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Morphing Blades for Tidal Turbines: a Theoretical
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Abstract

Tidal energy has the potential to significantly contribute to energy security
by providing predictable renewable energy. New technology is needed to de-
crease the levelised cost of energy and to make this energy sector competitive
in the energy market. A key area where technology can contribute to decrease
costs is mitigating the hydrodynamic load fluctuations, and thus increasing the
fatigue life of the turbine. Here, we formulate a passive morphing blade concept
that aims to mitigate the unsteady thrust without affecting the mean torque
and thus the harvested power.

We show that a blade with a trailing edge that deflects perfectly elastically
can suppress virtually all fluctuations without varying the mean loads. The
effect of the hydrodynamic and blade’s inertia, the material damping, and the
radial shear stress, decrease the performances.

Using a low-order model of the blade, we show that when a gust occurs, the
angle of attack experienced by a rigid blade increases, whilst that experienced
by a well-designed morphing blade decreases. This counter-intuitive mechanism
is what makes morphing blades highly effective. While blades that could pas-
sively twist have previously been developed, this theoretical study suggests that
chordwise flexibility is a suitable alternative that should be further explored.
Keywords: unsteady load mitigation, passive load control, pitch control,

morphing, fluid-structure interaction, tidal turbine
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Nomenclature

A area swept by the blade [m?]

A?P perimeter of a blade

annulus [m]
C(k) Theodorsen’s function [-]

C¢,, circulatory damping

coefficient [Nm s~1deg™!]

C7¢ non-circulatory damping

coefficient [Nm s~ tdeg™1]
C,; stiffness coefficient [-]

CY optimal stiffness coefficient

(dynamic analysis) [-]

C® optimal stiffness coefficient

(quasi-steady analysis) [-]

Cgrpwm root bending moment

coefficient [-]
Ciot total damping [Nm s~ !deg™!]
C,, damping coefficient [-]
Cp drag coefficient [-]
Cp, lift coefficient [-]

Cyr foil’s pitching moment

coefficient [Nm]

Cp power coefficient [-]
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C3%P sectional power coefficient [-]
Cr thrust coefficient [-]

C2P sectional thrust coefficient [-]
D drag force [N]

F force [N]

Feo Coriolis force [N]

Fgy Euler force [N]

F. centrifugal force [N]

I, added mass coefficient [Nm

s’deg™1]
J  blade pitching inertia [kgm?]
J?P blade section inertia [kgm]
Jior total inertia [kgm?]

Kam added stiffness coefficient
[Nmdeg™!]

Kot total stiffness [Nmdeg™]
L lift force [N]
M  pitching moment [Nm]

M?2P sectional centrifugal

moment [N]

MdQ? hydrodynamic moment on a

blade section [N]

D . .
MZP sectional quasi-steady

hydrostatic moment [N]



7 Mgp root bending moment [Nm] o U, free stream velocity [m s™1]

7 M, blade centrifugal moment [Nm] 100 Uy tangential component of the

101 inflow velocity [m s™!]

73 Mgy hydrodynamic moment on the

v blade [Nm] w  ZZ' plane of a generic blade
103 section [-]

s Mgys blade quasi-steady

. A siti f the pitchi is
N hydrostatic moment [Nm] 104 position of the pitching axis

105 of a section [m]

&2 My spring moment [Nm]
ws B position of a generic point

s MZ2P spring moment 107 on a section [m]
8 per unit span [N] - . .

w8 AB distance of a generic point from
ss N number of blade sections [-] 109 the pitching axis of a section [m]
ss N, number of blades [-] wo Or  span of a section [m]
= P blade power [W] w7y angular coordinate on a blade

12 section [m]

ss P power extracted [W]
us  Cjy flat plate’s pitching moment

s P?D sectional power [Wm™?] 1 coeficient [Nm]
w R tip radius [m] us  F Prandtl’s tip loss factor [-]
a T blade thrust force [N] e J objective function of the
ur optimisation problem [-]
22 T thrust force [N]
us 2 chordwise coordinate on a blade
s T2P sectional thrust force [Nm™!] .
119 section [m]

. . 71
s U inflow velocity [m s™] 0 I 4 distance of the pitching axis from

s Upu free stream velocity at 121 the leading edge of a section [m]

% hub height [m s™] 12 Re Reynolds number [-]

o U, axial component of the inflow 13 p  blade mechanical

% velocity [m s™1] 124 damping [Nm s~'deg™!]
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¢ blade azimuthal position [deg]
a  axial induction factor [-]

a’ tangential induction factor [-]
b half-chord length [m]

¢ chord length [m]

d  distance of the pitching axis
from the half chord [m]

f Prandtl’s tip loss factor

exponent [-]

m  mass of a small blade

element [kg]
r  radial coordinate [m]
t  time [s]

x  horizontal streamwise

coordinate [m]

foil thickness in percentage

of chord [-]

Y

z  vertical coordinate from the

seabed [m]

Zhup height of the hub from the

seabed [m]

I"  sectional non-dimensional

stiffness [-]

I’y optimal sectional

non-dimensional stiffness [-]
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Qn

Q,

Bo

2D

Ao

Ps

Pw

6y

o

0

o

system natural frequency

[radss™!]

blade cross-sectional shell
area [m?]

blade cross-sectional internal
area [m?]

angle of attack [deg]

pitch angle [deg]

twist angle [deg]

stiffness of the spring [Nmdeg 1]

spring stiffness per unit span
[Ndeg™']

tip speed ratio [-]

optimal tip speed ratio [-]
rotational speed [rads™!]

inflow angle [deg]

density of blade shell [kgm 3]
density of water [kgm 3]

spring strain angle [deg]

spring strain angle (dynamic

analysis) [deg]

optimal preload (dynamic

analysis) [deg]

spring strain angle (quasi-steady

analysis) [deg]
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03° optimal preload 11 HATT Horizontal Axis Tidal Turbine
(quasi-steady analysis) [deg]

8y preload of the spring [deg] 1.2 HAWT Horizontal Axis Wind Turbine

¢ damping ratio [ 113 LCOE Levelised Cost Of Energy

BEMT Blade Element Momentum
Theory 11« TGL Tidal Generation Limited

Nomenclature note: time derivatives are shown with a dot above the vari-
able; overbars show mean values over a blade revolution; bold symbols describe
vector variables; A represents the difference between the maximum and mini-
mum values of a fluctuating variable; § represents a small variation; quantities

that refer to the rigid fixed-pitch turbine are indicated by subscripts |.;—oo0-
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1. Introduction

Tidal energy is a promising renewable energy source that could critically
contribute to energy security [I]. It’s been estimated that the global theoretical
potential of tidal power is 22000 TWh/year, and that under favourable condi-
tions, by 2050, wave and tidal energy systems could contribute to nearly 10% of
the European electrical demand (350 TWh/year) [2]. The world’s first arrays
of tidal turbines (Meygen and Nova’s Bluemull Sound, 2016) have only recently
been deployed in Scotland. For this energy sector to develop further, new tech-
nology must be developed to reduce the levelised cost of energy (LCOE), which
is the minimum constant price at which electricity has to be sold in order to
break-even over the lifetime of the project. Technology that enables more reli-
able and cheaper tidal turbines to be built would contribute to a reduction in
the LCOE and it would provide more competitive renewable energy.

The large load fluctuations induced by the shear and turbulence of the onset
flow, wave-induced current fluctuations, yaw misalignment, interaction with the
support structures, and wakes of the upstream devices present a major challenge
to the design of tidal turbines [3, 4]. Load fluctuations are transmitted from
the blades to the rest of the turbine making fatigue failures a key limit to
reliability [5]. To increase local blockage and thus yields, tidal turbines might
be placed in close proximity. This will have consequences on, for example,
the foundations and scours [0 [7, [§], but will also result in additional unsteady
load fluctuations [9]. Furthermore, unsteady loads are reflected in power output
fluctuations, which result in over-dimensioned power-take-off systems [10] and in
a lower maximum mean operating power. Therefore, unsteady load mitigation
is critical to reducing LCOE and enhancing the competitiveness of tidal energy.

Load fluctuations are currently mitigated by actively varying the turbine
speed, by actively pitching the blades, or by enabling the blade to twist pas-
sively to feather when the fluid dynamic load increases (also known as hydroe-
lastic tailoring) [II]. Unfortunately, the effectiveness of these control systems

decreases with the size of the blade. In fact, there is a trade off between the
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power that can be spent to actively control the rotor and the highest frequency
that can be mitigated. From the results of Barlas et al. [12][13], for example, it
can be noted that pitch control is up to about 50 times slower than required to
cancel up to the highest load fluctuations experienced by wind turbines. Passive
twist is currently adopted by Schottel Hydro, whose 70 kW turbines are 6.3 m
in diameter. On the other hand, the higher loads on SIMEC Atlantis Energy’s
MW-scale tidal turbines are incompatible with the flexibility required for pas-
sive twist. Additionally, all these mechanisms primarily mitigate the unsteady
load at the tip, which is the major contribution to the torque and thrust, but
they do not prevent large flow separation from occurring near the blade root
[3]. This results in less energy remaining available to the downstream turbines,
and thus to lower efficiency for compacted arrays.

Fast-actuated flaps, like those used on aircraft wings, could mitigate higher
frequency fluctuations [12], [13] 14]. These flaps are smaller and therefore could
have a faster response than a whole blade pitching system, but they still re-
quire power electronics, hinges with bearings and actuator mechanisms that are
exposed to debris and biofouling. This additional complexity of the system is
seen by industry as posing a risk to turbine reliability. The cost of maintenance
of both offshore wind and tidal turbines is a major driver compared to onshore
wind. Hence, reliability is paramount [I5]. For example, tidal companies such
as Nova Innovation, Nautricity and Schottel Hydro adopt fixed blade turbines
to maximise reliability. Orbital Marine Power and SIMEC Atlantis Energy,
which operate the largest rotors, only use collective pitch control, which can-
not mitigate fast load fluctuations due to, for example, shear, interference, yaw
misalignment, etc.

Last year, the European Commission identified blades with built-in chord-
wise flexibility as one of the most promising concepts for reducing the costs of the
blades and the downstream components of turbines [I6]. Hence, in this paper
we investigate the underlying principles of load alleviation through morphing
blades and their potential effectiveness.

Specifically, we aim to answer the following research questions. (1) How
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do morphing blades work? What are the physical phenomena that underlie
unsteady load alleviation by morphing blades? (2) Which are the key factors
of a practical implementation that can decrease their effectiveness? To address
these questions, we develop a low-order model of a morphing blade and we
identify the parameters that govern the system performance.

This work focuses on the underlying physical mechanism and aims to pave
the way to future designs. The proposed model is kept as simple as possible
to allow insights on the physics, whilst it does not mean to be a design tool.
While the model cannot be currently validated due to the lack of experimental
data on morphing blades, we test our model of rigid and flexible blades against
the numerical simulations of other authors. We consider both the unsteady
fluctuations due to the rotation of the blades in a steady shear current, and
those due to a turbulent shear current in the presence of large waves. The latter
input flow velocity condition is taken from full-scale measurements undertaken
at the European Marine Energy Centre (EMEC) tidal test site [3].

The rest of the paper is organised as follows. In Section [2, we present our
methodology and how we modelled the morphing blade. In Sections [4] [5] we
present the model inputs and the turbine geometry, and the model validation
respectively. Section [6] shows the analysis of the morphing blade model, how
we optimised its load alleviation capabilities, we present a parametric study of
the effect of the morphing blade properties on the system performance, and we
show the potential load mitigation of morphing blades on a turbine subjected

to real flow conditions. In Section [7} we summarise our findings.

2. Methodology

We present our methodology for a turbine subjected to flow fluctuations
caused by a modelled shear flow. Nonetheless, the method can be readily gener-
alised for flow fluctuations induced by other sources, like turbulence, waves and
wakes, or for real flow conditions, as described in Section [3] The specific flow

conditions, the turbine properties, and the spatial and temporal discretizations
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are introduced in Section [l

2.1. Rigid Blade Model

We consider a 3 blades tidal turbine with a rotor diameter of 18 m (blade
length R = 9 m) operating in a sheared velocity profile, at the optimal tip
speed ratio of 4.5. The turbine hub is at 20 m from the seabed, the mean flow
velocity at the hub is Unyp, = 2 m s~!, and the velocity profile varies with a
1/7 power law. Each blade experiences periodic onset flow, such that the inflow
speed and the angle of attack are maximum for each section when the blade is
pointing upwards, and minimum when pointing downwards. The 1/7 power law
is commonly used to describe the velocity profile across a turbulent boundary
layer [I7]. It is often applied to tidal flow in coastal regions [I§], and its use
is recommended by the UK Health and Safety Executive [19] to model velocity

profiles in coastal regions around the UK.

UOO(Z)

Figure 1: Schematic diagram of a tidal turbine coordinate systems. On the left, the side view

shows the interaction of the turbine with a shear flow. On the right, front view of the turbine.

We employ Blade Element Momentum Theory (BEMT) [20] to compute the
axial induction factor a and the tangential induction factor a’. The axial (Uy)
and tangential (Uy) components of the flow speed relative to the blade sections
are depicted in Fig. [2| and they are computed following the approach of Burton
et al. [20] as



Uy =Ux —aU,
1)
Uy =wr(l+d),
28 where w is the turbine rotational speed, r is the section position along the blade,

20 and Uy is the average upstream axial velocity seen by a blade rotating in a shear

s0  flow.
L
Rotor plane
Uy -
Figure 2: Flow velocities and forces acting on a 2D blade section.
301 From the vectors shown in Fig. 2] the flow relative to the blade is obtained
302 aS

U=,/U2+U2

33 where U is the magnitude of the relative flow speed experienced by the blade
3¢ section and ¢ is the inflow angle (Fig. . Let By be the twist angle of a blade

w5 section, the angle of attack is

a = ¢ - Bo. (3)
306 We compute the tip loss factor following Burton et al. [20] as
N2
F=—cos™ (e7), (4)
7r

10
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where

7Nb 1—r

and NV, is the number of blades.
The BEMT algorithm evaluates the induction factors with an iterative pro-

cedure that uses the mean loads acting on each section. We define the mean

inflow conditions as

T =\/U:+U2,
_ 7, (6)
= at _—
¢ = atan ( Uw) ,
where U, = U, (1—a). The average angle of attack experienced by each section

is

a=¢— o (7)

The mean lift and drag coefficients, C, (@) and Cp(@) respectively, are ini-
tially evaluated with a = /3 and a’ = 0 for each section. The resulting lift and

drag are then used to update the values of the induction factors

. -1
drrF Sin¢2
a= = — +1 ,
Nye(Cr cos g + Cp sin @)

. -1
o - 47r F sin ¢ cos ¢ _q
B Nyce(Cr sin ¢ — Cp cos @) ’

where c¢ is the foil's chord.

The procedure is repeated until a, a’, C;, and Cp converge.

The performance of the turbine is evaluated in terms of the non-dimensional
power and thrust coefficients. For a blade section, they are respectively defined

as

11
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PQD

2D __
CP 1 3 2D’
ipthubA (9)
C%D _ T2D
S
§pwUl?ubA2D

where p,, is the water density, AP = 277 is the perimeter swept by the blade

section at spanwise position r, and the thrust 72P and the power PP are

T?P = Lcos¢ + Dsin ¢,

(10)
P — wr(Lsin(b — Dcosd)).
For a turbine's blade, these coefficients are computed respectively as
p
Cp=1—
ipwU}?ubA
, ()
Cr=1—,
§pwU§ubA

where A = mR? is the area swept by the turbine, ' = >, T?Pér; and P =
> PfD&ri, for i = 1...N, where dr; is the thickness of the section and is chosen

sufficiently small to ensure the desired accuracy.

2.2. Morphing Blade Model

The blade can bend its trailing edge to mitigate the changes in the flow
incidence, thus alleviating the load fluctuations. Let’s assume that the loads on
a blade section result in the elastic deformation of the foil as shown in Fig.
We consider the effect of such geometric variation as an equivalent change in
the angle of attack of the original foil. Therefore, the shape deformation is
analogous to the pitch rotation of a rigid foil, and its flexibility can be modelled
by a torsional spring with constant properties that controls the pitching motion
of the blade (Fig. [4). The angular position of the blade is thus determined by

the balance of the moments acting along the pitch axis.

12
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Figure 3: Morphing blade concept. Part of the blade can bend to mitigate inflow fluctuations.

Spring at rest ~F

Figure 4: Morphing blade model. The flexibility is modelled by a torsional spring.

The analysis is carried out for two different scenarios. Firstly, we consider a
blade where there is no interaction between the sections such that each section
moves independently from the others (Fig. . This condition is representa-
tive, for example, of a blade made of a flexible material with a very low shear
modulus, such that the shear stresses between the sections are negligible. The
blade flexibility is represented by a torsional spring for each section, and the
deflection of each section is determined by the local flow conditions. This model
is described using a 2-dimensional analysis in Section 2.3] and it is optimised

for each section of the blade, to allow the same mean load as the rigid foil and

13
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to minimise the fluctuations.

(a) Each section moves independently. (b) All the sections deflect together.

Figure 5: Morphing blade models.

Secondly, we consider a blade where all sections experience the same deflec-
tion along the span (Fig. ‘ As opposed to the previous scenario, this model
could represent a blade material with a very high shear modulus. Therefore,
the stresses caused by the external loads are efficiently redistributed along the
blade such that each section deforms by the same amount. The blade deflection
is thus seen as a rigid rotation with the flexibility concentrated at the root of
the blade. This flexible connection is modelled with a torsional spring placed
at the root that adds a variable pitch angle §6 to the rigid blade twist angle fq.
This condition is presented in Section where the entire blade is considered,
and the spring's parameters are optimised to minimise the fluctuations in the
root bending moment without reducing the average power extracted. In Sec-
tion 2.5 we extend such model to include the dynamics of the blade and the

unsteadiness of the flow, to check the robustness of the optimal system when

14
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the blade dynamics are considered, and to investigate the effect of the blade
inertia, the unsteady hydrodynamics and the blade mechanical damping on the

performance of the morphing blade.

2.3. Quasi-steady Analysis of a Morphing Foil

We assume that each section can move independently from the others (Fig. ,
such that every blade section can be optimised separately. The section angular
position is determined by balancing the moments acting along its pitch axis.
There are two moments that compete to determine the angular position of a

blade section: the reaction of the spring

M2P = 2Py, (12)

where @ is the spring strain and 2P is the spring stiffness of a 2D section, and

the hydrostatic pitching moment

1
M(?SD = ipwUQCQCM(a). (13)

The blade pitches around the point at the chordwise coordinate 4 = 0.1c
from the leading edge of each section. The moment coefficient Cj; is obtained
from the quarter-chord moment coefficient Cyy, , by adding the moment con-
tributions of lift and drag with respect to the pitch axis position Z4, and is

computed as

Cu(a)=—-Cu, ), — (; + Z) % [C, cos(a) + Cp sin(a)], (14)
where the location of the pitch axis is indicated with d (following Theodorsen’s
notation [21I]), such that the distance of the pitch axis from the mid-chord is
d = —0.8b, where b = ¢/5. C); is positive in the clockwise direction according
to the sign convention in Fig. [4]

Since the passively controlled system works around the average flow condi-

tion for the rigid turbine (i.e. «(t) = @), the hydrostatic pitching moment is

linearised as

15
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CM(Oé) = CM,O + C’]\/[,o(()é7 (15)

where Cjr,0 and Ciy o are the best fitting linear regression coefficients of Eq.
over a 6 deg range of angle of attacks (i.e. a € [@ — 3deg, @+ 3deg]). Equa-

tions [[3is thus rewritten as

1
M(i]? = ipwUQCQ [CM’QOZ-FCMQ] (16)

The quasi-steady equations for the foil in Fig. [4] are

MZP+ M2 =0 (a)
o(t) = B(t) + aft) (b) (17)
B(t) = Bo+00(t) (c)

where S is the blade pitch angle and §0(t) = 0(t) — 6.

The optimisation problem consists in finding the morphing blade that min-
imises the flapwise bending moment fluctuations on the blade over its revolution,
with the requirement that the mean power extracted from the flow is the same
as for the rigid turbine. For a 2D foil, the condition on the average power is
restricted to the power generated by a single section of the blade and we at-
tempt to minimise the fluctuations of the thrust acting on the section ACZP,
as it ultimately contributes to the fluctuations of the flapwise bending moment.

Hence, in 2D the optimisation problem is

min J(x*°) = ACF"

oo (18)
s.t. P =0,
912D
where
—op 1 [ op

The problem is solved using an exhaustive search algorithm.

16
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We approximate the average power extracted with the power generated by
average flow conditions, namely Cp ~ Cp (a, U). The average flow conditions
a(t) = @ and U(t) = U, thus constant power generation, are achieved for a
constant pitch angle 8(t) = p. The requirement, 3(t) = Bo, is satisfied with a
spring extended by 0(t) = 6y where

1 22 (CMWFCMO> . (20)

fo = §pwU 42D

0y will be referred to as the preload of the spring. The angle of attack is
evaluated from the Eq. [I7h where the expression for § is obtained by combining
Eq. [I7c with 66 = 6 — 6. The expression for « is then rearranged to

&P (p(t) — Bo + 0o) — 2pwcU?Cuyo

alt) =
( ) k2D %pr2U2CM,a

(21)

It’s noted that the equation for « is consistent with the definition of the angle

of attack for a fixed foil, in fact

lim a=¢—Fo. (22)

k2P 00
The spring deformation # is evaluated by substituting Eq. in Eq. [I7p,
such that

0(t) = ¢(t) — a(t) — Bo + bo. (23)

For a given value of k, all the required quantities can be computed and the
loads are assessed.
The results for a 2D section will be shown over a range of the non-dimensional

spring stiffness

KJQD

r=—. (24)

—2

Pwc2U
I' is the ratio between the two-dimensional stiffness and a representative
hydrodynamic moment. The latter is taken as the product of the hydrodynamic

—2
force p,U ¢ and the arm c.

17
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2.4. Quasi-steady Analysis of the Morphing Blade

In this section, we study a morphing blade where the blade deflection at
every spanwise position is the same. The blade morphing is seen as a rigid
rotation around the pitch axis and its flexibility is modelled as a torsional spring
mounted at the root of the blade (Fig. . We study the impact of the proposed
passive pitch system for a rigid blade pitching around an axis at the chordwise
coordinate £ 4 = 0.1¢, rotating at the optimal tip speed ratio Aqg = 4.5 for a far-

1

field speed Upyp = 2 m s™ at the hub height zp,;,. The pitching equilibrium is

again dictated by the spring reaction and by the hydrostatic loads. The spring
acts as a lumped, flexible connection between the blade and the hub and its

moment reaction is

M, = —k6. (25)

The hydrostatic moment My takes into account the sum of the moments

applied on each i-th section of the blade, and is computed as

1
My = Z §pin(t)QC§CMi (c;)or;. (26)

The quasi-steady equations that describe the motion of the blade are

Mg+ My =0 (a)
¢i(t) = Bit) + au(t)  (bi) (27)

Bi(t) = Bo, +60(t)  (c;)
The optimisation problem is stated similarly to the 2D section case. How-
ever, since the entire blade is considered, the minimisation is imposed on the
out-of-plane blade root bending moment coefficient Crpy, whereas the con-

straint considers the power generated by the entire blade. The optimisation

problem is stated as
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s.t oCp =0 .
ook
where
- 1 27
Cp=15_ ; Cp(¥)dvy, (29)

and ACgrpum is the amplitude of Crpym = Mrp/ (;pwUfubRA), with
Mggp =Y, ;T?P6r; the blade root out-of-plane bending moment.

The optimisation problem is solved using an exhaustive search approach.To
meet the requirement of constant power extracted, the spring preload is com-

puted similarly to the two-dimensional case as

1 1 —
0y = p Z ipin cf(CMi’aai + CMi,O)(STi- (30)

By combining Eq. 27| with 60 = 6 — 6y we compute the spring deformation

0 at each time step as

5 5owUZ (Cot i (8(1) = o+ 60) + Cir0) b
K+ 2 3pweiUF Oyl .

Then, using the complementarity of angles (Egs. i, ¢;), the angle of attack

o(t) = (31)

is determined as

a;(t) = ¢i(t) — Bo, — 0 + bo. (32)

Using the above equations for § and « and the preload 6y, all the loads acting

on the blade can be computed.

2.5. Dynamic Analysis of the Morphing Blade

We consider a hollow blade made of composite layers then filled with water

[22]. The inertia J?P of each blade section is obtained by
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JPD — . /Q AB dQ + py /Q AB dQ, (33)

w

where ps and p,, are the density of the blade shell and the density of water
respectively, s is the area of the blade shell on the section, €2, is the area
occupied by the water within and AB represents the relative position of a
generic section element from the pitching axis (Fig. @ A blade usually presents
a box spar placed near the pitch axis. Such spar has little influence on the blade
inertia, it becomes relevant only for structural consideration, and it is therefore

neglected. The inertia J of the entire blade is then computed as

J=> " JPor;, (34)

for i = 1...N, with N the number of equally spaced blade sections.

Figure 6: The blade is composed by a composite shell filled with water.

The blade rotates around the rotor axis with angular velocity w. This leads to
the Euler force Fg, = —m”il—‘;’ A 7, the Coriolis force Fco = —mw A Z—’; and the
centrifugal force Fc = —mw A (w A 7). In this case, the Euler force disappears
because we consider a constant rotation rate ( ‘fl—"t" = 0 ). The Coriolis force
is also equal to zero because solid points on the blade do not move radially
(fli—’t" = 0). Conversely, there is a component of F. that lies in the section plane
which generates a pitching moment (Fig. E[) For a generic point B on a blade
section, this force, F'7, generates a moment MZ = AB A F f  that tends to

align the blade with the rotor plane.
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Figure 7: A generic small element of a section that does not lie on the pitch axis is subjected

to a centrifugal moment MZ.

469 The centrifugal moment is evaluated for each section as

M) = - Lo, [ ABsin(a(s 1)) a0

S (3)

_ %wzpw / AB sin(2(8 ++))dQ,
Qs

a0 where 4 7 is the angular distance of a blade element from the rotor axis
471 (Fig. @

a2 A Taylor-Young first-order expansion is used to approximate the centrifugal
473 moment as

o 2D

5500 (36)

MZP ~ MZP(Bo) +
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This approximation is valid as long as 8 = [y, a condition that is met by im-
posing the requirement of constant power generated (Eq. . By construction,
0B = 00 (Fig. . Hence, Eq. |36|is rearranged to make explicit the dependency
of the centrifugal moment to the spring deformation. The centrifugal moment

acting on the entire blade is

Me = > " (M, 0+ M, 400) o, (37)

where Mo = MZP () and Mg = 61\345D

The preload angle is computed for average flow conditions, and pitch angle
B(t) = Bo. Under these conditions, the centrifugal moment is the only dynamic
contributions to the preload angle. Equation [30]is thus modified as

oo = = 3 [1 Pl 2(Crt, @i + Cary o) + Me, o| 7. (38)
K £ 2

A detailed calculations of the centrifugal and inertial terms on a rotating
blade can be found in Lanczos [23].

The contribution of the gravity force is neglected. The composite blade shell
is filled with water [22], the density of the whole blade is assumed to match that
of the surrounding water, and the gravitational force is in equilibrium with the

buoyancy force.

2.5.1. Unsteady Hydrodynamics

The oscillations due to the shear flow are periodic but not harmonic, and
to estimate the dynamic loads acting on the blade using Theodorsen’s theory,
we have to consider sinusoidal variations of the angle of attack. We determined
the fluctuations of the axial velocity (U,) such that the angle of attack would
fluctuate harmonically with the same amplitude and the same mean value as
the inflow oscillations due to the shear profile (Fig. . This procedure can
be readily extended to generic inflow conditions, where the signal is decom-
posed in its Fourier harmonic components, and their effects are superimposed

via Theodorsen’s linear theory. The variations in the angle of attack and in
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Figure 8: The fluctuations of the angle of attack are approximated by a sinusoidal shape

(shown here for r = 0.75R).

the axial velocity lead to additional pitching moment contributions. Following

Theodorsen [21], the moment on a 2D foil pitching sinusoidally is

1 1 AN
1 d 1 d\ .
—92 Sp (=42 —_Z
P Ub 7T<2+b> C(k)<2 b>59 (39)
1
+§pwU202C'M7aC'(k)6a
1
+§pwU262 [CM7aa+ CM7()] ,

where doo = o — @, C(k) is Theodorsen’s circulation function that is expressed
in terms of Hankel functions of the reduced frequency k = %b. The unsteady
pitching moment for the whole blade accounts for the contributions of each

section and it is computed as

May = > M3P or, (40)

The aerodynamic lift L for the quasi-steady analysis accounts only for the

hydrostatic loads (Eq. ??) whereas, in the dynamic analysis, it accounts for
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s both the dynamic and the hydrostatic contributions and is computed as

L = mpyb? [U(So'z —b (Z) 5(’9’] + 27pu, UBC (k) (; - ‘Z) 80 "
3ol [CR)CL(0) + (1 - C(R)) Co(@)].
508 The dynamic equations for the blade are
M, + M, + Mgy — 60 = J50  (a)
¢i(t) = Bi + i(t) (bs) (42)

Bi(t) = Bo, + 6B:(1), (ci)
so0  where p is a parameter that accounts for the mechanical damping of the blade.
510 The sectional hydrodynamic torque M 3;3 is a function of the average angle
su of attack @; and of its fluctuations day; (Eq. . Using the complementarity of
sz the angles in Egs. [42b; and [A2k;, it is possible to express da; as a function of 66,
53 and to obtain an expression for the blade hydrodynamic torque in Eq. 0] which
su depend only on 66 and its first and second time derivative. By substituting Egs.
sis [25) 37} [40] into Eq. A2, the morphing blade dynamic equilibrium is formulated

516 QS
(J -3 Iamidrl) 00 + (u +) (Cre — CEy) 5”) 50
+ </-; + 3 (Kam, — M, 0) 5”) 50 (43)
=3 (cg;iw,» + Ko, 86 + M22(, — Bo,) + Mci,()) 57 — Ko,
57 where
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531

1 [d\?
Iam: wb4 o 7 3
p 7r<8+(b>>
1 d d
[ 3 - _ = -
ce = pwaW(Q b) (1+2b>0(k)7
1 d
nc __ 3 -7
Cam - Pwa ™ (2 b> ’

1
Ko = ipwU2c2C’M,aC(k),

(44)

1
Mis]?(@) = gﬂwU202 [Cara@ + Charyl,

The fluctuations are defined by d¢ = % exp(jwt) and da = % exp(jwt),
where A¢ and A« represent the amplitude of the fluctuations of the respective
angles and j is the imaginary unit. The blade is expected to oscillate with
the same period, namely 60 = % exp(jwt 4+ x). By substituting 80 = jwdb,
66 = —w?240, 5(/5 = jwd¢o and (5(5 = —w?§¢, Eq. is rewritten as

[_ w? (J - Zlamiéri> + jw <M + Z (C:I;L - Cgmi) 6rz>
+ <n + ) (Kam, — M, 0) 57‘2-) 1 59  (45)

5 (GO, + Kam) 865+ M5, — o) + Mepo) 6ri — o

The dynamics of 66 are determined by the algebraic solution of Eq. for
each time step and the equilibrium position of the blade is computed as 0 =
0y + 66. The solution method is inspired by the work of Medina and Hemati
[24].

The optimisation problem is defined as for the quasi-steady case (Eq. ,
where the loads account for the unsteady contributions described in Eq. [T}
The angle of attack is determined as for the quasi-steady analysis using Eq.
hence all the loads acting on the blade can be computed.

In the Results (Sections [6.3), we present the spring stiffness x and the
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material damping p in terms of the nondimensional coefficients

K
Co= >
w A
p Uhub c (46)
C /J'

w= pthubAC2 '

Akin to I', also Cy, and C,, are made nondimensional using a hydrodynamic
force and the length scale c. Here, the force is that acting on the rotor disk
and it is proportional to pwUfubA. It is noted that both the coefficients are
based on the force on the rotor disk and do not account for the hydrodynamic
force associated with the tangential velocity. Hence, as the tip speed ratio
increases, the optimum k and Cy are expected to increase to match the higher

hydrodynamic force associated with the rotation.

3. Real inflow conditions

For this numerical study, we use a flow sample measured at EMEC during a
flood tide on November 22nd 2014. This sample was originally chosen by Scarlett
et al. [3] to investigate numerically the unsteady hydrodynamic response of the
Tidal Generation Limited (TGL) turbine subjected to large waves and opposing
current. The significant wave height in the sample is 4.2 m, the maximum
observed height is about 5 m, and the wave period is 10 s. The turbine is
operating at the optimal tip speed ratio 4.5, the magnitude of the inflow speed
averaged over the area and the sample time period is 2.77 m s~!, and the
rotational speed of the turbine is w = 1.38 rads~'. Figure [9] shows the time
history of the angle of attack at the blade spanwise position r/R = 0.75, over
10 rotational periods (T, = 2m/w). Further details about the measured flow
conditions and the measurement system are found in Scarlett et al. [3].

The blade deflection at every spanwise position is computed as described
in Section the blade flexibility is modelled as a torsional spring mounted
at the root, and the blade pitches around an axis at the chordwise coordinate

Z4 = 0.1c. The pitching equilibrium is described using the quasi-steady analysis
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Figure 9: Time history of the angle of attack at r/R = 0.75. Data from ReDAPT project re.

in Eq. The optimisation problem is defined in Eq. and solved using an
exhaustive search algorithm varying the input spring stiffness. For any stiffness,
the preload is computed using Eq. The optimum is represented by the stiff-
ness and preload that minimise the fluctuations of the out-of-plane blade root
bending moment Cgrpy, whilst keeping constant the average power generated

by the turbine.

4. Input parameters

The aerodynamics (Cr, Cp) for the blade sections profiles is taken from
Gretton and Ingram [25] for a Reynolds number Re = 3 x 10° which matches
the flow on a full-scale tidal turbine. The shape of the blade sections is the
NACA 63(318) — 47y, based on the NACA 6—series designation given by, for
instance, Abbott and Von Doenhoff [26]. The thickness zy in percentage of
the foil chord varies from the NACA 63315y — 455 near the root to the NACA
63(318) — 418 at the blade tip. An overview of the blade geometry is showed
in Fig. [I0] and data is provided in Table[I] The blades are thicker at the root,

which results in a smooth force variation near the stall angle. For the blade
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sections with thickness up to 40%, the foil characteristics are interpolated from
the data provided by Gretton and Ingram [25]. Instead, for thicker sections,
the Cp and Cp of the 40%-thick section are used. This approximation will not
affect the results significantly since the root of the blade does not contribute
much to the power extraction compared to the mid span and the tip.

The quarter-chord pitching moment Cly, ,, which is not provided by Gretton
and Ingram [25], is taken from Abbott and Von Doenhoff [26] for a NACA
633 — 418 (Fig. . The parameters used in the simulations are resumed in
Table 2

Figure 10: TGL blade geometry adapted from Gretton and Ingram [25].
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Figure 11: Quarter chord pitching moment coefficient for a NACA 633 — 418 as a function of
a, at Re = 3 x 10%. Data taken from Abbott and Von Doenhoff [26].

sss 5. Code Validation

0.5 1
— Gretton and Ingram (2011)

----Present results

Cp(Xo)
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a
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— Gretton and Ingram (2011)
----Present results
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(a) Power coefficient (b) Thrust coefficient

Figure 12: Comparison of the BEMT results of this study and the CFD results from Gretton

and Ingram [25] using Upyp, = 2 m s~1. Cp and Cr refer to the entire turbine.

584

585 First, we assess the accuracy of the numerical code for a turbine subjected

sss to steady flow conditions, against the data from Gretton and Ingram [25],
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Radius [m]  Twist [deg] Chord [m)] Thickness Profile

ratio

1.25 32.5 1.612 1.000 Circle

2.05 23.2 2.271 0.550 63(318) — 455
2.45 19.9 2.119 0.533 63318y — 453
2.85 17.2 1.962 0.511 63(318) — 451
3.25 14.9 1.813 0.485 63(318) — 449
3.65 13.1 1.677 0.454 63(318) — 445
4.05 11.5 1.556 0.422 63(318) — 442
4.45 10.2 1.447 0.390 63318y — 439
4.85 9.1 1.351 0.359 63(318) — 436
5.25 8.1 1.265 0.330 63318y — 433
5.65 7.2 1.189 0.306 63(318) — 431
6.05 6.4 1.120 0.286 63(318) — 429
6.45 5.8 1.058 0.275 63(318) — 427
6.85 5.2 1.003 0.267 63(318) — 427
7.25 4.6 0.953 0.255 63(318) — 426
7.65 4.2 0.907 0.243 63(318) — 424
8.05 3.7 0.865 0.227 63318y — 423
8.45 3.3 0.827 0.208 63(318) — 421
8.85 3.0 0.792 0.188 63(318) — 419

9 2.8 0.600 0.180 633 — 418

Table 1: Blade geometry.

who studied a full-scale turbine prototype from TGL at different tip speed
ratio A, where the free stream velocity is uniform with Uy (z) = Upup and
U, = Uso(1 — a). We compare the thrust and power coefficients in Fig. The
difference of the computed power coefficient with the CFD data from Gretton

and Ingram [25] is always smaller than 3%, whereas the thrust differs by less
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Blade section

r=0.5R r=0.75R
Mean angle of attack @ [deg] 9.58 5.96
Twist angle (3 [deg] 10.17 5.39
Chord ¢ [m)] 1.445 1.019
Foil type NACA 630315430 NACA 63315427
Axial induction factor a [-] 0.1835 0.3112
Tangential induction factor o’ [-] 0.0182 0.0164
Mean inflow speed U [m s~1] 4.82 6.98
Blade length R [m] 9
Far field flow speed Upyp, [m s™1] 2
Hub height zp,p [m] 20
Pitch axis position Z4/c |-] 0.1
Rotational speed w [rad s~!] 1

Blade shell thickness [mm]
Blade shell density ps [kg m™3]

56.5 (root) - 14.5 (tip)
570 (root) - 660 (tip)

Sea water density py, [kg m~3] 1025

Table 2: Simulation parameters.

than 2% over the considered range A € [3,6], including the optimal operating
point Ag = 4.5 where we study the performance of the morphing blade.

Next, we consider the accuracy of the model at predicting loads fluctuations
when the turbine is subjected to unsteady flow. The predictions of our model
are compared to the results of Scarlett et al. [3]. They developed a model
based on blade element momentum theory coupled with a dynamic stall model,
and they validated it against data from AeroDyn, an opensource aerodynamic
software developed by NREL, and wind tunnel data. To aid the modelling

of dynamic stall phenomena, Scarlett et al. [3] considered the blade made of
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NREL S814 airfoils, since a large database of empirical dynamic stall parameters
is available for a series of NREL airfoils [27]. In particular, the NREL S814
generates a similar power coefficient to the NACA 63-418, which represents the
tip airfoil of the TGL turbine blades. Therefore, the comparison is made for
the lift experienced by the tip section (r/R = 1), over 56 rotational periods.
In Fig. we show the time history of the lift coefficient over 5 periods, and
also the predictions from Scarlett et al. [3] when the turbine with rigid blades
is subjected to the real flow conditions, measured at the EMEC tidal test site
on November 22nd 2014. Our results match qualitatively both the unsteady
and quasi-steady lift from Scarlett et al. [3]. The average discrepancies over
56 periods are 6% compared to Scarlett’s quasi-steady model, and less than
5% compared to the unsteady model, with maximum deviations of 18% and
40% respectively. Discrepancies with Scarlett’s quasi-steady model might be
partially due to geometric differences between the two airfoils, as the NREL
S814 has double curvature and 3% maximum camber, whereas the NACA 63-
418 has simple curvature and 2.2% maximum camber. Bigger differences are
noticed against Scarlett’s unsteady model, however, these are due to unsteady
phenomena and are noticed also between both of Scarlett’s models.

There is no experimental data for a turbine with a morphing concept such as
that discussed in this paper. Hence, the load predictions are validated for a rigid
blade and cannot be validated for the morphing blade. However, Dai et. al [28]
performed a 2-dimensional CFD investigation of the performance of a passively
pitching NACA 63-427, which corresponds to the airfoil at /R = 0.75 of the
turbine blade used in the current study. They considered a rigid and an airfoil
pitching passively around the axis at £4 = 0.1c and subjected to a periodically
varying inflow speed representing a blade rotating in shear flow. The passive
pitch was modelled with an akin mass-damper-spring system to that in this
paper. The CFD predicted a reduction of the amplitude of the load fluctuations
within 7% of the predictions of the present analytical model (Fig. .
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Figure 13: Comparison of lift coefficient between Scarlett et al. [3] unsteady results (black
line), quasi-steady results (red dashed line), and present quasi-steady results (blue dashed-

dotted line).
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Figure 14: Comparison of CFD and analytical results showing the difference of C'r between

rigid and morphing blades.
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6. Results

6.1. Quasi-steady Analysis of a Morphing foil

The results for the passive pitch control applied to a 2D foil are presented
here. Figure [15|shows the evolution of a(t) and C2P(¢) for the foil at r = 0.5R
over the azimuthal coordinate v (Fig. [1)), whereas Fig. refers to the blade
section at r = 0.75R. Both cases show the fluctuations over one revolution
of the foils equipped with springs that are optimised to mitigate the thrust
fluctuations for the respective flow conditions (Table [3). The non-dimensional
stiffness I' is defined as the ratio between spring stiffness x and the hydrostatic
stiffness prQUQ (Eq. , and Iy is the optimal value. On both blade sections,
the thrust fluctuations are almost perfectly cancelled.

Similar performance can be achieved for any blade section as long as the
stiffness and preload are optimised for the flow condition that the section ex-
periences. Therefore, if each section can be equipped with the optimal stiffness
and can deflect independently of the neighbouring sections, perfect unsteady
load cancellation is possible also for the full blade.

Such optimal behaviour is possible thanks to the angle of attacks that varies
in opposition to the fluctuations of the inflow angle. In fact when the inflow

angle ¢ reaches a peak value « is at a minimum, as observed by Shen et al. [29].

10.5 21 0.215

—T=10 — T —10
--Tp=65x10"* 0.21 ~-Ty=6.5x 10"
0 - 20.5
0.205
o0 0 5% = 02
<, 95 e R Wil
3 1956 & 0.195
9 0.19
19
0.185
8.5 . 18.5 0.18
0 /2 7r e 2m 0 /2 ks /s o
Y [rad] 1 [rad]

Figure 15: Section at 7 = 0.5R: evolution of angle of attack (a) and thrust coefficient (b).
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Figure 16: Section at » = 0.75R: evolution of angle of attack (a) and thrust coefficient (b).

Optimal spring properties Thrust fluctuations AC2P

Blade section Ty [ 6o [deg] % mean C2P % reduction
r=0.5R 6.5 x 10~* 132 0.03 (13.46) 99.74
r=075R  4.5x 10" 233 0.02 (16.12) 99.85

Table 3: Minimum load fluctuations using optimal springs for two blade sections. The number

in parenthesis refer to the respective rigid blade sections.

This behaviour is explained in Fig. The loads on the foil change because
of the changes in the angle of attack but also in the flow velocity. When the blade
is in the upper position, the foil pitches in order to compensate the incidence
increase, such that both o and C3P are restored to their initial values (Fig. .
However, the inflow speed increases as well causing higher hydrostatic moments
which further pitch the foil (Fig. . Essentially, the angle of attack is reduced
to a value which is lower than its initial value to compensate the increase in
the inflow speed. Similarly, when the blade is in the lower position, the foil

pitches to a higher incidence in order to cancel the effect of the reduction in the
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Figure 17: Reaction of the morphing foil to an increase of angle of attack and flow speed;
(a) reference condition; (b) effect of the angle of attack only and (c) combined effect of the

increase of both the angle of attack and flow speed.

incoming flow speed. Therefore, the spring that minimises the fluctuations of
C2P is different from the one that minimises the oscillations of a. In particular,
Fig. [18 shows the amplitude of the fluctuations of C2P (top) and « (bottom)
for the blade section at r = 0.75R, for a range of values of I". It’s shown that
a spring that minimises the fluctuations of « is stiffer than the spring that
minimises the fluctuations of C2P.

The results for 2D sections are summarised in Fig. which shows the
evolution of C2P and CZP during the revolution of the blade section at r =
0.75R for different values of the non-dimensional stiffness I'. The dotted lines
on Fig. show the blade azimuthal position. The maximum value I' = 10
represents the condition of a rigid foil, where the spring becomes too stiff to
bend and the loads on the section are not effectively alleviated.

In Fig. [I90] the range of T is narrowed to focus the reader attention around

the optimal value I'y = 4.5 x 10~* which is highlighted by the dotted line. The
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Figure 18: Fluctuations of CZP (top) and « (bottom) for the section at r = 0.75R, for a range

of values of .

optimal stiffness is represented by a slightly curved line. Therefore, the C2P still
exhibits small fluctuations throughout each revolution, although these fluctua-
tions are negligible compared to the mean value and compared to fluctuations
experienced by the rigid foil. The quasi-steady analysis shows that, for very low
stiffness values, the variations of the thrust coefficient is reversed. The preload
6o is inversely proportional to I' (Eq. , which means that the lower the value
of T" the higher needs to be the preload in order to balance the hydrostatic mo-
ment. Therefore, reducing the stiffness of the spring leads quickly to very high
values of 6. C'}%D always oscillates around the same value whilst the amplitude

of the oscillations is slightly reduced.

6.2. Quasi-steady Analysis of the 8D Morphing Blade

The analysis presented in Section [6.1] is extended to the entire blade. A
spring with quasi-steady non-dimensional stiffness (Eq. C® =6.0x1073

and quasi-steady preload angle 6;° = 313 deg leads to variations of the thrust
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Figure 19: Variations of the power and thrust coefficients as the inflow angle varies through
the rotation of the blade, (a) for a large range of values I' € [1075,10] and (b) around
Iy =4.5x 104

coefficient at each section that are negligible, whilst the mean power generated
in one revolution is unaffected. Figure [20]shows the thrust fluctuations over the
area swept by the blade for a rigid (Fig. and a morphing blade (Fig. .
In particular, we plot the thrust coefficient of the rigid blade C2P|,_,,, and of
the optimal morphing blade C2P divided by the maximum sectional thrust of
the rigid blade. The load is concentrated in the outer half of the blade and
it drops at the tips and towards the hub. The high thrust experienced by the
blade when ¥ = 90 deg (Fig. is reduced thanks to the blade flexibility,
whereas the lower thrust at ¢ = 270 deg is increased.

The effectiveness of the blade flexibility is finally checked for the flapwise
blade root bending moment shown in Fig. Since the changes in the amplitude
of the thrust fluctuations for the blade in the upward/downward positions are of
opposite sign, the bending moment is kept nearly constant over each revolution.
The morphing blade experiences RBM fluctuations with amplitude smaller than

0.5% of the average bending moment. As the amplitude of the fluctuations
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Figure 20: Map of the thrust coefficient over the rotor disc for (a) a rigid blade and (b) a

morphing blade.

on the rigid blade is 18%, the morphing blade mitigated 98% of the RBM
fluctuations. Compared to the 2D analysis, the performance is slightly lower.
Each section experiences a different load fluctuation amplitude that requires a
different blade deflection. As the morphing blade is optimised in a global fashion,
it affects mainly the sections that experience stronger load fluctuations, and it
is thus sub-optimal for the sections that contribute the least to the blade loads

causing a performance reduction.

6.3. Dynamic Analysis of the 3D Morphing Blade

We study to what extent the dynamics of the blade and the unsteadiness
of the fluid loads affect the performances of the passive control system. From
Eq. 2] we consider the centrifugal moment M., the hydrodynamic moment
Mygy and that due to the mechanical damping of the blade ,ué. The blade non-
dimensional damping is initially set to C}, = 1072 (Eq. @[), which represents
a negligible value. Its effect will be discussed in Section Figure [22| shows
that the effectiveness of the morphing blade in reducing the RBM oscillations is
only marginally affected by the blade inertia and the unsteadiness of the flow.
Figure shows that the blade inertia and the fluid-induced damping have a

small effect on the system effectiveness.
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Figure 21: Quasi-steady analysis of the flapwise one-blade root bending moment Crgy. The

blade is equipped with a spring with C{¥* = 6.0 x 1073 and 63° = 313 deg.
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Figure 22: Dynamic analysis of the evolution of Crgn. The blade is equipped with a spring
with C8Y = 1.1 x 102 and 6%¥ = 171 deg.

720 Accounting for the additional moments, we find that the optimal non-dimensional
=1 stiffness and preload obtained for the dynamic model are C% = 1.1 x 1072 and

722 Ggy = 171 deg. The optimal spring is stiffer than the one in the previous sec-
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Figure 23: Dynamic contributions to the moment equilibrium of the blade, for

CF =1.1x1072 and ¥ = 171 deg.

tion because of the presence of unsteady loads. Table ] shows the reduction in
the bending moment fluctuations. As the optimal spring for the dynamic case
is different than the optimal spring obtained for the quasi-steady model, it is
difficult to understand whether the difference in the performance are due to a
different spring or to dynamic effects. For ease of comparison, in Table [4 we
display two sets of results for the dynamic model and for the quasi-steady one
(in parenthesis), both using the same spring optimised for the dynamic model.
The performance estimated with the quasi-steady model is slightly lower than
before as the spring is suboptimal. The system dynamics affect the blade perfor-
mance only marginally, as the reduction of RBM fluctuations is only 5% lower
compared to the best quasi-steady performance previously shown. It must be

noted that the mean power generated is the same as for the rigid blade.

6.4. Effect of Blade Mechanical Damping

In this section, we consider the effects of the mechanical damping u. Figure
shows the reduction of the fluctuations of the bending moment coefficient for

a range of values of the stiffness coefficient C and of the damping coefficient
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Optimal spring RBM fluctuations ACreMm

CH ] 05 [deg] % mean Crpm % reduction
Rigid - - 16(18) -
Morphing 1.1 x 1072 171 (177) 2.6 (<1) 93 (96)

Table 4: Optimal dynamic results for the morphing blade model. The numbers within the
parenthesis refer to the quasi-steady analysis that employed the spring optimised for the

dynamic case.

C\. In particular, the amplitude of the bending moment fluctuation ACrpwy is
divided by the amplitude of the fluctuations for the rigid blade ACrRBM|r— oco-

The optimal working point for each curve is their minimum. When C, is
large compared to the hydrodynamic damping, the efficacy of the morphing
blade is poor. Conversely, for C, = 1 the system performance improves consid-
erably, and the fluctuations of the blade root bending moment are reduced by
98%. Increasing the damping, the lowest point of each curve moves to higher
values of Cj, hence the optimal performance of the passive control system is
achieved with stiffer springs. For high values of Cj, all the curves in Fig. [24]
collapse and converge asymptotically to 1. The system is not very sensitive to
small changes in the spring stiffness, as the reduction in the ACgrpy; does not
vary significantly near the optimum.

The blade does not experience any resonance phenomena, and, even for
negligible mechanical damping C},, the fluid acts as a damper, the motion of
the blade is effectively damped. In fact, by considering the blade damping as a

lumped parameter, it is possible to define a damping ratio as

C — Ctot
2 \ Jtothot 7

where Jiot, Ciot and Kiot represent the inertia, the damping and the stiffness

(47)

of the system respectively. Similarly, we define the natural frequency of such

system as
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Figure 24: Normalised amplitude of the root bending moment for a range of values of C,, and

Ch.

Ktot
Qn =) =2, 48
N Jtot ( )

where Jiot is the sum of all the inertial terms in Eq. Clot is the sum of all the
terms that multiply 46 and Ko is the sum of the terms that multiply 66, the
damping ratio describes the coupled mechanical-hydrodynamic system. For the
range of values of C considered, the natural frequency of the coupled system
is always greater than 2.8 rad/s. Since the frequency of the load fluctuations
is w =1 rad/s, the blades are likely to experience no resonance. The damping
ratio ¢ changes with the spring stiffness, and at the minimum of each curve, it
always takes values greater than 0.4. Therefore, the hydrodynamic contribution
alone dampens the motion of the blade substantially. The effect of the damping
can be observed in Fig. which shows the blade motion amplitude A# over
the same range of C and C,. All curves converge for stiff springs, for which
Af tends to zero. For very flexible springs, A# is never higher than 2 deg and
it decreases for increasing damping values. On the other hand, the preload 6y
is inversely proportional to the spring stiffness and increases rapidly from zero

to more than 10* deg for C,, < 107%.
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Figure 25: Evolution of Af for a range of values of Cx and C,,.

m 6.5, Morphing blade performance in real flow conditions
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Figure 26: Root bending moment under real flow conditions for a rigid blade (blue line) and

a morphing blade (red dashed line).

774 The performance of morphing blades is estimated again, this time using
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realistic inflow conditions, measured during a flood tide at the EMEC tidal
testing site on the 22nd of November 2014. Figure [26] shows the root bending
moment coefficient Crpy simulated over 10 rotational periods, for a rigid blade
and a morphing blade that has been optimised to minimise the fluctuation
of Crm. Using a spring with quasi-steady non-dimensional stiffness C%® =
5.1 x 1072, and quasi-steady preload angle 63° = 32 deg, the fluctuations of the
root bending moment are reduced by 82%, whilst the average power coefficient

has decreased by 2%. Results are resumed in Table

Optimal spring RBM fluctuations ACrem
o [ 03 [deg] % mean Crpm % reduction
Rigid - - 101 -
Morphing 5.1 x 1072 32 18 82

Table 5: Optimal morphing blade model when subjected to real flow conditions.

The efficacy of the morphing blade to mitigate the fluctuations induced by
real inflow conditions is slightly lower than that shown in Sections[6.2and[6.3] for
a modelled shear flow. The shear flow induces periodic fluctuations at the blade
rotational frequency, whereas the real flow conditions induce load fluctuations
over a wide range of frequencies. Since the load fluctuations are dominated by
the high-amplitude, low-frequency waves, the optimal morphing blade is tuned
to operate around that frequency. Therefore, the system is not as effective at
alleviating the high-frequency, low-amplitude fluctuations, as shown in Fig. 26]

We have shown that morphing blades are capable of alleviating unsteady
load fluctuations caused by shear flow and large waves. In our model, flow
fluctuations are experienced by the blade as oscillations of the inflow speed and
of the angle of attack, and a morphing blade mitigates the loads by inverting
the sign of the angle of attack variations. The mechanism underlying load
mitigation by morphing blade is independent of the flow condition. Hence, we

believe that similar performance can be achieved for a wide range of unsteady
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flow conditions, including turbulence, yaw misalignment, wakes of upstream
turbines, and the proximity of other devices. As the frequency of the fluctuation
increases, such as for small-scale turbulence, the inertia of the blade leads to
a reduction of the system efficiency. Moreover, the model is not capable to
consider the effect of high-frequency flow fluctuations with a period of the order
of ¢/(wR), such that the flow cannot be considered uniform along the chord. In

such cases, a more sophisticated model should be used.

7. Conclusions

In this paper we discuss the underlying mechanism by which morphing blades
can mitigate unsteady load fluctuations on tidal turbines.

By neglecting mass and damping effects, and by further assuming indepen-
dent blade sections at any spanwise location, we show that a morphing blade
can completely cancel the thrust fluctuations (> 99% reduction) without affect-
ing the mean torque and thus the energy harvested. This is possible because,
when a gust occur, the increased flow speed makes the blade to pitch and this
result in a reduction in the angle of attack. The optimum blade flexibility is
such that the load increase due to the higher flow speed is cancelled by the load
reduction due to the lower angle of attack.

The condition that each blade section deflects independently of those at other
spanwise locations is not critical for the effectiveness of the system. The opposite
limiting condition is when all blade sections must pitch by the same amount,
which is saying that the blade is rigid and has a passive pitching mechanism at
the root. In this case, we show that the root bending moment fluctuations are
decreased by more than 98% for a 18 m diameter, 1 MW turbine in a sheared
tidal current operating at a tip speed ratio of 4.5.

The effectiveness of the system is partially decreased by both the mass and
damping of the system.

Accounting for the unsteady hydrodynamics effects and the blade inertia,

the root bending moment fluctuations are reduced by more than 93%. Their
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effect, however, depends on the onset flow conditions. Hence, we also model
the morphing blade in the tidal flow conditions measured at the EMEC site
with more than 4 m significant wave height with a period of 10 s. In these
conditions, the morphing blades enable a root bending moment reduction of
more than 82%. Hence, we conclude that unsteady hydrodynamic effects and
blade inertia are important, but do not undermine the general effectiveness of
the morphing blades.

On the other hand, a high mechanical damping can undermine the ability to
mitigate unsteady loads. The damping depends on the design of the morphing
blade and can be due to the viscous dissipation of the flexible material, or on
the mechanical damping of a passive pitch mechanism. Our parameter study
can be used by future researchers to estimate the unsteady load mitigation of
different blade design concepts.

This conceptual study does not consider the practicalities arising from the
design and manufacturing of a morphing blade. Before this technology can be
adopted by the industry, more research is needed to address the need for a
new structural design, to identify the materials that can be adopted, and the
associated manufacturing and the supply chain. Since tidal turbine blades are
typically made of a composite structure reinforced with a boxspar, the use of a
novel structure and materials will require extensive testing and characterisation
to guarantee reliability and survivability of the blade. Overall this paper con-
tributes by providing insights on the underlying mechanism of morphing blades

and the blade behaviour that future designs need to achieve.
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