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Abstract

This project aims to develop efficient and robust tools for optimal design of wind
turbine adaptive blades. In general, wind turbine adaptive blade design is an aero-
structure coupled design process, in which, the evaluation of aerodynamic
performance cannot be carried out precisely without structural deformation
analysis of the adaptive blade. However, employing finite element analysis (FEA)
based structural analysis commercial packages as part of the aerodynamic
objective evaluation process has been proven time consuming and it results in
inefficient and redundant design optimisation of adaptive blades caused by elastic-
coupled (bend-twist or stretch-twist) iteration. In order to achieve the goal of wind
turbine adaptive blade integrated design and analysis, this project is carried out
from three aspects. Firstly, a general geometrically linear model for thin-walled
composite beams with multi-cell, non-uniform cross-section and arbitrary lay-ups
under various types of loadings is developed for implementing structural
deformation analysis. After that, this model is validated by a simple box-beam,
single- and multi-cell wind turbine blades. Through validation, it denotes that this
thin-walled composite beam model is efficient and accurate for predicting the
structural deformations compared to FEA based commercial packages (ANSYYS).
This developed beam model thus provides more probabilities for further
investigations of dynamic performance of adaptive blades. Secondly in order to
investigate the effects of aero elastic tailoring and implanting elastic coupling on
aerodynamic performance of adaptive blades, auxiliary software tools with
graphical interfaces are developed via MATLAB codes. Structural/material
characteristics and configurations of adaptive blades (i.e. elastic coupling
topology, layup configuration and material properties of blade) are defined by
these auxiliary software tools. By interfacing these software tools to the structural
analysers based on the developed thin-walled composite beam model to an
aerodynamic performance evaluator, an integrated design environment is
developed. Lastly, by using the developed thin-walled composite beam model as
a search platform, the application of the decoupled design method, a method of



design of smart aero-structures based on the concept of variable state design
parameter, is also extended.
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1 Introduction



1.1 Structure of the Thesis

This thesis consists of five chapters. Chapter 1 is devoted to the background
review of power and load control system of wind turbines; particularly it describes
the adaptive blade at various aspects from the concept, history of development,
aerodynamic performance analysis, and potentials in enhancing energy output,
potentials in blade load alleviation, manufacturing and design. Chapter 2 starts
with a comprehensive literature review on thin-walled composite beam models,
and then describes the development of a general thin-walled composite beam
model; lastly, proposed beam model is validated through a simple box-beam,
single- and multi-cells adaptive blades. Chapter 3 describes three auxiliary
software tools with graphical interfaces developed by MATLAB® for defining
structural/material characteristics and configurations of adaptive blades (i.e.
elastic coupling topology, layup configuration, material properties of adaptive
blades and simulation of elastic coupling induced twist). Chapter 4 starts with
describing the decoupled design method of adaptive blades developed by other
authors and then it extends the application of this method to the general case of
span wise varying structural characteristics. Chapter 5 summarises the research
carried out, the results obtained and highlights the achievements, it also includes a

section on the critical appraisal of the work and suggestions for future work.

1.2 Power and Load Control in Wind Turbines

Wind turbines are designed to extract energy with highest efficiency. However,
one of the basic requirements for wind turbines is to have a control mechanism in
place to ensure: (i) that the rotor does not produce power excess to the rated value
for a safe operation of the generator, and (ii) that the aerodynamic load on the
blade does not exceed the design load. Power and load control systems used in
wind turbines can be classified as conventional and nonconventional. Figure (1.1)

shows various power/load control systems.

The simplest conventional control method is stall regulation that uses the
characteristics of the aerofoils (such as the difference of the coefficient of lift or
drag at various angle of attack) to stall in high winds and regulate the power

production of the rotor. Stall regulation is mechanically the simplest power



control method because it does not use any active or moving mechanical parts.
The pitch of each blade is adjusted only once when the wind turbine is erected. In
order to achieve power control at appropriate wind speeds, the wind turbine
blades should operate closer to stall angle. This method is suitable for constant
speed rotors. Stall controlled rotors become popular in 1980s and 1990s with the
advent of designer aerofoils (Klimas, 1984; Tangler & Somers, 1995) that
enhance the stall regulation of a wind turbine at lower power levels with the
associated reduced cost of produced energy. These aerofoils have been quite
successful in reducing the maximum power output allowing the rotor diameter to
be increased without increasing plant capacity. The larger rotor then produces

more net energy without proportional increases in system cost.

Power/Load Control System of Wind

Turbines
Conventional Control Nonconventional
Systems Control Systems

I
v
Blade Rotor | Blade |
A

y

A\ 4 \4

=  Variable Rotor
Speed

= Yaw Control

= Pitch Control

»  Stall Regulation Adaptive Blade

Microtabs

Morphing Blades

Aileron

Trailing Edge Flap
Compact Trailing Edge
Flap

= Variable length Blade

Figure 1.1- Conventional and nonconventional power and load control systems

It is well known that the most effective way of influencing the aerodynamic
performance of the wind turbine blades is by mechanical adjustment of the blade
pitch angle. Pitch control system, another conventional control method, is more

efficient as it adjusts the blade pitch angle and then the blade aerodynamic



characteristics at any operation condition. Individual pitch control system, a
particular form of pitch control system in which the pitch angle of each blade is
controlled separately, not only works for the power control it also works for load
alleviation. Johnson (1982) first introduced the concept of individual pitch control
for helicopter rotor blades. Individual pitch control systems have been
successfully developed and utilised to alleviate low frequency fluctuating loads by
pitching the blades individually (Caselitz, 1997; Bossanyi, 2003; van Engelen,
2006; Larsen, 2005; Lovera, 2003). Since the response time of individual pitch
control systems is not fast enough for high frequency load fluctuation, it is limited
on large-scale application for wind turbine blades with lower rotor speeds (Lovera
2003).

Another method of regulating the output power is by changing the rotor speed. In
variable-speed wind turbines, the rotor speed is changed by varying the output
electrical load from the generator. When the wind speed is below its rated value,
generator torque is used to control the rotor speed in order to capture as much
power as possible. The most power is captured when the tip speed ratio is held
constant at its optimum value (typically 6 to 8). That is, as wind speed increases,
rotor speed increases proportionally. The difference between the aerodynamic
torque captured by the blades and the applied generator torque controls the rotor

speed.

The yaw system of wind turbines is the component responsible for adjusting of
the orientation of the wind turbine rotor with respect to the wind direction.
Another, less common, method of power control is to use the yaw system to face
wind turbine at an angle with wind at high wind speeds to reduce the output
power. Using yaw mechanism as a power control system is not efficient and

increases unbalanced aerodynamic load on blades.

With the increasing size of modern wind turbines, blade load alleviation has
become the main challenge for large wind turbines (Nijssen, 2006; Johnson,
2008). In addition to the conventional control methods, many advanced

technologies have been investigated for the purpose of power control or load
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alleviation, amongst them adaptive blades, trailing edge microtabs, morphing
aerofoils, ailerons, trailing edge flaps and telescopic blades.

Most of the early attempts for loads alleviation were relied on pitching the blades
to feather to reduce the power output and loads. NorthwWind 4kwW (Currin, 1981)
had a system for passively adjust in the blade pitch for both power and load
control. Hohenemser and Swift (1981) studied a design for alleviating the high

loads due to yaw control by cyclic pitch adjustments.

Microtabs were described by Baker and Mayda (2005), Chow and van Dam
(2007) as small aerodynamic control surfaces with deployment height of order of
magnitude of one percent of local chord length. Microtabs work for aerodynamic
loads alleviation by fixing these small surfaces close to the trailing edge of the
blade. Microtabs have been shown to be effective in alleviating high-frequency

loads caused by wind turbulence.

Morphing technologies are currently receiving significant interest from the wind
turbine community because of their potential high aerodynamic efficiency, simple
construction and low weight. The concept of morphing is that a blade adapts its
geometry to changing flow conditions by changing its shape (Stuart et al, 1997,
Farhan & Phuriwat, 2008; Barlas & van Kuik, 2010). The morphing concept
includes a wide spectrum of shape adaptations, such as variation in camber of the
aerofoil, blade twist, blade span, plan form area of blade and segmented span

element.

Aileron is another active device and the concept of aileron is borrowed from
aerospace industry. It has been used for aerodynamic breaking in the past. Results
of a recent research on ailerons via simulating the behaviour of a wind turbine in
turbulent wind indicates that aileron load control can assist in power regulation
and reduce root flap bending moments during a step-gust and turbulent wind
situation (Migliore, 1995; Stuart, 1996; Enenkl, 2002).

Trailing edge flap follows the same principle as aileron, but by deflecting the

trailing edge portion of the aerofoil to change the aerodynamic characteristics of



the blade in high-wind conditions and turbulent wind (Troldborg, 2005; Buhl &
Guwiaa, 2005; Andersen, 2006). Compact trailing edge flaps made of smart
materials is another concept under investigation for load alleviation. Results of a
recent research demonstrate large reduction (50 -90%) in vibratory load (Barlas &
van Kuik, 2010).

Variable length blades are fitted with a tip that automatically extends outwards in
response to light winds and retract in stronger winds. This action allows higher
energy capture in low wind conditions, while minimising mechanical loads in
high wind conditions (DOE, 2005; GE Wind Energy, 2006; Pasupulapati et al,
2005; Shrama & Madawala, 2007).

Among nonconventional control approaches, adaptive blades, as another advanced
technology for power enhancement and loads alleviation, are investigated in this

project.

1.3 Adaptive Blades: Control Concept

Karaolis (1988, 1989) and later Kooijiman (1996) and Lobitz and Veers (1996)
suggested the shift from the conventional control methods by aeroelastic tailoring
of fibre reinforced composite blades. In adaptive blades, a controlled and limited
torsional deformation is produced because of elastic coupling in the blade, it
responses to changes in wind speed. This approach, also known as smart blades,
employs the blade itself as the controller to sense the wind velocity or rotor speed
variations and adjust its aerodynamic characteristics to affect the wind turbine

performance.

Blade aerodynamic performance is highly under influence of the angle of attack
along its span. The angle of attack depends on the inflow angle, pre-twist, elastic
twist and the pitch angle as expressed by Equation (1.1) and shown in Figure
(1.2).

a=gp—p, ~p, - pitch (L1)



Inflow angle (¢) depends on wind turbine run conditions (i.e. wind speed) which

is out of the control, thus it cannot be treated as a controlling parameter. Pre-twist
also is fixed because it has been embedded in the blades geometry in the blade
design process. For pitch angle, it can be fixed or actively controlled depending

on whether the pitch control system is applied or not. In adaptive blades, it is

intended to treat the elastic twist (5,) as a controlling parameter affecting the

angle of attack passively in response to changes in aerodynamic forces.

o=~ (P, + f, + pitch)

o > Angle of attack
¢  Inflow angle

B, : Pre-twist
B, : Elastic coupling induced twist
pitch : Pitch angle

Figure 1.2-Flow kinematics diagram at a typical span location r

In conventional wind turbine blades, the elastic twist is due to pitching moment
only and has little effect on the blade aerodynamic performance. In order to treat
elastic twist as a controlling parameter, its effect should be magnified by making
it a stronger function of aerodynamic or centrifugal forces, which have
significantly higher values compared to the pitching moment. This is achievable

by two methods as explained below.

1.4 Adaptive Blades: Sweptback Type

Geometric type adaptive blades, rather than a straight axis have a distinctive
gently curving tip or sweep with curvature towards the trailing edge.
Theoretically, this increases the pitching arm of the outer parts of the blades
producing higher pitching moment. This, consequently, allows the blade to
respond to changes in aerodynamic forces, for example, due to wind turbulence.



Aerodynamic forces applied to this curved profile generate twist, which further
affects the dynamic performance of the blade. In nature, a similar sweep profile
can be seen in the wing shape of birds and in the characteristic profile of cetacean
tails and dorsal fins. Knight and Carver group (Ashwill, 2010) developed a sweep-
twist adaptive rotor blade with reduced operating loads for Sandia National
Laboratories, in order to seek for a larger and more productive rotor blade. They
successfully designed, fabricated, tested and evaluated this prototype blade
through laboratory and field tests. It showed that this sweep-twist blade met the
engineering design criteria and economic goals for the program. The effort
demonstrated that the sweep-twist technology could improve significantly greater

energy capture about 5%-8% without higher operating loads on the turbine.

1.5 Adaptive Blades: Elastically Coupled Type

Composite laminates can be designed to exhibit unique structural responses that
which are not possible with isotropic materials. Specific layup configurations
produce various elastic couplings. Figure (1.3) is a simple illustration showing
how using unbalanced configurations in a blade skin makes the internal forces
elastically coupled. As shown in this figure, different layup configurations can be
used to achieve different types of couplings. A mirror layup generates bend-twist
coupling in which the bending moment also produces the torsional deformation. A
helical layup makes the blade a stretch-twist coupled structure in which the axial
load produces the torsional deformation. By implanting bend-twist or stretch-twist
elastic coupling in a blade, the elastic twist becomes a function of the
aerodynamic forces (lift and drag) or axial forces (weight and centrifugal inertia
forces). That is, we can have a significantly higher elastic twist depending on
wind speed, rotor speed and blade azimuth position. This twist is also called
induced twist, as it is the result of the induced torsional deformation due to

implanted elastic coupling in the blade.

Different levels of elastic coupling can be achieved in the blade by changing the
ply angle in the layers. For helicopter blades and small wind turbines with fast
rotor speed, the centrifugal forces are dominated, thus it is suitable for stretch-

twist. Conversely, bend-twist is suitable for large wind turbines because the rotor



speed is slow and the bending moment will be dominated compared with

centrifugal forces.

The term adaptive blade in this project refers to the second type: elastically

coupled adaptive blades.

Upper surface  UPper surface

Lower surface
Lower surface

O o o,
i 4‘ '1
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Helical lay-up ’ Mirror lay-up
Stretch-Twist Bend-Twist coupling

-

Figure 1.3- Two types of elastic couplings: stretch-twist and bend-twist

1.6 Wind Turbine Adaptive Blades, a Concept Borrowed from

Helicopter Industry
Modest blade twist produced by the elastic coupling implanted in the blade itself
without any additional mechanisms or devices has been investigated in helicopter
industry long time ago. The earliest studies by Hong and Chopra (1985) and then
Panda and Chopra (1987) on the aeroelastic behaviour of composite blades
showed that the elastic couplings could have a powerful influence on aeroelastic
stability, blade stresses and loads. Smith and Chopra (1991) and later Chandra and
Chopra (1991, 1992) used Vlasov theory to extend composite blade modelling to
include composite beams of arbitrary sections, including open sections and closed



multi-cell sections. These models were integrated into a comprehensive
aeroelastic code (Bir et al, 1990) and used as a starting point for all the subsequent
investigation on the aeroelastic tailoring of helicopter blades. Friedman et al
(1992) were also involved in the development of an aeroelastic tailoring capability
for composite straight and swept-tip blades and demonstrated that elastic
couplings can significantly influence rotor vibration and stability. Ganguli and
Chopra (1993, 1994) were the first persons to apply a systematic optimisation
approach to composite tailoring of helicopter blades. The analytical formulation
of sensitivity derivatives, a key step in the optimal tailoring process, was extended
to cover composite blades. Ganguli and Chopra (1997) extended aeroelastic-

tailoring research to simultaneously minimise both hub and blade loads.

Jeon et al (1998) investigated the aeroelastic instability of a composite rotor blade
in a hover using a finite element method. The results showed that the instability
of the blade was significantly improved.

Buter and Breitbach (2000) investigated effect of actively controlled tension-
torsion-coupling of the blade structure by integrating actuators within the
helicopter blade. It was shown that this method has high potential in suppressing

noise, reducing vibration and increasing the overall aerodynamic efficiency.

1.7 Potentials of Adaptive Blades for Increasing Power Output

The earliest investigations of adaptive blade in wind turbines by use of
asymmetric fibre reinforced laminates for active and passive aeroelastic power
control was introduced by Karaolis et al (1988, 1989). They illustrated how to
achieve power control by such smart blade and even provided optimum composite

ply structures to provide maximum coupling.

Weber (1995) proposed the implementation of torsional deformation or bend-twist
coupling mechanisms in future blade design both in relation to power

performance and stability aspects is very useful for larger wind turbines.

Kooijman (1996) studied the bend-twist coupling in details. He showed that the
bend-twist coupling created at outer 60% of the blade span by a hybrid laminate
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lay up of carbon and glass epoxy, can give a potential increase in annual energy
yield of several percentages.

Lobitz et al (1996) also investigated bend-twist coupling effects on annual energy
production of a nominally 26-meter diameter stall regulated turbine by using
PROP software (Tangler, 1987) and answered the question “How much energy
production can be gained by adaptive blades twisting to stall”. In this work, the
blades were assumed to twist to stall, reducing maximum power. The rotor
diameter was then increased to bring maximum power back up to the initial level.
Induced twist was prescribed as a function of wind speed and spanwise location
on the blade in either a linear or quadratic fashion, as well as twist proportional to
power was used. These twisting scenarios promoted stall in such a way to capture
extreme energy can be instead by extending the blade length, without an increase
in maximum power output. It was discovered that the details of spanwise variation
(or how the twist varied with wind speed or power) had only minor impacts. The
twist-coupled blades increase power in the important middle-range of wind speeds,
while power in high winds remains the same. Annual energy was increased by
about 5% for one-degree tip twist and for two degrees, about 10%. This study
also suggested that those substantial increases in annual energy capture could be
achieved if the blades can be made to twist towards stall with increasing applied
load. The twisting schedule and the average wind speed are not crucial to
achieving a significant increase in annual energy capture. It should be noted that

their assumptions was challenged later in 2010 (Maheri & Isikveren, 2010).

Eisler and Veers (1998) carried out research on the potentials of adaptive blades to
enhance the performance of horizontal axis wind turbines. They investigated
whether enhanced stall regulation can achieve substantial benefits in a fixed-pitch,
variable-speed rotor by a gradient-based parameter optimisation method without
increasing the blade size. The results showed that adaptive pitch changes can
compensate for constrained rotor speed operation in the regimes covered in their

study to improve average annual power output.
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Maheri et al (2006a) developed an algorithm for modifying an ordinary blade into
a bend-twist adaptive blade, showing potential benefits of utilising adaptive
blades on stall regulated wind turbines. They continued by carrying out an optimal
design of the topology of an adaptive blade using a genetic algorithm (Maheri et
al, 2007). The results showed a significant improvement in the energy capture
capabilities of a stall-regulated wind turbine. They also showed the adaptability
of the bend-twist adaptive blades not only makes the blades more efficient but
also allows designing longer blades optimally without changing the design rotor

speed.

Rachel (2007) and Nicholls-Lee (2009) have even applied the torsion coupling
design idea of wind turbine to the design of tidal turbine blade as to improve the
annual power capturing capability of the tidal turbine, approaching the Betz limit.
The research showed that the adaptive blades of tidal power generation could also
improve the annual power capturing capability, as well as reduce the load-

carrying capability to enhance the reliability of the blade.

1.8 Potentials of Adaptive Blades for Load Alleviation

Lobitz and Laino (1999) examined the effects of bend-twist coupling on
alleviation of aerodynamic loads by use of ADAMS-WT, AeroDyn (Hansen,
1998), and SNLWIND-3D (Kelley, 1993) software. The results showed that for
lower fatigue damage estimates for twist towards feather, maximum loads
decreased modestly and average power increased due to elevations in the power
curve in the stall region. Moreover, extra test was carried out by altering the pitch
angle for a bend-twist (towards to feather) coupling blade to bring the power
curve into agreement with that of the uncoupled blade. They discovered that
fatigue damage levels remain at the same reduced levels while differences in
maximum load and average power are reduced. Results also showed that twist
toward stall produces significant increases in fatigue damage and instability of
structure, and for a range of wind speeds in the stall regime apparent stall flutter
behaviour was observed. There was evidence in the power curve that pitching the
bend-twist coupled blade may reduce overall energy capture. However, they

suggested that twist-coupled blades should be carefully designed to minimise this
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reduction. In addition, the use of coupling along with active turbine power control
could better take advantage of the increased energy capture while maintaining the

fatigue load mitigation.

A further investigation was carried out by Lobitz et al (2001) for load mitigation
with bend-twist blades by using modern control strategies. In their report,
ADAMS software was used to undertake the simulation. The twist coupling
coefficient for the blades was set at a = 0.6 (twisting toward feather), and the
blades were pre-twisted toward stall to match the constant speed power curve for
an uncoupled blades. Three different strategies namely, constant speed stall-
regulated, variable speed stall regulated, and variable speed pitch-controlled were
employed. Turbulent wind simulations were made for testing fatigue effects. In
most cases, significant fatigue damage reductions (20-80%) were exhibited by the
twist-coupled rotor. For the constant speed and variable speed rotors that
employed stall-control, significant damage reductions were observed at the higher
material exponents for the 8 m/s average wind speed where the rotor operates
primarily in the linear aerodynamic range. For the variable speed pitch-controlled
rotor, significant reductions were observed at the higher wind speeds as well due
to its ability to continue to operate in the linear aerodynamic range even at the
higher wind speeds. For this bend-twist blade, substantial fatigue damage
reductions prevail for the rotor in variable speed operation as in the case for
constant speed, and with no loss in power output. Maximum loads for the bend-
twist blades were also reduced, especially for the variable speed pitch-controlled
one. For the variable speed pitch-controlled rotors, elastic coupling would
substantially decrease fatigue damage as well as the maximum loads over all wind

speeds without reducing average power.

1.9 Static and Dynamic Stability of Adaptive Blades

Whenever the wind turbine blade becomes aeroelastically “active,” that is, the
elastic deformations play a role in the aerodynamic loading, dynamic stability will
be affected. Lobitz and Veers (1998) addressed two of the most common stability
constraints, namely flutter and divergence. Flutter is the condition where the

phasing between the aerodynamic load fluctuations and elastic deformations are
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such that a resonant condition is achieved. Every wing will have a flutter
boundary at some speed; for wind turbines, the boundary is defined at the
rotational speed (typically determined in still air) at which the blade will flutter.
The stability margin is the difference between the flutter speed and the normal
operating speed. Divergence is a quasi-static condition where the blade twists in
response to increasing load in a direction that further increases the load. If this
condition exists on a blade, there will be an operating speed at which the increase
in loads caused by the deformation exceeds the ability of the blade to resist the

load, called divergence.

Kooijman (1996) reported that in case of producing induced twist towards stall,
the dynamic stability of the blade is reduced, while twist towards feather improves
the blade stability.

Lobitz and Veers (1999) also investigated the aeroelastic behaviour of bend-twist
adaptive blades. They noted that when the bend-twist elastic coupling was
introduced into the blade design, it influenced the aeroelastic stability. This
stability was investigated by classical flutter and dynamic divergence as a
function of the coupling coefficient. For flutter, the first torsional mode showed
that the damping coefficient is increasing with rotor speed before they fall off to
negative values which indicate instability and showed extreme coupling
coefficient (toward to stall) would make rotor speed have broad range. It also
denoted that divergence occurs at lower rotor speeds as the coupling coefficient
increases (toward to stall), with the coupling coefficient decreasing to negative
(toward feather), it is increasingly difficult to get the blade to diverge. However, it
would make the blade flutter easily. This investigation showed that the bend-twist
blade is less stable when it twists toward to stall due to the divergence caused by
the increasing aerodynamic loads. Conversely, the blade is less stable toward to

further due to flutter.

1.10 Implementing Elastic Coupling in Adaptive Blades
Although there are potential benefits from aeroelastic tailoring, it does not mean

that the blades can be manufactured to produce the necessary coupling. There are
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limits to the amount of coupling that can be achieved with asymmetric fibre
layups. The best direction and the maximum coupling are a function of the fibre
and matrix properties. Karaolis et al (1988, 1989) figured out the best
combinations of two direction layups to maintain strength and produce twist
coupling in an aerofoil shape. The results indicated that the best coupling could be
achieved with the off-axis fibres oriented at about 20 degrees to the longitudinal
axis of the blade. Kooijman (1996) also recommended 20 degree reinforcement,

suggested that the coupling is maximised by avoiding 45 degree layups in the rib.

Tsai and Ong (1998) indicated that stiffer fibre materials would result in the
higher coupling levels, with maximum coupling for flat plates, the coupling
coefficient is below 0.8 for a graphite epoxy system and coefficient is below 0.6
for a glass-epoxy system. The carbon system achieves maximum coupling with all
the fibres at about 20 degrees to the axis of bending while the glass maximum is at
about 25 degrees. These theoretical maxima, however do not account for the need
for off-axis strength and toughness nor do they apply directly to cross sections
other than flat plates. Tsai and Ong (1998) also obtained the same result for the D-
spar shape. Their results indicated that graphite-epoxy D-spar have maximum
couplings around coupling factor of & = 0.55 while glass-epoxy D-spar around
a = 0.4. Interestingly, hybrid glass and graphite layups, using the graphite to get
the coupling and the glass to provide the off-axis strength, do just as well as all

graphite.

Manufacturing process will depend on the type of coupling to be produced. Fibre
winding is well suited to producing stretch-twist coupling in a spar while clam-
shell construction with the top and bottom skins manufactured separately is best
suited to bend-twist coupling.

1.11 Adaptive Blades Integrated Design

Maheri (2006b) showed that simulation of wind turbines utilising bend-twist
adaptive blades is an iterative coupled-aero-structure process. Because of this, the
traditional design methods for conventional blades are not applicable to the design

of bend-twist adaptive blades.
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In simulation of the aerodynamic performance of a wind turbine with ordinary
blades, only the aerodynamic characteristics of the blades are involved. Therefore,
the aerodynamic design of ordinary blades can be performed without direct
participation of the material properties and structure configurations of the blade.
The aerodynamic and structural design phases of traditional wind turbine blades
take place sequentially. In case of adaptive blades, for aerodynamic simulation of
wind turbine, structural characteristics of the blade must be also known.
Therefore, the aerodynamic and structural design phases are integrated in nature
(See Figures (1.4) and (1.5)).

Lobitz and Veers (1999) showed that an induced twist at the tip of the blade as
small as one degree could have significant effect on the performance of wind
turbine. Therefore, the evaluation of the induced twist accurately becomes the
main concern in analysis and design of adaptive blades. Maheri et al (2006c,
2006d, and 2007b) developed a standalone software tool for aero-structure
analysis of adaptive blades. Aiming at minimising the computational time, while
maximising the accuracy of the structural analysis, they developed a wind turbine
simulator with a built-in FEA-based structural analyser and an adaptive mesh
generator. In a further step towards reducing the computational time, they
developed a hybrid analytical/FEA method for simulation and design of adaptive
blades (Maheri et al, 2007c, 2007d). This approach brings in the induced twist
distribution and the flap bending moment at the hub of the blade predicted via a
FE-based structural simulation at a reference run condition of an adaptive wind
turbine to define the wind turbine performance at other run conditions. Running a
FE-based structural analysis only once thus, this method reduces the
computational time significantly and makes the aerodynamic simulation of bend-

twist adaptive blades more efficient.

Further work on integrated design of adaptive blades using FE-based methods can
be seen in Maheri (2012) and Nicholls-Lee (2013). Nicholls-Lee et al (2013)
developed a fluid-structure coupled tool for the design of passively adaptive,
composite horizontal axis tidal turbine blades. The structural analysis was carried
out by FEA and it was coupled with a fluid dynamic model for performance a full
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fluid-structure interaction analysis. The results compared well to the previous

studies by Nicholls-Lee and Turnock (2007), and indicated that decrease C; and

an increase Cp,, , that could be achieved using properly designed bend-twist

coupled blades.
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Figure 1.5-Adaptive blade integrated design process (Maheri, 2007a)

1.12 Adaptive Blades Decoupled Design

Maheri et al (2007a) argued that integrated design of adaptive blades using FEA-
based structural analyser is inefficient. They pointed out that performing a
coupled aero-structure design process for adaptive blades has two main
drawbacks. Firstly, simulation of wind turbines with bend-twist adaptive blades is
a CAS process, in which in order to obtain reliable results for the induced twist of
the blade, the structural analyser must be based on FEA. Employing a FE-based
code, as a part of a design objective evaluator, makes the aerodynamic objective
evaluation very time consuming. Secondly, in aerodynamic objective evaluation
part, in addition to the aerodynamic parameters many structural and material
parameters are also involved in. This increases the number of parameters
producing the design space and consequently the number of required evaluations

grows exponentially.

Decoupled design approach (Maheri, 2007a) was based on the concept of
“variable state design parameters” (Maheri, 2008). In the decoupled design
approach, the induced twist is considered as an aerodynamic design variable

whilst its dependency on the structural characteristics of the blade is taken into
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account by imposing a proper constraint on the structure design. It separates the
aerodynamic design from structural design by treating the inducted twist as a
variable state design parameter. The main advantage of this method is the
significant reduction in evaluation time by replacing a FEA-based coupled-aero-
structure simulation in the aerodynamic objective evaluation by a non-FEA-based
coupled-aero-structure simulation. Maheri et al (2009) also developed a GA-based
optimisation tool particularly designed for decouple design of adaptive blades.
This design method, at its status, could be used to design adaptive blades with

non-varying structural characteristics along the span of the blade.

1.13 The Overall Aim and Objectives of the Present Research

Maheri et al (2007a) suggested that two approaches could make a design process

efficient and practical:

= To run an integrated design process by employing an efficient and robust
structural analysis tools. It is well recognised that in interdisciplinary
problems, an integrated design, where possible, provides superior results
compared to sequential design methods. However, as mentioned
previously, using FEA-based structural analysers makes the integrated
optimal design of adaptive blades very time-consuming and therefore
inefficient. Using analytical beam models instead of FEA-based analysis
saves time and makes the analysis computationally efficient. However,
none of the available beam models have been claimed or shown to be
accurate enough for our purpose here. In order to make integrated design
of adaptive blades practical, a robust structural analysis tool based on an
accurate beam model for thin-walled, multi-cell, non-uniform composite
beams is required.

= To decouple the coupled-aero-structure design. Decoupled design method
has been shown to be highly efficient in design of adaptive blades.
However, more investigation must be carried out to develop models in
which the effect of the spanwise variations of the shell thickness and fibre

angle are taken into account (Mabheri, 2010).
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Aim: The overall aim of this project is to develop efficient and robust tools and
methods for optimal design of wind turbine adaptive blades.

In order to achieve the overall aim of this project the following objectives are
defined:

Objective 1: To develop a general thin-walled composite beam model that is
suitable for deformation analysis for beams with arbitrary lay-ups, no uniform
cross-section, and single/multi-cell cross-section under various types of loadings.

The accuracy of the beam model must be verified.

Objective 2: To develop a set of auxiliary software tools for defining structural/
material characteristics of adaptive blades and interfaces to the in-house

aerodynamic performance simulator and design optimisation packages.

Objective 3: To extend the application of the decoupled design method and using
this extended method for design of adaptive blades with spanwise varying

structural characteristics.

In order to expand the application of decoupled design a search platform
correlating the structural behaviour of adaptive blades to their structural/material
characteristics is required. The beam model from Objective 1, developed for
integrated design, can be used to produce a search platform for enhancing the
models used in the decoupled design method.
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2 A Beam Model for Deformation
Analysis of Multi-cell Thin-Walled

Unbalanced Composite Beams
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2.1 Introduction

In adaptive blades design process, in cooperation with structural analysis by use
of FEA based software is highly time-consuming and inefficient as mentioned
before. That is, however, the only method currently available for accurate
deformation analysis of thin-walled composite beams.

On the other hand, wind turbine rotor blades, as high-aspect-ratio structures, can
be modelled as thin-walled closed beams and thus owns much simpler governing
equations compared to massive bodies, plates and shells. To take the advantage of
this geometric feature without loss of accuracy, one has to capture the behaviour
associated with the eliminated two dimensions (the cross sectional coordinates).
Classical thin-walled beam theories can be found in pioneering monographs
Umansky (1939) and Vlasov (1940, 1961).

Fibrous composite materials as anisotropic materials have been broadly used in
civil and aerospace engineering, so far, numerous number of thin-walled
composite beam models have been proposed through various methods during the
past two decades. These models, however, usually put some constraints, which
partly model thin/thick-walled composite single/multi-cell beams with uniform

cross-section or only for simple geometries.

This is mainly due to non-classical effects in thin-walled composite beams, such
as restrained warping, transverse shear effect, 3-D strain effect, and non-uniform
shear stiffness. These effects have been identified as having significant influences

on the prediction accuracy of the beam models.

This chapter is devoted to the development of thin-walled composite beam model
for deformation analysis of wind turbine adaptive blades as thin-walled composite
beams. Following this introduction, Section 2.2 elaborates on different beam
theories, which have been developed recently. Section 2.3 introduces basic
definitions, including different elastic-coupling topologies that can be used for
adaptive blades and the definition of different systems of coordinates used for
driving equations. The 2.4 and 2.5 sections give the details of the beam model for

single-cell and multi-cell unbalanced composite beams. In Section 2.6, the
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evaluation of the model is carried out for cases: box-beams made of isotropic
material, single-cell box-beam made of unbalanced composite materials, and
adaptive blades with single/multi-cell. The predicted results are compared with
theoretical (where available), experimental (where available) and numerical

results.

2.2 Structural Analysis of Unbalanced Thin-Walled Composite

Beams
Thin-walled beam models can be classified into two classes. The first class is
concerning the so-called free warping of the cross-section in which warping
(including primary and secondary warping) refers to the displacement of the
cross-section out of its flexural plane without boundary constraint at both of ends.
The second class is concerned with constrained warping of the cross-section that
occurs when the ends of the beam are prevented from warping displacement by
boundary conditions. Constrained warping effects are significant in short beams
or in narrow boundary layers at the ends of long beams where the kinematic

restraint is imposed.

The problem of thin-walled composite beam under free or constrained warping
can be analysed by either stiffness (also called displacement formulation) or
flexibility (also called stress formulation). The stiffness method is based on a
suitable approximation to the displacement field of the beam cross-section, then
the assumed displacement field is used to compute the strain energy of the beam,
and the beam stiffness relations are obtained by introducing associated energy
principles. The stiffness method is quite straightforward and easy to apply.
However, the warping component of the axial displacement is pre-assigned
independent of material properties, thus the drawback of the displacement
formulation follows from that of the shear flow (resultant shear stress tangent to
the contour) and is found from the constitutive equation and is proportional to the
shear stiffness of the laminate. This restricts the application of this formulation to
a beam whose shear stiffness does not depend on the contour coordinate, or to

beams with slowly varying shear stiffness in the contour coordinate.
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In contrary to the displacement method, the stress formulation method is well
known for isotropic beams and then is extended to composite beams by Vasilier
(1993). In this method, the shear flow is determined from an equilibrium equation
by integration, and the wall stiffness can vary along the cross-sectional contour
and the associated warping directly from the equilibrium equations of the shell
wall. Thus the flexibility method provides a systematic method to determine the
warping functions and generally leads to better correlation with experimental test

data and then leads to a closed-form solution and suitable for design problems.

The beam element method, another effective approach to solving the problem of
composite beams, has been widely used due to its versatility and efficiency. The
other methods of beam analysis such as variational asymptotic beam section
analysis (VABS) (Cesnik & Hodges, 1997) and stiffness and flexibility mixed

method and other form of formulation are also reviewed as follows.

2.2.1 Stiffness Method

The stiffness method has been used by many researchers, among them, Rehfield et
al (1990), Smith and Chopra (1991), Chandra and Chopra (1992), Kim and White
(1996, 1997), Bhaskar and Librescu (1995), Song (1990), Song and Liberscu
(1993, 1997), Liberscu and Song (1991, 1992) and Qin & Librescu (2002),
Liberscu & Song (2006). The earlier work with the contour-based cross sectional
analysis methods was conducted by Vlasov (1961) and Gjelsvik (1981). They
presented an isotropic beam theory identified with plate segments of the beam.
The plate segment displacements were related to the generalised beam
displacements through geometric considerations, where the plate stresses were
connected to the generalized beam forces via the principle of virtual work. In
addition, this theory was lately employed by other authors to calculate potential

energy for thin-walled composite beams.

Smith and Chopra (1991) employed a stiffness-based approach that took into
account only the membrane part of the shell wall to obtain a 6 by 6 stiffness
matrix and the bending shell measures were neglected in their analysis. Chandra

and Chopra (1992) developed the closed form solutions for uniform I-beams
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under torsional moment and tested against experimentally determined results. The
study showed that unlike isotropic beams, composite beams with large aspect
ratios are strongly affected by warping restraints. They also incorporated the
warping restraint effects in their displacement-based formulation by extending the
Vlasov (1961) theory to thin-walled composite beams with two-cell sections, in
constitutive relations, the in-plane strain and curvature were assumed as zero in

the shell wall.

The first refined thin-walled beam theory based on Extended Galerkin Method
(EGM) originally was developed by Song (1990) and Librescu and Song (1991)
without considering 3-D strain effect and non-uniform of membrane shear
stiffness along the mid-line contour in that model. However, for the walls
composed of different layups leading to different shear stiffness, and then the
assumption of uniform shear stiffness along section contour is no longer valid.
Then the beam theory was modified by Bhaskar and Librescu (1995) to account
for non-uniform shear stiffness for geometrically non-linear beam theory based on

previous refined thin-walled beam theory.

The non-uniform membrane shear stiffness and the 3-D strain effect demonstrated
by Smith and Chopra (1991), Bhaskar and Librescu (1995), Kim and white (1996,
1997), Wu and Sun (1992), Jung, Nagaraj and Chopra (2002), have a significant
effect on static response predictions. Within the framework of an existing
anisotropic thin-walled beam model by Song (1990) and Librescu & Song (1991),
Qin & Librescu (2002) developed a shear-deformable beam theory based on the
Extended Galerkin Method (EGM). They also investigated the non-classical
effects such as 3-D strain effect, non-uniform shear stiffness effect and shear
deformation effect on the static responses and natural frequencies of composite
thin-walled beams. This work is the first attempt to validate a class of refined
thin-walled beam model.

Kim and White (1996, 1997) developed an analytical method by setting up forces
equilibrium of cross-sections to account for 3D elastic effects for both thin- and

thick-walled composite box-beams considering transverse shear effects and
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primary and secondary torsional warping by equilibrium of section forces. The
results showed that this method can predict twist and coupled twisting
deformations of box-beam accurately considering primary and secondary warping
effects, also showed that the contribution of the secondary warping was small for
a thin-walled box beam. However, secondary warping became significant as the
thickness of the beam wall increased. Both primary and secondary warping tended

to decrease torsional and torsion-coupled beam stiffness.

Librescu and Song (2006) systematically summarised previous works (Librescu &
Song, 1991, 1992, 1993, 19964, 1996b, 1997, 1998a, 1998b, 1998c, 1998d, 2000,
2001, 2003; Song & Librescu, 1990, 1993) and also employed research results
from other authors about thin-walled composite beams, and developed a set of
thin-walled composite beam theories. In their work, the focus was on the
formulation of the dynamic problem of laminated composite thin- and thick-
walled, single-cell beams of arbitrary cross-section and on the investigation of
their associated free vibration behaviour. At present, the basic of refined beam
theory has been extensively used for the study of dynamic response, structural
feedback control and static aeroelasticity considering a number of non-classical
effects such as non-uniform shear stiffness along contour, shear deformation,

warping constraint, second warping effect etc.

Kim et al (2006) developed a numerical method to evaluate the exact element
stiffness matrix for the thin-walled open-section composite beams subjected to
torsional moment. Through introducing Vlasov’s assumption and the equilibrium
equations and the force—deformation, relations are derived from the energy
principle. Applying the displacement state vector consisting of 14 displacement
parameters and the nodal displacements at both ends of the beam, the
displacement functions are derived exactly. This systematic method determines
Eigen modes corresponding to multiple zero and non-zero Eigen values and
derives the exact displacement functions for displacement parameters based on the
undetermined parameter method. The exact element stiffness matrix may be easily
determined using the member force—deformation relationships. Through the
numerical examples, it demonstrated that the results by this study using only a
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single element have shown to be in an excellent agreement with the closed-form

solutions, the finite element solutions and the results by ABAQUS shell elements.

Furthermore, Kim and Shin (2009) used the same method for thin-walled
composite beams with single- and double-celled sections by introducing fourteen
displacement parameters. Consequently, it was judged that the present numerical
procedure provides a simple but efficient method for not only the numerical
evaluation of exact stiffness matrix of thin-walled composite box beams but also
general solutions of simultaneous ordinary differential equations of the higher

order.

Lee, Kim and Hong (2002) studied the lateral buckling of a laminated composite
beam with doubly symmetric and mono symmetric I-sections by use of the
displacement- based finite element method. Maddur and Chaturvedi (1999, 2000)
modified first-order shear deformation theory considering shear deformation of
open profile section without violating the assumption of zero mid-plane shear
strain. And then, they simplified their theory for I-beams as a special case and
evaluated the rotation and warping deformations for cross ply laminated graphite
epoxy cantilevered I-beam subjected to only torsional load at free end based on
finite element procedure by using Lagrange interpolation function for the
geometric coordinate variables and Hermitian interpolation function for the

unknown functions.

Lee and Lee (2004) and Lee (2005, 2006) developed analytical models for
studying the flexural-torsional behaviour, without considering shear deformation
and flexural behaviour and with shear deformation consideration. They worked on
I-section composite beams with arbitrary laminate stacking sequence and solved it
by displacement-based finite element method through expressing the generalised
displacements as a linear combination of the 1-D Lagrangian interpolation
function for axial displacement and the Hermite-cubic interpolation function for

lateral displacements and twist angle.

Vo and Lee (2007) extended the open cross-section beam model generated by Lee

and Lee (2004) to a closed cross-section beam model subjected to vertical and
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torsional loads. This model was based on the classical lamination theory,
accounting for the coupling of flexural and torsional responses for arbitrary
lamination schemes without considering the shear deformation effect and a one-
dimensional displacement-based finite element method is employed. The results

showed that the assumption that stress flow in the contour direction vanishes

(o, =0) seems more appropriate than the free strain assumption in the contour

direction.

Vo and Lee (2008) improved their previous beam model by considering shear-
deformable effect and the results showed that the shear effects become significant
for lower span-to-height ratio and higher degrees of orthotropic of the beam.
Based on previous work (Vo & Lee, 2007, 2008, 2009a, 2009b, 2010a, 2010b,
2011, 2012) they developed geometrically nonlinear theory considering various

non-classical effects.

Shadmehri et al (2007) investigated the flexural-torsional behaviour of thin-
walled composite beams with closed cross-section based on the beam theory from
Librescu and Song (2006), they mainly investigated the effect of circumferentially
asymmetric stiffness (CAS) configurations on twist, deflection and natural
frequencies by a box-beam. Piovan and Cortinez (2007) developed a general
model for composite thin-walled beams derived by applying the linearised
principle of virtual works. Fatmi and Ghazouani (2011) developed a higher order
composite beam theory that can be viewed as an extension of Saint-Venant’s
theory. It is based on a kinematics built from the exact form of Saint-Venant
displacement.

Kim and Lee (2013) developed the improved torsional analysis of the laminated
box beams with single- and double-celled sections subjected to a torsional
moment by introducing 14 displacement parameters and solved by transforming
the higher order simultaneous differential equations into first order ones. It
showed that by this method, using a minimum number of elements would agree
well with the solutions using large number of beam elements by finite element

program.
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2.2.2 Stress Formulation Method

The stress formulation has been used by Johnson et al (2001) and Patil and
Johnson (2005). Johnson, Vasilier and Vasiliev (2001) developed a complete thin-
walled anisotropic beams theory with closed cross-sectional contours by use of
the flexibility method. The advantage of the stress formulation is the exact
satisfaction of the equilibrium equations and without introduction of assumptions
concerning the form of the warping function, then stress formulation provides
more accurate results for beams whose stiffness coefficients depend on the
contour coordinate. Patil and Johnson, (2005) extended the work of Johnson,
Vasilier and Vasiliev (2001) by including embedded strain actuation for cross-
sectional analysis of anisotropic thin-walled, closed section beams by using the

same method.

2.2.3 Mixed and Other Methods

Jung, Nagaraj and Chopra (2002); Jung and Park (2005a, 2005b) used a mixed
beam approach by combining both the stiffness and flexibility methods to analyze
the coupled composite blades with closed two-celled cross-sections. Jung, Park
and Shin (2007) based on their previous work a developed mixed beam theory to
analyse the elastically-coupled composite beams with closed cross-sections and
solved by using Hermite polynomials (FEA method). It was used to examine
rigidity of cross-section associated with elastic coupling. The analysis model
includes the effects of elastic couplings, shell wall thickness, torsion warping, and
constrained warping. The Reissner’s semi-complementary energy functional was
used to derive the beam force—displacement relations. Numerical results showed
the importance of shell bending measures were presented for coupled composite

box beams.

Loughlan and Ata (1995) solved constrained torsional response of the open-
section beams for Z and channel sections by simple engineering theoretical
analysis. Subsequently Loughlan and Ata (1997a) presented a simple analytical
procedure for determining the constrained torsional response of a cantilevered box

beams subjected to torque at the free end and the torsional and warping rigidities
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of the composite box sections were determined using the appropriate equivalent
engineering elastic constants of the individual thin-walled composite walls.

Loughlan and Ata (1997b) extended their theoretical approach to the torsional
analysis for thin-walled open-section composite beam. Some detailed attention
was paid to the effects of primary and secondary warping restraint on the torsional
response of open-section beams. Furthermore, Loughlan and Ata (1998a, 1998b)
developed an experimental test for purpose of understanding the constrained
torsional response of open-section and single-cell closed-section composite beams
and then examined the constrained torsional response by using the simple
engineering theoretical approach. It indicated that the shear flow due to primary
warping restraint in open-section beams plus the St. Venant shear flow serves to
equilibrate the applied torque on the beam. The warping shear flow in a closed-
cell box is completely self—equilibrating and thus the applied torque on the box is
equilibrated by the Bredt-Batho shear flow.

Swanson (1998) reviewed an existing solution for the problem of torsion of
orthotropic laminated rectangular bars and then extended to the case of laminated
cross sections with high aspect ratio by a set of formulas that are used to calculate
the stiffness and shear stress in torsion of laminated, orthotropic thin rectangular
sections. It showed that the specialization to thin sections is important, as it can be

applied to laminated rods with general open cross-sections.

Loughlan and Ahmed (2008) examined the structural performance of multi-cell
carbon fibre composite box beams when subjected to constrain torsional loading
by a simplified analytical procedure for determining the constrained torsional
response of a specific class of multi-cell carbon fibre composite box beams. The
resulting approach is shown to be able to predict the structural response of the
multi-cell composite beams with a considerable degree of accuracy and
comparisons between the theory and the results from finite element numerical

modelling.

Wu et al (2002) developed a set of calculation formulas, which are capable of

analysing the torsional behaviour of composite box-beam under torsional load
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without external restraint. This method was based on the theory of composite
laminated plates and was deduced by means of the free torsional theory of thin-

walled beams, which made the produce simple and practical.

Toutanji and Dempsey (2001) discussed the benefits of using FRP composites and
provided a theoretical model with stress expressions and circumferential stress
curves showing the interaction between the different stresses exerted on pipe
walls and the effects of FRP composite sheets on the circumferential stresses of

damaged pipe wall.

Cesnik and Hodges (1997) developed a method: variational asymptotic beam
section analysis (VABS), which partitions the model into 2D FE analysis of an
arbitrary cross-section and a 1D non-linear beam analysis and it has shown to be
quite accurate for stress/strain results. Latterly, Yu et al (2002) and Yu et al
(2005) validated this method, used this method for modelling initially curved,
twist composite beam, and set up a generalized Vlasov theory for composite

beams.

Ferrero et al (2001a) proposed an analytical theory based on variational
asymptotic method, which allowed the box beams to be dimensioned with
extreme accuracy and without using complicated calculations based on a weak
hypothesis on the field of deformation without considering warping effects.
Moreover, Ferrero et al (2001b) presented an analytical theory that enabled simple
identification of the stress caused by the twisting moment for a thin-walled

structure with mid-plane symmetry and available for warping definition.

Kollar and Pluzsik (2002) presented a beam theory for thin-walled open and
closed section composite beams with arbitrary layups that neglects the effect of
restrained warping and transverse shear deformation, and developed expressions

for the stiffness matrix.

Volovoi and Hodges (2000, 2002) developed closed-form expressions for the
stiffness matrix by using the variational-asymptotic approach. The shell bending

strain measures as well as constraint conditions were not taken into account in
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their literature. They used the variational-asymptotic beam approach to derive a 4
by 4-stiffness matrix and the zero hoop-stress-flow condition for the constitutive

relations was derived by asymptotic procedure.

Salim and Davalos (2005) derived a general solution for a fixed composite box
beam under tip torsional loads and investigated the effect of warping-torsion on
the torsional stiffness of the beam. In their paper, the transverse shear
deformations are included in the formulation in order to overcome the
overestimation of stiffness by the often assumption of negligible tangential stress,
the laminate resultant force and moment are instead set to zero. The analytical
model predictions agree closely with the experimental results and finite element

results.

2.2.4 Beam Models by Use of FEA Method

In addition to beam theories, many beam elements have been developed for
buckling, static and dynamic FEA of anisotropic, open and closed cross-section
composite thin-walled-beams with general stacking sequences and arbitrary states
of initial stresses and off-axis loadings. Stemple and Lee (1989) developed a FEA
method, which can be used to model combined bending, torsional and extensional
behaviour of composite helicopter rotor blades. The warping effects are
incorporated by assuming warping displacements superimposed over Ccross-
sections normal to the beam axis in the deformed configuration of a shear flexible
beam and the Newton—Raphson method was used to solve the non-linear
equilibrium equation resulting from the finite element approximation. This
method yielded accurate results but required too many degrees of freedom to be

practical for aeroelastic analysis.

Floros and Smith (1997) developed a finite element that was capable of modelling
the kinematic boundary conditions associated with mixed torsion to capture the
span-wise torsion-related warping restraint effects in composite 1-beam. Cardoso
et al (2009) developed a finite element model for structural analysis of composite
laminated thin-walled beams with geometrically nonlinear behaviour and torsion

warping deformation. Herein the structural discretisation was performed
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throughout three-dimensional two-node Hermitean finite beam elements, with
seven degrees-of-freedom per node. The influence of the lamina orientation on the
structural behaviour as well as on the critical load of composite laminated beams
has been studied. As one expected, the critical load of laminate composite beam is
strongly dependent on the lamina orientation, hence this orientation is a

fundamental parameter to these structures.

Back and Will (2008) presented a first order shear-deformable finite element for
the flexural and buckling analyses of thin-walled composite I-beams. Vo and Thai
(2011) developed three general geometrically nonlinear models for thin-walled
composite beams for open cross-section beam under vertical loading and torsion
loads, closed cross-section beam without considering shear deformation and
considering shear deformation effect under various types of loadings respectively.
In their models, a displacement-based one-dimensional finite element model that
accounts for the geometric nonlinearity was developed in these models. General
nonlinear governing equations were derived from the principle of the stationary
value of total potential energy and solved by means of an incremental Newton—

Raphson method.

As mentioned earlier, most of the above-mentioned beam models have been
developed for beams with simple cross sections, or are based on particularly
assumptions, which lead to inaccurate results when it is applied to a wind turbine

adaptive blade with multi-cell, variable spanwise geometry and unbalanced layups.

2.3 Definitions and Key Assumptions

2.3.1 Elastic Coupling Topology

As mentioned earlier in Chapter 1 and shown in Figure (1.3), mirror and helical
layup configurations on opposite surfaces of a fibre reinforced composite structure
produce bend-twist and stretch-twist elastic couplings. Figure (2.1) shows various
types of elastic-coupling topologies. Figures (2.1.a) to (2.1.d) show exemplar
locations on the cross section and Figures (2.1.e) and (2.1.f) show exemplar
locations along the span of the blade that can be used for implanting elastic

coupling. In Figure (2.1.a) the entire of the section of the blade is made of
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composite materials with unbalanced layup, while in Figures (2.1.b) to (2.1.d),
only part of the cross section is made of unbalanced layup. In Figure (2.1.e) the
entire of the blade is elastic coupled structurally, while in the blade of Figure

(2.1.1) only the inboard section is made of unbalanced layup.

-

(f)
_ "] Unbalanced layuqp [ ]Balanced layup

Figure 2.1-Examples of different elastic coupling topologies

2.3.2 Definition of Coordinate of Systems

The coordinate of systems required for analysing the kinematics of the beam,
namely, Cartesian (X—Yy—2) and orthogonal curvilinear (S—z-n), are shown in
Figure (2.2). In both coordinate systems, z-axis is defined along the axis of the

beam.
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h : Shell thickness

> X

Figure 2.2- Orthogonal curvilinear coordinate of system

The middle surface of thin-walled beams plays an important role and it is defined
as the locus of points with equal distances from the upper and lower surfaces of
the beam. The middle surface belongs to the class of cylindrical surfaces. The
straight lines lying on the middle surface parallel to the beam longitudinal axis are
the generators of this surface. The intersection of the middle surface with a plane
normal to the generators determines the mid-line of the cross-section contour.
Coordinates s and n are respectively, tangent to the middle surface in
anticlockwise direction with the origin conveniently chosen on the mid-line
contour and perpendicular to the middle surface with the origin on the mid-line
contour. The z-coordinate is identical with the z-coordinate of Cartesian system.
In order to distinguish between the points located on or off the mid-surface,

notations (x,y,z)and (X, Y,z) are used respectively.

The position vector of a general point located on the middle surface, r in
Cartesian system of coordinates is given by:

F(s,2) = X(S)i +Y(s)] +zk (2.1)
The position vector R of a general point off the mid-surface can be expressed as:

R(s,z) =F(s,z) + Ng, (2.2)
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Using Equations (2.1) and (2.2) one can set up the relationship between the
Cartesian and the curvilinear coordinate of systems. The unit vectors in n and s

direction, &, andg, , are related to the unit vectors in Cartesian coordinate system

by Equations (2.3) and (2.4):

dF dx(s)-  dy(s) -

= = 2.3

& ds ds ' ds J (23)

g —g xk = V) _0x6) 5 2.4)
ds ds

Figure (2.3) shows the origin of s-direction for different cases (no-web, one-web
and two-web cases). It should be noted that the ply angle & here is always
measured from the positive s -direction at first quadrant of curvilinear coordinate

of system.

Middle line

S,

SO
One web

S, S,

‘I Two ”’ Sy
Webs \

Figure 2.3-(x-y-z) and (s-z-n) coordinate of systems

2.3.3 Thin-Walled Beams: General Assumptions
Thin-walled beams are defined as slender structures whose distinctive geometric
dimensions are all of different orders of magnitude. Compared to the cross-

sectional dimensions, the thickness is very small and the beam length is
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significantly greater. Furthermore, thin-walled beams also can be classified by
geometrical features as double symmetric, single symmetric or general cross-

section, open or closed cross-section, straight or curved and straight or twisted.

In order to develop the thin-walled composite beam model, the following

assumptions, which are valid for case of wind turbine blades, are made:

= The shape of the cross-section and its geometrical dimensions remain
invariant in its plane. However, normal deformations are permitted to warp
out of their original planes. In case of wind turbine blades, the original
cross-sectional shape is always maintained un-deformed in its plane by
employing transverse stiffening members (webs). Webs are assumed rigid
within their plane but deformable normal to their own plane.
= The transverse shear strains are uniform over the beam cross-section.
= Thin-walled beams are considered only (primary warping considered
only).
= For geometrical linear theory, the displacements are assumed as
infinitesimal.
2.3.4 Reduced Constitutive Equation of Orthotropic Materials
The distinctiveness between usual isotropic beams and composite beams is laid on
the constitutive equation of elements of layers. In adaptive blades, unidirectional
fibre-reinforced composite laminate is used as the blade material because of its
special tailor characteristic for generating various elastic couplings. An
elementary cell of a unidirectional composite lamina can be treated as being made
of a fibre embedded in matrix with more than one layers. Thus, the material
behaves as an orthotropic material. Orthotropic materials have three mutually
orthogonal, symmetry planes. Compliance and stiffness matrixes are given in

principal reference system (1- 2 - 3), shown in Figure (2.4), by Equation (2.5).
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. 3/3

Fiber direction

Figure 2.4-Principal (1-2-3) and reference (1'-2'-3) coordinate of systems
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0 0 0 0
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C C C 0 0 0
c1rsqt | 13 €23 Ca3 26
R (26)
5
0
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Matrix [C] stands for the stiffness matrix. The entries of this matrix are given in

Appendix A.

To have layer properties along a different set of axes, the stresses/strains can be
calculated by employing the transformation tensor as given by Equations (2.7)
through (2.10).

{o'}=T(0Xo} (27)
'}=TO)H} (2.8)
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m2 n2 0 0 O 2mn
n2 m2 0 0 O -2mn
T(0) = 0 0 1 0 O 0
0 0 0 m —-n 0
0 0 0 n m 0
-mn mn 0 0 O m2—n2_
m2 n2 0 O mn
n2 m2 0 0 —mn
T(6) = 0 0O 1 0 O 0
0 0O O m —-n 0
0 0 0 n m 0
-2mn 2mn 0 0 O m2—n2_

(2.9)

(2.10)

Where y; =¢; for i=j and y; =2¢; fori= j. Here ¢; denote the axial strain

components. o', »',o, ¥ denote the stress and strain tensor in the primed and

un-primed reference system; and m = cos(8) , n =sin(@), where @ denotes fibre

angle between axis 1' and the principal axis 1 measured anticlockwise. The

stiffness matrix of an elementary cell of layer in the reference system (1'-2'-3) is

given by Equations (2.11) and (2.12).
[C]1=[T ()] "'[CIIT (6]

Ci1 Ci2 C13 0 0 Cip
Cl2 C22 C23 0 0 Co
=;_|C13 C23 C33 0 0 Czp
0 0 0 Cyg4 Cys 0
0 0 0 645 655 0

C16 C26 C3 O 0 Cog6|

(2.11)

(2.12)

The constitutive equation for an element in one layer of a laminate is expressed in

curvilinear system of coordinates by Equation (2.13). The entries of matrix [C]

are listed in Appendix A.
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oss| [C11 C12 C13 0 0 Clglfess
6| |C12 Clp Chz 0 0 Clog |z

om|_[C13 C23 C33 0 0 Clgllen (2.13)
Tzn 0 0 0 Clyq Cys 0 |lvg
Tns 0 0 0 Cy Cs5 0 |lrpg

5] |C16 C26 C36 O 0 Clopl7sz

Beam cross-sections are rigid without deformations in cross-section plane - one of
the basic beam assumptions made in Section 2.1.3- leads to the fact that the

stresses o

ss?

o.,and 7. can be neglected (or o =0, =7, ~0). Equation (2.13)

is thus reduced to Equation (2.14):

Gzz é‘11 ClZ 0 gzz
z-zs = 12 C22 0 7/25 (2 ' 14)
n J g O O C33 K j/zn k

The entries of the reduced stiffness matrix are also given in Appendix A.

2.4 Single-Cell Beam Model

Displacement and strain field for a generic point on the cross-section of thin-
walled composite beam with closed section (single-cell) are derived from
Librescu and Song’s (2006) geometrical linear beam theory (GLBT). This theory
considers non-classical effects such as transverse shear and cross-section warping.
The deformation analysis of thin-walled beam translates into how to solve six
unknown deformations at each cross-section. Kinematics of entire beam is known

when six deformations at each cross-section are known.

2.4.1 Displacement Field

Referring to the key assumption stated in Section 2.3.3, since the cross-section is
un-deformable in its own plane, the only possible motion of the section in its own
plane is the rigid body motion. That is, the only possible movements of cross-
section are restricted to translations and rotations associated with a reference point

in cross-section (Figure (2.5)).
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Displacement vector of a generic point on the middle-line of cross-section is given
by:

(X, y,2) =Uui +Vj +wk (2.15)

in which, u, v and w are displacements along the X, y and z directions

respectively.

Displacements U and V can be described in terms of those of a reference point

P(Xp0er Ypore) » 26D pole, and of the angle of rotation ¢(z,t)of the cross-section

about pole.
y m'(x',y")
A j{ ¢
//P‘LZ - ‘\\\\
/// /
// //
/ -
! e
© Vo[ v Middle-surface
of cross-section
e m(X,Y) u
(// -~ TN l'Ipole
\_’—\Z\ \P(Xpole’ypole\) > X

Figure 2.5-Displacements of a un-deformed beam cross-section

Assuming small rotation of the cross-section, the transverse displacements of a
general point on the middle-line of the cross-section can be represented in terms

of pole’s displacements and rotation along pole axis:
U(X! y!Z) :upole(z)_(y_ypole)¢(z) (216)
V(X’ y,Z) :Vpole(z)+(x_xpole)¢(z) (217)

In the above kinematic equations, u,. and v, stand for the transverse

displacements of the reference point P (pole).
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In order to calculate membrane strains around the contour of the cross-section, it
Is necessary to transfer displacements from Cartesian system of coordinates to
curvilinear system of coordinates. The vector of resultant displacements in

curvilinear system of coordinates consists of three components (u,,u,,w) and is

expressed as:
G(X,Y,2,t) = U8, +U & +Wk (2.18)

where, u,,u,are in-plane displacements components defined as:
_ d
u=0-6=Uu—+Vv—=U,—+V £+rn¢ (2.19)
& g, W, X, (2.20)

where, r, r. are defined as:
rn(s) = (X_Xpole)dylds_(y_ypole)dX/dS (221)
1(5) = (X=X )X/ A5 + (y = ¥ 0, )dly / (2.22)

For the points off the middle-line of cross-section, the displacements vector is

defined as in Equation (2.23) with its in-plane components U, and U, defined by

Equations (2.24) and (2.25).

U(X,Y,z)=U& +U, & +wk (2.23)
- dXx dy
Utzu'et:up@+va+Rn¢ (224)
~ dy dX
U =U-€é =u,—-v,——-R 2.25
" " Pds  Pds o (2.25)
where,
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R,=r,+n (2.26)

R =r (2.27)
t t

ds = (1+rﬂ)ds (2.28)
Normal displacement of generic points on and off the middle-line on cross-section

is derived from definition ofy,. Assuming that the closed beam is subjected to

external shear, bending moment and torsional loads. Incorporating transverse
shear effects and assuming that the shear stresses induced in the 3-D medium of
the beam exhibit a linear variation in the thickness direction, the net shear strain

[, of any point of the beam cross-section can be therefore expressed as (Nishino

etal, 1977)
I, =ly,, —my,, +n, /(hG,)+nN, /(hG,) (2.29)

Equation (2.29) can be explained as that the net engineering membrane shear

strain (I, ) of a general point off the middle-line on the cross-section, consists of
transverse shear strain (y,, andy,, ) components projected in tangential direction (
ly,,—my,, ) caused by shear forces and torsional shear strain

n, /(hG,,)+nN /(hG,) in tangential direction caused by torsional moment.

~

Here, N, and NSZ stand for the tangential shear flows in the cross-section

Sz

=2

evaluated at coordinate n=h/2 and n=—h/2 respectively. n, = (N, +N)/2

Sz

A

and N, = (NSZ - NSZ)/ h indicate the average shear flow and the thickness-wise
shear flow respectively; I =dy/ds, m=-dx/ds . Parameter G, denotes the
tangential shear stiffness of the laminate. Here, n, and N, are unknown but

later derivation would make it related to rotation angle ¢.

The mid-line shear strain is expressed by Equation (2.30)
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OW 0u
Vo = E+a_zt (2.30)

The off mid-line counterpart of shear strain is expressed by Equation (2.31)

W, v,
¥ 0S oz

(2.31)

Substituting for shear strains from Equations (2.30) and (2.31) back into Equation
(2.29) one obtains:

oW

o +n, /(hG,)+nN_ /(hG,)-R ¢  (2.32)

, L dX . dY
—u' ) —+(y, -V, )—
(7 —U'") 4 (7 —V'") i

Since W must be continuous around the circumference of the closed cross-section

contour, it must satisfy the condition j?s%zo, in cooperation with Equation

(2.32) and considering n,and N, are independent on the S -coordinate, one can

get
frnds .
Ny =—"4 ¢ (2) (2.33)
h(s)G,(s)
and
2¢ds .
Ny=———¢@ (2.34)
h(s)G,,(s)

Equations (2.33) and (2.34) denote that the shear flow around the cross-section
contour and shear flow variation along the thickness wise are only associated with

twist angle ¢ and contour shape.
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Integrating Equation (2.32) with respect to S -coordinate from a conveniently
chosen contour origin O(X,,Y,) and substituting for n,and N, from Equations

(2.33) and (2.34), the normal displacements is obtained as

w(s,z,n) =w,(z)+6, (z)(x+ nd—y) +0,(2)(y—- n%)

oo (2.35)

~¢ ()] (r,(8) ~ - ——)ds
'[ h(s)G,,(s)L
In the kinematic Equation (2.35), z-axis is treated as pole axis through the beam (

X =0). Parameter w, is the longitudinal displacement of origin of

pole — Y pole
coordinate s marked as s, , which is also called the sectorial origin and
conveniently chosen on the centreline of the cross-section. Parameters h(s) and
G, (s) are the shell thickness and the shear modulus of the laminate under

curvilinear system of coordinates, respectively, both function of s -coordinate.

Other parameters are defined as follows: Q is the area inside the centreline of the

cross-section for single-cell beam; LzﬁﬁL; 6,and 0, the cross-section
h(s)G. (s)

rotations about x -, y -axis at pole position:

0. (zt)=7y,-V, (2.36)

Hy(z,t):]/)(z _U;J (237)

2.4.2 Strain Field in Curvilinear Coordinates of System

Since unidirectional fibre-reinforced composite materials behave as elastic
materials, the same strain-displacement relations are thus valid for them. Strain
fielde,,r,, 7., of generic points (on or off mid-line of cross-section) on closed
single-cell cross-section under the ( s—z-n) coordinate of system without

considering secondary warping is given as
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dx dy
S,z,n) =W, +6,(y-n—)+6,(x+n—
gzz( ) 0 (y dS) y( dS)

| N (2.38)
_ ¢”(Z){'([ rn (S)ds — !md\?ﬁ}

;19X -
7sz(svz!n):[ey(z)+upole]g—l'[ex(z)—l_vpole]g

(2.39)
+¢'(Z){ 2, 2, }
h(s)G, ()L h(s)G,,(s)L
, - dy , L dx
Vnz (S’ Z, nv) = [Gy(z) + upole]__[ex(z) +Vpole]_ (240)
ds ds

where, B, denotes perimeter enclosed by the centre line of the single cell beam

cross-section, and ()’and ()” denote the first and second derivative with respect

to z coordinate.

2.4.3 Force-Deformation Equations

Generally, a thin-walled beam can be subjected to complex loadings including
biaxial bending, torsional moment, transverse shear and axial force. Furthermore,
if the beam is constructed of anisotropic materials, elastic couplings such as
bending-twist and stretch-twist are also induced. At a given span location z shown
in Figure (2.6), integrating the stress field (keeping in mind that

o, =0, =1, ~0)onthe cross-section and equating it with internal forces at that

span location leads to Equations (2.41) to (2.46):
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Cross-section

Figure 2.6- Resultant forces of a cross-section

F,(2) = [[ o, dsdn (2.41)
Q,(2)=[[r.e i dsdn+ [[z, e i dsdn (2.42)
Q,()=[[ e jdsdn+ [[z,, €, jdsdn (2.43)
M. (2) = [[ &, (y ~ndlx/ ds)dsdn (2. 44)
M, (2) = ~[[ o, (x+ndz/ ds)dsdn (2. 45)

M, (2) = [[-(z. 8 T +7,.8 D)y - n %) dsdn
ds
dy (2. 46)
+ 8 -]+7,8 - )(x+n=2)dsdn
[T+ o8 Dx+n2)
where, F,(z), Q,(z)and Q,(z) denote the resultant axial and shear forces in the
z-, x- and y- directions respectively, M (z),M (z)and M,(z)denote the resultant

moments along the x-, y- and z- axis respectively, i and j denote the unit vectors
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in the x and y directions and &, and &, denote the unit vectors in s- and n-

direction respectively.

In deriving the above equation, it is assumed that the bi-moment is zero as
explained below. When beams with noncircular cross-sections are subjected to
torsion, cross-section warping occurs. In case of thin-walled beams, this cross-
sectional warping is caused by internal bi-moments. However, in case of wind
turbine blades, the bi-moment can be reasonably neglected as the torque (pitching
moment) on wind turbine blade is negligible compared to (flap and edge) bending

moments.
Assuming the primary warping has no effect on normal strain, then the terms
including  second  differential of ¢4 in the strain field (

F F 2Q - :
¢"(z){ r.(s)ds— —ds}) can be neglected. Combining Equations
! { h(s)Gg (s)L

(2.14), (2.38), (2.39) and (2.40), and substituting for stresses in Equations (2.41)

through (2.46), the force deformation equations can be obtained as:

(F()] [Ky K, Ky Ky K Kg][ wi(z) ]
QX(Z) K21 K22 K23 K24 K25 K26 9;/ (Z)
Q,(2) _ Ka Ko Ky Ky Ky Ky 6,(2) (2.47)
M. (2) Ko Kp K Ky K K || 6, + U, |
M, (2) Ko Ks Kig Ky Kog Kgg || 6, + leole

My(@)] [Ka Ke Ki K Ki K| 4(2)

Equation (2.47) defines the relations between the internal forces at each section

and the rate of change of deformation, through the stiffness matrix [K;] (i, j=1

to 6). For a cross-section, magnitude of entries of [K;] only depends on the

shape of the cross-section, the thickness of layers, the material properties and fibre

angle of each layer. Entries [K;] are listed in Appendix B.

2.5 Multi-Cell Beam Model for Deformation Analysis
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For multi-cell thin-walled composite beams the transverse displacements U and v
of a general point on cross-section are obtained through translations and rotation
associated with pole the same as single-cell beams. However, the normal
displacement for multi-cell beam is different from single-cell beams. Here, the
normal displacement of multi-cell beams is derived through the definition of
membrane shear strain and membrane shear stress during torsion with transverse
shear effects superposed. Consider a thin-walled beam of arbitrary cross-section,
(see Figure (2.7)), it consists of an arbitrary number of cells separated by thin
webs, and the cross-sectional distortions during twisting are prevented by
transverse stiffening members (ribs or frames), which are considered to be rigid
within their plane, but perfectly flexible with regard to deformations normal to
their planes.

Equation (2.33) gives relation between shear flow and rate of twist under free

warping condition. By defining a modulus-weighted thickness as

h(s)= G%(S) h(s) (2.48)

where, G is a conveniently chosen shear modulus, and substituting back in

Equation (2.33) for h(s)G,(s)from Equation (2.48), and keeping in mind that

ernds = 2Q), the rate of twist can be determined as

, ng, ds
§=—2sf = (2.49)

Figure (2.7) shows a multi-cell beam subjected to a pure torque without warping
restraint at any cross-section. The rate of twist of the R™ cell surrounded by m

adjacent cells can be defined as

1 m
(R ) 2.50
¢R ZQRG (qR R ;qr I',R) ( )
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where, g, and g, are the constant shear flow in the R™ and other adjacent cells,

Q. is the area enclosed by the R™ cell mid-line contour. &, and &,  are defined

ds L .
as: oy :jShT ( line integral along all the walls enclosing the R™ cell) and

O, » =I — ( line integral along the common wall between the r". and R" -
! rR h

q R-1 q R+1

Figure 2.7-Multi-cell beam subjected to a pure torque

For a general closed section with N constituent cells beam, the rate of twist ¢' for

N cells can be expressed as below matrix

[#]=[s1la] (2.51)
where

[61=[4. 6, ds ] (2.52)
[a]=1{0:, Gy, Ay s, Ay | (2.53)

50



Sy S, 0 0 .0 0 0 0 |
Sy Sy Sy 0 0 0 0 0
[S]E 0 0 0 0 SR,R71 SR,R SR,R+1 0 0 0
_0 0 SN,N—l SN,N_
(2.54)
The entries of flexibility matrix [s] are defined as
1
Spr = =0,
R.R 20,6 R (2.55)
1
SrR-1 = ﬁé‘R,R—l (2.56)
1
S =—=9,
R,R+1 20,6 R,R+1 (2.57)

In terms of relation among ¢ to ¢, for an N constituent cells beam (

G =a¢)--=¢,, =d, =¢), [¢7]can be expressed as
[¢1=[1' (2.58)
where, [1]is N x1unit vector.

Equation (2.51) can be re-written as

G, H,
q2 -1 ' ’ H2 '

[@l=| 7 |=[s]"[1¢ =[Hl =| . | (2.59)
On Hy

where, [H]=[s]'[1], the shear flows in cells and common walls between two

adjacent cells are described as

51



o1l H ] [he
Gy, H,-H, H*?

ol HBH_ZHZ o= M (260
_q:N_ L H.N i _H';'N_

in which,

H"=H,-H, (i=]) (2.61)
HY=H, (i=]) (2.62)

Therefore, the membrane shear strains y,, on the cell and the common wall of

two adjacent cells caused by pure torque is determined as:

Ll [ HUIhG), | [ A ]
yu? (H, -H)/(hG,,),, Y nia
2 22
.1 ; - (HH_F/I(h)(f(h)G) ¢= i ¢ =Dy (2:63)
_;/:S'j | | Ha /(h:GSZ)N,N | _,1“:“_
where [ 4] is defined as
AV =H"I(hG,,), ; (2.64)

Vectors [y,,] and [A] are both (2N -1) by 1vectors. Parameter (hG,), ; denotes
the thickness of cell multiply by shear modulus at the i" cell (or between i"-and
j™ -cell). Using Equation (2.63) as shear strain induced by pure torque and
superposing transverse shear strain, the strain field for thin-walled multi-cell
beams can be derived. For multi-cell closed thin-walled beams, the shear strain y,,

of general point on cross-section under curvilinear system of coordinates is

defined by strain-displacement relations as Equation (2.31). Consider transverse
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shear effect and assume that the shear strain caused by pure torque is no varied
along thickness of cell thus shear strain for a general point on cross-section is

defined by superposition method as

dy dX H"lg’

ds 7= ds T ()G, (2:89)

752 = 7/yz
where y,, and y, are unknown uniform distributed shear strain over cross-section

caused by internal shear forces. Parameters X ,Y ,S denote the coordinates of a

general point off the mid-line and dS = (1+n/r,)ds. Combining Equation (2.31)

with (2.65), the normal displacement component W is developed as below.

oW __dy dx_ HYg 4y,
—:]/yz_+7/xz_+ -
S ds ds  (h(s)G.(s)); ¢z
iy dx Hi,j¢/ dXx dy
_ dy Ay TP 22 vl R4
Yeas T as T hesL(), s as
i (2.66)
dy dX H"¢'
= V)t Ve U)ot s o R
(7yz p) ds (7xz p) ds (h(S)GSZ(S))i,j ”¢
ij ar
0 gAY gy

ds s (h(S)GL(S),

Integrating Equation (2.66) with respect to S from a conveniently chosen contour

origin O(X,,Y,) (see Figure (2.2)) to an arbitrary point M leads to

S i
W =W, +6,Y +6,X +¢[ ( H R,)dS

) (N(8)G, (),

S
=W, +0,Y +6,X +¢/[ (2 -R,)ds
: (2.67)
=W, +6,Y +0,X +¢[ (A1, —n)@L+)ds
0 rn

=W, +0,Y +0,X +¢'[ (A1 -r,)ds
0
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Here, w, and W, are interpreted as normal displacement of origin sand S and one
can reasonably assume that w, =w, for thin-walled beams. Having found the

normal displacement, the strain field for multi-cell beams is determined as

follows:

ow . dx, dy
s, z,nN)=—=wW,+6,(y-n—)+6, (x+n—
£4(8,2.0) == =Wy +G,(y=n_)+0, (x+n-5)

s (2.68)
+4' (@[ (4 —r, s
W au, _ 0 4y
Vs (s,2,n) = = o =[0,(2)+u, ]ds+[9x(2)+vp ]ds (2.69)
+4 (@A)
oW U, dy o
7. (S,2,n) = 5 + P~ _[ey(z)+up]ds [ex(z)+vp]ds (2.70)

Combining Equations (2.14), (2.68) through (2.70) and (2.41) through (2.46), the
force-deformation relations is obtained with the same form as in Equation (2.47).

However, in the coefficient matrix [K; ] of Equation (2.49) for multi-cell beams,

six entries K, Ko, Kyg, Ky, Keg , Kgg , are different from correspondent entries

in single-cell beam model respectively (see Appendix B).

To find the deformation of thin-walled composite beams by using the developed

beam model, the following steps must be taken:
Step 1. Divide the beam into n segments

Step 2. Calculate the internal forces at each cross-section.

Step 3. Compute the entries of stiffness matrix [K; ]at each cross-section using

numerical integration along s.
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Step 4. Solve the system of Equation (2.47) for the rate of change of deformations,
namely, wy(z) , 6,(2) , 6,(2) , $(2) , 6, +U,q, and 6, +V,,, at each cross-

section.

Step 5. Apply boundary conditions to find wy(z) , ,(z) , 6,(z) and ¢(z) via

numerical integration.

Step 6. Substitute back 6,(z) and 6,(z) obtained in Step 5 in 6, +u;,. and

pole

6, + V. obtained in Step 4 to find u’ ,, and V.

pole pole

Step 7. Apply boundary conditions to find u,,. and v via numerical integration.

2.6 Validation of Beam Model

In this section, validation of thin-walled composite beam model for single-/multi-
cell beams is carried out: (i) by simple box-beams made of isotropic material and
comparing the results with analytical results; (ii) by a single-cell box-beam made
of composite material with implanted bend-twist and stretch-twist elastic coupling
and comparing the results with experimental results and other analytical models;
and (iii) by AWT-27 blade with various implanted bend-twist elastic couplings

and comparing the results with numerical results obtained by ANSYS®.

2.6.1 Isotropic Box-Beam

Table (2.1) shows the geometric specifications and material properties of the thin-
walled box-beam made of isotropic material. Tables (2.2) to (2.4) show the results
obtained from analytical equations and the present thin-walled composite beam
model for single-/two-/three-cell beams. It can be observed that results from
present beam model by use of isotropic material are in good agreement with the

analytical results with a maximum error of about only 2%.
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Table 2.1-Geometric sand material of the isotropic box-beam

Box—beam geometric specifications Materials specifications
Length, | (m) 0.914 Young’s modulus, E (GPa) 210
Width, b (m) 0.0242 Density, p (kg/m®) 7800
Depth, d (m) 0.0136 Poisson ration, v 0.3

Wall thickness, h (m) 0.000762

Table 2.2-Comparison of the static results of isotropic single-cell box-beam

Single-cell box-beam

Load Analytical Prrrlis(f;t Error (%)
Concentrated lateral load | Deflection & = F,L*/(3EI) | 0.00309 | 0.00310 | -0-32
along H, F, =4.45(N) | siope 9= F,L?/(2EI) | 0.00508 | 0.00506 | 0-39
Distributed lateral load |Deflection & = f L*/(8EI) | 0.01060 | 0.01061 | -0.09
along H, f, =44.5(N/m) | slope = f L°/(6EI) | 0.01544 | 0.01543 | 0.06

Table 2.3-Comparison of the static results of isotropic two-cell box-beam

Two-cell box-beam

Present

Load Analytical model Error (%)
Concentrated lateral load |Deflection & = F, L*/(3El) | 0.00290 | 0.00290 |  0.00
along H, F, =4.45(N) | Slope 0= F L2/(2E1) |0.00476 | 0.00470 | 1.26
Distributed lateral load | Deflection & = fyL4 /(8EIl) | 0.00960 | 0.00980 -2.08
along H, f, =44.5(N/m) | slope 9= f L°/(6EI) | 0.01451 | 0.01433 | 1.24

Table 2.4-Comparison of the static results of isotropic three-cell box-beam

Three-cell box-beam

Present

Load Analytical Error (%)
model
Concentrated lateral load | Deflection & = F,L*/(3El) | 0.00274 | 0.00270 | ~ 1.46
along H, F, = 4.45(N) Slope 6= F,L? /(2EI) 0.00450 | 0.00439 | 2.44
Distributed lateral load |Deflection & = f L*/(8EI) | 0.00939 | 0.00920 | 2.02
along H, f, =44.5(N/m) 0.01369 | 0.01337 2.34

Slope 6= f,L°/(6El)

2.6.2 Composite Box-Beams with Implanted Elastic Couplings

The present beam model is also validated by comparing the results with single-

cell box-beams with bend-twist and stretch twist elastic couplings with the

benchmark experimental results reported by Chandra et al (1990) as well as two
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other analytical beam models developed by Chandra et al (1990) and Kim &
White (1997). In these box beams, three bend-twist elastic couplings
(circumferentially asymmetric stiffness (CAS) configurations CAS 1 to CAS 3)
and three stretch-twist elastic couplings (circumferentially uniform stiffness
(CUS) configurations CUS 1 to CUS 3) are investigated. The geometrical and
material properties of the examined box beams are shown in Figure (2.8) and the
CAS and CUS configurations are shown in Table (2.5).

Material properties of
AS4/3501-6 graphite/epoxy:
E,, =141.96GPa

E,, = E,, = 9.79GPa
G, = G,, = 6.0GPa
G,, = 4.83GPa

v, =Vv,;3 =0.24

V,; =0.5

Geometry dimensions
h =0.000762m

b =0.0242m

d =0.0136m

1 =0.914m

Figure 2.8-Geometry specification and composite material properties of a thin-
walled box beam

Table 2.5-Thin-walled box beam layups
Box-Beam Flanges Webs

Layup Top Bottom Left Right
configurations

Bend- | CAS1| [15], [15], [15/-15], | [15/-15],

twist | CAS 2| [30], [30], [30/—30], | [30/—30],
coupling| cAs 3| [45], [45], [45/—45], | [45/-45],
Stretch- | CUS 1| [15]; [—15], [15], [—15],

twist | CUS 2| [0/30], | [0/-30], | [0/30], [0/—30],
coupling | cus 3| [0/45], | [0/-45], | [0/45], [0/ 45],

The predicted induced twists by different models are compared with the measured

induced twists and are shown in Figures (2.9) to (2.11).
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Figure 2.9-Twist angle under tip lateral load (bend-twist coupling)
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Figure 2.11-Twist angle under tip axial load (stretch-twist coupling)

It can be observed that the predicted results by the developed model are in good
agreement with the experimental data. In most of cases, these results are in better
agreement with the experimental results compared to the other two models.
However, in case of the bend-twist box-beams subjected to the lateral tip load
(Figure 2.9), the analytical model of Kim and White (1997) provides better
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results. However, it should be noted that the Kim and White model is applicable

only to simple geometries such as single-cell box beams.

2.6.3 Wind Turbine Adaptive Blade AWT-27

The blade of 300-kW stall-regulated AWT-27 wind turbine is employed for
investigating the accuracy of the developed beam model in deformation analysis
of elastic-coupled beams with complex geometries (twisted, variable chord and
general cross-section). This blade is assumed to be made of carbon fibre/epoxy,
the same material as the material of the box beam of Figure (2.8). The blade has a
span length of 12.57m and it is constructed from S800 aerofoils. While
aerodynamically, the blade consists of 10 aerofoils, structurally it is constructed
from S809 (maximum aerofoil thickness 21%) and S814 (maximum aerofoil

thickness 24%) aerofoils, as shown in Table (2.6). In this table c¢ stands for the

chord length, t, . is the maximum thickness of the aerofoil, R is the rotor radius

and r is the radial location of the aerofoil, measured along the blade from the

centre of the rotor.

Table 2.6- AWT-27 blade aerofoil distribution

Normalised Maximum

span location | thickness | aerqfoil
r/R tmax lc #
0.26888 0.24 1
0.36025 0.24 2
0.4517 0.24 3
0.54307 0.24 4
0.63444 0.21 5
0.72581 0.21 6
0.80584 0.21 7
0.86291 0.21 8
0.96344 0.21 9
1 0.21 10

Chord length and pretwisted distributions are shown in Figure (2.12).
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Figure (2.13) shows the S809 and S814 aerofoil contours.
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Figure 2.13- S809 and S814 aerofoil contours

WTAero (Maheri 2006a,2006e), an in-house wind turbine aerodynamic
performance code, is used to obtain the external aerodynamic forces at operating
condition of 10m/s wind speed and 53.3 rpm rotor speed. This software also gives
the internal forces at specified number of sections (here 20). Figure (2.14) shows
the external lift and drag aerodynamic force distributions. Figure (2.15) presents
the internal forces as a function of blade span. It should be noted that the x and y
coordinates shown in this figure are the global coordinates identical to the local
coordinates at the hub (fixed end) of the blade.

62



Lift and Drag Distribution
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Figure 2.15-Internal forces along the blade span

63




In order to produce bend-twist elastic coupling, the fibre angle in the layers on the
suction side (upper surface) of the blade are assumed to be mirrored with the

layers on the pressure side (lower surface) of the blade; for example, [40],, for
upper surface and [-40],, for the lower surface. Webs, where applicable, are

assumed to be made of balanced layups. Fibre angles are measured from the
positive direction of local s-coordinate. Using the developed beam model, various
layup configurations with various thickness distributions are investigated and the
results are compared with the FEA results obtained from ANSYS®.

Table (2.7) and Figure (2.16) show seven different thickness configurations along
span wise. Table (2.8) summarises 19 different layup configurations with constant

and varied thickness configurations.

Table 2.7- Configurations of variation of thickness along blade span

Th'Ckr.]eSS Distribution Style Thickness Distribution
Config.
1 34mm to 15mm step 1
2 32mm to 13mm step 1
3 Linear 29mm to 10mm step 1
4 34mm to 24.5mm step 0.5
5 34mm to 19.75mm step 0.75
6 Quadratic 34.03mm to 15.3mm
7 Third degree 33.99mm to 14.92mm
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Table 2.8- Layup configurations for adaptive blade AWT-27

Upper Lower Web 1@ Web 2 @ ¢
Layup | girface surface | x/c=0.33 | x/c=0.67 | ™ (mm)
1 [20]20 [_20]20 - - 20
2 [30]20 [_30]20 - - 20
3 [40]20 [_40] 20 - - 20
4 [50]20 [_50]20 - - 20
5) [20]20 [_20]20 [45 /- 45]10 - 20
6 [30]20 [_30]20 [45 /- 45]10 - 20
7 [40]20 [_40]20 [45 /- 45]10 - 20
8 [50],, [-501,, [45/-45], |- 20
9 [20],, [-20],, [45/-45],, | [45/-45], | 20
10 [301,, [-30],, [45/-45],, | [45/-45], | 20
11 [40],, [-40],, [45/—-45],, | [45/-45], | 20
12 [50],, [-501,, [45/—-45],, | [45/—-45], | 20
13 [60],., [-60]. |- - Thickness Config. 1
14 [60],.., [-60].. | - - Thickness Config. 2
15 [60],., [-60].. |- - Thickness Config. 3
16 [60],., [-60],. |- - Thickness Config. 4
17 [60],., [-60].. |- - Thickness Config. 1
18 [60],., [-60].,. |- - Thickness Config. 5
19 [60],., [-60],. |- - Thickness Config. 6
35
30
—~ 25
£
E 2
7
2 15
]
£ 10
. y = 14.724x2 - 34.322x + 34.901 (Thickness Config. 6)
y =-0.1288x3 + 30.049x2 - 50.257x + 35.261 (Thickness Config. 7)
0
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Figure 2.16-Thickness distributions of variation of thickness
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The aforementioned geometric data of AWT-27 blade (the aerofoil distribution,
pretwist distribution and chord distribution described in Table (2.6) and Figure
(2.12)), and material data from composite box-beam shown in Figure (2.8), are
used to generate three separate FE models with no web, one-web and two-web for
the purpose of evaluating the static performance. These three FE models of the
AWT-27 blade were built by SOLIDWORKS® and then they are imported into
ANSYS®,

The element of FE models is by 3D SHELL99 quadratic eight-node element.
Shell mesh is centred on the mid-surface of the geometry (by default).
Particularly, SHELL99 is more suitable for simulating linear performance of shell
and it usually has a smaller element formulation time than other element types.
SHELL99 also allows up to 250 layers, in each layer, one can define specific
material properties, fibre orientation and thickness referred to local coordinate
system. SHELL 99 element has six degrees of freedom at each node: translations

in the nodal X, y, and z directions and rotations about the nodal X, y, and z-axes.

One FE model of AWT-27 with two-web is showed in Figures (2.17) in which,
the blade is divided into twenty segments purposely in span direction in order to
apply for varied thickness configurations conveniently. The aerodynamic forces:
lift and drag obtained from WTAero (Maheri 2006a, 2006e), which was based on
blade element momentum theory (BEMT). For each blade element (or segment),
the aerodynamic forces are treated as concentrated forces and they are applied at
the centre of each element (or segment) on twist axis of blade. For introducing
proper elastic twist, therefore, it needs to make sure, that the fibre orientation that
refer to x-axis of local coordinate system at top and lower shell must be mirror or
helical layup (both cause elastic coupling). Thus, it is necessary to define
individual local coordinate system for top and lower surface of blade. The global
coordinate of blade is shown in Figure (2.17) and boundary conditions are shown
in Figure (2.18).
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Figure 2.18-Boundary conditions of AWT-27 blade

Besides, the sensitivity of element size was checked in order to make the
simulation more realistic and accurate. Quadratic eight-node SHELL 99 element
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was chosen and the element size and equivalent to total element, total node and

total DOF was listed in Table (2.9). Layup configuration 10 of blade was chosen

for checking sensitivity of element size. It reflected that reducing element size did

not always yield significant changes in results from Figure (2.19). Thus, it was

assumed that accuracy of FE model was not compromised by this issue in future

investigation.

Table 2.9- Element size and related element, node and DOF

Element Size (mm) | Total Element Total Node | Total DOF
250 980 2540 15240
150 1854 5102 30612
100 3339 9453 56718
80 5333 15265 91590
60 9062 26274 157644
s 1.68
o 1.67
% 1.66 /ﬁ
3 165 VA
o 164
o163 s
]
8 162 //
T 161 Induced Tip Twist (deg) ——
160
0 40000 80000 120000 160000 200000

Total Degree of Freedom

Figure 2.19-Sensitivity test of DOF

The results from present thin-walled composite beam model and FEA are showed

in Figures (2.20) through (2.

23).
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As it can be observed from Figures (2.20) to (2.23), the predicted induced twists
are in good agreement with FEA based numerical results for most of the
configurations. The maximum differences between the analytical and numerical
results correspond to the layup configuration 5 and 9 with a ply angle of 20
degrees. However, this layup configuration generates a small-induced twist only.
In case of configurations 1 to 12, a large deviation between the analytical and
numerical results can be observed close to the root of the blade, this is because the
developed analytical model ignores the warping effects at restrained root of the
blade. It should be noted that since the inner parts of the blades have minor effects
on the overall aerodynamic performance of wind turbines, this deviation has

negligible effect on the predicted aerodynamic performance of the adaptive blade.

2.7 Summary

A general geometrically linear beam model is developed. This model is capable of
predicting the induced twist due to elastic coupling for closed multi-cell thin-
walled composite beams with span wise variable cross-sectional properties and

non-uniform shell thickness distribution under various types of loads.

The performance of the developed model for various beams under various loading
scenarios is investigated. Single-, two- and three-cell wind turbine blades with
constant thickness are investigated under various layup configurations. Single-cell
blades with variable thickness distributions along the blade longitudinal axis are
also investigated. The results for all cases show a good agreement with analytical,
experimental and numerical results, highlighting the accuracy of the results at

required level for simulation and design of wind turbine adaptive blades.
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3 Coupled Aero-Structure Simulation
of Wind Turbines with Adaptive
Blade
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3.1 Introduction

As briefly mentioned in Chapter 1, simulation of adaptive blades is quite different
from the simulation of ordinary wind turbine blades. For conventional blades, the
twist angle of the blade is a combination of known parameters of pre-twist and
pitch angle whilst the elastic torsional deformation is assumed negligible. In the
case of wind turbines with adaptive blades, even by neglecting the torsion due to
pitch moment, the angle of attack is still under the influence of elastic torsional
deformation generated by bend-twist elastic coupling. Figure (3.1) showed the
schematic diagram of WTAB, the software tool for aero-structure analysis of wind
turbines with adaptive blades (Maheri, 2006¢c, 2006¢). The aim of this chapter is
to replace the box “Blade FEA” in Figure (3.1) by some software with a more
efficient structural analyser based on the beam model developed in Chapter 2 of
this thesis. Employing an analytical beam model as a part of a design objective
evaluator rather than a FEA based structural analyser makes the aerodynamic

objective evaluation more efficient and convenient.

! Wind turbine

characteristics

-_— - ——= 0 | e e eeeeeeeseeesesess sl e

| -

— ol | 2i - Z
. run-condition L 3 .
————————————— : Blade Source | Blade M
e ————- aerodynamic | = .
i . ! ) . ! load I FEA -
| Aerofoils Ly load predictor . L ___ I -
| - -
,  aerodynamic | T .
| ! .
| | -

Topology of
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|
|

Loading | e e !
T T T T
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I
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Figure 3.1- Coupled aero-structure simulation of a wind turbine with bend—twist
adaptive blades (Maheri, 2006e)
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To replace the FEA-based structural analyser with the beam model of Chapter 2,
new interfaces needs to be developed for material and structural characteristics
definitions. This chapter elaborates on these interfaces and necessary codes for

calculating sectional properties for the blade.

3.2 Material Definition

A unidirectional fibre reinforced composite is made of parallel fibres arranged in a
matrix. This type of material forms the basic configuration of fibre composite
materials. An elementary cell of such a material can be approximately simulated
as a fibre embedded in a cylinder of the matrix with circular base or a hexagonal
base. This cell has an axis, called longitudinal direction and denoted, as the L-
axis of revolution whose direction parallel to the fibres. Every direction normal to
the fibres is called a transverse direction and the composite is treated as being
transversely isotropic. The two orthogonal transverse directions are described by

T and T’ . The mechanical behaviour of a unidirectional composite is

characterised by five independent quantities namelyE, ,E;, v;;, G; and Gy ;
where, E, and E; denote Young’s modulus in longitudinal and transverse

directions respectively, v ; denotes Poisson’s ratio measured and G, ; and G,

denote shear modulus in longitudinal and transverse directions respectively. The

mechanical properties for the fibre and the matrix will be featured by their

engineering constants such as Yong’s modulus and Poisson ratio denoted by E;

Vi, E., v, respectively.

Longitudinal modulus E, is predicted by the law of mixtures for Young’s

modulus in the direction of the fibres by Equation (3.1).

E =EV, +E,(1-V,) (3.1)

The variation of the modulus E, is linear between the values E,, of the modulus
of the matrix and E; of the modulus of the fibres, when the fibre volume fraction

V, , varies from zero to one.
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Longitudinal Poison’s ratio is predicted by the law of mixtures and expressed by
Equation (3.2)

Vir =V +v,(1-Vy) (3.2)

Longitudinal shear modulus is expressed as Equation (3.3) proposed by Hill
(1964) and Hashin (1966).

G (1+V)+G,(1-V)
TG, A-V,)+G, (1+V,)

(3.3)

Parameter K, , the hydrostatic compression modulus measured in a lateral
hydrostatic compression without longitudinal deformation, it was proposed by

Hill (1964) and Hashin (1966) and showed by Equation (3.4). K, is related to the

bulk modulus k,,K; and the shear modulus G,,,G; of matrix and fibre, these

quantities are also functions of the Yong’s modulus and Poisson’s ratio of the
matrix and fibres expressed by Equations (3.5) through (3.7) proposed by Hill
(1964) and Hashin (1966) as well.

K, =K Vi 3.4
L~ m+ 1 1—Vf ()
1 R
k. -k +=(G,; -G k +-G
f m 3( f m) m 3 m

Ki=ki+& i=m,f (3.5)
3
k;i i=m,f (3.6)
3(1-2v,)
G = E i=m,f (3.7)
2(1+v,)

Transverse shear modulus is expressed as Equation (3.8) developed by
Christensen (1979) and Christensen and Lo (1979)
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G =G, {1+ - (3.8)
G km+§Gm
o ety WYy
f >m ka+§Gm

Transverse Young’s modulus E; and Poison’s ratio V. are obtained from the

relations associated with other independent quantities and stated in Equations
(3.9) and (3.10)

2
E, = > (3.9)
! - ! 1Y
2K, 2G,. E,
E
Vi =——-1 3.10
T (3.10)

Equations (3.1) through (3.10) describe the theoretical approaches for evaluating
engineering constants of unidirectional composite based on exact solutions. Thus,
these equations are becoming fundamentals of “Composite Material Definition”
graphical user interface (GUI) for producing new materials.

3.2.1 GUI for Composite Material Definition
Equations (3.1) through (3.10) are embedded in the “Composite Material

Definition” GUI shown in Figure (3.2) for material properties calculation.

There are two types of data input available in this GUI controlled by radio
buttons. The first radio button on the left side of GUI controls the data input for
producing the new materials theoretically by entering volume ratios and
engineering constants of both of the constituents of the matrix and fibre. The
second radio button controls the data input for material whose mechanical
properties are known. The mechanical properties of material can be saved to a

MATLAB mat-file. Subsequently the name of material is displayed in the top list
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box. When one selects a material from the top list box, the material properties will
be displayed in the empty cells on the right side of GUI.

Composite Material Definition ‘ — H (=] Hi&|
Fzilable Materizals [code_name. mat)
Eeleciram Lha [k bk la waaimadly prapadles andiar maka naw malerah
01_CreovEpmy10mat
0k _CFe0wEpmy 10.mat -~
03_material name.mat
04_material name mat
47 estmat
29 AN TRIC_Thesls_Rageszma

-

Material Properties. {1} Material Properties (2}
Fibre hModulus (3P a) 20 E11 (GFa)
o atrizx Modulus(GPa) 2 E22=E33 (GPa)
Fibre Poizon Ratio 0.35 F12=312 (FPa)
Il atrizx Poison Ratio 0.28 G23 (GPa)
Fibre Wolume Fraction (%) 0.3 wlZ=wl3
]

Sawve Material in Database

Figure 3.2-GUI of “Composite Material Definition”

3.3 Blade Structure Definition

Elastic coupling topology is as important as the blade material in producing the
right elastic coupling in an adaptive blade. Designer needs to make various layup
configurations and locate them on the blade wherever desired. In order to facilitate

this, the blade is assumed to be made of basic components called “Patch”.

3.3.1 Shell Patches

In the developed software, blade structure is defined as a combination of shells
called “Patch”. Each patch is a quadrilateral defined by the coordinates of its four
corners. Patches are curved shell structures on the upper and lower surfaces of the
blade and are flat on webs. In definition of patches on the upper and lower
surfaces of the blade, firstly patch projection on the blade plane area is located in

plane coordinates of system (x, -y, —z,) as shown in Figure (3.3).
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As it can be seen from Figures (3.3.a) and (3.3.€), the coordinates x,, y,, z, have
their own specified origin. The origin of the spanwise coordinate z , is located on
the aerofoil plane at root of the blade pointing to the tip. Coordinate z, is
normalised by the length of the blade. At a general z -location, the origin of
coordinate x, is located at the leading edge (LE). The x, coordinate is normalised
by the chord length at z -location. For patches located on the upper or lower

surface y, coordinate is zero.

For patches located on webs, the four corners are defined by (x z,)- Here,

pwr Yp
X, denotes the normalised x -coordinate of the web in plane system of
coordinates. Coordinate y, starts from the lower surface of the blade and is
normal to the chord line. Coordinate y , is normalised by the aerofoil thickness t

at the web location x, , and span location z,.

The local coordinates of system (X, —Y, —z,) for the corner of the patch is
introduced as a transition system of coordinates by translating the origin of (x,
y,) to twist centre of blade showed in Figure (3.3.d). Thus, the coordinates of a

corner under local system of coordinates can be expressed by Equations (3.11) to
(3.13).

XI = (Xp_xtwist )C (311)
yl = (ylowersurface )Xp,w + ypt (312)
ZI = Zprspan (313)

where ¢ denotes the chord length at z, location, .

span

denotes the span of the

blade, X, denotes distance between the leading edge and the twist centre of
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aerofoil. Parameter Y, .. s IS the local coordinate of the lower surface at x,,

and zplocaﬁon.
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Figure 3.3- Definition of the patch numbering, corner numbering, and plane,
global coordinates of system
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The coordinates of a corner in global system of coordinates (X,Y,Z) can be

expressed by Equations (3.14).

X X Yy, Of[sing
yr =|y, =% 0]scosp (3.14)
z), L0 0 z|| 1 J,

where

S =, + pitch (3.15)

in which, g and' pitch' stand for blade twist and blade pitch angle. Parameter 3,

denotes the pre-twist angle at z, location of the blade.

In order to manipulate patch properties and locations in the coded software tool,
specific rules for patch numbering and corner numbering should be introduced

and employed.

3.3.1.1 Patch Numbering

When the beam model is used to calculate the coefficient matrix [K;] for a cross-

section of the blade, one needs consider the sequence of the patches around the
section contour following s -coordinate. Thus sequencing the patch number by

following s -direction in cross-section contour would make the calculation
convenient. In order to be compatible with the (S—Zz—n) coordinate of system of

beam model the patch numbering follows the following set of rules (see also
Figures (3.3.a) through (3.3.c)).

= On the upper surface, patch numbers starts from hub to tip and from
trailing edge (TE) to leading edge (LE) viewed from top.

= On the lower surface, numbering of the patch is defined from hub to tip
and from LE to TE viewed from the top.

= On webs, numbering of the patch starts from the web nearest to TE, and is
defined from hub to tip and from upper surface (US) to lower surface (LS),

viewed from LE.
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3.3.1.2 Corner Numbering

In order to specify the location of the patch conveniently by four corners, it is also
necessary to formulate the rules for numbering of four corners by the following
rules (see also Figures (3.3.c), (3.3.f) and (3.3.9)).

= On the upper surface, corner numbering of a patch starts from the closest
corner to hub and TE numbered counter clockwise and viewed from the
top.
= On the lower surface, corner numbering of a patch starts from the closest
corner to hub and LE numbered clockwise and viewed from top.
= On the web, corner numbering of a patch starts from the closest corner to
hub and upper surface numbered clockwise and viewed from LE.
Figure (3.4) and Table (3.1) show an exemplar case using the rules explained

above for patch and corner numbering.

Hub TE Tip
0.251] Pl 0.25
0.55 P2 055 Upper surface P4
0.2 4 P3 0.2
LE 04 0.6
TE
0.25 P7 035
0.5 P6 i Lol\:/)v;r surface
0B s em —
LE 0.7 0.3
u.s
: 0.2
P9 P11 il
Front web =5 L 00
0.4 L.S 0.6
! 1

Figure 3.4-Definition of location of the patches
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Table 3.1-Normalised coordinates of patches of the exemplar of Figure (3.4)

Patch | X, Yo | Z, | Patch | X, Yo Z, | Patch | X, Yo Z, | Corner

1 - 0 075 | - 0 0.2 - 0 1

1 0.75 - 0 0.2 - 0 0 - 0 2
2 3

0.75 - 0.4 0.2 - 0.4 0 - 0.4 3

1 - 0.4 075 | - 0.4 0.2 - 0.4 4

1 - 0.4 0 - 0 025 | - 0 1

4 0 - 0.4 025 | - 0 075 | - 0 2
5 6

0 - 1 025 | - 0.7 075 | - 0.7 3

1 - 1 0 - 0.7 025 | - 0.7 4

0.75 - 0 0 0.7 033 1 0 1

1 - 0 1 0.7 033 1 0.4 2
7 8 9

1 - 0.7 1 1 033| 0 0.4 3

0.75 - 0.7 0 1 033| 0 0 4

033 | 1 0.4 0.33| 0.6 | 0.4 033 | 04 | 04 1

033 | 1 1 0.33| 0.8 1 033 | 0.2 2
10 11 12

0.33 | 0.8 1 0.33| 0.2 1 033| 0 3

033 | 06 | 04 033 04 | 04 033 0 0.4 4

3.3.2 Patch Layup Configuration Definition
After defining and calculating the location of each patch, its layup configuration is

also defined via setting:

= Number of layers
= Material of each lamina
= Fibre angle of each lamina
Different materials can be defined in Composite Material Definition GUI as

explained in the previous section and are stored in a database.

For defining fibre orientations in layers, as mentioned in Chapter 2, the curvilinear
coordinate of system (S—Z-n) used for strain and stress calculations, is

employed here. Fibre angle 6 is measured from the positive direction of the s-

coordinate as shown in Figure (3.5).
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LE

Tip (c) 3D view

(a) Fibre orientation on upper surface

Figure 3.5-Definiton of the fibre orientation on blade surface and s-coordinate
direction along contour

Figure (3.6) shows an example of the direction of n -coordinate, starting from the
mid-line outward. The layer sequence, also shown in this figure, follows positive

n -direction from the inner to the outer layer.

Patch on upper surface

n
A
A s [Tayenr=3
Middle-line — N
4 layer — 7
7 laver —1

n Patch on lower surface
Figure 3.6-Layer stack sequence for a patch

3.3.3 GUI for Blade Structure Definitions
The “Blade Structure Definition” GUI shown in Figure (3.7) is developed in order
to define various structural layups for adaptive blades. This GUI undertakes the
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pre-processing of adaptive blades twist analysis. Structural characteristics of the
blades are specified in this GUI by the following steps:

1) Set the number of patches on the upper and lower surfaces of the blades as
well as webs.
2) For each patch:
a. Set the location
b. Set layup configuration (including number of layers and material,
thickness and fibre orientation for each layer).
c. Save the patch
3) Save the blade structure in the form of a mat-file.

Blade Structure Definition >>> Project_twoweb_60 I ™™

Start a New Project | Modify a Saved Project | Patch Material

Mo, of Layers -
Patch Distribution <

LayerMo.  Ply Angle (deg) Thickness(mm) Material Code
Upper Surface

1
Lowar Surface B 45 L 3

2
Frant wiab B Wieb Location el i 3
Second Web . e Location

Patch List

Fatch1_US
Fatchz LS L

Fatcha_W2

Patch Coordinates
Fatch3_wn # () ¥ =i
Comer 1
Comer2

Carner 2

N = =
= | = |olo

Comner <
| »..i -.l

)
,] I Sawe Patch
Ll

-——m
S -
A

.

Sawve Project

Figure 3.7- GUI of “Blade Structure Definition”

The blade structure file includes the following information:
» The number of the patches
= The location of each patch
= The number of layers in each patch
= Thickness of layers in each patch

= Fibre angle in each layer of the patch
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= Material properties of each layer in the patch

= The shape of the cross-section (from aerofoil contour)

3.4 Induced Twist Calculation

As explained in Chapter 2, Equation (2.47) is used to find the blade deformations

in various directions, including induced twist. The following steps are required for

determination of the deformations:

1) Discretise the blade into n sections

2) Find internal forces at each section

3) For each section i=1.2,...,n:

a.

Calculate the entries of the stiffness matrix [K;] using Equations

(B.1) to (B.42).
Inverse stiffness matrix [K;]and solve for rate of change of

deformationswy(z), 6, (z), 6,(2), ¢ (z) and 6, + Uy, , 6, + V-
Apply boundary conditions and findw,(z),6,(z), 6,(z)and ¢(2)

via numerical integration at each section.

Substitute back 6, (z) and 6, (z) obtained in previous step in

and 6, +v andv’

pole *

to find u’

pole pole

6’y + U e

Apply boundary conditions to find u,,, and v, via numerical

integration.

Figure (3.8) shows the GUI developed for deformation analysis of adaptive

blades. In this GUI, deformation analysis starts by loading the blade structural

mat-file from the “Project” list box on the top left of GUI. It then reads the

internal forces at each section. The following background codes calculate required

data for finding stiffness matrix:

= PatchCoordLocal.m- This code transforms coordinates of patches from

plane system of coordinates to local system of coordinates.

= PatchCoordGlobal.m- Translate coordinates of patches from local system

of coordinates to global system of coordinates.
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= SectionProperties.m- This code extracts the structural/ material

characteristics of each cross-section such as its contour, numbers of

patches in it, number of layers in each patch in it, thickness of the layers in

each patch, fibre angle in the layers of each patch, etc as required for
calculating stiffness matrix entries.

Finally, the following codes calculate the entries of stiffness matrix for no-web,

one-web and two-web cases:

= StifnessNoWeb.m
= StiffnessOneWeb.m
= StiffnessTwoWeb.m

BX simulation GUI [ [l
c t Project a
e Project_07_30_twoweh " Patch Distribution on Top 14Patch Distribution on Lower
Project 01 12 N _A2p--
Project_02 F 5
Project_03 - . = .~
Pro}ed:ﬂd =l = 10 = 10
Project_05 = =
Project_05_50_twoweh S 8- s 8-
Project_07_30_twoweb = =
Project_08_40_twoweb S Gl 2 5l =
Project_09_40_twoweb (=] o
Project_10_40_twoweb - -
Project_11_40_twoweb S 4/ c 4
Project_12_40_twoweb [=% o
|Proiect 13 40 temweh ¥ w 20 7] 20
0 : : 0 : :
Load Data Twist Simulation -1 -0.5 0 0.5 -1 -0.5 0 0.5
Chord Location (Meter) Chord Location (Meter)
Show Twist/Patch Distribution
e Twist Distribution o Patch Distribution on Web1 o Patch Distribution on Webz2
12 i —
T = =
@ £ 40 et 2
g £ £
=) S Bt-- c
2 2 2
= S gl &
< E E
o £ 4 c 4
2 2 4
= @ 5l @ 5
0 ; : : : _
0 5 10 15 -%.1 0 0.1 -%.1 0 0.1
Span Location (Meter) Thickness Direction (Meter) Thickness Direction (Meter)

Figure 3.8-“Simulation GUI”

Figure (3.9) shows a typical cross-section of an adaptive blade with n different
patches. In each patch, it can be made up of many layers. Then the fibre angle of
layers, thickness of layers, material properties of layers and total number of layers
can be defined separately by using defined GUI-“Blade Structure Definition”.
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n: number of the patches on cross-section
m: number of plies in a typical patch

Figure 3.9-A typical cross-section of an adaptive blade with n patches

3.5 Aero-structure Simulation

Wind turbine aerodynamic simulation tool WTAero (Maheri, 2006a, 2006e) is
integrated to the induced twist calculator explained above to find the aerodynamic
force distributions along the blade. WTAero also calculates the internal forces at
each cross-section (resultant forces shown in Equation (2.47)). The integrated
software takes the following steps to evaluate the performance of a wind turbine
utilising adaptive blades:

Given:

= Wind turbine specifications (e.g. wind turbine type, number of blades,
rotor diameter, hub elevation, cone angle, blade pitch angle, etc)
= Wind turbine run condition (wind speed and rotor speed)
= Project name (the name of saved adaptive blade structure file produced by
“Blade Structure Definition” GUI)
= Number of sections for blade discretisation
Step 1. Set initial elastic twist ¢(z) =0
Step 2. Load the adaptive blade structure file.

Step 3. Compute the entries of stiffness matrix [K; ] for each section.
Step 4. Inverse stiffness matrix [K ] for each section

Step 5. While convergence criterion has not been achieved do:
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5.1. Calculate aerodynamic loads and internal forces at each section.

5.2. Solve Equation (2.47) for rate of change of deformations, of particular
interest, ¢ (z) .

5.3. Apply boundary conditions to find ¢(z) via numerical integration.

5.4. Compute the total twist distribution of adaptive blades
L(z) =¢(z) + B,(z) again considering elastic coupling induced twist.

5.5. Go to Step 5.1.

The convergence criterion can be defined on induced twist or rotor mechanical

power.

The process of aero structure simulation is illustrated here by an adaptive blade

AWT-27 without web that is the same as that in Chapter 2. The elastic coupling
specified for this blade is by CAS [50],, with a constant thickness (10mm).
Applying the convergence criterion on the rotor mechanical power
(P = Poig )/Pya| 1%, the results of iteration are shown in Figures (3.10) and

(3.11). It is assumed that the wind turbine is operating at a steady wind speed of

10 m/s with a rotor speed of 53.3 rpm.

1400
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400
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—s— jter#3
—_— jter &1
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00 | —B— iter#l
2000 iter#4
1800 & —g¢nu iter#6
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Total Aerodynamic
Force (Nfm)

T2 3 4 5 8 7 8B 9 10 11 12 13 14
Span location {m)

Figure 3.10 Span wise distribution of total aerodynamic force
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Figure 3.11 Aerodynamic performance of the wind turbine utilising adaptive
blades

It can be seen from the Figures (3.10) through (3.11) that, the aerodynamic loads,
tip induced twist and rotor power are not constant at first few iterations as
adaptive blades simulation is aero-structure coupled process. A few iterations
later, the aerodynamic loads, the induced twist and the rotor power reach their

converged values.

3.6 Summary

In this chapter, three MATLAB® based GUIs are developed to implement the
analytical beam model developed in Chapter 2 in an aero-structure simulation
tool. The beam model takes the place of FEA coupled aero-structure analysis of

adaptive blades.

The “Composite Material Definition GUI” allows the user to produce material
properties by entering volume ratios and engineering constants of constituents, the
matrix and fibre, for new materials. This GUI also can be used to save known
materials by entering their material properties directly. The “Blade Structure
Definition GUI” undertakes the pre-processing of adaptive blades simulation by
constructing the structure of adaptive blades with the flexibility of having several
different types of layup configurations at various locations. The *“Simulation

GUI” carries out the twist analysis of adaptive blades.



4 Extended Decoupled Design Method
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4.1 Introduction

As explained in previous Chapter 3, the induced twist in a bend-twist adaptive

blade depends on the following sets of parameters:

= Aerodynamic characteristics.
= Wind turbine run-conditions (wind speed, rotor speed and blade pitch
angle).
= Material and structural properties of the blade (mechanical properties of
the blade material, ply angle, shell thickness, etc.).
= Material and structural configurations of the blade (span wise variations of
mechanical properties of the blade material, ply angle, shell thickness,
etc.).
This makes the wind turbine aerodynamic performance evaluation an iterative
coupled-aero-structure simulation and consequently the design of adaptive blades

integrated in nature.

Maheri et al (2007a, 2008) proposed a decoupled design method applicable to
bend-twist adaptive blades based on the concept of variable state design parameter
(VSDP). Figure (4.1) describe this method schematically.

VSDP .
r———=—=—=—=-=-=--= | (Induced deformation)y [ =~~~ " ~" ==~~~ I Design
1 space
1 search

1 Aerodynamic
design parameters
1 _
('___L_ _______XA__V___—l
| [ Aerodynamic analysis ]——»M Structural analysis ] ]

| S — _—— e ———— —— —_——— ——

1
1
Material/Structural 1
design parameters -1
1
1
1
I
1

candidate
assessment

1

1

|

1

1

1 1
| |
- _{ Aerodynamic Structural _|_ _ 1
:' | performance evaluation performance evaluation | -: Design
| |
] L
1 | ]

Overall -l-
"""""" Performance evaluation —TTEEEEEE

Figure 4.1-Decoupled design by VSDP (Maheri et al, 2008)
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The main advantage of this method is the significant reduction in the aerodynamic
evaluation time by avoiding running a time consuming structural analysis for each
aerodynamic performance evaluation. In this method, the induced twist caused by
bend-twist coupling is treated as an aerodynamic design parameter while its
dependency on the structural characteristics of the blade is taken into account by
imposing a proper constraint on the structure design. However, by use of
decoupled method, in structure design side, the material and structural
configurations selection must meet the requirements of generating the induced
twist as planned in the aerodynamic design process. That is, planning an induced
twist, as a design parameter must be realistic and achievable (Maheri et al, 2007a).

4.2 Decoupled Design Method: Background Theory

Maheri et al (2007c) started with the force-displacement relations for bend-twist
coupled thin-/thick-walled composite beams of Equations (4.1) and (4.2) as
proposed by Kim and White (1997), and then applied the following two basic

assumptions:

= The contribution of the internal torque due to the off-axis aerodynamic
loading of the blade is negligible.
= The edge-wise slope of the blade is negligible.

F Ky Kp o K ué)

Vb =lky ky O]V, (4.1)
v, i ki 0 kg W(I) _‘gy

T Ko Kis Kig| |8

M, b =|ky ke O [46, (4.2)
M, i ey 0 Ke 92-

In case of the coordinate system of beam model adopted by Kim and White

(1997), the F ,V,,V,, T, M and M, have the same meanings of Equation

(2.47) by adopting a different coordinate system. In Equation (4.2), M, 6, and

[ are internal flap-wise bending moment of cross-section (or resultant moment of
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cross-section about y-axis), flap-wise rotation about y-axis and elastic coupling

induced twist respectively. The first assumption reduces Equation (4.2) into the
following form.

{ 0 }: {kzm k4s} ﬂ (4.3)
M y k54 kss Hy

Applying the second assumption on Equation (4.3) leads to:

M, =M, =KoB/ox (4.4)

where

k44 kss — k45k54
k55 - k45

K = (4.5)

Using normalised flap bending moment M *, normalised effective stiffness K *

and normalised radial locationr*, they showed that Equation (4.4) could be re-
written as

s “
in which:

M* = MNhlub (4.7)
K = KL (48)
o ;:_F:;hu; (4.9)

In the above equations M, is the flap bending at the hub, K., is the maximum

X

effective stiffness of the blade, R and R,,, are rotor and hub radius respectively.
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M and K are the flap bending-moment and the effective stiffness at span location

r respectively.

Then, they also proved that the normalised bending moment M * is independent
of the wind turbine run-condition as can be seen in Figure (4.2). This figure
denotes the normalised flap-bending moment for a variety of AWT-27 wind

turbine run-conditions.

—-+—-[-1.2,53.3, 5]
———-[-1.2, 53.3, 10]
—=—-[-1.2, 53.3, 15]
—-s—-[-1.2, 53.3, 20]
——~—-[-1.2, 53.3, 25]
—-—-[-1.2, 40, 10]
—-[-1.2, 53.3, 10]
— - [-1.2, 60, 10]
—=—[-1, 53.3, 10]
&g ., — 10,53310]
0.0 0.2 0.4 0.6 0.8 1. ——[1,533,10]
Normalised Radial Location r* ——[2, 53.3, 10]

Normalised Flap-Bending Moment

Figure 4.2- Variation of normalised flap-bending moment versus various run
conditions [pitch angle (deg), Q (rpm), V (m/s)]

They also argued that since the distribution of the effective stiffness K depends on
the structural characteristics of the blade only and not the wind turbine run-
condition, once the effective stiffness K is calculated at a wind turbine run-
condition (through an analytical model or a FEA) it can be used for other run-

conditions as well.

Having M * and K * independent of wind turbine run-condition, the term

J.r* M *(r*)

r*in Equation (4.6) becomes invariant to the wind turbine run-
o K*(r%)

conditions. This leads to Equation (4.10), relating the induced twist distribution at

a general run-condition g(r*)to the induced twist at a reference run-condition

B ) e -
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ﬂ ( r*) ref

hub, ref

L) =M, (4.10)

Equation (4.10) is the base of decoupled design method and variable state design

parameter proposed by Maheri et al (2007a, 2008), as explained below.

Normalising the induced twist distribution by its maximum value occurring at the

tip of the blade f; and substitution from Equation (4.6) leads to:

M), .
ﬁdr
w(pry = B() ! K(r)
B*(r<)= B M) (4.11)
T j ﬁdr‘k
°K(r)
Combining Equations (4.10) and (4.11) leads to:
Br =My h (4.12)
Mhub,ref

In decoupled design f; . is treated as an independent design parameter, which

needs to be obtained such that the aerodynamic performance of wind turbine is

optimised. Having optimised j; . for aerodynamic performance, the elastic

coupling in the blade should be implemented such that it produces the exact
amount of tip-induced twist at reference run-condition.
Assigning a value to the reference tip induced twist f; ., the tip induced twist at

other run-conditions f; can be found via Equation (4.12). To simulate the wind

turbine with adaptive blade the actual distribution of induced twist is needed. In
order to find the non-normalised induced twist at each run-condition the

normalised induced twist g *is also required:

p=p*F; (413)
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Normalised induced twist can be calculated by an analytical model or by

employing a FEA.

Maheri et al (2007 a) proposed an analytical model for predicting the normalised
induced twist for special case of constant layup configuration and shell thickness

through span of the blade:

M(r") -
© the ()
IM(r'), «
* (1)

p(re)= (4.14)

in which t__. is the maximum aerofoil thickness.

The rest of this chapter aims at proposing a more general equation for normalised

induced twist.

4.3 Normalised Induced Twist Analytical Model

In order to investigate the effects of spanwise variation of shell thickness and
layup configuration on the normalised induced twist of adaptive blades, different
combinations of layup configurations and shell thickness are investigated. Tables
(4.1) and (4.2) show different layup configurations and different shell thickness
distributions. Table (4.1) shows three types of layup configurations, namely, (i)
uniform (cases 1to 7), (ii) linear variation (cases 8 to 12) and (iii) partial elastic
coupling (cases 13 to 17). The four types of thickness distributions are: (i) linear
variation (cases 1 to 5 in Table (4.2)), (ii) quadratic variations (case 6), (iii) third
degree variation (case 7), and (iv) uniform (cases 8 to 11). Figure (4.3) shows
normalised thickness distributions for comparison. Using the developed software
explained in Chapter 3, the induced twist of an AWT-27 blade made of
thicknesses and layups shown in Tables (4.1) and (4.2) are examined. This blade

is running at a wind speed of 10m/s and a rotor speed of 53.3 rpm.

The results are shown in Figures (4.5) to (4.11), (4.13) and (4.14). For

convenience, each blade is represented by its corresponding [layup, thickness]
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case. For example [2, 3] refers to an adaptive blade made of the layup

configuration 2 and thickness distribution 3.

Table 4.1- Layup configurations

Case Layup Configuration
1 [20],, mirror and uniform through span
2 | [30],, mirror and uniform through span
3 [40],, mirror and uniform through span
4 [50],, mirror and uniform through span
5 [60],, mirror and uniform through span
6 [70],, mirror and uniform through span
7 [80],, mirror and uniform through span
8 20 identical layers; ply angle variable linearly from 10° at hub
to 40° at tip
9 20 identical layers; ply angle variable linearly from 20° at hub
to 50° at tip
20 identical layers; ply angle variable linearly from 30° at hub
10 o 1t
to 60° at tip
20 identical layers; ply angle variable linearly from 40° at hub
11 o e bt
to 70° at tip
20 identical layers; ply angle variable linearly from 50° at hub
12 o e bt
to 80° at tip
13 | [20],, mirror for one fourth of span, [+20],, rest of span
14 | [30],, mirror for one fourth of span, [+30],, rest of span
15 | [40],, mirror for one fourth of span, [+40],, rest of span
16 | [50],, mirror for one fourth of span, [£50],, rest of span
17 | [60],, mirror for one fourth of span, [+60],, rest of span
Table 4.2- Shell thickness distribution
Case Variation Thickness Normalised thickness distributions
type [from to] (mm)
1 3410 15 t*=-0.574r*+1
2 Li 3210 13 t*=-0.609r *+1
3 near 29 t0 10 t*=—0.672r*+1
4 34t024.5 t*=-0.287r*+1
5 3410 19.75 t*=-0.430r *+1
6 Quadratic 3410 15.3 t*=0.433r** —1.009r * +1
7 Third degree 34t015 t* = —0.004r ** +0.884r ** —1.479r * +1
8 Uniform 10 t*=1
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Figure 4.3-Normalised shell thickness distributions of Table (4.2)

In analysis, the continuous variations of shell thickness and layup configurations

are replaced by stepwise variations using 20 segments shown in Figure (4.4).

____________________ A ]
: : Ong |
i 0, 5 5 i
| Segment 1 \_ Segment 20

Figure 4.4-Variation of layups by a stepwise variation over 20 segments

4.3.1 Effect of Shell Thickness and Ply Angle on g > for Uniform Shell

Thickness and Constant Layup Configurations
The first case study is carried out by using various uniform shell thickness

distributions and uniform layup configurations in the structure of the blades
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[1/3/5/7, 8/9/10/11]. Figure (4.5) shows that normalised induced twist is
independent of fibre angle or the actual value of shell thickness as long as the

layup configuration and thickness remain constant spanwise.
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0

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Normalised Radial Location r*

Figure 4.5-Effect of shell thickness and ply angle on g *in case of uniform shell
thickness and constant layup configuration

4.3.2 Effect of the Variation of Shell Thickness on g * for Constant Layup

Configurations
The second case study is carried out by using uniform layup configurations but
spanwise variable shell thickness distributions in the structure of the blades [1/3,
1/2/3/4/5/6/7]. Figures (4.6) and (4.7) show the spanwise variation of normalised
induced twist. In the first glance, one may conclude that the actual value of the
thickness affects the form of normalised induced twist. However, with reference
shown in Figures (4.3) and (4.8) (showing normalised shell thickness
combinations [1/3, 1/2/3//6]) one notices that the trend of normalised induced
twist is in fact a function of the slope of the variation of thickness rather than its

actual value. Thickness cases 1, 2, 3 and 6 all have very close slopes (see Figure

(4.3)).
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Figure 4.6-Effect of shell thickness variation on g * in case of constant layup
configuration [1, 1/2/3/4/5/6/7]
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Figure 4.7-Effect of shell thickness variation on g *in case of constant layup
configuration [3, 1/2/3/4/5/6/7]
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Figure 4.8- Effect of the slope of shell thickness variation on g *in case of
constant layup configuration [3, 1/2/3/6]
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4.3.3 Effect of the Rate of the Variation of Thicknesson g *

The fourth case study is carried out by using uniform layup configurations but
spanwise variable shell thickness distributions in the structure of the blades [1/3/5,
1/6/7]. Thickness cases 1, 6 and 7 all start from 34 mm at the hub and vary to
about 15 mm at the tip, linearly (case 1), quadratic (case 6) and following a third
degree variation (case 7). Figure (4.8) shows that the normalised induced twist
depends on the form of the variation of thickness. This actually confirms the
conclusion of the previous section, emphasising the fact that it is in fact the rate of

variation of thickness that dictates the behaviour of the induced twist not the

actual value.
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Figure 4.9- Effect of the form of the variation of thickness on normalised induced
twist

4.3.4 Effect of Spanwise Variation of Fibre Angle on g *

It was shown that the spanwise behaviour of the normalised induced twist is
independent of the fibre angle as long as it remains constant along the span of the
blade (see Figures (4.5) and (4.9)). In this section, adaptive blades with variable
fibre angle along their span are analysed to investigate the effect of spanwise

variation of fibre angle on g *. The results for combinations [8/9/10/11/12, 8] are

shown in Figure (4.10). It can be seen that the variation of fibre angle along the
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span of the blade has the highest effect on the normalised induced twist. This was

expected as the amount of elastic coupling highly depends on the fibre angle.
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Figure 4.10 - Effect of spanwise variation of fibre angle on g *

Another interesting result can be seen from the results shown on this figure by
comparing combinations [8, 8] corresponding to fibre angle variation from 10 to
40 degrees and [12, 8] corresponding to fibre angle variation from 50 to 80
degrees. One can observe that combination [8, 8] produces induced twists as high
of 90% of the maximum value for almost 70% of the blade span. In case of
combination [12, 8] only 20% of the blade experience an induced twist above
90% of the tip induced twist.

Figure (4.11) shows the actual values of induced twist for cases [1 to 12, 8]. It can
be observed that combinations with linearly variable fibre angles produce larger
induced twists. Combination [10, 8] corresponding to fibre angle varying linearly
from 30° at hub to 60° at tip, produces the highest values of induced twist at the
tip of the blade. On the other hand, combinations [8, 8], corresponding to fibre
angle varying linearly from 10° at hub to 40° at tip, produces more uniform
induced twist through the blade span.
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Figure 4.11- Induced twist distribution for cases [1 to 12, 8]

4.3.5 Effect of Combined Unbalanced-Balanced Layup on g *

An adaptive blade with combined unbalanced-balanced layup is shown in Figure
(4.12). In this blade, 25% of the span of the blade is made up of unbalanced
layups, while the rest 75% is made of balanced layup. The layup configurations
[13/14/15/16/17, 11] are used for analysis of this blade. The predicted induced
twists are shown in Figure (4.13). It can be seen that the induced twist reaches its
maximum value at the end of section with unbalanced layup and then remains
almost constant for the rest of the blade. Deviation of induced twist curves from
horizontal line after reaching their maximum values at about quarter of the blade
is due to elastic twist produced by aerodynamic pitching moment, which in our
case here is in the opposite direction of the induced twist produced by elastic

coupling.

%

Elastic coupled part

Balanced layup

3L/4

(unbalanced layup) !
L4 i

Figure 4.12-Adaptive blade with combined unbalanced-balanced layup
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Figure 4.13-Induced twist in blades with combined unbalanced-balanced layup

Figure (4.14) shows the normalised induced twist for all cases. As expected, since

the thickness is uniform and the layup configuration in the unbalanced segment is

constant, the normalised induced twist is identical for all cases.

Normalised Induced Twist
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Figure 4.14-Normalised induced twist in blades with combined unbalanced-

balanced layup

4.3.6 Extended Analytical Model for Normalised Induced Twist

Using the data generated in previous sections, the analytical model of Equation

(4.15) is proposed for predicting normalised induced twist in adaptive blades with

spanwise variable thickness distributions with constant layup configurations. This

model is based on the old model proposed by Maheri et al (2007a) (see Equation

(4.14)) which is only valid for the blades with uniform thickness and constant

layup configurations.
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ot (rt (r)
In this equation, ts* stands for the normalised shell thickness defined as:
t =t /tg (4.16)

In order to investigate the performance of the proposed model of Equation (4.15),
the normalised induced twist predicted by this model has been compared with the
numerical results obtained by ANSYS® for three sets of no-web, one-web and
two-web adaptive blades with configurations [5, 1/2/3/4/5/6/7]. Results are shown
in Figures (4.15) through (4.17). It can be seen that in all cases there is a good
agreement between the results predicted by the proposed analytical model and the

numerical results.
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Figure 4.15-Predicted g * by Eq. (4.15) and ANSYS in adaptive blades [5,
1/2/3/4/5/6/7] without web
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Figure 4.17- Predicted g * by Eq. (4.15) and ANSYS in adaptive blades [5,
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4.4 Summary

In this chapter, using the software tools developed in Chapter 3, firstly, the
behaviour of normalised induced twist for various combinations of shell thickness
and layup configuration is investigated and then an analytical model for predicting
the normalised induced twist in adaptive blades with variable shell thickness is
introduced. Comparing the numerical results obtained by ANSYS® and those
obtained by the proposed model shows that the model is capable of predicting
normalised elastic twist for blade with variation of thickness with a good

accuracy.
The following conclusions can be drawn from the results obtained in this chapter:

= Normalised induced twist is independent of fibre angle and the actual
value of the shell thickness as long as the layup configuration and
thickness remain constant spanwise.

= For constant layup configurations but spanwise variable shell thickness
distributions, the trend of normalised induced twist is a function of the
slope of the variation of thickness rather than its actual value. In other
words, it is the rate of the variation of thickness that dictates the trend of
the induced twist not the actual value.

= The variation of fibre angle along the span of the blade has the highest
effect on the form of normalised induced twist.

= For adaptive blades with combined unbalanced-balanced layup
configurations, the induced twist reaches its maximum value at the end of
the section with unbalanced layup and then remains almost constant for the
rest of the blade.

= For linearly variable layup configurations, with average fibre angle
between 20 to 40 degrees, most of the blade span experiences an induced

twist above 90% of the tip-induced twist.
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5Conclusion
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5.1 Summary

Wind turbines are designed to extract energy with the highest efficiency. One of
the basic requirements for wind turbines is to have a control mechanism in place
to ensure that the rotors do not produce power excess to the rated value for a safe
operation of the generator, and that the aerodynamic loads on the blade do not
exceed the design load. Power and load control systems used in wind turbines can
be classified as conventional and non-conventional. Among non-conventional

control approaches, adaptive blade is the topic of investigated in this thesis.

In adaptive blades, a controlled and limited torsional deformation is produced as a
result of the implanted elastic coupling (bend-twist) in the structure of the blade in
response to the changes of rotor run condition. The earlier investigation on
adaptive blades has shown great potentials for this kind of blades in increasing
annual average power of wind turbines as well as load alleviation capabilities.
However, comparing to conventional blades, simulation of wind turbines utilising
adaptive blades and design of adaptive blades is more complicated. The main
reason is the dependency of the aerodynamic performance of an adaptive blade to

its structural characteristics.

Simulation of wind turbines utilising adaptive blades is an iterative coupled-aero-
structure process. For aerodynamic simulation of wind turbine, the induced
deformation due to elastic coupling needs to be known. Therefore, structural
characteristics of the blade must be also known. Moreover, a sophisticated
structural analyser with high accuracy is required to predict the induced
deformation accurately (i.e. the order of a fraction degree for induced twist).
Running finite element based structural analysis is highly time-consuming in an

iterative process.

The traditional design methods for conventional blades are not applicable to the
design of adaptive blades. The aerodynamic design of ordinary blades can be
performed without direct participation of the material properties and structure
configurations of the blade. The aerodynamic and structural design phases of

traditional wind turbine blades take place sequentially. In case of adaptive blades,
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the aerodynamic and structural design phases are integrated in nature. Two
approaches could make a design process efficient and practical:

Running an integrated design process by employing an efficient and robust
structural analysis tools. As mentioned previously, using FEA-based structural
analysers makes the integrated optimal design of adaptive blades very time-
consuming and therefore inefficient. Using analytical beam models instead of
FEA-based analysis saves time and makes the analysis computationally efficient.
However, none of the available beam models have been claimed or shown to be
accurate enough for our purpose here. In order to make integrated design of
adaptive blades practical, a robust structural analysis tool based on an accurate

beam model for thin-walled, multi-cell, non-uniform composite beams is required.

Decoupling the coupled aero-structure design. Although decoupled design method
has been shown to be highly efficient in design of adaptive blades, more
investigation must be carried out to develop models in which the effect of the

spanwise variations of the shell thickness and fibre angle are taken into account.

Aeroelastic stability is another major issue for elastically tailored aero-structures
such as adaptive blades. While there have been many detailed research work
carried out towards investigating the effect of specific layup configuration on
natural frequencies of adaptive blades, no general guidance has been given yet.
This is mainly due to not having an easy-to-run structural analyser capable of

delivering modal analysis.

In view of the above, this project aimed at the development of efficient and robust
tools and methods for optimal design of wind turbine adaptive blades.

5.2 Achievements and Original Contribution

The main achievements are listed as follows

= A general thin-walled composite beam model suitable for deformation
analysis of elastically coupled multi-cell thin-walled beams with general
cross-section was developed. This beam model is capable of predicting the
induced twist due to elastic coupling for thin-walled closed multi-cell
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composite beams with spanwise variable cross-sectional properties and
non-uniform shell thickness distribution under various types of loads. The
performance of the developed model for various beams under various
loading scenarios was investigated. Single-, two- and three-cell wind
turbine blades with constant thickness were investigated under various
layup configurations. Single-cell blades with variable thickness
distributions along the blade longitudinal axis were also investigated. The
results for all cases show a good agreement with analytical experimental
and numerical results, highlighting the accuracy of the results at required
level for simulation and design of wind turbine adaptive blades.

A software tool was developed for implementing the beam models,
allowing for a robust and efficient iterative-coupled aero-structural
analysis. Three graphical user interfaces were developed to code and link
the analytical beam models with an aerodynamic analysis programme. The
efficient and accurate beam model takes the place of FEA in the coupled
aero-structure analysis of adaptive blades. This package allows the user to
produce material properties and then define the blade structure efficiently.
The method used for the definition of the structure of an adaptive blade is
highly flexible, allowing defining adaptive blades with a wide range of
elastic-coupling topologies and material configurations.

The decoupled design method was extended by proposing and validating
an analytical model for normalised induced twist variation for general case
of spanwise variable thickness. Using the developed software as a search
platform firstly, the behaviour of normalised induced twist for various
combinations of shell thickness and uniform layup configuration was
investigated and then an analytical model for predicting the normalised
induced twist for adaptive blades with variable shell thickness was
introduced. Comparing the numerical results obtained by ANSYS and
those obtained by the analytical model proposed in this chapter shows that
the analytical model is capable of predicting normalised elastic twist for
blade with variation of thickness with a good accuracy.
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= Further analysis was carried out towards investigation the effect of
spanwise variation of layup configuration on the normalised induced twist.
It was found that the variation of fibre angle along the span of the blade
has the highest effect on the form of normalised induced twist and that it is
possible to achieve uniform induced twists along the majority of the span
of the blade by using a linearly variable fibre angle.

5.3 Critical Appraisal and Future Work

In coding the thin-walled composite beam model of Chapter 2, the aerofoil
contour of the outer surface is assumed to be the middle-line of the blade shell to
make the calculations over the cross-section easier. The real middle-line contour
is a stepped curve for chord-wise variable shell thickness. This assumption makes
the cross-section of the blade slightly bigger than the actual cross-section.
However, considering the blade cross-section as a thin-walled structure, this

assumption is expected to produce some but small amount error.

In all simulated and structurally analysed adaptive blades in this project, the mass
of the blades is neglected. Mass of the blade is the source of blade axial forces due
to gravity and inertia. In other words, in all simulated and structurally analysed
adaptive blades the axial force is neglected. As a future work, the weight of the
blade should be also considered in order to perform simulations that are more

realistic.

Despite the assumptions described above, the analytical beam model is still
capable of predicting the induced twist for bend-twist coupled adaptive blade

efficiently without involving complicated beam theories and calculations.

The extended model for calculating normalised induced twist is superior to the
original model proposed by Maheri et al (2007a), as it can incorporate the effect
of spanwise thickness variation. However, this model is applicable to constant
layup configurations only. This model needs to be modified to incorporate the
effect of layup configuration variation as well as the shell thickness variation.
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In theory, the developed beam models and the software tool can be used for
stretch-twist adaptive blades as well. These models and the performance of the

software tool needs to be investigated for stretch-twist adaptive blades in the

future.
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Appendix A

Stiffness constant of an orthotropic material:
Cp, = (v, +Vaovi) I(E,EZA)
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Stiffness constant of an orthotropic material (see Figure Al for angle @):
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C,, =C,,C05°0 + Csin’0 (A.23)
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Reduced stiffness constants of an orthotropic material:

1= E22 + (623611 + _122633 } 2613612623 ) (6123 } E33611) (A.29)
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C, =C, (A.31)

C~:22 = E66 + (_616613636 + 6126633 + C326611 - 636616613 )/ (6123 - E33611) (A-32)

C33 = 644 B Efsl E55 (A.33)

| o o o

Figure A1-The principal directions (1, 2, 3) of a laminate layer, and the reference

system (1',2',3) or (X, y, z) of the laminate
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Appendix B

Entries of [K]matrix in force-deformation Equation (2.47):
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( M denotes the number of the patches on the cross-section, N denotes the

number of layers in the patch)
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