rad’s — — —16rads 1.2rad/s — — = 1.6rad/s
700 2 oradls 4 + 2.0rad/s ) ﬁ [j:)}' ﬁ ﬁ
N M /i iy z
.. 600 2+ \ 1 A
§ AT VAN AN i LA 0 218.37 442.19 -51.90 378.43
500 E i — o
] ¥ JAEN // \\ L SO ] | [ i 0 0.4 221.69 510.97 —48.57 400.87
W0 WA NG 2 f \ N V4 Y 0.8 220.64 522.97 -49.78 447.93
00 - L —
00 " " " ‘ " ” " 1.2 218.35 572.20 51.03 508.98
" /s 1.6 222.82 614.55 -51.36 585.89
(a) (b) 2.0 223.08 624.81 -51.04 648.46
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PITCHING AMPLITUDES

The calculation results with a tip speed ratio of 2.5 and
pitching frequency of 1.2 rad/s considering different pitching
amplitudes (0°, 5° 10° and 15°) are shown in Fig. 9. Here,
0° means no pitching motion occurs. Similarly, the envelope
curves for hydrodynamic loads fluctuate with the baseline
defined by the envelope curves for non-pitching loads, when
the turbine pitches in waves. When the pitching amplitude
increases, the amplitudes of envelope curves increase,
while their mean values remain stable. Increasing pitching
amplitude has a negative impact on structural security. It also
adds difficulty to the control of electricity output because of
the fluctuation induced by the pitching motion.
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Fig. 9. Envelope curves for thrust and lateral force for pitching motion under
different amplitudes

FITTING RESULTS ANALYSIS

Time-varying curves with different tip speed ratios, pitching
frequencies and amplitudes were obtained by CFD simulation.
Based on the former simulation results, using the least squares
method, the added mass and damping coefficients can be
obtained. The fitting and CFD simulation results for a given
condition (V, =1.0 m/s,A=2.5, @, =12rad/s,A=10")
are shown in Fig. 10. Obviously, the CFD simulation results
can be perfectly fitted by using the least squares method.
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Fig. 10 Comparison between fitting and CFD results
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TIP SPEED RATIO

Coefficients of C,, and C,, series were obtained by fitting
the time-varying curves for thrust and lateral forces with
different tip speed ratios. Table 4 shows the coefficients for
the constant terms and first-order terms of C,, and C,,.

Tab. 4(a). C,, expansion coefficients under different tip speed ratios

A Co| Cu | W | mh | ma | Vo | Ml | M| W

1.5] 0.688 | 0.711 |-80.235| 0.905 | 0.930 [-78.198| —-0.011 | 0.074 [-130.239
2.0| 0.839 | 0.858 |-80.783| 1.296 | 1.357 [-86.297| -0.017 | 0.090 | 120.862|
2.5| 0915 | 0.946 |-82.431| 1.485 | 1.366 [-76.936(—-0.024 | 0.122 [-122.325|
3.0 | 0.980 | 1.050 |-85.127| 1.679 | 1.481 |-83.093|-0.064| 0.150 | -75.114
3.5| 1.033 | 1.157 |-86.128| 1.696 | 1.520 |-89.522|-0.073| 0.178 | -60.948

Tab. 4(b). C,, expansion coefficients under different tip speed ratios

A C;)y C)l)y y/Jl’y n,(:y n,lvy W;'y mSy miw W;iv

1.5 -0.196 | 0.69 | 177.91 | -0.44 | 1.57 |-150.11| 0.01 0.16 102.94
2.0 [-0.198 | 0.75 | 171.67 | —0.45 | 1.61 |164.48| —0.01 | 0.19 —-27.09
2.5(-0.204( 0.79 |173.98| -0.47 | 1.62 | 169.51 | —-0.02 | 0.20 -35.23
3.0 [-0.207| 0.81 |175.37 | —0.49 | 1.65 |164.07 | —0.04 | 0.24 |-121.85
3.5 (-0.209| 0.83 |178.62 | —0.51 1.67 |166.57| -0.07 | 0.25 | -151.98

It is concluded from Table 4(a) that with an increase of

tip speed ratio, the absolute values of constant terms and
first-order terms for homogeneous hydrodynamic, damping
and added mass coefficients increase obviously. However,
compared with the values for damping coefficients, added
mass coeflicients are significantly lower. Table 4(b) shows
similar changing trends for the constant terms and first-
order terms for the coefficients. Therefore, the time-varying
oscillations of C,, and C,, induced by pitching motion are
mainly attributed to the damping terms, and their fluctuation
amplitude increases with an increase in tip speed ratio.

PITCHING FREQUENCIES

Series coefficients of C,, and C,, are obtained by fitting
the time-varying curves for thrust and lateral forces with
different pitching frequencies; their constant and first-order
terms are shown in Table 5.

Tab. 5(a). C,, expansion coefficients under different frequencies

0 1 1 0 1 1 0 1 1
Oz | Co | Coo | W | M | M | Vo | Mo | M | Vi
0.40| 0.914 | 0.951 [-83.544| 1.348 | 1.207 (-83.125|-0.039| 0.125 91.337
0.80| 0.913 | 0.954 [-83.027| 1.356 | 1.272 |-74.697|-0.090| 0.152 |-117.685
1.20| 0.915 | 0.946 [-82.431| 1.485 | 1.366 |-76.936|-0.024| 0.122 [-122.325
1.60| 0.913 | 0.946 [-82.296| 1.530 | 1.460 |-76.942|-0.063| 0.223 [-102.953
2.00| 0.911 | 0.952 [-82.163| 1.543 | 1.539 |-76.812|-0.010 | 0.122 | -98.097
Tab. 5(b). C,, expansion coefficients under different frequencies

0 1 1 0 1 1 0 1 1
wZ CV." ny l//yy nyy nJy l//w’J‘ myy m}?’ l//ﬂ’y
0.40|-0.203| 0.79 [174.29 | -0.57 | 1.93 |-175.39| -0.07 | 0.23 23.75
0.80|-0.209| 0.79 |[173.77 | -0.51 1.72 |170.65 | =0.06 | 0.11 |-102.94
1.20|-0.204| 0.79 [173.98 | -0.47 | 1.62 | 169.51 | -0.02 | 0.20 -35.23
1.60|-0.204| 0.81 |174.01 | -0.43 | 1.58 |168.36| —0.02 | 0.19 —58.02
2.00)-0.202| 0.80 |173.72 | -0.40 | 1.56 | 168.10 | —0.06 | 0.23 —54.01




Table 5(a) and (b) show that the fitting homogeneous
hydrodynamic expansion coefficients (C° , C,., C;’y and
C ;y ) of the turbine’s thrust and lateral forces are not related
to the acceleration and velocity of the pitching motion.
The constant and first-order terms of the homogeneous
hydrodynamic coefficient will remain stable with the growth
of pitching frequencies. When the frequencies increase, the
constant and first-order terms of damping coefficients in
Table 5(a) will increase obviously and the corresponding
terms (absolute values) of damping coeflicients in Table 5(b)
oppositely decrease. The tables also show that the added
mass coefficient is one order of magnitude lower than the
homogeneous hydrodynamic and damping coefficients.
Therefore, the main factors that induce the time-varying
fluctuation of C, and C,, under pitching motion are the
damping terms.

PITCHING AMPLITUDES

Similarly, by fitting the time-varying curves for the thrust
and lateral forces with different pitching amplitudes, the series
coefficients of C,_, and C,, are obtained. Their constant and
first-order terms are shown in Table 6.

Tab. 6(a). CFX expansion coefficients under different amplitudes

o 1

0 1 1 0 1 1 1
A|CL | Co | v | me | no | Voo | Mmoo | M| v

5 10917 | 0.949 | -82.628 | 1.478 | 1.347 | -78.487 | —0.028 | 0.121 | 123.312|
10 | 0.915 | 0.946 | —82.431 | 1.485 | 1.366 | —76.936 | —0.024 | 0.122 | —122.325|
15 | 0.919 | 0.945 [ —82.052 | 1.498 | 1.403 | -76.768 | —0.029 | 0.125 | 122.225|

Tab. 6(b). CFY expansion coefficients under different amplitudes

0 1 1 0 1 1 0 1 1
A C.v:v CJ’J’ WW n,vy n,v,v Wm‘y my.v myy Y, 'y
5 |-0.205| 0.788 [172.691|-0.480| 1.632 [169.267| 0.01 0.21 | 45.761
10 [-0.204| 0.791 | 173.98 | -0.470 | 1.621 | 169.51 | —0.02 | 0.20 |-35.23
15 [ -0.201 | 0.801 (174.838|—-0.434 | 1.617 |166.230| —0.01 0.23 |42.092

As seen from Table 6, the main conclusions for different
amplitudes are similar to the conclusions given in the section
‘CFD SIMULATION’. As the pitching amplitude increases,
the constant and first-order terms of the homogeneous
hydrodynamic coefficients remain stable. The absolute values
of constant and first-order terms for damping coefficients
in Table 6(a) increase with the growth of amplitudes, but
the absolute values of the corresponding terms for damping
coefficients in Table 6(b) decrease significantly. What is more,
the constant and first-order terms for added mass in the
two tables are lower by an order of magnitude. Therefore,
the fluctuation induced by pitching motion under different
amplitudes is mainly concerned with the damping coefficient.

CONCLUSIONS

Floating vertical-axis tidal current turbines undergo
motion in six degrees of freedom induced by waves and
currents. Pitching motion only belongs to one of the six
degrees of freedom. The methodology of this paper including
the least squares method and CFD simulation can also be
used to calculate the hydrodynamic performance for other
freedoms of motion, such as sway and surge. This will be
the key points of our study in the future. The main content
of this paper is to calculate the added mass and damping
coeflicients for a turbine caused by waves. In such a case, by
introducing these results, it is possible to conduct coupled
dynamic analysis between the floating platform, mooring
system and tidal current turbines in time and frequency
domains.

The pitching motions of vertical-axis tidal current turbines
under different tip speed ratios, frequencies and amplitudes
were simulated by CFX software, and then the least squares
fitting method was used to fit time-varying curves and obtain
added mass and damping coefficients. The study demonstrates
that:

(1) The fluctuation of a vertical-axis turbine induced by
waves and currents cannot be neglected during the design
stage, because it can cause the fluctuation of thrust and lateral
forces. The fluctuation amplitudes of thrust and lateral forces
have a positive correlation with pitching tip speed ratios,
frequencies and amplitudes. At a high pitching frequency
such as 2.0 rad/s, the fluctuation amplitude of the thrust
force can be up to 41.3% higher than that under non-pitching
motion, with a 71.3% increase for lateral force. Therefore, the
fluctuation induced by waves and currents will have obvious
negative impacts on the turbine’s structural security, and
turbines under pitching motion require a greater structural
strength to extend the turbine’s fatigue life.

(2) Compared with turbines under non-pitching motion,
the pitching motion induced by waves and currents has
a positive effect on the power output of turbines, which will
increase the tangential force of blades during the upstream
disk.

(3) The mean values of thrust and lateral forces are
marginally affected by pitching frequencies and pitching
amplitudes. However, increasing tip speed ratio has a positive
effect on the average (absolute values) thrust and lateral forces.

(4) The thrust and lateral forces of the turbine are analysed
with the least squares method. The damping coeflicient plays
a more important role than added mass in the fluctuation
of loads induced by pitching motion. The constant and first-
order terms of damping coeflicients have a positive correlation
with tip speed ratios, frequencies and amplitudes. These
can provide some useful references for the motion response
analysis (in time or frequency domain) of floating tidal
current power stations.
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