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Abstract

When tidal turbines are utilized in the most energetic waters where there are significant
waves, the assessment of the surface wave effects are of great concerns. The objective
of this paper is to contribute to a fundamental understanding of surface wave effects
on tidal turbines. A numerical model was developed based on the modified Blade
Element Momentum theory with an inclusion of added mass effects, wave excitation
forces and a one degree-of-freedom (DOF) simulation for turbine rotational motion.
The experiments on a 1:25 scaled tidal turbine were performed in a towing tank. It is
shown that the surface waves did not affect the average loads and power output, but
caused severe periodical oscillations. The amplitudes of the cyclic thrust and torque
could reach up to 50% of the mean value induced by the incident waves with period of
1.6 s and height of 14 cm. Non-dimensional response amplitude operators (RAOs) of
thrust and torque were proved to be sensitive to submergence of the turbine. The wave
induced torque and thrust tend to a fixed value when the incident wave length is much
longer than the water depth, which provides an approximate assessment of the surface
wave effects on tidal turbines.
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1. Introduction

The concept of extracting power from ocean tides has a long history (Elghali et al.,
2007) With the growing worldwide energy demand, utilizing tidal turbines to generate
power has gained increased attention. Tidal current power has advantages of a high
predictability. a high energy density, and limited environmental impacts (Khan et al.,
2009; Rourke et al., 2010; Adcock et al., 2015). In many parts of the world, tidal power
presents an advantageous resource. About 61.3 TWh/year of tidal current energy tech-
nically available in China. Some excellent channels in the East China Sea are most
promising sites with the maximum flow speed over 4.0 ms~!, and energy density over
20kW m~2 (Liu et al., 2011). In the U.K., the extractable resource is estimated to be up
to 18 TW hyear (Galloway et al., 2014). Some potential sites where maximum current
speeds could exceed 2.5ms™! are also identified in Korea (Kim et al., 2012).

Currently several prototype tidal turbines are tested at specific sites. Some blade
failures of the test tidal turbines have been reported (White, 2011; CBCNews, 2010;
Shulman, 2008), which are believed to be caused by uncertain loads on the blades.
The unsteady hydrodynamic conditions, such as turbulent inflow or free surface waves,
would induce complex unsteady loads on the submerged turbines. The majority of
previous studies have concentrated on the loads and power production of tidal turbines
under steady conditions (Batten et al., 2006; Bahaj et al., 2007; Batten et al., 2008).
The knowledge of the unsteady hydrodynamic loads are still very limited. As a result,
large safety factors in extreme loads prediction are used to account for the uncertainties
in the loads, which would potentially increase the cost of tidal turbines.

Surface waves which can penetrate the water column to a depth of half of the wave
length is one important part of unsteady hydrodynamic loads. In order to produce more
power, tidal turbines are designed with increasing size, and are expected to be moved
into more energetic waters where it would being exposed to significant waves. The
cyclic surface wave loads which would undoubtedly not only lead to increase of the
extreme loads but also accelerate fatigue of the rotor and blades need to be paid more
attention in the design. The assessment of unsteady loads become essential for avoiding

unexpected failures of tidal turbines.
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Investigations into the effects of turbulent inflow conditions on tidal turbines were
carried out by Maganga et al. (2009) and Mycek et al. (2014) considering the turbulence
intensities from 3% to 25% of the inflow. Milne et al. (2015) presented experiments to
measure unsteady bending moment at the blade root for a scaled tidal turbine subjected
to an unsteady planar forcing in a towing tank. Current number u = /U and reduced
frequency k = mfc/V at the span-wise location of 0.75R are used to describe the degree
of unsteadiness of the inflow, where # is the amplitude of the velocity perturbation,
U is the mean inflow velocity, f is the physical frequency of the flow, c is the local
blade chord, and V is the resultant local inflow velocity. They found that the unsteady
blade loads increased with frequency and exceed the steady loads by up to 15% when
1 =0.10 and k£ < 0.05.

Only a few efforts have been made to study the surface wave effects on tidal tur-
bines. Barltrop et al. (2007) carried out the experiments using a 400 mm diameter rotor
in a towing tank with the presence of regular waves. The average thrust and torque
was independent with wave frequencies or wave heights. However significant cyclic
variation of the loads were observed. The relatively small rotor in Barltrop’s study
limited the Reynolds number to only about 0.8 x 103 (at 75% blade radius) when the
device was towed at 1.0 ms~'. The model turbines with small Reynolds number would
reduce the unsteady hydrodynamic loads compared to that expected at full-scale with
Reynolds number of 1.0 x 10° (Shyy et al., 2007). Similar model tests in a towing tank
were reported by Lust et al. (2013) and Luznik et al. (2013). They both confirmed
that the average power and thrust were not affected by the passing waves. In Luznik’s

experiments, the model turbine was towed at 0.6m s~

, whilst being exposed to the
regular waves with period of 1.78 s, and height of 7.6 cm. The corresponding reduced
frequency k and current number y is about 0.04 and 0.1, respectively. Their results
showed a strong correlation between measured torque and vertical wave particle veloc-
ity. Galloway et al. (2014) investigated the wave effects on a 800 mm 3-bladed horizon-
tal axis TST device in regular waves, which was being towed at 0.9 ms~!. They also
found that the presence of waves did not affect the time averaged torque and thrust, but

it caused the cyclic loading with a variation of 37% and 35% of the mean for thrust and

torque, with corresponding reduced frequency k£ = 0.03 and current number u = 0.08.
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The mentioned studies have concluded some characteristics of the wave loads on tidal
turbines. However only one or some separate regular waves were involved. More
experimental data with a wide range of incident waves are needed both for a more gen-
eral understanding of the surface wave effect on tidal turbines, and for calibration of
the parameters in the numerical models.

Several tools have been developed to predict the loads and power output of tidal
turbines with different numerical approaches. The tidal turbine problems share some
feature of wind turbine calculation. The classical Blade Element Momentum (BEM)
theory (Glauert, 1935) is widely used for estimation of the loads on tidal turbines. The
steady thrust and torque can be predicted well by the BEM theory compared to experi-
ments (Batten et al., 2008). In order to simulate the time behavior of the loads on tidal
turbines, the BEM theory was enhanced with dynamic inflow model and dynamic stall
model, such as CACTUS with the free vortex model (Murray and Barone, 2011), Aero-
Dyn with the generalized dynamic wake (GDW) model (Moriarty and Hansen, 2005),
and the code with prescribed wake model (Coton and Wang, 1999). To provide more
accurate relations between induced velocity and radial circulation distribution espe-
cially for the heavy load blades, Epps and Kimball (2013) proposed the unified lifting
line theory for performance calculation of tidal turbines. Jo et al. (2012); Zhang et al.
(2015) and more recently Tatum et al. (2016) used the Computational Fluid Dynam-
ics (CFD) method to predict both steady- and unsteady-state behavior of tidal turbines
bring more realistic and detailed flow features around the submerged rotor.

Most of the numerical approaches mentioned above cannot account for dynamic
inflow conditions or incident waves. Faudot and Dahlhaug (2012) used a quasi-static
BEM model to predict wave loads on the blades, in which the surface wave effect,
as a first order approximation, simply act as an addition to a uniform stream velocity
from linear wave theory. Galloway et al. (2014) developed a modified BEM code using
Boeing-Vertol dynamic stall model and Pitt-Peters dynamic inflow model, which had
good agreement with the towing experiment results. It has to be pointed out that due to
the presence of free surface, under some wave conditions, the blade tip would have an
opportunity to partly go out of water. It would induce impact loads on the blade and also

affect the power production of the tidal turbine. The partly going-out-of and re-entry
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water process can not be considered and described by available numerical models. It
should be paid attention as another aspect of surface wave effects.

In light of above, we developed a new numerical model and carried out a set of
experiments to contribute to a more fundamental understanding of the surface wave
effect on tidal turbines. The numerical model has been developed and verified for
wave load prediction based on the modified BEM theory with an inclusion of added
mass effects, wave excitation forces and a one degree-of-freedom (DOF) simulation
for turbine rotational motion. Experiments for validation on a 1:25 scaled tidal turbine
were also performed in a towing tank, involving regular waves with periods from 1.0's

to 3.0 s and heights from 5.0 cm to 15.0 cm.

2. Development of the numerical model

The Blade Element Momentum (BEM) theory is widely used for the prediction
of steady hydrodynamic performance of tidal turbines. The fundamental scheme and
modification of the classical BEM model particular for tidal turbines can be found in
Molland et al. (2004) and Batten et al. (2008). Some efforts were made by Faudot and
Dahlhaug (2012) and Galloway et al. (2014) to include wave-induced load prediction
in an unsteady BEM model as mentioned above. In the present paper, the numerical
model was also in the framework of the BEM theory with consideration of body motion

simulation, added mass effects and wave excitation forces.

2.1. Coordinate systems

When accounting for the surface wave effects, the absolute position in global coor-
dinate of each blade element needs to be known. The undisturbed current velocity and
additional wave particle velocity need to be transformed to each blade element as an
input to the BEM model at every time step.

The two rectangular coordinate systems as shown in Fig. 1 are used in this paper.
An inertial global coordinate system (OX(YyZ) is centered at the sea bed. Zj is the
horizontal coordinate, and X is the vertical one. The local coordinate system for each

blade (OXYZ) is centered at the hub. X is aligned with the rotating blade, and the axis
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OZ is located in the plane OXyZy. Then the position vector Xy in the global coordinate

can be transferred into the local blade coordinate as X by:

X = ag - Xo ey
COS Oing  SINBying 0
ag1 = |—sinBOying  COSOing O (2)
0 0 1
where ag; is the transformation matrix between the two coordinate systems, and
BOying 1s the azimuthal position of the blade as defined in Fig. 2.
The position vector r}' of the i-th element on the n-th blade in the global coordinate
is determined by equation 3, and the resultant velocity seen by each blade element is

found by transforming the velocity V to the local coordinate by equation 1.

n __ n — n
6= V| S et st (3)

where, r¢ + r is the position vector of the rotor center, and rgi =a¢; ' [x,0,0]” is the

vector between the blade element and the rotor center in the global coordinate.

2.2. Description of free surface waves
Based on the linear wave theory, incident wave velocity potential ¢, free surface
elevation 77, and wave particle velocity V' and V}"®" are given in global coordinate

system as follows (Faltinsen, 1993):

n = ¢, sin(w,t — kz) 4)
_ 84, coshkx
$o = w coshkh cos(wer = k2) ®)
wave sinh kx
Ve = we, L cos(w,t — kz) (6)
wave coshkx |
Ve = we, b kA sin(w,t — kz) @)

where ¢, is the wave amplitude, w is the natural wave frequency, k is the wave number,
h is the water depth, and w, is the encounter frequency due to the Doppler shift which

is defined in equation 8.
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In reality, the waves travel on the moving reference frame at the velocity of mean
current. Due to the fact that the tidal turbine is fixed, the Doppler shift is caused by
the moving reference frame. However in the towing experiments, the waves travel on
still water, but the tidal turbine was towed at the velocity of mean current. The Doppler

shift in this situation is caused by the moving observer.
w, =w+kV 8)

where V is the undisturbed mean current velocity in reality, or is the towing speed in
experiments.

The wave particle velocity is regarded as a perturbation of the mean current velocity
in the present numerical model. The total inflow velocity will be transferred into the

local element coordinate as follows:
Vi = ag(V+ V") ()

2.3. Velocity triangle and dynamic wake model

The relative velocity Vi in the local reference system is defined in equation 10
and shown in Fig. 3. Then the angle of attack a can be computed by equation 12 if the

induced velocity W is known.

Vi = Vi+ Vit + W (10)

V| (W] || W
Mo+ A an
Vrel,z Vz 0 W,

Z

rely
@ = arctan

-B 12)

rel,z

where £ is the blade pitch angle as shown in Fig. 3, Vj is the inflow velocity due to
current and waves seen by the blade section, Vi is the blade rotating speed, and W is
the induced velocity.

The essence of the BEM numerical procedure is to obtain the induced velocity W.
In view of the classical BEM model, the induced velocity is determined by the change

of fluid momentum passing the rotor which is considered as an ideal disc. Prandtl’s Tip
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and Hub loss correction is used accounting for the rotor with finite number of blades,
and Glauert correction is for high induction factor (Glauert, 1935).

In view of the changes of the inflow caused by the incident waves, the induced ve-
locities on the blade section cannot instantly establish the new steady state conditions.
To describe the development of the induced wake field in time domain, the dynamic
wake model is introduced. The incident wave periods in the present experiments is
from 1.0s to 1.6 s in model scale. For this condition, the dynamic effects of the wake
were limited. A simple model proposed by @ye (1991) is utilized in this paper, in which
two first-order differential equations govern the induced velocities (see Equations 13
and 14). It is noted that the Equations 13 and 14 must be solved iteratively since the
angle of attack depending on the induced velocity itself. For the unsteady BEM model
here, time is used as relaxation. After the blades moved an azimuthal angle in one time
step, values from the previous time step are used on the right-hand side of Equations 13
and 14 for updating the new induced velocity (Hansen, 2013). The present dynamic
wake model was originally developed for wind turbines. It cannot account for the sit-
uation that the blade partly going-out-of and re-entry of water for tidal turbines, and
the existence of free surface. From the results and discussions, we know that it caused
under-prediction of the dynamic loads. More accurate wake model accounting for the

presence of free surface is the authors’ future work.

dWin quS
Wine + T1 & L= Wy + kT & (13)
dw
W+ TZE = Win 14)

where W, is the quasi-static value, W;,, is an intermediate value, 7; and 7, are two

time constants given by (Hansen, 2013):

11 R
= = 1
R T YA (15
2
s = (0.39 - 0.26(£) )~n (16)

where, a is the axial induction factor, R is the blade radius, and V), is the velocity seen

by the blade element.
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2.4. Dynamic stall model

The angle of attack at each blade element is oscillating with the waves passing and
blade rotating. Dynamic stall may occur as results of the fluctuations of velocity over
the rotor plane depending on the angle of attack. For dynamic inflow condition induced
by surface waves, in the present experiments, the reduced frequency is no more than
0.05, and the TSR of the rotor is about 5 to 6. It is noted that the stall effects may be
insufficient (Galloway et al., 2014). Therefore, only the correction for lift coefficient is

considered in this paper (Hansen et al., 2004).

Cr = f:Crin(@) + (1 = f)Clp5(@) an
dfv _ fs” - fs
[ 4o

where C;p, is the attached lift coeflicient, C; r, is fully separated value, and f; describe
the degree of separation. f is the static value of f; which is determined by the 2D
hydrofoil data. The f; is assumed to always try to get back to the static value. As the
same with the dynamic wake model, the correction for lifting coefficient is also not

valid when the blade element goes out of water.

2.5. Hydrodynamic forces on the blade section

The hydrodynamic forces on the blade element considered in this paper are shown
in Fig. 3. Based on the slender body assumption, the 3D forces on the blade can
be calculated from the integral of the 2D forces acting on the span-wise blade ele-
ments (Faltinsen, 1993). In view of the fact that effective reduced frequency is under
0.04 (see Table 3) in this paper, the unsteady effects of lift force associated with the
varying local angle of attack or inflow velocity are ignored (Leishman, 2002). The hy-
drodynamic forces acting on the blade are considered separately and combined through
superposition of lift and drag forces, excitation forces, and added mass forces.

The lift and drag forces on each blade element are decided by the 2-D lift and drag

coefficients and are proportional to the square of the relative velocity:

1

L= EprelcCEZD) 19)
! @D)

D= Epvfe,ccd (20)
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where p is the water density, c is the local chord, V,,; is the relative velocity determined
by equation 13, and CZ(ZD ) and CffD ) are the local lift and drag coeflicients respectively,
which were calculated by the panel code XFOIL and compared with the experimental
data from Molland et al. (2004).

Generally, the excitation force can be given by:

ext

dVre
—F = (pA + = ! Q1)

where A is the area of the blade section, m@®? is the 2D added mass for the blade
section, and V,,; is the relative velocity seen by the blade element. The time derivative

term can be decomposed based on equation 10 as follows:

dV,. _ dv N dw N dyrave
dr At dr dr

(22)

where V is the mean current velocity regarded as a constant (dV/dr = 0), W is the
induced velocity obtained by the dynamic wake model, and V%" is the wave particle
velocity at the rotor plane.

The wave excitation force F,,,,. on a single blade element consisting of Froude-
Kriloff force FLy,, . and diffraction force Fl,,, . is given both in the z and y directions.

The drag term in wave excitation force is ignored.

0 (0¢g
_ rFK D _ _ 2Dy Z (229
Fwave,z - Fwave,z + Fwave,z - (pA + mz )at( az ) (23)
a0
Fwave,y = —(,DA + mizD))a(%;) (24)

where ¢ is the incident wave velocity potential.

The force Fiuquce associated with acceleration of the wake is determined by the
time derivative of the induced velocity given by the dynamic wake model. To avoid
numerical instability, and in view of the fact that the F,gyc.; is much smaller than the
lift force, Fiyquce 1S not coupled to affect the wake in return. In other words, the wake

acceleration is only dependent on the lift.
daw;
Finducei = (pA +m;”") = (25)
where i donates the y or z direction.

10
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The added mass forces caused by the moving body can be given by:

d*x
— F@D) — ,,2D) 26
0 = mPP 26)

where X represents the blade element position. The turbine in z direction is motionless,
and the blade rotation in y direction is considered. Hence the acceleration term in y

and z directions are given separately by:

d’x

37| =0 (27)
x| dQ 28)
| a

The added mass moment can be given in y direction as follows:

Moy = m{P )x% (29)
Several previous studies have also modelled and investigated the added mass ef-
fects. Maniaci and Li (2012) investigated the added mass effects for the rapid pitching
cases, and the results indicated that the added mass had a noticeable influence on blade
loads. Whelan (2010) concluded that the unsteady hydrodynamic loading was in-phase
with inflow velocity and the added mass effects were small for low reduced frequency
cases. It is hard to measure the added mass force in experiments directly. From previ-
ous studies and the results presented in the following, we also believed that the added
mass effects are limited for the present small incident waves. Although the implemen-
tation of added mass has not shown important effects on the load for present conditions,
we believed that for elastic blades (combined with a hydroelastic model of the blades)
or cases with rapid pitch motions, the added mass implementation would be relevant.
Here, as the first step of our work, the added mass model was considered.
The hydrodynamic torque and thrust on the rotor is obtained by the sums of force

components on every blade element:

B N
T= Z Z (L:l cos ¢7 + D:l Sin ¢7 + anve,z,i - Fg,induce,i)Axtr'l (30)

B N
M = Z Z ((L:1 sin ¢7 - D? Ccos ¢7 + Fclvave,y,i - F;lnduce,y,j)x? - MQ,}’)AX? (31)

n l

11
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where i and n donate the i-th blade element on n-th blade, B is the total number of
the blades, N is the total number of elements on each blade, x! is the element radial
position, and Ax] is the span-wise length of each element.

Among the hydrodynamic forces acting on the blade section, the lift and drag forces
are proportional to the square of the relative velocity, and the excitation forces are
proportional to acceleration of the relative velocity which is caused by passing waves
in this study. The period of acceleration of the relative velocity is equal to the wave
period, and the amplitude of that is proportional to the wave height. Based on linear
wave assumption, the waves are small perturbations on the free surface. Therefore, the
amplitudes of the excitation forces are small compared with the lift force. From the
energy point of view, the excitation and added mass forces are conservative. Without
consideration of the second-order effects, the power production of the turbine is only
related to the lift and drag forces.

Due to the azimuthal symmetry of the blades arrangement, the effects of buoyancy
and gravity forces on shaft torque are canceled out. The buoyancy and gravity forces
are not included in the present numerical model, but it is significant for evaluating the

force on a single blade, which is beyond the scope of the present paper.

2.6. Added mass of the blade section

The above excitation and added mass forces are both related to the added mass of
the blade section, which is not considered for the wind turbine due to small air density.
However water density is approximate 700 times of air density. The added mass should
not be ignored for tidal turbines.

The blade element is assumed to be a 2D flat plate for the estimation of the 2D

(2D)

added mass. Only the m}]

in the direction perpendicular to the airfoil chord line as

shown in Fig. 4 is considered, and given by:
m(lle) = —,o7rc2 (32)

me” =0 (33)

where p is the water density, and c is the local chord of the blade element.

12
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The m(lle ) is then decomposed into both y and z directions as follows:

2 2D) ..
m; D) = m(11 )sm,B (34)
mP = mP cos g (35)

where £3 is the blade twist angle.

2.7. Rotor motion simulation and speed control strategy

Most of previous studies assumed that the turbine rotational speed is fixed. In
practice, although a controller or regulation system is utilized to restrict the rotational
speed, the RPM is still fluctuating due to the cyclic shaft torque. The RPM was directly
affected by the passing surface wave, which was observed and recorded in several
experiments by Luznik et al. (2013); Galloway et al. (2014). The cyclic RPM would
also affected the loads on the blades in turn.

In the present paper, a single degree-of-freedom (DOF) model of the rotor was used
to simulate the varying rotational speed of the tidal turbine. The one DOF motion is
governed by:

I1Q = M = Mg(Q) + Mconrol(1) (36)

where Q is the rotational speed, I is the rotor inertia, M is the hydrodynamic torque
given by equation 31, M is the generator torque proportional to the square of the rota-
tional speed, and M¢. 1S the feedback control torque determined by a proportional

integral derivative controller (PID controller) defined as follows:

de(?) )

!
MContml(t) = KM(er(t) + Ki f e(T)dT + Kd dr (37)
0

where e(f) = Qgp — Q(¢) is the error (Qgp is the set-point), Ky, is the generator stiffness
assumed to be a fixed value, K,,, K; and K are the proportional, integral and derivative
gains, respectively. The K, K; and K are tuned based on the goal of a little overshoot,
a proper artificial damping, and small steady-state error by practice.

The integral flow chart of dynamic stall model, dynamic inflow model, added mass
effects, linear waves and body motion simulation in time domain is illustrated in Fig. 5.

The rotational speed QF and azimuthal position Gﬁ,mg are obtained by solving the motion

13
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equation (see equation 36) by Runge Kutta fourth-order method at k-th time step. Then
the QF is considered unchanged in one time step and transferred into the unsteady BEM
model to calculate the induced velocity W* and the hydrodynamic loads M* and T* on
the rotor. Meanwhile, the obtained rotational speed is compared with the set-point in
the PID controller to output the control Torque (see equation 37) for next time step.
Next all these loads formed the right hand terms in the motion equation to determine a

new rotational speed Q“*! and azimuthal position 0’;;} ¢ for the next time step.

3. Experimental set-up and method

3.1. Towing tank

Experiments were carried out in the towing tank at Zhejiang Ocean University,
China. The towing tank as shown in Fig. 6 is 130 m long, 6 m wide and 3 m deep.
A flap-type wave generator is at the upstream end of the tank, and a passive wave-
absorbing beach is located at the other end with the damping grids for passive wave
dissipation. The carriage velocity was controlled by the computer. For each run, the
carriage speed up with constant acceleration at the begin, and then maintained the

velocity during the test before finally slowing down in the present towing experiments.

3.2. Model tidal turbine

A horizontal-axis, 3-bladed tidal turbine as shown in Fig. 7 was used in this study.
Choosing a larger size rotor is helpful for maximizing the Reynolds number. However,
due to the constraints such as the blockage of the tunnel, the ability of speed control
of the motor, range of dynamometer, and processing difficulty of the aluminum alloy
blade, the diameter of the rotor was chosen to be 800 mm as a compromise. There have
been few experiments on tidal turbine with larger rotor than the present. In the present
paper, Froude scaling was the dominant scaling parameter. The 1 : 25 scaled model
represented a 20 m-diameter, | MW prototype tidal turbine developed by Shanghai Jiao
Tong University for deep-water tidal current energy exploitation. The blockage of
the tunnel was less than 3.0%. No blockage correction to the experimental data was

applied (Galloway et al., 2014; Milne et al., 2015). Although increasing towing speed

14
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is also effective for increasing the Reynolds number, the inflow velocity at full scale
should be reasonable for tidal turbine sites under Froude scaling.

The unsteady behavior of the hydrodynamic loads related to Reynolds number may
have some differences between model and prototype. In this paper, all the results from
experiments are shown and discussed at model scale. Meanwhile, the numerical anal-
ysis as comparison was also done at model scale. All the structures were treated to
be rigid both in experiments and numerical predictions. The hydro-elastic problem is
beyond the scope of this paper.

The hub diameter was 100 mm. The blade sections were developed from NACA
63-8xx profile with varying thickness and pre-twist. The span-wise distribution of the

chord, pre-twist and thickness is shown in Table 1 at model scale.

3.3. Testrig

The test rig as illustrated in Fig. 9 mainly consisted of an airfoil section tank, a gen-
erator/motor, a dynamometer, and a 3-bladed rotor. The generator/motor was equipped
with close-loop controller to ensure precise speed control. The dynamometer was uti-
lized to record the torque and thrust on the end of the shaft. The whole test rig was
connected to the main carriage which could move forward and back in the tank with
a given velocity, meanwhile the rig could be moved up and down to adjust the sub-
mergence of the turbine hub from 0.32 m to 0.96 m to satisfy different test conditions.
A wave probe as shown in Fig. 8 was located in front of the main carriage to record
incident wave heights. The wave heights at the rotor plane were obtained by changing
the phase of the measured waves. All these mentioned instruments were carefully cal-
ibrated before the experiments. All the quantities were recorded with a sampling rate

of 100 Hz.

3.4. Regular wave generation

A flap-type wave generator was used to generate regular waves at the upstream end
of the towing tank in this study. The typical tidal turbine sites are often located at
the channels between the islands near coast. The waves tend to have long periods and

relatively small significant wave heights in these sheltered location. The real wave data
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from observation at these sites are limited. Therefore the selected regular waves cover a
wide period range from 1.0 s to 3.0 s in model scale, corresponding to prototype periods
from 5.0s to 15.0s in order to get the load RAOs from regular wave experiments. The
wave length was from 1.56 m to 12.68 m. Table 2 shows that the ratio /A is from 0.52
to 4.22. These regular waves can be split into deep waves and intermediate waves by a
criteria of 4/h = 2. The wave height was determined by a steepness that did not exceed
3.5%.

The reduced frequency and current number of some typical cases are listed in Ta-
ble 3. Due to the non-uniformity of the inflow distribution caused by the passing waves
and rotating blade at rotor plane, the reduced frequency k at 0.75% radius and current
number yu at the hub height were used to describe the degree of unsteadiness of the
inflow. In the present study, the reduced frequency k is between 0.02 and 0.04, and the
current number is under 0.2. Relatively small reduced frequency (= O(0.01)) ensured
that changes in the angle of attack was small. The maximum wave induced horizontal
velocity at hub height was under 20% of the mean current velocity, which kept the
assumption reasonable that the wave particle velocities are treated as perturbations on
the main current velocity.

All the selected waves have been calibrated before the experiments. The parameters
of the calibrated waves are shown in Table 2. A fixed wave probe was placed at the
center of the towing tank about 50 m away from the upstream wave maker for the wave
calibration. The selected time histories of the incident wave elevation with different
wave periods are shown in Fig. 10. Although all the waves have been calibrated, the
encounter waves in each run had a little differences compared with the calibrated waves.
All the analysis were based on the measured loads and corresponding encounter waves

recorded in each run.

4. Results and discussion

4.1. Average power and thrust coefficients

The time averaged C, and Cr for both still water cases and wave cases were pre-

sented as the first step of validation. The experimental C,, and Cr points versus tip
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speed ratio (TSR) are shown and compared with the numerical prediction in Figs. 11

and 12 . The C,, Cr, and TSR are defined as follows:

c, - M2 (38)
P 0.5pU37R?
T
- 3
Cr 0.50UnR2 (39)
QR
TSR = — (40)
U

where M is shaft torque, T is thrust, Q is rotational speed, U is carriage velocity, p is
water density, and R is the rotor radius.

The still water cases (no wave cases) were performed at the carriage velocity of
0.56ms~! and 0.68 ms~!, and the rotor speed from 65 RPM to 138 RPM. The sub-
mergence of the turbine hub is 0.64 m (0.8D). The C,, and Cr curves have been well
discussed by previous studies (Bahaj et al., 2007; Milne et al., 2015). At the low speed
region (TSR< 4), due to the fixed pitch angle, the rotor is dominated by the stall ef-
fects. When the TSR is larger than 7, the turbulent wake state leads to a reduction of
the power coeflicient. The optimal power coefficient is obtained at TSR approximately
5 to 6. As aresult, most of the wave cases in this paper were performed in this optimal
TSR region.

In view of Froude scaling, the carriage velocities of 0.56 ms™!' and 0.68 ms~! are
equivalent to 2.8 ms~! and 3.4ms~! in prototype respectively, which are the typical
rated current speed for tidal turbines. The Reynolds number, based on the cord length
and the maximum relative velocity at 75% radius in model scale was between 0.87-
1.52 x 10° in the present cases, which was lower than that of the prototype tidal tur-
bines (~ O(10%)). The model turbine with lower Reynolds number would reduce the
dynamic effects acting on the blade compared with that expected in full-scale (Shyy
et al., 2007). The previous studies also confronted the situation with this dilemma of
Reynolds number (Barltrop et al., 2006; Luznik et al., 2013; Galloway et al., 2014;
Milne et al., 2015). Therefore, all the experimental data and numerical predictions
were discussed in model scale in this paper.

The wave cases were performed under the same towing conditions but being ex-

posed to different incident waves. Several previous experiments indicate that the pass-
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ing waves did not affect the time averaged loads and power output (Faudot and Dahlhaug,
2012; Luznik et al., 2013; Galloway et al., 2014). The results from the wave cases have
some differences in the present C), and C7 curves. This may be caused by the following
reasons.

The first one could be the mean drift effects of the waves which may cause shift
of the mean value for some cases. The thrust force and the torque on the tidal turbine
are the resulting force and moment from the lift and the drag forces acting on each
blade cross-section, which are quadratic terms of the local velocity. Considering both
the current velocity (which is dominating) and the wave particle velocity at each blade
cross-section, we will get the thrust and the torque with linear and second-order terms
with respect to the wave induced velocity. The lift and drag forces acting on a blade
section in waves can be simply written as F o (Ug + V,,)%. It can be further split into
three parts: Fy o Ug which is the mean force; F' vlv o 2UyV,, which is the linear wave
induced loads; and F2 o V2 which is the second-order effects (mean drift effects). In
present, the authors cannot given second-order transfer functions to quantitative expla-
nation of this effects, which will be the future work of the authors.

Another reason may be related to the generator speed. In experiments, although the
generator speed is close-loop controlled, for very slow or fast speed, the speed control
is not perfectly effective. The varying rotational speed may cause errors for waves

cases.

4.2. Comparisons of the experimental data and numerical simulation

The typical wave test procedure is presented as follows. Firstly, the motor driven
the turbine to rotate at the given speed without forward velocity and waited for the inci-
dent waves coming from the upstream end of the tank. As the waves arrive, the carriage
started to speed up and then maintained the constant velocity. Finally, it stopped before

the tank end after more than 25 wave periods.

The experimental time histories of the shaft torque and thrust from a case (U = 0.68 m s~

RPM = 942, Tyyue = 1.6, Hyyye = 7cm, and submergence of the hub is 0.64 m) is
presented as an example in Fig. 13. The numerical results have very good agreement

with experimental data. It is shown that the passing waves directly affect the RPM,
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torque and thrust of the rotor by inducing cyclic oscillations. The relation between the
encounter wave elevation at the rotor plane and the RPM, torque and thrust shows that
the waves and its effects on these quantities have the same frequency and very small
phase differences. When the wave elevation at the rotor plane reached the highest
level, the wave particle had maximum forward speed, and hence it caused the max-
imum loads on the rotor, and vice versa. However, only wave frequency oscillation
could be observed from the time histories of the shaft torque and thrust. This was due
to the three blades are at symmetrical azimuthal positions, and it would cancel the 1P
effects. The wave induced oscillation of the shaft torque in-turn influenced the quality
of the electrical power production.

From above discussion, we know that the waves mainly cause the periodical oscil-
lations with wave frequency on the loads. The average range of the dynamic torque
MVAVE and thrust TWAVE (see equations 41 and 42) are used to describe the degree of

the effects caused by the passing waves in this paper.

MWVAVE _ ZN] leange / N 41
1

N
N (42)
1

where M} and T;"™° are the range of the dynamic torque and thrust in a single

period, and N is the selected number of the periods, which is normally no less than 10.

4.3. Wave effects on torque and thrust

It is shown that MWAVE and TWAVE have linear dependence on the incident wave
height (see Fig. 14 (a), (b) and (c)). In this set of the cases, the same towing condition
was held at U = 0.68ms™', RPM = 87.6 (TSR = 5.4), and submergence of the hub
is 0.64m (0.8D). The numerical results are lines in the figures as expected with the
linear incident waves. Experimental results agree well with the numerical prediction.
Figure 14 (d), (e) and (f) show the MWVAVE and TWAVE normalized by its mean value
versus instantaneous current number. It is noted that a small perturbation of the inflow
(about 15% of the mean) could induce large amplitude of the cyclic variation of the

loads (about 50% of the mean loads).
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Due to the linear relationship between the incident waves and load responses, the
load RAOs can be introduced to investigate the feature of responses in frequency do-

main. The torque and thrust RAOs are defined and nondimensionalized as follows:

MWAVE
ky = ——— 43
M= 0.250gD%¢, “43)
TWAVE
kp= — (44)
0.25pgD?7,

where p is water density, g is the acceleration of gravity, D is the diameter of the rotor,
and ¢, is the amplitude of the incident waves. It should be pointed out that the RAOs are
only valid for linear incident waves or for the conditions that current number y < 0.2
and reduced frequency k < 0.04.

Figures. 16 and 15 show the numerical and experimental results of the nondimen-
sional responses in frequency domain with different submergence H/D. The response
curve of torque agrees very well with the numerical predictions. But there are discrep-
ancies in the thrust curve for H/D = 0.6. This discrepancy was due to the possible
dynamic effects of the model turbine in the experimental set-up in some cases.

In Figs. 16 and 15, the time averaged power or thrust coefficients are also shown.
For the same towing velocity and rotation speed, the mean value for cases with differ-
ent wave conditions is unchanged. Similar results for the mean power and thrust co-
efficients were also presented in previous studies (Faudot and Dahlhaug, 2012; Luznik
et al., 2013; Galloway et al., 2014).

For A/h < 0.2 (h is the water depth), VY decreases exponentially with increasing
depth (see Fig. 17 (a)). The short wave effects are strictly restricted in very limited
depth, and we can just put the tidal turbine under the wave influence region (H >
A/2 + 0.5D) to avoid effect of waves. If submergence of the hub H/D = 0.8, it means
that the waves with A/h < 0.16 cannot have significant influence on the tidal turbine.
Therefore increasing submergence is an effective way to avoid effects from deep-water
waves. On the other end, when wave length goes to zero, the dynamic response of the
torque and thrust also vanish converting to corresponding still water cases.

For 0.2 < A/h < 4, with the increasing wave length, submergence and incident

wave frequency become important factors in the response curves. The wave influence
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region is so large that there are no more space to avoid the effects completely (see
Fig. 17 (b)). When A/h < 1, the load responses (torque and thrust) go up sharply
with increasing wave length. When the submergence H/D is less than 0.8, a response
peak can be identified around A/h = 1 in both torque and thrust curves. After that, the
responses tend to a fixed value slowly and smoothly. For the intermediate waves, the
submergence of the turbine becomes important. The appearance of the response peak
is also related to submergence, and will be discussed later.

For A/h > 4, the water particle has almost the same horizontal velocity VV4*
throughout the whole water column (see Fig. 17 (c)). The submergence is not the key
factor any more. The torque and thrust slowly tend towards a fixed value with continu-
ally increasing wave length. It is interesting to note that the response of very long waves
provides a convenient and effective method to evaluate the wave effects on the tidal tur-
bine. The period of the incident waves also become very long. When the reduced
frequency k < 0(0.01), the flow can be assumed steady or quasi-steady (Leishman,
2002). Although we can estimate the response by performing incident waves with pe-
riod long enough or just by interpolation of the response curves, the quasi-static method
will be introduced later as an alternative way to calculate the quasi-static response of

dynamic thrust and torque.

4.4. Free surface and TSR effects

As shown previously, we know that the response peak occurs around A/h = 1,
and submergence is the key factor of the load response caused by intermediate waves.
Therefore, two incident waves with A/h = 0.75 and 1.33 were selected to investigate the
submergence effects. The non-dimensional response of dynamic torque as a function
of submergence of the hub is shown in Fig. 18. When H/D < 0.7, the numerical
and experimental results agreed very well. From Fig. 17, it shows that the maximum
current number y is less than 0.2 in this situation. The numerical model with linear
wave assumption worked pretty well. With the increasing submergence of the hub,
the dynamic response also decreased, which means that larger submergence would be
helpful for limiting wave induced loads on the rotor. The lower limit as shown in

Figs. 16 and 15 could be obtained by the physical limitation of the presence of sea bed,
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that putting the rotor hub only 0.5D up on the sea bed. Under this condition, the effects
caused by intermediate waves and deep-water waves can be effectively reduced. The
waves are no longer the issue, but the turbine would suffer from the boundary layer of
the inflow caused by the sea bed, which is beyond the scope of this paper.

When the rotor getting close to free surface (H/D < 0.6), the present numeri-
cal model obviously underestimated the wave induced loads from the comparison in
Fig. 18. The horizontal wave particle velocity V)V** could be larger than 50% of the
inflow current velocity, which means that regarding the water particle velocity as a
disturbance is no longer suitable. The dynamic wake behind the rotor was strongly
affected by the free surface, which was not considered in the present dynamic wake
model. Under extreme condition, the tidal turbine blades would have an opportunity to
go out of water, bringing more complex physical phenomenon that can not be described
by the present numerical model. Therefore, we did not give the upper limit in Figs. 16
and 15. In order to take the free surface effects into account, more details about the free
surface should be considered in the numerical model, and it will be the future work for
the authors.

The rotational speed of the turbine is another parameter of this problem. Normally,
it is determined by the operating point on the power coefficient curve. In this paper,
optimal TSR is about 5 to 6 (see Fig. 11). When inflow velocity U = 0.68 ms~', the
optimal rotor speed is from 1.35Hz to 1.62 Hz, which is obviously higher than the
effective incident wave frequency around 0.65Hz (4/h = 1). Therefore the coupling
effects between the rotation of the rotor and incident waves can be ignored. The non-
dimentional thrust and torque RAOs as a function of A/h with different TSRs from
numerical prediction are shown in Figs. 19 and 20. It is shown that the varying TSR
dose not affect much for intermediate waves. However it dose affect the quasi-static
value for long waves significantly. The quasi-static torque goes down, but the thrust
goes up with increasing rotating speed in this situation. For deciding the operating

TSR, the effects of TSR on the wave loads should be taken into account.
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4.5. Estimation for the quasi-static ki{T and k;T

From Figs. 16, 15, 19 and 20, we know that when A1 > h, the load responses
tend towards the quasi-static values which can be called k3 and k3. The quasi-static
values were proved to be independent with wave conditions or submergence of the
rotor, which would be convenient for the prediction of wave loads in early design stage.
Here, we provide a method to calculate the quasi-static responses by shallow water
assumption.

The relation between the tidal current velocity and shaft torque and thrust at RPM =
87.6 is shown in Fig. 21. The shaft torque M and thrust 7' can be written as a function

of the tidal current velocity V and rotational speed Q:
M = f(V,Q) (45)

T =gV,Q) (46)

If the rotational speed € is regarded as a constant, a small change of the torque can
be given by:
AM = f'(V,QQ)AV (47)

where, AV is a small change of the inflow velocity induced by the waves. As the wave
length is assumed to be infinite, the shallow water condition (4 > 20h) is automati-
cally satisfied. Since the reduced frequency k is smaller than 0.01, the inflow can be
regarded as quasi-steady state (Leishman, 2002). The range of the horizontal wave
particle velocity is obtained by shallow water condition which is independent with the

wave frequency and submergence as follows (Mei et al., 2005):

AV =2, \/% (48)

where (, is the wave amplitude, g is the acceleration of gravity, and A is the water
depth.

Therefore, the kf{,IT and similarly k;T can be given by:

st _ 8/ (V,Q)

" pD* gh @)
JE AL (50)

pD? \[gh
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The k31 and k3" are related to water depth of the site. It indicates that the deeper
site would be helpful for reducing the wave load effects, and tidal turbines should not
be located at the extreme shallow waters. The kISWT and k;T can be obtained by the
long wave approximation from Figs. 19 and 20, or by the quasi-static method from
equations 49 and 50. The results by the two established approaches with different
TSRs at mean inflow velocity U = 0.68 ms~! are listed in Table 4, which shows very

good agreements.

5. Conclusions

By performing both numerical and experimental approaches, the objective of this
paper is to obtain a fundamental understanding of the surface wave effects on the loads
on tidal turbines. A new numerical model based on the modified BEM theory with the
inclusion of added mass effects wave excitation forces and a one degree-of-freedom
(DOF) simulation for the turbine rotational motion have been developed to simulate
the first-order loads on the turbine. Based on the presented experimental results, the
contributions to the wave induced loads by added mass, dynamic stall and dynamic
wake model are limited. However, this may not be the case for non-stiff blades or
extreme loads, which will be the authors’ future studies. The experiments on a 1:25
scaled tidal turbine have been carried out in the towing tank at Zhejiang Ocean Univer-
sity, China. The towing speed was 0.56 ms™! and 0.68 ms~!. The regular waves with
periods from 1.0s to 3.0's and heights under 15.0 cm at model scale were generated.

Some conclusions are summarized as follows:

e The numerical prediction agrees well with the experimental data validating the

reliability of the present numerical model.

o The regular waves did not affect the average loads and power output from ex-
perimental and numerical results. The amplitudes of periodical oscillations of
thrust and torque could reach up to 50% of the mean value induced by the pass-
ing waves with period of 1.6 s and height of 14 cm. A small perturbation of the
inflow (15% of the mean velocity) could induce large amplitude of the cyclic

variation of the thrust and torque on the rotor (50% of the mean load).
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e For linear incident waves, the amplitude of the cyclic loads have linear depen-
dence on the wave height. The non-dimensional load RAOs ky, and kr were
introduced for estimating the wave loads, which were proved to be sensitive to
the submergence and the incident wave frequency. To avoid severe wave load

effects, the submergence should be at least 0.8 of the rotor diameter.

e The quasi-static k3, and k3" independent with the submergence and wave con-
ditions provide an approximate method for evaluating the surface wave effects
on tidal turbines, which could be obtained by the long waves approximation (see
Figs. 19 and 20) or by the quasi-static method (see Eqns. 49 and 50). The surface

wave loads should be carefully considered in the design of tidal turbines.
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Figure 1: Position of blade element described in global coordinate.
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Figure 7: Photo of the 1:25 scaled turbine
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Table 1: Particulars of the tidal turbine blades at model scale.

r/R r(mm) Pre-Twist (deg) Chord (mm) t/c (%)
0.125 50 20.0 32.0 99.9
0.200 80 19.5 67.9 22.0
0.300 120 16.5 60.7 20.0
0.400 160 13.3 51.9 18.3
0.500 200 11.6 47.6 14.8
0.600 240 9.4 43.3 14.2
0.700 280 7.3 40.1 13.6
0.800 320 5.2 37.6 13.1
0.900 360 2.7 353 12.5
1.000 400 0.0 33.2 12.0
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Table 2: Regular wave parameters used for wave calibration. (Model scale)

period (s)  height (cm) Length (m) steepness (%) Length depth ratio (-)

T H Pl y=H/A A/h

1.0 5.0 1.56 3.21 0.520
1.2 5.0 2.25 2.22 0.749
1.4 8.0 3.06 2.61 1.020
1.6 8.0 4.00 2.00 1.332
1.6 5.0 4.00 1.25 1332
1.6 8.0 4.00 2.00 1.332
1.6 12.0 4.00 3.00 1.332
1.8 8.0 5.06 1.58 1.686
2.0 8.0 6.22 1.29 2.072
24 10.0 8.75 1.14 2.918
2.8 10.0 11.38 0.88 3.793
3.0 10.0 12.68 0.79 4228
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Table 3: Reduced frequency k and current number u of the typical cases with different waves and towing
conditions. The towing velocity was fixed at 0.68 ms~".

Case No Waves Towing condition Reduced frequency  Current number
" T(s) H(ecm) Submergence (m) TSR (-) k=nfc/V u=ua/U
1 1.0 5 0.64 54 0.044 0.018
2 1.2 8 0.64 5.4 0.037 0.052
3 1.6 10 0.64 5.4 0.028 0.106
4 24 10 0.64 54 0.018 0.127
5 3.0 10 0.64 5.4 0.015 0.130
6 1.2 8 0.64 4.5 0.044 0.052
7 1.2 8 0.64 6.0 0.033 0.052
8 1.2 8 0.64 7.0 0.028 0.052
9 1.6 10 0.36 5.4 0.028 0.164
10 1.6 10 0.56 54 0.028 0.120
11 1.6 10 0.72 5.4 0.028 0.093
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Table 4: Estimation of the k}SWT and k;T with different tip speed ratios by the long wave approximation and by
the quasi-static method, at inflow velocity U = 0.68 ms™!.

Long wave approx. Quasi-static method
CaseNo. TSR KT (Fig.19) k3T (Fig.20) k37 (Eqn.49) k5T (Eqn. 50)
1 4.5 0.054 0.421 0.056 0.429
2 5.4 0.051 0.522 0.052 0.535
3 6.0 0.048 0.555 0.048 0.576
4 7.0 0.043 0.613 0.043 0.643
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