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Abstract

Over the past decade, wind turbine towers have grown taller and wider to support high
capacity turbines. It may, therefore, be prudent to investigate materials alternative to steel to
mitigate an increase in tower mass, cost, and complexities in transportation & manufacturing
associated with the steel towers. The current research focuses on the preliminary design of
economically feasible composite wind turbine towers.

Some of the project objectives involve setting up the design tool for tubular and lattice
tower made up of Glass Fiber Reinforced Plastic (GFRP) and Carbon Fiber Reinforced
Plastic (CFRP) material, preliminary design of possible joining techniques, setting up the
cost model for various manufacturing approaches and assembly techniques and comparison
of composite towers to steel tower design regarding mass and cost. The design tool will
incorporate all the essential load cases, structural and geometric constraints and will help to
analyze the composite towers with various hub heights and for 2.1 MW and 5 MW turbine
capacities.

Loads and constraints are estimated through the literature study. Preliminary design of the
tubular tower has been carried out using an analytical approach. For the lattice towers, a
Finite Element Method (FEM) approach using Matlab was the suitable method to perform
the analysis. A minimum first natural frequency constraint of 0.27Hz and 0.22Hz have been
incorporated during the design for 2.1MW and 5MW turbine capacity towers respectively. For
the joint design, bolted and adhesive joints are considered and the failure modes associated
with these joints have been incorporated into the design to get an estimate of the joint
mass and cost. The cost modeling of composite structures was done using the parametric
equations that fit the Process Cost Analysis Database (PCAD) cost model in the region of
interest. These parametric equations are usually functions of the surface area of the structure,
perimeter, number of plies and the complexityof the part. The final part involves comparison
of the GFRP and CFRP towers with steel towers and comments on the feasibility of the
composite towers.
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CFRP tubular and lattice towers show a mass reduction of up to 60% for lower hub height
towers (<=100m), but this advantage decreases with height. Due to the high material cost,
the CFRP towers are at least 3-4 times costlier than steel towers. For the GFRP material
system, up to 35% mass reduction was found in the tubular design with lower hub height
(<=100m). 5SMW-100m hub height GFRP tubular tower showed the highest mass advantage
(35%) and was the closest in cost to the steel design with the GFRP tower being 4% costlier.
The GFRP lattice towers showed a similar trend with up to 35% but were at least 27% costlier
than steel tower due to the high material and joint costs.

The only region where composite currently show any promises of mass and cost feasibility
is for smaller hub heights (<=100m) and on tubular towers. The major existing difficulties
with steel towers are for heights in the range of 125-150m, and in this region, the composite
tower design does not show mass or cost advantages. Based on the results of the various
trade studies and optimized designs, it was concluded that the composites do not hold a
definitive promise as an alternative material for wind turbine towers over steel. With the
current technology and understanding of the tower designs, the mass advantage promised by
composite towers is not enough for composites to be deemed a viable option that can thrive in
a competitive market for renewable energy. Thus a few scopes for future research are provided
that can help in strengthening the understanding of the composite tower design.
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Chapter 1

Introduction

Wind turbines harness kinetic energy from the wind and convert it into electricity. Though
wind energy currently accounts for only 1-1.5% of the world energy production, it is one of
the most efficient and promising forms of renewable energy and is projected to account for up
to 7% of the global power supply by 2040 [1]. It is required to have high capacity turbines to
meet this demand which implies larger rotors at higher hub heights. The rotor area and hub
height determine the magnitude and strength of available wind flow. Wind speed increases
with height enabling wind turbines to work at full capacity.

1.1 Background

A wind turbine consists of the rotor, nacelle and the tower. The rotor includes blades, the
hub, and the mechanisms for the control of the blades as shown in Figure 1.1. The nacelle
houses the gear box, generator, brakes, etc. The tower carries the nacelle and the rotor and
transfers the loads appearing on the yaw bearing to the foundation. It is one of the costliest
components of the turbine. It accounts for 20-25% of the turbine cost and around 13-15% of
the overall cost [2].

The likely specifications and points of concern with a typically tall and wide tubular tower
made of steel used for SMW and a 5SMW turbine are given in Table 1.1. Companies in the wind
industry like Vestas, GE, Suzlon are on a constant lookout to improve the design focusing on
these points of concern. Some of the attempts include sectioning the tower radially to avoid
transportation issues, use of timber or concrete as an alternative material or even adopt
hybrid tower designs usually consisting of lattice design for the bottom half and steel tubular
design for the tower top. Increase in the tower mass and cost with the increase in height and
turbine capacity, among others, are issues that remain unsolved.



2 Introduction

Nacelle JI — Tower
Hub
K J
Yaw system i
T o
Rotor blade l
Low-speed High-speed
Shaft Shaft
Rotar Hub Gearbox

Transformer

Brake Brake  Generator

Foundation ﬁ—-—-’I L___\

Figure 1.1: Wind turbine parts and tower system

‘ 3MW ‘ 5MW ‘ Points of concern
Height 125 150 Transportat‘lon 1s§ues, needs
(m) special trailer
Base diameter 58 76 Road transportation limit in many
(m) ’ ’ countries is 4.5m in width
Thickness 3.8 A5 Steel sheet metal rolling process
(cm) ' ' thickness limit is 4cm
Natural frequency Resonance effects as tower frequency decreases
0.26 | 0.22
(Hz) and nears rotor frequency
Mass 368 77 Difficulties in assembling on-site
(tons)

Table 1.1: Points of concern with increasing turbine height and capacity [2]

Composite structures could help in mitigating these problems with their high stiffness/mass
ratio and manufacturing flexibility. Also, they possess other advantages in the long run like
superior corrosion resistance and better fatigue performance. Until now, there have been very
few attempts to use composites in wind turbine towers. Lim et al. [3] and Han et al. [4] have
made such efforts, but their design lacks study of economic feasibility in detail, which is a
major factor since composites are costlier than steel.

Hence this project involves developing a preliminary design of a Fiber Reinforced Plastic
(FRP) composite tower taking into account economics of the structure to eventually help
mitigate some if not all of the above problems existing in the current design.
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1.2 Requirements from Suzlon and research objective

The advantages of composite structures over metallic structures are well documented, but
the feasibility of composite structures especially for high load carrying structures like wind
turbine tower is still a gray area. Hence the main expectations of this project by Suzlon is
outlined below.

1. Survey the available knowledge on composite wind turbine towers and build a design
tool for the preliminary analysis of composite tower for tubular and lattice designs using
Matlab. This tool should include all the necessary loading conditions, failure modes and
an inbuilt cost model to provide a reasonably optimized tower design for a predefined
hub height and turbine capacity.

2. Identify the possible hub heights and turbine capacities where composite towers show
potential promise over steel towers. This task intends to subsequently help Suzlon
identify the gap in the existing knowledge of composite tower and focus future research
on developing an economically sustainable alternative to the contemporary steel tower
design.

The research objective is "To investigate the economic and structural feasibility of composite
wind turbine towers by developing and analyzing a preliminary design of a composite wind
turbine tower."

1.3 Thesis workflow

Initially, a literature study was carried out to find out the existing designs, loads & constraints
and cost parameters needed to set up the design tool. Then a set of research questions
were proposed based on literature survey and the shortcomings of the steel tower. After
the literature review, the tubular tower and the lattice tower model were set up using the
analytical method and the numerical method respectively. The model provided with design
outputs like deflection, stresses, and the natural frequency. To come up with the final tower
design, it was required to perform trade studies to see how the geometric parameters will
affect the mass of the structure. A cost model was developed subsequently, and the likely
values of cost contributors were decided through the literature survey and Suzlon in-house
knowledge. The final tower designs for various hub height were found either using brute
force method (in the case of the tubular towers) or a robust optimizer inbuilt in Matlab like
Sequential Quadratic Programmer (SQP) (in the case of the lattice towers) depending on the
number of design parameters.

Since the lattice structure was developed using a Finite Element Method (FEM) framework
in Matlab, a verification of the mathematical operations conducted in Matlab was done using
Ansys. For a similar geometry and input, the model must behave similarly on both the
platforms. In the final task, the final tower designs of 2.1MW and 5MW towers were compared
with existing steel towers. The comparison was made quantitatively concerning mass and cost.
The mass included the approximate joint mass and the cost included major cost contributors
like material, transport and installation cost.



4 Introduction

1.4 Reader’s guide

Chapter 2 provides with the literature on existing tower designs, the loads, constraints and
cost contributors needed to setup the tool and the research questions relevant to the study.
Chapter 3 outlines the methodology used to setup the preliminary design of the tubular tower
structure. This also includes the description of the joint design adopted for tubular structure.
Further, this chapter addresses the methodology to set up the lattice tower structure. Chap-
ter 4 describes the cost modeling technique selected to evaluate the likely costs involved in
composite tower structures. Finally, Chapter 5 discusses the results, comparison and findings
of the study. Chapter 6 concludes the study with recommendations for future research.



Chapter 2

Literature Review

This chapter reviews the background needed to carry out the research objective of the master’s
thesis. In the following sections, the currently existing tower types followed by the study
done on composite wind turbine towers is presented. The background needed to setup the
structural and cost model for a wind turbine tower is discussed. Finally, the economic impact
and relevance of the project are discussed, and the research questions are formulated.

2.1 Wind tower design types

Some of the wind turbine tower designs that have been tried and tested in the past are the
lattice, tubular, Danish tripod design, space truss structure and the tall, slender towers with
guy wires. But, the industry has narrowed it down to either free standing tubular tower or
the lattice tower as shown in Figure 2.1.

(@)

Figure 2.1: Common wind turbine tower designs (a) Tubular structure (b) Lattice structure [2]

Another categorization of towers would be based on the stiffness of the tower. They are
categorized as soft-soft, soft-stiff, stiff-stiff depending on the relative position of the natural
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frequency of the tower wy w.r.t. rotor frequency (P) and the blade passing frequency (3P in
the case of three blade rotor system) as shown in Figure 2.2.

With increasing tower height the mass of a stiff-stiff tower will be commensurately high since
it will need a large amount of material to attain such high stiffness/mass ratio. In a soft-
soft tower, the rotor frequency will interfere with the natural frequency of the tower during
the start and shutdown phases leading to unnecessary vibration. This can be avoided by
the soft-stiff design which is adopted for large wind turbines since its natural frequency lies
beyond rotor frequency and below blade passing frequency. But, here a point of concern is
the allowable bandwidth for the natural frequency of the tower, which could be narrow due
to the low rpm of large rotor turbines.
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Figure 2.2: Tower based on stiffness properties [5]

2.1.1 Comparison of existing wind turbine towers

Table 2.1 shows the comparison between Tubular Steel Tower (TST), Tubular Steel Tower
sectioned Radially (TSTR), Tubular Concrete Tower (TCT), Lattice Topology (LT) made out
of steel, Tubular Timber Tower (TTT), Hybrid Tower (HT) with bottom half of the tower
made from concrete and top half from steel for a 125m, 3MW turbine tower.

Most of the modern turbine towers are made of steel. For a taller tower, if the base radius is
limited, the thickness of the tower increases (T'ST) and rolling of steel metal plates becomes
progressively difficult with the increase in the thickness. Sectioning it radially (TSTR) makes
manufacturing and transportation easier, but assembly and maintenance can be a problem.
A solution to this would be to use concrete as an alternative material since it can be cast on
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| TST | TSTR | TCT | LT | TTT | HT

Base diameter(m) 4.5 5.8 9.25 | 25 10 | 9.25
Base thickness (mm) | 59 38 - - 450 -

Tower mass (t) 425 368 | 1155 | 307 | 594 | 902

Tower cost (1000 €) | 978 920 1016 | 706 | 712 | 905

Table 2.1: Mass, cost and geometric properties of various tower for 3MW capacity and 125m
height [2]

site (TCT). But, concrete towers are very heavy, need a large foundation and have low tensile
strength. Lattice structures (LT) have lower cost and weight, but assembly, maintenance, and
ice accumulation can be a point of concern. Legal constraints in some countries prevent the
use of lattice structures as they are aesthetically less pleasing than tubular structures. Though
timber towers have a higher mass when compared to other towers, their cost is comparable
to lattice towers. But, these towers are susceptible to degradation due to the environment.
Hybrid towers (HT) have the edge over concrete towers regarding mass and cost, but many
of the shortcomings of concrete towers are still applicable to hybrid towers.

2.1.2 Tubular composite towers

Research in composite tower includes the work carried out on static and dynamic character-
istics of multi cell glass fiber reinforced composite tower structures by Polyzois et.al. [6]. Lim
et al. [3] conducted trade studies to come up with an optimal design for an 80m tall, 2MW
capacity wind turbine tower using the composite sandwich panel with glass polyester face
sheet and sand-polyester sandwich core. Their study has shown a great improvement in the
mass of composite tower (270t) against steel tower (480t). They used filament winding for
manufacturing, and no study was done regarding the economic feasibility. Filament winding
can be a costly manufacturing process, especially in places like India where labor is cheap,
and such automated processes may lead to a higher cost than the current cost. Han et al. [4]
have done some investigation on a hybrid material involving double skinned composite shells
made of reinforced plastic and filled with concrete. Aspects like manufacturing feasibility and
cost estimations have not been fully incorporated in any of the above designs.

2.1.3 Lattice composite towers

Though there has been no application of composites in lattice wind turbine towers, there has
been some research in the field of application of composites in lattice cooling structures and
power transmission. Here composites have shown great promise owing to low susceptibility
to degradation by the environment. But, composites have rarely been used for high load
carrying structures, like wind turbine towers.

No criterion dictates when tubular tower design should be chosen over lattice design or vice
versa, as it is mainly dependent on the climatic conditions and laws of the country it is
installed. For a fair comparison, it is wise that both the designs are pursued at this preliminary
stage and compared with the steel counterparts.



8 Literature Review

2.2 Design loads on a wind turbine tower

2.2.1 Dead Loads or gravity Loads

Dead loads comprise of tower top weight which includes the weight of all the components in
the nacelle-rotor assembly and self-weight of the tower. The turbine manufacturer usually
provides the tower top mass in the design load matrix, and in the absence of such data,
parametric relations which are a function of the turbine rated power is given by Griffin [7]
and can be used to calculate the dead loads and the wind loads.

2.2.2 Wind Loads

The wind loads acting on the tower are contributed to by the wind turbine loads and the
direct wind pressure on the tower as shown in Figure 2.3.

=
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. - i .
Direct wind = -, Iz (Torsion)
Thrust force
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Gravity loads |
I
|

Turbing wind loads

Figure 2.3: Wind load and dead loads acting on the tower

Turbine wind loads

These loads include the aerodynamic loads on the turbine which are transferred to tower
via the yaw bearing. The thrust force is the most influential load. The other moments and
forces acting on tower top can be a result of the nonuniform velocity field of the wind and the
random loads because of wind turbulence and are provided in the design load matrix given
by the turbine manufacturer. In the absence of such design load matrix, the known turbine
loads on an existing tower can be scaled using scaling relationships presented by Griffin [7].
These scaling relationships take into account the diameter of the rotor and power rating of
the turbine and predict the forces and moments on the tower top.
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Direct wind load on the tower

The wind exerts a force on the cross section of the tower due to its viscous drag and change
in the direction of wind streamline while going around the tower. This force is a function of
the wind velocity profile, shape of the tower and the geographical contributors.

Wind loading cases

Wind turbine tower should be designed to withstand normal wind conditions occurring during
operation and extreme wind conditions. International Electrotechnical Commission (IEC)
61400 [8] defines 21 load cases for conditions such as start up, shut down, normal operation,
extreme condition, parked condition, maintenance condition, etc. Most of the civil engineering
structures and preliminary design for towers are based on non-operating extreme wind model
with a recurrence period of 50 years. But, LaNier [9] has considered a variety of wind loading
cases and observed that depending on factors like dynamic amplification factor, even load
cases in operating condition can be critical.

The wind turbines are categorized into class I, II or III as shown in Table 2.2, based on the
wind conditions at the site they are installed at [8]. V,¢y is the reference wind speed at the
location over a duration of 10 mins, I.s is the expected turbulence intensity at the site and
A, B, C corresponds to high, medium and low turbulence conditions, respectively. Some of

Wind turbine Class‘ 1 ‘ II ‘ IIT
Veey  [m.s™1] | 50 | 42.5 | 37.5

A Lo 0.16
B Les 0.14
C Lo 0.12

Table 2.2: Turbine classes and corresponding reference velocity & turbulence intensity parameters

[8]
the important load cases as prescribed by IEC are outlined below:

1. Normal Wind Speed (NWS): This is the loading case to be considered during the
operational condition between the cut in and the cutoff velocity.

2. Extreme Wind Model (EWM): Extreme wind speed model is used to simulate scenarios
like storms and hurricanes. It is classified either as Extreme Wind Model- 50 year
occurrence period (EWMS50), which is extreme wind model with a recurring period of
50 years or Extreme Wind Model- 1 year occurrence period (EWM1), with a recurrence
period of 1 year.

3. Extreme Turbulence Model (ETM): This load case is similar to NWS except for a
standard deviation in the velocity caused by turbulence that is included (oy), given by
Equation 2.1. Here I,..f is the intensity of turbulence, given in Table 2.2.

oy = Iy <0.144 (Vm + 3) (V”“" - 4> + 20)

2 2
Vave = 02‘/7“6}”

(2.1)
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where Vi, is the velocity of the wind at hub height.

4. Normal Turbulence Model (NTM): This is an operating condition load case with a
wind profile similar to NWS but standard deviation as given by (oy), Equation 2.2 is
included in the wind velocity.

oy = Iref.0.75Vhup + 5.6 (2.2)

A sample set of loads for different loading cases for a 5MW turbine with a hub height of 100m
is given in Table 2.3. Here, F},, is the shear force acting on the tower top. Fz ;. is the tower
top axial load, which also includes the tower top mass (turbine mass). My, is the tower top
moment and Mz ., is the tower top torsion. It is seen that though ETM load case occurs at
a wind velocity of 14.22m/s, it has an F},, almost 2-4 times higher than the Fj,, occurring
during non operating loading cases (EWM1 and EWM50). Thus ETM load case may still
prove to be critical in combination with load factors.

| NTM | ETM | EWMI | EWMS50

Fiop (KN) 6.15E+02 | 1.44E+03 | 5.82E+02 | 3.69E+02

Fziop (KN) | -4.7TIE+03 | -4.71E+03 | -3.49E+03 | -3.18E+03
Mziop (KN.m) | 5.87E403 | 1.41E+03 | 2.48E+03 | 9.32E+03
Miop (KN.m) | 7.08E+03 | 6.60E+03 | 1.33E+04 | 4.22E+03

Viub (m/s) 9.78 14.22 54.02 70.37

Table 2.3: Tower top loads for SMW, 90m tower for different wind loading case [10]

2.2.3 Fatigue loads

A tower is supposed to have a service life of at least 20 years. Fatigue loading is often critical
during the design phase of a tower. For steel design, using the damage equivalent load method
provides a good model for fatigue in preliminary design. Germanischer Lloyd (GL) guidelines
recommends a series of steps for modelling fatigue in composite laminates for which S-N curve
is not available [11].

2.2.4 Load factors

Since the loading on a tower is a function of wind velocity, some deviations from the mean
can be expected due to turbulence and are captured by load factors (y). The load factors
suggested by various standards like American Society of Civil Engineers (ASCE) [12], IEC [8]
and GL [11] are tabulated in Table 2.4. ASCE recommendations are conservative compared to
IEC or GL standard. During operating condition, an additional load factor to be considered
is the Dynamic Amplification factor (DA) which captures the interaction between the tower
natural frequency and the rotor & the blade passing frequency (P & 3P). The importance of
this term in magnifying the loads to create a quasi-static design load is explained by Erich
Hau [5] and given by Equation 2.3:

DA = ! (2.3)

Y- 5)+ (x2)
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| IEC | ASCE | GL

Gravity Load (ygr) | 1.1 1.2 1.1
Turbine Load (y7r) | 1.35 1.6 1.2
Wind Load () | 1.35 | 1.35 | 1.35

Table 2.4: Load factors according to various standards

where ¢ is Damping factor (structural + soil 4+ aerodynamic). Damping factor depends on
the material, type of joint, rotor rpm, soil conditions, etc, and can vary between 2-10%. The
likely breakdown of damping factor for a Glass Fiber Reinforced Plastic (GFRP) material
with bolted joints, as obtained from the literature, [13], [14], [15], is presented in Table 2.5.
The effect of dynamic amplification factor can be reduced either by making sure the tower’s
natural frequency does not coincide with P or 3P frequency or by increasing the damping
factor. The former of the two options is more practical because controlling the damping
factor is quite convoluted.

Factor ‘ ¢
Aerodynamic damping during operating condition 1-6 %
GFRP material damping 0.8 %
Soil damping 0.44-1%
Bolted structures 0.8-1.5%

Table 2.5: Likely damping ratio values [13], [14], [15]

2.3 Design Requirements

2.3.1 Frequency requirement

It is discussed in Section 2.1 that based on the natural frequency of the towers, they are
classified as soft-soft, soft-stiff and stiff-stiff towers. According to GL guidelines in all cases it
is to be ensured that the margins of safety between the tower natural frequency and P & 3P
frequencies should be greater than 10% of P and 3P frequencies respectively [11]. A suitable
dynamic amplification load factor as given in Equation 2.3 should be included if it is near P
or 3P frequency. Lanier [9] has calculated that for a frequency ratio of 0.9 and 1.1 with 10%
damping, the dynamic magnification factor DA is equal to 3.82 and 3.29 respectively, which
is high but manageable during design.

2.3.2 Geometric requirements
Tower height

Nicholson [16], in his preliminary design for steel tower, has considered constraints regarding
tower height and has recommended it to be at least 1.4 times the rotor radius. As suggested by
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IEC-61400 guidelines, the lowest point in the rotor diameter should clear the highest nearby
wind obstacle by 30 feet and is another constraint on height [8]. There is no upper limit for
height. The taller the tower, higher is the probability that it will function at its rated speed
consistently.

Tower radius

In many countries the maximum allowable width of the structure for road transportation is
4.5m [16]. To circumvent this constraint, towers with large base diameter are often radially
sectioned.

Blade tip deflection

The maximum tip deflection of the blade can be important especially if we are aiming for
a tower with large base diameter. Turbine manufacturer usually provides the maximum tip
deflection for a blade along with details like shaft tilt and precone angle, which is shown in
Figure 2.4. This information can be converted into constraint equation to calculate maxi-
mum possible tip deflection, as given by Jonkman et.al. [17] in Equation 2.4. IEC standards
recommend keeping a clearance of 30% of the initial clearance between blade tip and tower
at all points of time during operation. This gives an upper limit to the tower radius or the
tower leg distance near blade tip as shown in Figure 2.4.

NACELLE CM
N
ROTOR CM

i PRE-CONE

6cone

Figure 2.4: Blade tip deflection of a turbine

Diower
I1C = (OH + Rrotor Sin(QCone)) COS(GShaft) - tT(h - Rrotor) - (Lblade)
FC = 0.3(10)

(2.4)

h - Total hub height of the tower
IC - Initial clearance
FC - Final clearance
OH - Overhang length of the nacelle shaft from tower midpoint
Lpiade - Max tip deflection of the blade
D(h — Ryotor) - Radius of the tower at height near blade tip
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Ocone - Angle made by blade with vertical axis
Oshaft - Angle made by shaft with horizontal axis

Tower top deflection

Nicholson in his thesis has assumed that the allowable tower tip deflection is 1.25% of the
height of the tower [16]. But, there is no strict constraint imposed on tower top deflection as
long as other structural and design constraints are respected.

In addition to the external loads, the tower top deflection produces an overturning moment on
the tower also called the P-delta effect, shown in Figure 2.5. This additional load appears to
oppose the restoring forces by the structural stiffness and gives rise to nonlinear behavior in the
tower [18]. If the tower top deflection is not controlled this nonlinearity can exacerbate under
turbulent wind conditions and may cause premature failure of the tower. If the allowed tower

Moment due to H

PA
contribution

Hh  |Pa

Figure 2.5: P-delta effect on a simple cantilever beam [18]

deflection is too conservative, then the stiffness of the tower needed to satisfy this requirement
also increases. The tower stiffness can be favorably manipulated by increasing the effective
moment of inertia of the cross-section of the tower. Any modification in favor of the moment
of inertia increases the mass and makes the manufacturing of the tower progressively more
complex.

It can be concluded that both, a substantial tower top deflection and a highly restricted
tower top deflection can produce unfavorable designs. Thus the tower top deflection is usu-
ally limited to a rationally and arbitrarily selected value while making sure the mass and
manufacturing complexity of the tower remain realistic.

2.3.3 Stiffness calculations & structural requirements
Stiffness calculation
The stiffness of the laminate can be determined either by thin Classical Laminate Theory

(CLT) or thick CLT. If the laminate experiences predominantly in-plane loading, the relative
position of the layers becomes, irrelevant and thin laminate theory can be used to calculate
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the stiffness of the laminate. In a tower, the most prominent forces are axial compression due
to dead loads and moments induced due to wind force which causes axial tension-compression
stresses in the laminate. Hence, the laminate is assumed to be predominantly Uni-Directional
(UD) plies with the position of the individual plies having little or no relevance. The stiffness
matrix (Qpy)of a 0° ply, as given by thin CLT, is given in Equation 2.5.

Egc Hzy Ew
I—pay by 1*H§yﬂyz
= Y 2.5
Qply 1—pay pya 0 ( )
sym Gy

Here E, is the modulus of tower laminate in X direction, E is the modulus of tower laminate
in Y direction, G,y is the shear modulus, p,, possoin’s ratio when laminate is loaded in X
direction and iy, possoin’s ratio when laminate is loaded in Y direction.

For any other angle, the stiffness matrix can be rotated using the rotation matrix (Mpy,,)
and the stiffness matrix of an angle-ply (S;) can be found in Equation 2.6. The cumulative
stiffness matrix () of the entire laminate can be found by simply superimposing the stiffness
matrices scaled by their thickness fraction and is given by Equation 2.6.

092 592 2.Cy.Sp
My, = | S*  Coi* —2.Cp.5
—Cy.Sg Cp.Sy Cp* — Sp*

S; = Mply(ﬁi).Q.M;ﬂy(@i)
1 n
S = n ; Sit;

Cy, Sy - Cosine and sine of angle made by fibers in the ply
t - Total thickness of the laminate
S; - Stiffness matrix of #*" lamina
t; - Thickness of the i’ lamina

Material failure

Material failure occurs if the loads surpass the strength of the laminate. If the laminate un-
dergoes uniaxial loading, then a simple non-interactive maximum stress based failure criterion
can be used to check for material failure. If there is loading in multiple directions, a failure
criterion with stress interaction, like Tsai-Hill [19] [20], Tsai-Wu [21], can be used to predict
the first ply failure. Material failure given by Tsai-Hill failure criterion is analogous to Von
Mises criterion for isotropic materials and is given in Equation 2.7 [22]. When the left-hand
side of the equation 2.7 becomes equal to or exceeds, one failure is predicted. Tsai-Hill crite-
rion provides a good prediction of failure when the laminate is under a combination of stress,
except for biaxial compression [22]. The original Tsai-Hill theory does not distinguish between
tensile and compressive strength and underestimates the failure stress. The modified Tsai-Hill
criterion uses conditions given in Equation 2.8 to take into account this drawback [23].

2 ,7_2 1
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A 1 2.
X2 W2 Y25 (SEpa)? 27)

02 Oy oy




2.3 Design Requirements 15

S Frqt - Material safety factor in the laminate
0z, 0y , T - Applied stress in x, y, and shear

X — OgutT * Ox = 0 y — Oyut,T : Oy = 0
Ozut,C t 0z <0 Oyut,c 0y <0 (2.8)
o 20,04 >0 '
W = z,ut,T zOy Z S — Tut
Ozut,C * Oz0y < 0

Oz ut, T Ox,ut,Cy Tyut,Ts Tyut,C,> Tut - the failure strength in X, Y and shear direction and in
tension and compression respectively.

Buckling failure in tubular tower

Figure 2.6: Buckling of shells (a)Tosional loading (b) Axial loading [24]

Wind turbine towers have high aspect ratio which makes them susceptible to buckling. Global
buckling, like column buckling (Euler buckling), can be expected in case of tubular tower.
Further, a part of the composite shell structure can undergo local buckling due to axial,
bending or torsional loading as shown in Figure 2.6. Since the loading in the tower laminate
is predominantly axial, the laminate is expected to be made up of mostly UD plies making
it orthotropic. Nemeth et.al. [25] have given simplified equations for orthotropic shells under
axial loading. Seide & Weingarten [26] have demonstrated in their research that under pure
bending or bending coupled with axial load the buckling occurs when the peak stress along
the circumference reaches classical buckling stress under pure axial compression. Manevich

et.al. [27] has presented with analytical equations to calculate the critical buckling stress of
orthotropic shells under torsional loading.
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Buckling failure in links of a lattice tower

P > ",:/ ‘\\\\‘ < P _’ :,/ \‘\\\\ 50:_ s P
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(a) Both ends pinned (b) Both ends fixed

Figure 2.7: Euler buckling of slender beams/shells with (a) pinned and (b) fixed boundary
conditions [22]

Euler buckling can be expected in the case of the tubular tower or in links used in lattice
tower, as shown in figure 2.7. The Euler buckling critical stress for links differs with the
boundary condition, with fixed boundary condition having a higher critical buckling stress
than simply supported boundary condition. Crippling is a local failure of the links/beams
used in the lattice structure, in which usually a flange collapses as shown in Figure 2.8, leading
to a redistribution of loads. The link might catastrophically fail if it does not have appropriate
post buckling strength. Failure by crippling of flanges is more common than column buckling
in slender structures with open cross sections. [22]. The crippling strength of flanges and web
in a beam can be found using the semi empirical relationship given by Kassapoglou [22] or
the buckling equation for an infinitely long flange.

Free edge

—
OEF OEF
\<‘>\ / ~.
— L 4 Y 1 \
V - ~—l
NEF

Edge movement
constrained

(a) Stiffener flange crippling (b) One-edge-free and no-edge-free flanges in a cross-section

Figure 2.8: Crippling of links with OEF,NEF [22]

2.3.4 Joint requirements

Joining in composites is still a gray area, and in many cases, joint failure may be more critical
than material failure or structural failure. Depending on the joining technique adopted some
additional constraints may apply due to the failure modes in the joints.
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Bolted joint and failure modes
A Dbolted joint is the most popular joining technique and failures in composite bolted joint

are similar to failures in other bolted joints. The following failures of bolted joints in the
laminate can be expected.

1. Net section failure
2. Shear-out failure

3. Bearing failure

Figure 2.9 depicts the modes of failure and their corresponding failure plane. Also, there may
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N: Net-tension plane
B: Bearing plane
S: Shear-out plane
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Figure 2.9: (a)Net section failure (b) Shear out (c) Bearing failure (d) Failure planes [28]

be the separation of joint, if it’s loaded in tension and the applied pretension is inadequate.
Bolt pull through or push through can be a failure mode. Also, Kassapoglou [22] has suggested
some good design practices, where a few thumb rules are provided for the distance between
bolts, the distance between bolt and flange edge, etc. These can be included as a part of
design constraints to come up with a feasible joint design.

Adhesive joint

The adhesive joint is a popular joining method for composite structures due to its lower weight
and low-stress concentration, relative to bolted joints. In adhesive joints, force is transferred
by shear in the adhesive. At the edges where the loads are introduced into the adhesive, there
will be stress concentrations. To account for this, an appropriate knock-down factor must be
applied to the strength of the adhesive. The failure is expected to occur when the average
stress in the adhesive joint exceeds the knocked down strength of the adhesive.

2.4 Cost modeling in composites

The wind industry is highly profit-driven, unlike the aerospace industry where customers are
ready to pay for enhanced performance. Hence, the cost is one of the main drivers when
looking into alternative materials. It is important to note that raw material cost is just one
of the factors contributing to the overall cost. Development of cost estimation models during
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preliminary stage can encourage the use of composites as it is estimated that 70% of the final
product cost is determined during design stage [29]. It is essential for designers to have at
least some cost modeling technique that helps them predict the cost and adapt to it in early
stages of design.

Most of the cost advantage of composites is spread out in the Life Cycle Cost (LCC), and
it is quite tricky to formulate a model that gives a complete evaluation of all the factors
influencing LCC. Some of the cost contributors gathered from the literature ( [30], [31], [32])
are presented in Figure 2.10 and explained in detail below.
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Figure 2.10: Cost contributors in a composite structure

1. Material cost: Composite materials usually consist of glass or carbon fiber reinforcement
in a polymer matrix. These fibers can either be dry or pre-impregnated with resin, also
known as pre-pregs. Most commonly used resins are epoxy and vinyl ester. The raw
material cost of the constituent materials can be added to get the final material cost. Also,
there are aiding materials that depend on the manufacturing process, that contribute to
the raw material cost. Another important factor is scrap rate, which is also dependent
on manufacturing process and varies commonly between 10-20% of the volume of raw
materials used, as estimated by Kassapoglou [22].

2. Process cost: The processing cost includes labor costs and machine costs involved in manu-
facturing. Other contributors to process cost will be tooling like molds, mandrels, hydraulic
presses, etc. Two popular approaches to calculating process time are by parametric cost
modeling and process-based cost modeling. In parametric cost modeling, the time involved
is calculated by observing manufacturing of a sample part of an arbitrary size and scaled
proportionally to fit the size or volume of the part in focus. In process-based cost mod-
eling, the time needed for each step in a process is calculated, and then the step times
are summed to produce the final time taken by the entire process. An example of para-
metric cost modeling is the Cost Estimation Relationships (CER) developed by Research
and development (RAND) [33]. This method is based on a historical database and may
be too dangerous to be used outside the focus of the database or in a different company
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environment, without extensive testing. Examples of the process-based technique include
Advanced Composite Cost Estimating Manual (ACCEM) cost model by Northrop Corpo-
ration [34] and Process Cost Analysis Database (PCAD) model by Gutowski [29]. The
total manufacturing time can be multiplied by labor rate and machine rate to get the total
labor and machine costs involved in the process.

3. Assembly: Joining is a major step in composite structures and can add significant mass
and cost to the overall structure. The assembly cost can be incorporated in preliminary
design steps. One such example for including the joint cost in early stages of design for
secondary aircraft structures is given by Choi et al. [35], who has used the PCAD model to
estimate the likely cost/bond length for adhesives and cost/bolt for mechanical fasteners.

4. Finishing & inspection: According to Suzlon internal data, an estimated 30-40% of the
overall manufacturing time is taken up by finishing & inspection which involves applying
primer, coating, painting, visual inspection, C-scan, etc. These are labor intensive.

5. Installation: Transportation cost usually depends on the volume and mass of the tower
sections. An additional trailer may be needed for transportation for long tubular sections,
which will add to the cost. For installation of the smaller capacity tower up to a height of
100-120m, mobile cranes are used which take lesser time for installation, hence lowering
cost for hiring the equipment. However, tower cranes are used for larger capacity and taller
towers, which have a 5% additional cost over mobile cranes. A study by Engstrom et al. [2]
shows that installation can amount up to 20% of overall tower cost, including foundation
costs.

6. Maintenance, operation, and repair: Composites need less maintenance than metal struc-
tures, and not much research is carried out in this field. There has been a study done by
Nystrom et al. [36] regarding Fiber Reinforced Plastic (FRP) bridge structures where a rate
of 6.51$/m? is identified for repairs every two years and an inspection cost of 0.0097$/m?.

2.5 Economic impact and relevance of the study

The mass and cost distributions of tubular and lattice towers for a 3MW turbine are given
in Figure 2.11. The work of this project will directly impact the mass of the tower which
currently accounts for nearly 70% of the total mass of the tower and turbine assembly. The
tower accounts for only 18% of the overall mass of the structure overshadowed by the massive
foundation. But, reduction in the mass of the tower will also lead to a reduction in mass of
the foundation which will cause an enhanced reduction in the overall mass. Viewed from the
cost point of view, the tower has more contribution towards overall cost because of costlier
materials used in its fabrication. Changes in design and material of the tower will affect
the cost contribution directly from the tower and indirectly from the foundation, lifting, and
transportation, as shown in Figure 2.12. This accounts for 23-25% of the overall cost.

Effects of cost improvement in the tower will be more pronounced in the tubular design as
the tower is a larger contributor to the cost of tubular design as compared to lattice design.
The final cost of a wind turbine for a 3MW tower will vary from 3.5 million €to 5.7 million
€depending on height. The weight can range anywhere from 2000t to 4500t according to
Engstrom [2]. Even a 1% savings in the tower cost amplified by the installation of a few
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Figure 2.12: Total cost distribution of 3SMW turbine tower [2], [37]

thousand towers will amount to a considerable value making this project highly worthwhile.
Keeping this in view, composites hold a large potential for being an alternative material
candidate for the fabrication of the wind turbine tower, and this project aims to investigate
further into this potential and either validate and improve or refute the promise shown by
composites.

2.6 Research questions

The project will be an attempt at outlining the preliminary design for composite wind turbine
tower based on the most optimum topology, materials, and geometry from a superset of mul-
tiple feasible designs. It will require knowledge about the defining structural characteristics of
the tower. Detailed knowledge of cost contributors will aid in drawing up a sound preliminary
design which incorporates the economic aspects.

The questions will help in setting up the composite tower design tool. These questions
will assist in identifying the right geometry, loads, constraints, joining techniques and cost
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contributors to set up structural and cost modeling part of the design tool. Once the tool is
ready, it is important to find the best solution via trade studies and design iterations to come
up with a final design for a specific height 2.1 MW and 5MW turbine tower. Once the final
design is set, it is necessary to know if it’s a feasible option when compared to the steel-based
reference design. Based on these end objectives research questions can now be framed.

1. What is the defining geometrical parameters for the tubular and lattice tower?
2. What type of composite material should be chosen?

3. What are the most critical loading conditions acting on a wind turbine tower throughout
its service life?

4. What are the most critical structural constraints when designing the wind turbine tower?

5. Which is the best joining technique to join tubular tower sections and lattice tower links
made up of composites?

6. What are the major cost contributors for a wind turbine tower?

7. What are the geometric parameters of a tubular structure and a lattice structure that can
be iterated to get the best mass and cost in a wind turbine tower?

8. What is the best method to obtain the most optimized design for mass and cost

9. Does composite hold a potential promise over steel as an alternative material for wind
tower?

Question 1-6 will assist in setting up the tool. Question 7-8 will focus on setting up the
optimization framework. Answering question 9 will conclude the thesis.

2.7 Chapter summary

Based on literature survey, there is no hard and fast rule to state why or when tubular tower
design should be chosen over lattice structure or vice versa. Hence, both the designs will be
pursued in this project.

Some of the ways to incorporate wind turbine loads and geometry & structural constraints by
various researchers have been discussed. It is important to note that they have been applied
to metal structures and care must be taken when applying the constraints to composite
structures. Also, it is necessary to identify all the additional structural constraints that can
apply due to change in material type.

Different cost factors and prominent cost estimation techniques have been reviewed. Finally,
the research questions are formulated based on the literature review and the requirements of
the project.
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Chapter 3

Structural Modeling of the Tower

This chapter discusses the methodology to design and perform trade studies on a tubular and
a lattice Fiber Reinforced Plastic (FRP) tower structure. The optimization framework and
the flowchart used in setting up the preliminary design tool is also presented.

3.1 Loads on the tower

For this study, the tower top load appearing on a 90m hub height tower is considered. It is
assumed that this tower top load is constant irrespective of the hub height and only the di-
rect wind loading and self-weight changes accordingly. For operating condition, the Extreme
Turbulence Model (ETM) given by International Electrotechnical Commission (IEC) is con-
sidered as the extreme case. For a 5SMW National Renewable Energy Ltd. (NREL) reference
turbine, the extreme non-operating load case was the Extreme Wind Model- 50 year oc-
currence period (EWMS50). For the Suzlon 2.1MW turbine, Extreme Wind Model- 1 year
occurrence period (EWM1) is the driving tower top load. This decision was made after ap-
plying the loads and moments given in the design load matrix and calculating the tower top
deflection. For the 2.1MW turbine, the design load table was provided by Suzlon Energy
Ltd., and for the 5SMW NREL reference turbine this table was obtained from the study by K.
Dykes et al. [10] and given in Appendix B. The tower top loads at these loading conditions
with load factors included are given in Appendix B. For calculating the direct wind load,
the design steps given by American Society of Civil Engineers (ASCE) have been followed,
and the steps outlined in the ASCE7 manual and detailed calculation of direct wind loads
considered in this study have been included in Appendix B, Section B.2.

3.2 Material system

The properties of Glass Fiber Reinforced Plastic (GFRP) and Carbon Fiber Reinforced Plastic
(CFRP) with Epoxy matrix is given in Appendix A. CFRP has around three times the
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stiffness and around twice the strength of GFRP UD ply in the X direction. But, according
to Suzlon data, CFRP raw material costs is approximately 16€/Kg which is around four
times than GFRP material cost which cost around 3.5€/Kg. The trade studies for geometric
parameters are conducted using the GFRP material, and the effect is assumed to be similar
for CFRP towers as well. However, both the GFRP and CFRP designs are presented for
various hub heights to get a complete picture on the feasibility of composites over steel in the
manufacturing of the wind turbine towers.

3.3 Geometry of the tubular tower and methodology

The geometry of a tubular tower structure and the loads and geometric parameters associated
with the tower are given in Figure 3.1.

Direct wind pressure tt

h
> >t My
MRt |dh
N
o Rj
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fh
A
h

Figure 3.1: Tubular tower structure geometric parameters and loads

In Figure 3.1, D is the outer diameter of the tower and Dy and D; represents the bottom and
top diameter of the tower respectively. Similarly, ¢ is the thickness of the tubular tower and
tp and t; is the bottom and top thickness of the tubular tower respectively. h is the overall
height of the tower and A’ is an arbitrary height from the ground.



3.3 Geometry of the tubular tower and methodology 25

3.3.1 Beam model analysis

For a tubular tower, due to the high aspect ratio, Euler beam theory is used for the analysis.
The tower is assumed to be a cantilever beam. The applied loads are shown in Figure 3.1.
Miop, M, F, and Fy,, constitute of the tower top wind loads given in Table B.1 of Appendix
B. The direct wind pressure is a continuous load appearing on the tower as shown in Figure
3.1. The calculation of this load is detailed in Appendix B, Section B.2.

Using Euler beam theory, it is possible to calculate the global deflection and stresses in
the tower. To calculate the natural frequency of the tower, a Finite Element Method (FEM)
approach is adopted. For buckling analysis analytical equations for Euler buckling and column
buckling are used. Fatigue analysis is carried out on the tubular tower to make sure that the
service life is at least 20 years.

The shear force (F') and the overturning moment (M) acting at any cross section h’ distance
from the base are given by Equation 3.1 and Equation 3.2 respectively and are represented
in Figure 3.1.

h
F(2) = Frop + / 0.7.Q(2).G.D(=).d=
J (3.1)

h
M(z) = [ F()dz+ Mioy + Muc

Here, My is the secondary moment acting on the tower section due to the deflection of the
tower. @ is the wind velocity pressure, G is the gust factor for flexible structures, D(z) is the
outer diameter of the tower at a height h’. The equations to calculate Q(z) and G is given in
Appendix B, Section B.2.

The loads acting on the tower will cause the tower to bend and deform producing a radius of
curvature at each point along the height of the tower. The radius of curvature (Reurvature)
for an Euler beam along the height is given by Equation 3.2.

B I(2)
Rcurvature(z) - M(Z)
1() = § (Ro(2)' = Ri(2)") (3.2)

A(z) =7 (Ro(2)” = Ri(2)")
Ri(z) = Ro(2) — t(2)
Here, R;, R, are the inner and outer radius of the tower respectively. A is the area of the

tower cross section, I is the moment of inertia of the cross section area and FE, is the modulus
of tower laminate in its X direction.

Global deflection

Integrating the curvature in the tower twice will give the global deflection (§) at any point
along the height as shown in Equation 3.3.

1
5// —
(=)= =

(3.3)

curvature (2)
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The secondary moment (Msge.) at any height can be calculated using Equation 3.4. The
secondary moment is a combined effect of the tower top load and its self weight.

h /
Mace(2) = FrstoGp = 3(:)) + [ o (ol =Rl 2))0 (*3 ) = 8(:).ds
h/
h

(3.4)
Massiower = /pmatW(Ro(Z)Q—Ri(Z)z)
h/

Here, pmqt is the density of the material considered, d;op is the tower top deflection and
M assiower 1s the total mass of the tower.

To include the effect of secondary moments on the deflection, the total moment is updated
after the first iteration, and the calculations for curvature and deflection are iterated until
the tower deflection converges.

2.50% h tip deflection  -#3.75% h tip deflection
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Figure 3.2: Effect of secondary moment on a 100m hub height, 2.1MW turbine capacity tower

The effect of the secondary moment on a 100m tall, 5MW Suzlon tower is shown in Figure
3.2. When the deflection is constrained to 2.5% of the height of the tower, the inclusion of
the secondary moment increases the tower top deflection by only 6%. When the deflection is
relaxed to 3.75% of the hub height an increase of 23% in tower top deflection is observed due
to the secondary moment. Hence, it is recommended to constraint the tower top deflection
to 2.5% of the height of the tower to avoid excessive deflection due to secondary moments.

Axial and shear stress in tubular sections

The different stresses in any given section of the tubular tower is shown in Figure 3.3.

The axial stress is a summation of the compressive stress due to dead loads and the bending
stress due to the overturning moments caused by wind loading and secondary moments. The
Equations to find these stresses are given by Equation 3.5. The maximum bending stress
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(2) (b) (c)

Figure 3.3: (a) Compressive stress (b) Bending stress (c)Torsional stress (d) Shear stress

occurs at the outer radius of the tubular tower, which is the critical bending stress considered
in a section.

h
F.iop+ [ 9.81pmat7r(R02(z) — Rf(z))dz
h/

oelz) = (B~ B2(2)

Ro(2)
Revrvature (Z> .

0(2) = 0c(2) + Tbmax(2)

(3.5)

0b,max (Z) = T

Here, o, is the compressive stress due to dead loads, o maes(2) axial stress due to moments
and o is the maximum compressive stress.

The maximum shear stress is a combination of stress due to the torsional load on the tower
top and the shear forces appearing on the tower section due to the wind loading(Fj,, + Direct
wind load). The shear stress occurring at any given height in the tower section is given by

the Equation 3.6.
M,..R,(z)

7 (R'(2) - R(2))
2.F(2) (3.6)
m(R,2(z) - R(2)

Ttorsion,max —

Tshear,max —
T = Tshear,max T Ttorsion,max

Here, M, is torsion acting on an arbitrary cross section of the tower and equal to M. t0p,
Tshear 1S the shear stress due to wind loads, Tyorsion in-plane shear stress in the laminate due
to torsion and 7 is the maximum shear stress on any cross-section.

Though the location of the maximum axial stress and shear stress is different in the repre-
sentation in Figure 3.3. The direction of the wind loading is not fixed. Hence, it is assumed
that the maximum compressive and shear stress occurs at the same location. The Tsai-Hill
failure criterion as described in Section 2.3.3 is evaluated by considering the maximum axial
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and shear stress and making sure that at every section along the height the material safety
factor (SFpa )>1.

3.3.2 Buckling analysis in tubular tower

It is discussed in the literature study chapter, Section 2.3.3 that column buckling, as well as
local buckling due to axial, bending and shear forces, can occur in a tubular tower section.
Due to transportation issues, the tower is usually divided into sections of 15-25 m in length
(L). Hence this reduced length (L) is considered while evaluating the critical Euler buckling
stress (0er cbuck) and local buckling stresses (cribuck’ s Ter ibuck’) as it is assumed that the joints
act as simply supported boundary conditions. The Euler buckling critical stress/force for an
orthotropic tubular shell structure is given in Appendix C and it is to be made sure that the
safety factor in Euler buckling (S Fepycx) >1.

The critical buckling stress for buckling under axial load (¢ ipuck) can be calculated using
analytical equations in Appendix C. Same critical stress is considered for a structure under
bending. Similarly, the critical buckling stress under torsion and shear load (7cyipuck’) is
given by Equation C.4. The critical buckling stresses in real life will be much lower than
that predicted by analytical equations because of imperfections present in the structure.
Hence, the critical buckling stresses obtained by analytical equations have to be multiplied
by its corresponding knock-down factors given by Det Norske Veritas-Germanischer Lloyd
(DNV-GL) guidelines. These knock-down factors have been developed for metal structures,
but in this study, these factors are adopted to the composite structure without any change
and are given in Table 3.1.

L?
_ [1_ 2
Zy = x 1 —pz, (3.7)

Loadin Critical Factors for calculating knock down Knock-down
& buckling stress | ¢y Ze ‘ Pb ‘ Cy ‘ factor

Axial 1 R, \ 05 7.\ 2 o
o Ter,lbuck! 107022 | 3(1+ %) oL+ (22)" | K, =

Bending L R, |05 72 .
load Ocr,lbuck’ 1 0.7027; 5 (1 + @) wpr/ 1+ (pfab ) Ky, = Z—Z
Shear 3 72 c
load Terlbuck’ 5.34 | 0.856Z 0.6 o)1+ (pf’pb ) K, =%

Table 3.1: Variables to calculate knock-down factors [38]

Here, R, and t are the average dimensions of the tubular section over the section length (L)
and i,y is the Poisson’s ratio when the laminate is loaded in its X axis. The intermediate
variables used to calculate the knock-down factors are given in Table 3.1. The final knock-
down factor in axial, bending and shear loading is given by K,, K; and K respectively.

Once the knock down factors are calculated, it is made sure that the stresses appearing in
the tower laminate is less than the critical stress. It is necessary to check if the buckling
occurs during combined loading. To calculate this failure, the interaction formula given in
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DNV-Germanischer Lloyd (GL) guidelines has been adopted. This interaction formula is for
metallic structures. In this study, the formula have been adopted for composite structures
without any change. The final interaction formula and the safety factor for local buckling
(SFjpuck) can be obtained by following the operations given in Equation 3.8.

o1 =\ (0c + 03)* + 72

Out,x Oc 0p T
Ay = + +
Ot Kaacr,lbuck’ Kbacr,lbuck’ KTTcr,lbuck’

g
fo=
1+ )\b2
3.8
R 1 .
lbuck Km
where
1.15 VvV, < 0.5
K,, = 1.45 5< vV <1

0.85 + 0.61/\y Vi >1

Here, o; is the total stress appearing in the tower section. A, and f; are factors representing
how close the applied stress is to the critical stress and SFjp,; is the safety factor in local
buckling.

3.3.3 Fatigue analysis in tubular structure

Fatigue calculations are important in any wind turbine component due to the periodic loading
it undergoes. The fatigue calculations have been briefly described in literature study section
2.2.3. Only the thrust and dead loads are considered as these are the major loads. The tower
top moments and the direct wind load on the tower are neglected. The dynamic amplification
factor (DA) is taken into consideration and used to amplify the loads depending on the rpm
of the rotor. The fatigue analysis consists of obtaining the max/min stress at each velocity
between the cut in and cut off velocity of the wind and obtaining the tolerable number of
cycles. Further knowing the distribution of loading cycles corresponding to each velocity the
damage factor (DF) is calculated and made sure it is lesser than 1 for the given service time
of the tower. The steps to perform the fatigue analysis on a composite wind turbine tower
are given in Appendix E.

3.3.4 Natural frequency

It is to be made sure that the natural frequency of the tower lies at least 10% away from
P and 3P frequencies to avoid resonance. The bending frequency is calculated using FEM
approach. The tubular structure is converted into a lumped mass system as shown in Figure
3.4.

The element type used is a 2D beam element. The element stiffness matrix (K.) and the
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dt
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Le End element

Figure 3.4: Lumped mass system of tubular structure

element mass matrix (M,) for this element type is given in Equation 3.9.

12 6L, —12 6L, 156  22L. 54  —13L,
K. — E%(Z) 6L. 4L?> —6L. 2L? M, — pmotAG)Le 220, 4L} 13L. —3L?
2 —-12 —6L., 12 —6L, 420 54  13L. 156 —22L,
6L. 2L?> —6L. A4L? ~13L, —-3L%? —22L., 4L?

(3.9)

Here, L. is the element length after discretization. The mass element at the end should
account for the tower top mass (M asstop) which is given in Appendix B. This modified mass
matrix is given by Equation 3.10.

156  22L, 54  —13L,
 PpmatA(h)Le + Massy, | 22L.  4L2  13L. —3L2
- 420 54 13L, 156  —22L,

—13L, —3L? —22L, 4L?

M,(h) (3.10)

The frequency can be found by applying the necessary boundary conditions (dz = 0; df = 0)
at the bottom node and performing Eigen value analysis to extract the first few frequencies.
A.C.Way [39] has indicated that the foundation stiffness can affect the frequency of the system
by as much as 20%. For the study a foundation of dimension, breadth (b touna), width (w ound)
and height (hfound), is considered as 20m, 20m & 3.m respectively and made of concrete. This
foundation dimension is considered to find the effect of foundation on a tower frequency. The
properties of the soil and the equations used to model the horizontal & rotational stiffness,
and the virtual mass of the soil are given in Equation A.1. Once the foundation stiffness
and virtual soil mass are evaluated, the fixed boundary condition at the bottom most node
is replaced with the foundation stiffness (K¢ s0i1), and mass (M so;) and the Eigen value
analysis is performed to extract the necessary frequencies.
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The natural frequency of the tower with fixed boundary condition and with foundation stiff-
ness considered for a 100m tall 2.1MW tower is given in Figure 3.5. It is observed that the
foundation stiffness boundary condition does not alter the natural frequency of the tower
much in the range we are concerned, since, for a soft-stiff design with composite material
wt < 0.4 Hz and it is very difficult to attain higher stiffness due to the low material stiffness
and geometry.

Foundation BC -=-Fixed BC

Frequency (Hz)
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Figure 3.5: Effect of foundation stiffness on the tower natural frequency

3.3.5 Trade studies of the tubular tower

There are a few parameters that define the geometry of the tubular tower as given below.

1. The diameter and thickness at the base of the tower

2. The variation of the thickness of the tower along the height. The tower can either have
constant cross section thickness at all points along the height or the thickness can vary
with height.

3. The taper or transition in the tower diameter from the base diameter to top diameter.

Effect of base diameter and thickness on the tower properties

It is seen from Equation 3.2, that the moment of inertia (I) is one of the main geometric
properties that can affect the tower deflection as well as the bending stresses appearing on
the tower. An increase in moment of inertia can reduce the deflection of the tower as well as
the bending stresses. In a tubular cross section, I can be increased by increasing the radius
of the cross section or by increasing the thickness. For studying the effect of diameter on
the moment of inertia, a tubular cross section with thickness 0.1m is considered, and the
diameter is varied from 5 to 10m. To study the effect of thickness on the moment of inertia,
the diameter was kept at 6m, and the thickness was varied from 0.01m to 0.5m. Both these
changes cause an increase in mass, but it is seen from Figure 3.6 that I /A ratio increases with
increasing base diameter, but, this ratio increases as we increase the thickness. This implies
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that it is better to increase the diameter of the tower rather than increasing the thickness to
increase I without adding much mass to the tower.
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Figure 3.6: Effect of diameter and thickness on I/A in a tubular cross section

This statement is further justified by Figure 3.7 which shows that for the same tower top
deflection, it is possible to have other combinations of the tower with increased tower base
diameter and reduced thickness and altogether a reduced mass of the tower when compared
to the base model. For the 125m tall 2.1MW turbine capacity tower, the base diameter is
increased from 5.7m to 8m while reducing the thickness of the tower gradually from 0.15m
to 0.07m in the study while keeping the deflection constant. Here the deflection is considered
because this is one of the critical constraints in a tubular tower.
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Figure 3.7: Effect of base diameter and thickness on the deflection and mass of a 125m, 2.1MW
tower

Effect of variation of the thickness of the tower on the tower properties

Usually, in a tubular wind turbine tower structure, the base thickness is more than the top
thickness. This is because of the material needed to take up the large compressive and shear
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loads appearing at the base. If a constant thickness is provided, the stiffness at the top of the
tower is high and may be over designed. Some degree of stiffness is needed at the top since
direct wind loads are maximum at the tower top and low stiffness will lead to large tower
deflection. To study the effect of constant thickness tower and variable thickness tower on
the mass of the tower, a 100m tall 2.1MW tower was chosen. In variable thickness tower, the
thickness is assumed to be a function of radius as shown in Equation 3.11.

D(z)
2
Where K, is a constant usually considered between 0.9 and 0.99. E.g. if a tubular tower has
a base diameter of 6m and a top diameter of 3m and K is chosen as 0.99, then the bottom
thickness is 0.06m, and the top thickness is 0.03m and both the diameter and thickness

decrease linearly with height.

t(z) = (1 — Ky) (3.11)
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Figure 3.8: Effect of constant and variable thickness on the deflection and mass of a 100m,
2.1MW tower

It is seen from Figure 3.8 that a variable thickness tower has lower or equal mass to that of a
constant thickness tower for the same tower top deflection. This may be because of the higher
moment of inertia at the tower base in a variable thickness tower is high when compared to
constant thickness tower. The higher inertia reduces the curvature at the base and since
deflection is the double integration along the height of the curvature, the moment of inertia
at every point on the tower affects the tower deflection. The difference in mass between
variable thickness and constant thickness tower is reducing with increasing base diameter
because with increasing tower base diameter the thickness is reducing as well. Hence the
influence of variable or constant thickness on the tower mass is diminishing.

Effect of taper on mass and deflection

In this study, different ways of interpolating the tower top and base diameters (taper) are
studied. The linear taper is the most common type of tapering. A limitation is that the
maximum base diameter will be constrained depending on the maximum blade deflection. In
a stepped taper, the diameter and thickness are averaged over each section. This helps in
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the easy manufacturing of the tower. In a straight-taper, the geometry has a straight section
until 30% of the height from the top followed by the taper. An exponential taper can be
helpful to increase the base of the tower, but the manufacturing can be complex because of
the double curvature in the tower section. To study their influence on the mass of the tower
a 90m tall 2.1MW turbine capacity tower is chosen. The rotor radius at the height of 54m
is 3.25m to comply with IEC blade tip clearance, and the tower top diameter is kept at 3m.
The study is presented in Figure 3.9.
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Figure 3.9: Effect of taper on the deflection and mass of a 90m, 2.1MW tower

It is seen that in exponential taper and straight-taper the mass of the tower has increased to
maintain the necessary tip deflection. This is because of the low stiffness on the top half of the
tower, the tower becomes quite flexible and has a large deflection. Since tower top deflection
is one of the main constraints in this study, using these tapers may be a disadvantage. On
the other hand, it is seen that there is no significant increase in mass of the tower for the
same tower deflection in case of a stepped tower.

3.3.6 Joining in tubular tower structures

For ease of transportation, the tubular structure is usually divided into sections along the
height. These sections usually vary from 15-25m depending on the transportation limit of the
country and also on the total height of the tower. In this study, each section is considered to
be of 25m in height and joined using Joint-1. Joint-2 is necessary if each section is further
divided radially to satisfy the constraint of 4.5m road transportation limit on width. In the
event of base diameter having to exceed 4.5m, it is necessary to radially divide the tower into
two or more parts. In this study, the maximum number of such sections is assumed to be 2.
Hence a maximum base diameter constraint of 9m has to be imposed in all tower designs. The
joints are further represented in Figure 3.10. Conceptual design and a quick estimation of the
mass and cost of the joint on the overall tower mass and cost yields a realistic comparison
with equivalent steel towers.
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Figure 3.11: (a) Bolted flange joint (b)
Bolted Vertical lap joint(c) Vertical adhesive
joint

Figure 3.10: The joints involved in tubular
structure

For Joint-1, three joining methods are considered for trade studies. The bolted flange joint
is the most common joint in steel tubular towers. This joint may not be the best design for
a composite structure due to the thick flanges and high prying effect on the bolts. Hence,
the vertical bolt joint and the vertical adhesive joint are also considered for the study. The
joining methods considered are shown in Figure 3.11. The failure modes for these joints are
presented in Table 3.2.

Bolted flange ‘ Bolted vertical lap Vertical adhesive lap

Joint separation Shear failure in bolts Adhesive failure
Bearing failure in
laminate and plate
Bolt shear out in
laminate and plate

Net section failure of

laminate and plate

Shear failure in bolts Material failure in plate
Bearing failure in laminate

Bolt shear out

Bolt pull through

Table 3.2: Failure modes due to different joining techniques adopted for Joint-1

Detailed calculation of these failure modes for this project is included in Appendix D. In
the case of the bolted flange joint, the protruding flange acts as a circular stiffener that will
prevent ovalization of the tubular tower. This joint will prevent radial displacement at the
point, and the rotation will be restricted to a certain degree. In the case of bolted and adhesive
vertical lap joints, it’s assumed that circular stiffeners of 20cm x 2cm are placed at intervals
of 25m. This is an arbitrary number and detail designing of such stiffeners and placement is
out of scope. It is expected these stiffeners will prevent ovalization as well as constrain the
radial displacement and rotation. This type of constraint is intermediate between the simple
support and the clamped condition. In this study simply supported boundary condition is
assumed for conservative design.

The mass and cost comparison of various joining techniques for Joint-1 for the 2.1MW capacity
turbine towers of various hub height are plotted in Figure 3.12. The cost of the joint includes
only the raw material cost, and the detailed methodology of cost estimation is outlined in
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Chapter 4. It is seen from Figure 3.12 that the adhesive joint is less expensive as well as
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Figure 3.12: Joint mass and cost for joint -1, 2.1 MW turbine

lighter than the bolted joints. This behavior is because the tower laminate is the more
critical component in both the types of bolted joints. To prevent bearing failure, a large
number of bolts have to be used, and additional biaxial plies have to be added to provide
enough bearing strength to the laminate. Hence in this study for the tubular tower Joint-1,
adhesive joining method has been adopted.

For the Joint-2, adhesive joining is considered because of the long joint length available. The
adhesive joint transfers the load via shear through the adhesive. The ultimate adhesive shear
strength (7t qdhesive) considered is 3.14Mpa according to GL guidelines. This shear strength
includes the safety factor and a stress concentration factor of up to 3. The details of the
adhesive joint for Joint-2 is given in Figure D.5.

Figure 3.13: Adhesive joint sfor Joint-2
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The minimum width of the overlap (W,) to avoid the adhesive failure can be found using
Equation 3.12.
2F + M, /R, t(h')
mD(R)t(h') W,

< Tut,adhesive (312)

3.3.7 Conclusion on tubular tower and flow chart

The Fuler beam model of the tower used to find the stresses and deflection in the tubular
tower, and the FEM model used to find the tower natural frequency have been verified
using Ansys. The comparison between the results obtained using Ansys, and the analytical
methodology is discussed in Appendix F. In the Ansys, shell elements are used to model the
tubular tower. The difference between the stresses and deflection given by the Euler beam
model and the Ansys model was less than 5%. The difference in the natural frequency between
the Matlab FEM model using 2D beam elements and Ansys FEM model using shell elements
was less than 2%. This verification ensures that the Euler beam model and the FEM model
used in the Matlab tool for the tubular tower is in agreement with the more established model
in Ansys.

From the above methodology and trade study the following conclusions are drawn:

1. Secondary moments need to be considered especially when the tower top deflection is
large.

2. Material safety factor will be evaluated at each location along the height assuming the
maximum axial and shear stress occurs at the same location. This is a conservative
approach.

3. For local buckling under combined loading the equations given by DNV-GL for metallic
structures will be used without any modification.

4. The effect of foundation stiffness can be neglected in this study as it has little or no
impact in the working frequency region we are interested in.

5. Try to maximize the diameter of the tower instead of the thickness of the tower if tower
tip deflection is the critical constraint, but care must be taken such that all the other
constraints like safety factors in different loading condition, buckling, blade tip clearance
condition, etc. are satisfied.

6. Variable thickness towers will be adopted.

7. A linear taper will be assumed, but while doing buckling and joint analysis, the diameter
and thickness will be averaged along the section so that it emulates stepped taper.

8. For joint-1, three different joining techniques are considered, but the adhesive joint is
presented in the results based on the trade studies conducted. For the joint-2 only the
adhesive joining is considered.
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3.3.8 Optimization framework and flowchart of the tool

Through trade studies, it is decided that variable thickness and linear taper will be adopted.
This leaves out only two parameters that can be modified to obtain the design with least
mass among the possible combination of these parameters. Hence, a brute-force approach is
adopted rather than using a dedicated optimizer which is time and memory intensive.

The range of the base diameter and thickness have to be decided and input in the Matlab
tool. The tool iterates the base diameter in steps of 0.1m and the base thickness in steps of
10mm. All the designs are analyzed. But, only the designs which pass the constraints listed
below will be recorded.

Clearance between blade and tower > 30 % initial clearance
P <w <3P
Tower top deflection < 2.5 % height
Material and buckling safety factor > 1
Fatigue damage factor < 1

Once the tool evaluates all possible combination of input parameters, the design with the least
mass is identified from the Output mass array. The corresponding parameters and analysis
results are extracted, and the tool further proceeds to evaluate the cost and joint design for
the design with least mass.

The methodology followed along with the constraints and inputs is represented in the flow
chart given in Figure 3.14. The flow diagram is translated to Matlab to create a tool which
will perform the preliminary analysis of the tubular tower.
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INPUT

Height (h)

Tower top diameter (Dt)

Section length (1)

Base diameter range (Dmin, Dmax)
Thickness coefficient (Kt=Ri/Ro) (Ktmin,Ktmax)
Material properties of raw materials (Table A.1)

Turbine properties and loads

Y

Increment Kt

No

L7

D=Dmin
Kt=Ktmin

Increment D
Kt=Ktmin

Calculate blade tip
deflection clearance (Eq 2.4)

is
Blade tip clearance>30%
Initial clearance

Discritize the tower
(Figure 3.4)

L7

Calculate element
stiffness and mass
(Eq 3.9, Eq 3.10)

Y

Calculate the radius, thickness, I and A
along the height of the tower

3 Read
Design load matrix (Table B.1)

v

Calculate direct wind
loads (Appendix B.3)

Calculate the

Critical Euler stress (Eq C.1)
Axial buckling stress (Eq C.2)
Torsional buckling stress (Eq C.4)

L2

L2

Apply the load

Apply boundary
conditions

factors (Table 2.4)

L2

2

Calculate the shear

Perform Eigen value
analysis and extract
natural frequency (w_t)

force and moment in
each section (Eq 3.1)

v

Yes

Find the curvature,
deflection,axial stress,
shear stress (Eq 3.3-3.6)

7

Calculate material

Calculate DA (Eq 2.3)
Calculate mass of tower

safety factor
— (SF_mat) (Eq 2.7)

Deflection<2.5%h &&
SF_mat>1

Check for euler, axial
and torsional buckling
in each section

L7

Calculate Euler buckling
safety factor (SF_ebuck)

v

Check Knockdown
factors for buckling (Eq 3.7)

N7

Calculate Buckling
safety factor(SF_lbuck)
under combination

of loads (Eq 3.8)

Is
SF_ebuck>1 &&
SF_lbuck>1

Calculate tolerable

cycles and loading

cycles for 20 years
(Appendix E)

12

Calculate Damage (D)
(E9)

Yes.

Read
joint type for joint-1

v

Check for the
failure modes in joint-1
depending on Joint
type (Appendix D.1-D.3)

v

Check for the
failure modes in joint-2
(Equation 3.12)

Are
failure modes
in Joint-1 & 2
=0

Calculate the
Costs involved in
tubular structure (Chapter-4)

Figure 3.14: Flow chart for the design of tubular tower
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3.4 Geometry of the lattice tower and methodology

The preliminary design is based on FEM approach due to the complex geometry of the lattice.
Two baseline geometries are chosen from literature. The first Lattice Topology (LT)-1 has
been adopted from the study by Long et al. [40] for a 90m offshore wind turbine tower. The
second topology LT-2 has been adopted by Gencturk [41] in his study for the optimal design
of the lattice tower. Both the topologies are shown in Figure 3.15. LT-1 has no web members
and may be susceptible to buckling at tall hub heights. L.T-2 has web members and has better
buckling resistance. The tapering is given to help prevent blade interference with tower and
given only to the bottom part of the tower; this is because the lattice tower has a wide base
to overcome the large overturning moment and this constraint can be critical if a continuous
taper is given throughout its height.

Web members

(a) (b)

Figure 3.15: Topology of the lattice structure towers (a) LT-1 (b) LT-2

3.4.1 Details of parameters in a lattice structure

Details of the parameters in a lattice structure are given in Figure 3.16. Only the detail
design of L'T-2 truss structure is shown as it is almost identical to LT-1 but with additional
web members. Further for the study, the links are grouped into five main categories listed
below and as shown in Figure 3.16. This categorization is important so that each category
can be assigned link cross section properties independently instead of same cross section
throughout, to prevent over-design of the lattice. The categories are:

1. Main links from section 1 to section 4 (M-1)
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2. Main links in section 5 (M-2)

3. Diagonal and horizontal bracing in section 1 to 4 (D-1)

4. Diagonal and horizontal bracing in section 5 (D-2)

5. Web members (W-1)

btop > <

Main links in Section 1-4 (M-1)

Main links in Section 5 (M-2)

Section 5 —— Diagonal and horizontal
h2 members in Section 1-4 (B-1)
Diagonal bracing in Section5 (D-2)
=== \Web members (W-1)
btop1 L <
h
Section 1-4

kx
bleg

Figure 3.16: (a) Dimensions of the lattice structure LT-2 (b) Categorization of lattice structure

In the above figure, h is the total height of the tower. b, is the base leg distance in lattice
tower, byop is the width of the lattice tower on top and b1 is the width of the lattice tower
before the start of straight section (section 5). h is the height of the lattice tower and hs
is the height of the lattice tower section 5. Ngection indicates the number of sections in the
tapered part of lattice tower and it is 4 for the topology presented in Figure 3.16.

The cross section of the links initially considered for the lattice structure is given in Figure
3.17. Ry is the radius of the lattice links, t7, is the thickness of the lattice links in case of O,
C, I and box sections. C, I and box sections are assumed to have an aspect ratio of 1:1, and
the width/height of the cross section is given by by.
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Figure 3.17: Types of cross sections and dimensions of links

3.4.2 FEM framework

Due to the complex geometry of the lattice structure, a FEM approach is followed for the
design and analysis of a lattice structure. For the two topologies chosen, based on the input
the coordinates of the nodes will be calculated accordingly. For LT-1 topology, there are 77
nodes. For LT-2 topology, the number of nodes is 170. Once the coordinates are decided, the
links have to be setup. For LT-1 the number of links is 220. For L'T-2 the number of links is
436. Each link and the nodes it connects is predefined by the topology chosen. The properties
like the link length depend on geometric properties like base leg distance, the height of the
tower. The nodes the links connect are also critical while assembling the local stiffness and
mass matrix into the corresponding global matrix. Other geometric & material properties
that are important in calculating the local stiffness and mass matrix are the area moment
of inertia, area of the cross section of the links, material density, Modulus of elasticity in
longitudinal and shear direction. The element type chosen to model the lattice structure is
3D beam elements. This element type was chosen over truss element type because it can take
bending loads as well.

3.4.3 Design steps to set up the FEM framework

The following design steps are adopted to get to the final design of the lattice composite tower
structure.

1. Input tower details: The list of input details is given in Table 3.3. The Geometric
properties and loading conditions have already been explained previously. The turbine
and material properties considered in this study are given in Appendix A.

2. Set up the topology by calculating the coordinates of the nodes and creating the links.
The database of the links and the corresponding nodes are pre-decided and can be
imported to the matlab code from an excel file.

3. Group the links based on the different type of links and given in Section 3.4.1.

4. Choose an initial point for the optimizer, such that the tower is highly over designed.
In this case, the starting point was chosen such that all the links had the same by and
tr, and the design has a frequency just below 3P frequency.
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Properties

Geometric properties

Height (h), Base leg distance (Bjq)
Top width (By,p) Top width-1 (Biop1)

Height of section 2 (h2)

Operating load case, Non operating load case
Fatigue load for 20 years

Rated power, Rotor radius, Rotor rpm, Nacelle and
rotor mass, Max deflection of blades Tip speed ratio of blades
Material density, Material cost
Modulus and possoin ratio, Ultimate strength

of tower
Loading condition
Turbine properties

Material properties

10.

Table 3.3: Input properties fr the lattice tower

. Calculate the cross-section properties (Ar, I. 1, Iy, Jr) of each group of links and

calculate the stiffness (K.) and mass matrices (M,) of the links. The links are modeled
as beam elements hence the stiffness and mass matrix of a 3D beam element will be
used.

Rotate the local stiffness and mass matrix depending on the orientation of the beam
and assemble the global stiffness and mass matrix.

Apply the boundary condition on the bottom four nodes of the lattice structure. In
the study of the lattice structure, no foundation stiffness has been considered since it
was studied in Section 3.3.4 and seen that foundation stiffness doesn’t have considerable
effect on the natural frequency of the tower in the region of interest. Fixed boundary
condition on the displacement (d,,,.) and rotation (df,,, ) on the last node is applied
as shown in Equation 3.13.

dyy.=0;d0;,.=0 (3.13)

Perform Eigen value analysis and extract the first few natural frequencies. If the first
natural frequency is in the allowable working frequency range, then proceed with static
calculations.

For each load case, calculate the necessary load factors, tower top loads, direct wind
loads. For operating and non-operating cases, the tower top loads are given in the
Appendix B. These loads can be applied to the last node 170 on the top for LT-2 and
node 77 for LT-1. For operating load case, in addition to the load factors mentioned
by GL and ASCE guidelines, the dynamic amplification factor needs to be multiplied.
The direct wind loads can be calculated for each section using steps from ASCE-7 and
have been outlined in Appendix B.2. Instead of applying the direct wind loads on the
whole frame facing the wind, equivalent loads are applied to only the four corner nodes
as shown in Figure 3.18. The self-weight of each section is applied on the four corner
nodes.

Apply the necessary loads and find the global displacement of all the nodes. The
displacement of the tower top nodes can be extracted to check if the maximum deflection
criterion is met.
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11.

12.

13.

oy —

‘Qelf-weight R

Wind-load

Figure 3.18: Wind force and self weight applied on nodes of each section

The global displacement of each node can be rotated into the local coordinate system
of the links. Using this local displacement and the inverse of stiffness matrix the forces
in the links in its local coordinates can be obtained. This, in turn, will give the stresses
due to the forces and moments acting in the links.

Calculate the safety factor in each link. In each of the lattice links, there are three forces
and three moments acting in its local coordinates. The net axial stress and shear stress
due to the influence of these forces can be found using Equation 3.14 and represented
in Figure 3.19. If the SF,, of all the links >1, then buckling analysis can be carried
out.

_ M,.R;

i

_ Myyb , Mpcb
21,  2I5.

op — Circular cross-section

— Other cross-sections

F
o = w’y—l—O'b;T: T

Ar Ar Figure 3.19: Link local coordinate
SFpat(o,7) <1 axis
(3.14)

Here Fr, ... and My, . are the forces and moments acting on the links in the local
coordinate system of each link.

The equations to check for Euler buckling are given in Appendix C. Further, the crip-
pling failure in the links has to be checked for One Edge Free (OEF) in case of I and C
cross-sections and No Edge Free (NEF) crippling in case of box, hollow,I and C cross-
sections. The crippling critical stress (o erip) can be obtained using equations found
in Appendix C.
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14. Calculate the damage factor (DF') for a service life of 20 years in each link using steps
outlined in Appendix E.

3.4.4 Trade studies

There are a lot of parameters that define the shape of the lattice structure. Important
geometric parameters necessary to set up the lattice are:

1. Type of cross-section of the links
2. Base leg distance (beq)

3. Number of sections

4. Ratio in section 5 (btop/brop1)

5. Height of the straight section (Section-5) with respect to tapered section (Section 1-4)
(h2/h)

6. Effect of web members (LT-1 vs. LT-2 truss)

In the next subsections, trade studies are performed to check the effect of these parameters
on the mass of the tower. During this trade study, only the non-operational wind loading is
considered, since the operational and fatigue loading is affected by the natural frequency of
the tower.

Type of link cross section

In this study, five different types of link profiles are chosen and studied. They are circular,
hollow, box, C and I section. The effect of the different cross-section on the mass of the
tower for a 100m and 125m tall, 2.1MW capacity turbine tower on the mass is shown in
Figure 3.20. It is seen from the study, that while using circular cross-section the mass of the
tower is highest. This is because the circular cross-section is highly susceptible to buckling.
Further, the closed cross-section like O and box section have the highest mass advantage
because of the high moment of inertia of these cross sections which provides a good buckling
resistance. The disadvantage with closed sections is the difficulty in joining. The C section
may have a better moment of inertia, but the shear center of the C section lies outside the
body leading to unfavorable torsion in the links. The I section has a slightly higher mass, but
joining is relatively simple for I sections when compared to C section. For these reasons the
I section is preferred over other cross sections and the remaining trade studies are performed
by considering I section for the links.

Base leg distance

To check the effect of the leg distance, a 125m tall, 2.1MW capacity turbine tower is chosen,
and the base leg distance is varied from 8-25m. The result of this study is shown in Figure
3.21.
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Figure 3.20: Effect of different cross-section on the mass of the tower
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Figure 3.21: Effect of base leg distance on the deflection of the tower

It is seen from Figure 3.21 that for a constant tower top deflection there is a reduction in
mass while increasing the base leg distance. This is because with lower base leg distance,
the overall stiffness of the tower reduces and this has to be compensated by the increase in
link dimension, leading to an overall increase in mass of the tower. As the base leg distance
increases, the stiffness of the tower increases. Hence, smaller cross section area of the links is
required. The cross section reduces to a point when the tower tip deflection is not the only
critical constraint, but the material safety factor becomes a governing constraint too. Hence
the mass of the tower saturates, and we no longer see the mass advantage with a further
increase in base leg distance. One of the constraints that restrict the base leg distance is the
blade tip deflection. Hence the maximum base leg distance that can be attained is fixed in a
tower with a given hub height.
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Figure 3.22: Influence of the number of section on tower mass

Number of sections

The influence of the number of sections is shown in Figure 3.22. The study was conducted on
2.1MW and 5MW towers with hub height 75, 100 and 125m and 100, 125, 150m respectively.
The number of section were varied from 4 to 8 in steps of 2. For higher height, the difference is
more prominent since buckling is one of the critical failure criteria for tall towers. Increasing
number of sections from 4 to 6 switched the critical criterion from buckling to tower deflection.
On further increasing the number of sections to 8 there was no advantage as buckling was
not a critical criterion anymore and increasing number of sections just increased the number
of links and thus the overall mass of the tower. The advantage observed when increasing
number of sections from 4 to 6 might be negligible because the number of nodes increases
from 170 to 242 and this may, in turn, increase the joint mass. But, in the case of 150m tall,
5MW tower there is a significant mass improvement when the number of sections is increased
from 4 to 6. Hence, for this hub height, it is advantageous to consider six sections.

Ratio in section 5

To study the effect of introducing taper in Section 5, the breadth of the lattice structure at
the top (byop) was kept constant, and the breadth 1 (bsp1) was changed accordingly to give the
necessary linear taper. biop/biop1 was changed from 0.5 to 1 for a 125m tall, 2.1MW turbine
capacity tower and the influence of this change on the overall mass of the structure was noted.
It was seen that for the same tip deflection by giving a taper in section 5, the stiffness of the
structure is increased due to geometry, and hence for the same tip deflection, the structure
has a lower mass when no taper is given. This change in mass is not advantageous. One
disadvantage of giving taper in section 5 is that the blade tip deflection can be an important
constraint and thus the base leg distance may have to be decreased leading to a higher mass
of the tower.
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Figure 3.23: Ratio in section 5

Height of section 5/ Height of the tower

To study the effect of increasing the proportion of the section 5 vs section 1-4, the height h2/h
was varied and the effects on mass and safety factor while keeping a constant tip displacement
is shown in Figure 3.16. This ratio was changed from 0.1 to 0.6 for a 125m tall, 2.1MW
capacity tower and the influence of this parameter on the deflection, material safety factor
and mass was noted and given in Figure 3.24. It is seen from Figure 3.24 that when we
increase the ratio of the height of section 2 to the height of section 1, we encounter minima.
This is because initially, the safety factor is the governing factor as seen from the Figure
3.24. As we increase the ratio, the tower top becomes more and more flexible allowing for
larger tower tip deflection, to maintain this constraint the dimensions of the links increase
thus causing an increase in the safety factor of the links. Hence, it is seen that a minimum
occurs when both the safety factor and the tower tip deflection constraint are critical in the
design, leading to an optimum design.

Effect of web members LT-1 vs LT-2

To study the two topologies chosen, a variety of towers of different capacities and heights are
evaluated. For both the topologies the base leg distance, height, ratio of section 5/section 1-4
and other shape parameters were kept constant. Only the link dimensions were iterated until
the optimum design in each case was found. The results are shown in Figure 3.25.

Comparison between the simple and complex lattice structure is shown in Figure 3.25. It is
seen that for a lower height, and lower capacity turbine simple lattice has a better mass over
the complex structure. Safety factor was the most critical constraint in this region. With
the increase in height, buckling is more critical due to the way the geometry of the lattice
structure is defined and absence of web members. Hence, the complex lattice structure has a
mass advantage when compared to the simple lattice structure.



3.4 Geometry of the lattice tower and methodology 49

#-Mass tower -+Tower deflection  -aSafety factor

450 3.5
400
350
Z 300
c
S 250
2 200
©
= 150

100
50 05

._.
(%]
Tower top deflection (m)

h2/h1

[ S
NSV N

(o]
=
-

=
»
[
L
L

Safety factor
o o
o w

oo e
o N

0 10 20 30 40 50 60 70
h2/h1

Figure 3.24: Height of Section 2/ height of section 1 vs. mass, deflection and safety factor

3.4.5 Joining in lattice structures

Joining of lattice links is a time-consuming process due to a large number of connections
involved. The main links are assumed to be made up of a single pultruded element with the
diagonal & horizontal bracing and web members attached to the main links. The following
steps and approximations are made to obtain the approximate joint mass using adhesive
joining technique and bolted technique.

1. Only the axial force is considered since this is the most prominent force appearing on
the links. The axial force and the dimensions of all the links minus the main links
coincident at a node are stored.

2. Extract the maximum axial (F}) force and min dimension of the links (B,T) from the
links at a given node.

Fm = ma:):(Fl,Fg...Fn)
B = min(BL71,BL72...BL7n) (315)
T = min(TLJ, TL,2--~TL,n)

3. For the adhesive joint, the overlap length(a)for the maximum axial force and minimum
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Figure 3.25: Comparison of the two topologies in lattice tower

link dimension. This gives the worst case scenario. The Equation to find the overlap
length (aq)while using adhesive is given by Equation 3.16. The thickness of the joint
plate is assumed to be same as the maximum thickness of the links. This can be
repeated at all the nodes, and the overlap length can be calculated. By knowing the
overlap length, the width of the main link or the biggest link at a node (Br), the
thickness of the joint plate (¢1), the mass of the joint at each node can be calculated as
given by Equation Equation 3.16.

/ — Main link

Figure 3.26: Approximation of the lattice joint

Fy
4 = ——
B-Tut,adhesive
t1 = max(TLJ, TL,Q---TL,n) (3.16)

nodes

2
mTay
Massjoint,adhesive = Z 2( 9 +2'a1'BL)t1pmat

n=1
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4. To get the approximate joint mass using bolts, the bolt diameter(Dpy;) has to be fixed
and the corresponding number of bolts (n) needed to take up the axial force with this
bolt diameter can be calculated using Equation 3.17. The relations make sure that the
bolt shear failure and the bearing failure in laminate is prevented.

F
Mim
ZDbolt Txy,bolt
N, Fy (3.17)

DboltTUbear,lam
ny = max(Nl, NQ)

Here opeqr iam is the bearing strength of the laminate.

Once the number of bolts is decided upon, it is important to know the arrangement in
order to calculate the overlap length. Choose a pitch (ppoz) between bolts of atleast
5Dpoi¢ and calculate the number of bolts in width and length direction of the link to
prevent shear out or net section failure in links. Subsequently the thickness of the joint
plate to avoid net section failure is also calculated. The distance between the edge of
the plate and the bolts was considered as half the pitch distance between the bolts.
Equation 3.18 makes sure these failure modes are prevented and the thickness of the
plate is calculated.

Fx
11 (2Dpo1:2((n2 — 1)Dboit + Poolt/2) Tut plate)
Fx/nl
T Dyois2((n2 — 1)Poott + Proit/2)
Fx/ng
(B — n1Dpoi)T

tplate =

< Tut (318)

< Tut

Here Tyt plate is the ultimate shear strength of the plate used and n; is the number
of columns of bolts along the link X direction and no is the number of rows of bolts
transverse to the link direction.

If all the failure criteria pass, calculate the mass of bolted joint is calculated using the
overlap length (a;), the number of bolts, the thickness of the plate etc. as given in
Equation 3.19.

a1 = Ppoit-Droit-n1
nodes 2

may
Massjointpolt = Y, 2.( + 2.a1.BL)tpiate-Pmat + 1p-Masspou (3.19)
n=1

2
T T
Masspoy = ZDQbolttl + 2-1-(2D2bolt)Dbolt
The data is saved, and this step can be repeated by considering a new bolt diameter
and recalculated the plate thickness, the number of bolts, overlap length needed and

the mass of the joint. By doing this iteratively, the joint design with the least mass can
be identified.

5. Check if the adhesive joint has a mass advantage over the bolted joint and vice versa.
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Table 3.4 shows the comparison in joint mass while using bolted joint and while using
adhesive joint for the 2.1MW towers. The joint mass is influenced by a lot of factors
like the forces appearing on the links, the thickness of the plate required to transfer this
loads without undergoing material failure or the overlap area needed to transfer these
load without adhesive failure, etc. It is seen that the adhesive joint has relatively lower
mass for all the towers. Removal of the material to insert bolts will reduce the available
area for load transfer causing failure in the laminate. To prevent all these failures, a
large number of bolts must be used over a large surface area leading to the high joint
overlap. The adhesive joint, on the other hand, doesn’t involve removal of material from
the links for joining and transfers the loads from links to joint via shear. This along
with the fact that the joint plate is assumed to be made of GFRP in the case of the
adhesive joint may be the reason for low mass of this joint. Hence, for the final joint
design in lattice towers, the adhesive joint is considered.

Adhesive and bolted joint comparison for lattice towers

Capacity (MW) 21 | 21 | 21 5 5 5
Height (m) 75 | 100 | 125 | 100 | 125 | 150
Mass joint poit (t) 47.3 | 70.0 | 32.4 | 78.0 | 80.9 | 140.9
Mass joim.adnesive (t) | 14.9 | 22.8 | 28.8 | 38.6 | 58.3 | 89.1

Table 3.4: Adhesive and bolted joint comparison for lattice towers

6. Until now all joints have been assumed unique. But, for the ease of manufacturing, it
is necessary to categorize the joints. Categorization of the joints in this study is done
depending on the overlap length and thickness of the joint plate. Recalculate the total
mass (Mass;joints) by grouping them based on the overlap length or thickness of the
secondary plate needed.

3.4.6 Conclusion on lattice towers and flow chart

From the trade studies done in this chapter on lattice tower the following conclusions can be
drawn:

1. I-section is the most feasible cross section, though box, O and C section have slightly
lower masses, the joining is relatively simple with I-section. Hence the final design of
lattice tower will be obtained using I cross sections for links.

2. Use the largest base leg distance possible that respects the blade tip deflection con-
straint.

3. Increasing the number of sections in lattice tower shows considerable mass advantage
only for the 150m tall, 5MW tower. Hence, for tall hub height, the number of sections
is increased from 4 to 6.

4. The ratio of the height of section 5/ section 1-4 shows the best mass when it is kept at
1:2. This ratio is assumed for towers with all hub heights.
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5. LT-2 topology is better because of the web members present to prevent buckling. Hence
this topology is adopted.

6. Adhesive joints will be considered for the final design of the towers.

3.4.7 Optimization framework and flowchart of the tool

1. Selection of starting point: The starting point is selected such that the tower frequency
lies just below the 10% limit of the 3P frequency. To make this selection process easier
all the links are assumed to have the same cross section. Thus the parameters are
limited to 2 which are the link width and the thickness. They are varied using loops in
the tool to search for a design that obeys the above-mentioned frequency requirement.
This point is chosen as the initial point for the mass optimizer.

2. Mass optimizer: In general an optimizer in Matlab accepts an initial point from the
user and searches for the closest minimum while ensuring that the point of convergence
respects the constraint equations. The constraint equations are maintained negative.
The initial point need not respect all the constraint equations as long as the design
becomes feasible sometime during the process of optimization. A boundary must be
defined for the parameters so that they do not wander away to unrealistic values. The
list of constraints are:

Tower top deflection < 2.5% of tower height
Material and buckling safety factor > 1
Damage factor in fatigue < 1
2 x link thickness < 0.9 x Link width.

The last criterion is to prevent the thickness of the link increasing and becoming high
enough to occupy the entire area of the cross section turning it into a block. The upper
limit for the width and the thickness of all the links is 1m and 180mm respectively. The
lower limit is 0.2m and 10mm respectively.

A structural optimization problem using a FEM is a black box type function where the
derivative of the function to be minimized is unknown. Thus the partial derivatives
of the mass function with respect to its parameters must be evaluated at every point
during the procedure. This process is represented by "Region A" in Figure 3.27. This
figure represents the optimization behavior of a 125m 2.1 MW GFRP tower. Many such
regions are visible throughout the optimization procedure. This is done by successively
incrementing each parameter at a point by a preset step value and evaluating the mass
function at those points. The data from these points combined with the data from
the current point will help determine the direction of greatest descent. The optimizer
then takes a step in this direction and evaluates the mass and constraint values there.
This point is represented as the "Prediction" in Figure 3.27. The optimizer continues to
execute these steps of moving to a point, studying the partial derivatives, determining
the direction and moving on to the next point until a design is attained that represents
an optimized design. It is possible that this procedure fails and the optimizer is forced
to correct itself to the nearest feasible point and move in a different direction. This
behavior is seen in the region marked as "Self-correction’. The optimizer has retraced
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itself back to the nearest feasible point, and this is followed by a region similar to Region
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Figure 3.27: Optimization behavior

3. Convergence criteria: The optimizer will detect convergence if either the change in
mass when the parameters are studied in the vicinity of the point is below a certain
threshold or if any further modification to the parameters in the direction of reduction
of mass causes failure of a constraint function. By definition of the mass function, it
is a monotonically reducing function. Thus the first criteria cannot be expected in this
study. This is because the link parameters can be made small enough such that the
mass converges to 0. Thus at convergence one of the constraint function will be critical.
Once the optimizer has converged, it is important to round off the link dimensions since
the optimizer treats the parameters as floats. In this study, the link widths have been
rounded off to the closest and greater second decimal. For the link thickness, it has
been rounded off with a resolution of 0.5mm.

The methodology followed to develop the lattice tool has been concisely represented in
Flowchart 3.28.

3.5 Chapter summary

This chapter outlined the methodology adopted to apply the load, perform static, frequency,
buckling and fatigue analysis on a tubular and lattice geometry wind turbine tower. Further
trade studies concerning various geometric parameters have been conducted for tubular as
well as lattice towers. The various possible joining techniques and the methodology to obtain
the approximate mass is discussed. The conclusions are drawn from the trade studies and the
optimization framework & the flowchart to set up the design tool is presented.
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Figure 3.28: Flowchart for design of lattice tower
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Chapter 4

Cost Modeling of the Tower

This chapter will discuss the cost contributors to the tower and the methodology adopted to
calculate the total cost of the tower.

4.1 Cost contributors and methodology

It is discussed in literature survey, Section 2.4, throughout the composite structure’s life, there
are numerous cost contributors. Table 4.1 highlights the main cost contributors considered
in this study and the method adopted to estimate them. Suzlon data refers to internal data
gathered from Suzlon Energy Ltd. like the raw material cost or the labor rate/hour or the
thumb rules regarding finishing time etc. Process Cost Analysis Database (PCAD) model
is an extensive database containing a lot of manufacturing steps and their corresponding
time equations. In this study, the PCAD model was setup for manufacturing steps and
time involved in Vacuum Infusion (VI), Handlayup, and Automated Tape Placement (ATP).
Since the cost model is an integral part of the design tool, running the PCAD model for every
structural change is inefficient because it contains over 30 constituent equations. Hence,
approximate parametric equations have been formulated to emulate the PCAD model for
part sizes of interest for the thesis work.

4.1.1 Manufacturing costs

Raw material cost: These costs are provided by Suzlon Energy Ltd. Table A.3 gives the raw
material costs considered in this study. A scrap rate of 15% is assumed over the raw material
for every production process except pultrusion.

Costraw = Massiower * 1.15 x€/Kg (4.1)

Aiding material cost and other auxiliary costs: These costs will aid in the manufacturing of
the composite structure. These usually include the bagging material in case of hand layup or
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Cost contributor Cost included Method
Manufacturing Raw material cost Yes Suzlon data
Aiding materials Yes Suzlon data
and other costs
Labor cost Yes Parametric equations
for production based on PCAD model
Labor ‘cost f01j finishing Yes Suzlon data
and inspection cost
, Certification cost No
Installation Transportation cost Yes Refered from literature
Crane and lifting cost Yes Referred from literature
Foundation cost Yes Referred from literature
Maintenance and Maintenance and No
inspection inspection
Replacement Replacementcost No

Table 4.1: Cost analysis

vacuum infusion. Mold cost also is a part of the aiding cost. These costs are given in Table
A.3. In the case of vacuum infusion or hand lay-up, the approximate costs followed by Suzlon
are given in Equation 4.2 can be applied to calculate the aiding material cost.

M
Costpmord = % * Mold cost

Costpagging = 2Nsection * Vacuum bagging cost (4.2)

Costgiqg = Costield + Costpagging

Labor cost for production: As mentioned in the literature survey, PCAD model developed
by Gutowski consists of about 300 different steps involved in fabrication process including
assembly and inspection [29]. Some of the possible manufacturing methods preferred for the
production of the tubular and lattice tower are given in table 4.2

Tubular tower Lattice tower

Hand layup Pultrusion
Vacuum infusion
Automated tape placement
Filament winding

Table 4.2: Possible production method for the tubular and lattice structure

Steps and the corresponding cost equations of all the methods except filament winding have
been gathered from the PCAD database. The number of steps in the above process varies
from approximately 40 in the case of hand lay-up and vacuum infusion to 15 in the case of
pultrusion. For simplicity and ease of computation, the final total time has been converted to
the parametric equation in terms of the area, perimeter, the number of plies and the curvature
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of the part. Instead of recalculation of all 40 steps a single equation can be used that gives
the same time in the region we are interested.

For handlayup and vacuum infusion, it was observed that the behavior of the total time was
dependent on area, perimeter and the number of plies in the part and follows Equation 4.3.
The corresponding constants for these 3 manufacturing techniques are given in Table 4.3.

Laboriime = i(; #(Agyr s —100) + 5,1/ #(Pyyyr f —100) 4+ \C/’/ (4.3)
K1:K3+nplyK4 K1:K5+nplyK6 C:K7npl?/+cl

Agyry - Surface area of the tubular structure
Py ¢ - Perimeter of the tubular structure surface
Ny - Number of plies in tubular structure.

| K3 | Ky | K5 | K¢ | Kr | O

Vacuum Infusion | 39.95 | 1.65 | 10.03 | 0.00 | 171.49 | 5343.10
Handlayup 32.26 | 1.65 | 13.16 | 1.36 | 310.00 | 5313.00
ATP 38.01 | 7.11 | 5.88 | 0.00 | 712.24 | 4672.80

Table 4.3: Constants for time equations

In case of Pultrusion, which is used for the production of lattice links the total time was
dependent on the length of the pultruded element and the area of the cross section and is
given by Equation 4.4.

(0.1 — Ap)

A
G (8307 % Ly +550.05) + (05) (16.362 * Ly +804.7)  (4.4)

Labortime,pul =

L7 is the total length of the links in a particular link category described in Section 3.4.1.
Pultrusion is a machine intensive process. Hence machine time/cost also contributes to the
overall cost. Hence, machine time is assumed to be 90% of the labor time.

The % error between the predicted time and the PCAD manufacturing time for a laminate
with 100 plies and manufactured using vacuum infusion is given in Figure 4.3. The predicted
time closely emulates the time predicted by the PCAD model. It is seen that in the probable
region where the tower sections might lie the % error is less than 4%.

The cost for the 2.1MW Glass Fiber Reinforced Plastic (GFRP) towers manufactured us-
ing Vacuum Infusion, Hand-layup, ATP and Filament winding is shown in Figure 4.2. The
output time/cost for the ATP, Vacuum infusion, and Handlayup was calculated using para-
metric equations given by Equation 4.3. For the Filament winding process, the thumb rules
Cost fitament = 9-5.Massiower has been used. It is seen that the Vacuum infusion and Hand-
layup have almost identical costs, with Vacuum infusion having a slight advantage over Hand-
layup. Due to the expertise of Suzlon Energy Ltd. in Vacuum infusion, this is used as the
manufacturing method for tubular towers in the final design of the towers.

The PCAD model was developed in 1990 as a part of COSTADE project which attempted
to model the cost of aircraft components [35]. The materials used in the wind industry are
often of a lower grade compared to aerospace industries as well as the scale of structures is
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Figure 4.2: Cost of 2.1MW turbine capacity towers using various manufacturing methods

different. Thus, it is necessary to adjust the parametric time equations to better correlate with
the processes at Suzlon. These equations have to be adapted to fit Suzlon’s manufacturing
characteristics. At Suzlon, vacuum infusion is used to manufacture blades. The total time
involved in the manufacturing of 54m and 47 m long blade and its components like girder and
blade root were considered to obtain the data and the correlation between the PCAD time
and the actual time taken by Suzlon (timegy.ion) is given in Equation 4.5. The correlation
factor was found to be a function of the area of the part and the number of plies used in it

1 0.5
A + ) Laboriime = Labortime,Suzlon (4'5)
surf  Tiply

<0.23 +

Labor cost for finishing: Finishing includes activities like trimming, laminate check, repair,
painting by roller and then a second layer of spray & final finishing followed by process control.
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According to Suzlon the % labor cost for a finishing of a composite part is up to 40% of the
overall labor cost involved in the production. The breakup of this cost and the different
activities involved in finishing is given in Figure 4.3. For the study, the same thumb rule is
applied. The finishing time is calculated based on the total process time.

Trimming
Tool Room & 3%
PRC
Process 39 Sawing and
Control o
Drilling
Balancing & 5% 2%
Final
Finishing
5% Repair .
Paint Touch 14% Lamln.atlons-
Up . Inside +
16% QOutside
7%
Paint (1st
Roller-= 2nd .
Inside
spray) leani
15% Cleaning
3%

Figure 4.3: Cost breakup of finishing cycle (Courtesy: Suzlon Energy Ltd.

The total labor costs involved in the manufacturing of tubular components will be given by
Equation 4.6.

Nsections

Labotygse/hour 2 Laboraze/h
Costigper = Z Labors.. aboryqte / hour + 2 Laborg. aboryqte [ hour
1

60 3 60

(4.6)

Here Laboriime is dependent on the manufacturing method choosen. For pultrusion the labor
cost and machine cost will be given by Equation 4.7.

5
Labor hour 2 Labor hour
Costigpor = Z Laboriime pul- nge/ + gLabortime,pul- nge/
1 (4.7)
COStl b X
Costmachime = 0. Labormt: /(;:our Machine,qte/ hour

4.1.2 Installation costs

Installation cost can be broken down as transportation cost, crane and lifting cost and foun-
dation cost.

Transportation: Engstrom [2] has considered a transportation cost of 0.53€/tonne.km. The
same cost has been considered in this study. For lattice structure, half the rate is considered
due to the ease of transportation of the links. For a 300km transport, adhering to the road
limitation of 4.5m the relation between the mass of the tower and cost is shown in Figure
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4.4. The parametric relation between the mass of the tower (M assiower) and cost is given by
Equation 4.8.
Massiower

o0+ 1.55).1000 (4.8)

COStt'ransport = (015

Crane and lifting: As discussed in the literature, for smaller capacity and smaller height
tower, cranes can be effectively used for lifting and installation. For turbines with capacity
above 5SMW and height above 125m lifting tower should be used. Engstrom [2] uses a 120t
max capacity crane for upto 150m tall & 3MW turbine and 240t max capacity crane for upto
125m tall & 5MW turbine and lifting tower for installation beyond this height and capacity.
The cost considered by Engstrom is dependent only on the height of the tower and inclusive
of installation of nacelle-rotor assembly and shown in Figure 4.5. Fitting the curves through
the data given by Engstrom, Equations 4.9 gives cost w.r.t hub height for the 120t and 240t
capacity crane respectively.
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Figure 4.5: Crane cost vs. mass
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Costerane.240 = (2.2934.h — 103.5).1000
Costeranea20 = (1.355.3h — 84.66).1000 (4.9)
Costy; fring—tower = 1302000

Foundation: Foundation design can either be governed by the overturning moment the foun-
dation can resist or by the vertical loads the foundation can bear depending on the bearing
strength of the soil. The overturning moment remains fairly constant for a specific hub height
tower, irrespective of the tower geometry. Hence, Engstrom [2] has taken a constant cost of
the foundation for a given hub height. On the other hand, the National Renewable Energy
Ltd. (NREL) study has taken different foundation mass for the same hub height depending
on the tower mass which shows that the mass of the tower indeed affects the mass of the
foundation. With lower tower mass a smaller foundation will be required because of the re-
duced bearing forces on the foundation. The foundation mass and cost data collected from
NREL [9] for the 100m tall tower using different material is plotted in Figure 4.6 and a linear
equation as given in 4.10 is fit from the data to obtain the approximate foundation cost w.r.t.
mass of the tower.
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Figure 4.6: Foundation cost verses mass

M assiower

COStfoundaton = (00749 1000

+117.88)1000 (4.10)

4.1.3 Maintenance and inspection costs

Most commonly in literature, research has only been done on life cycle analysis of composite
bridge structure. Due to the different scale of the composite tower used in wind turbine tower
structures no cost will be included. Engstrom [2] suggests for a lattice tower, an additional
maintenance of 3000€/year will be incurred for joint maintenance. Thus this additional
maintenance cost will be considered.
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4.1.4 Joint cost

For the bolted and the adhesive joint, the joint mass can be obtained by following the proce-
dure given in Appendix D or following the methodology for lattice structures given in Section
3.4.5. The additional raw material cost in joints can be obtained by mass of the plate, ex-
cess material used in laminate near the joint and the bolt mass. No additional labor cost is
considered in the case of joints.

4.2 Final cost of the composite towers

The final cost of the tubular tower will be given by Equation 4.11 and for lattice tower it will
be given by Equation 4.12.

Costiubular = COStraw+003taid+003tlabor+003ttransport+003tcrzme+003tfoundation+003tjoint
(4.11)
Costigttice = C08traw + Costigpor + CoStimachine + COSttransport + Costeranet

(4.12)
COStfoundation + COStjoint + 3000 * Nyea’/’s

4.3 Chapter summary

This chapter described the methodology used to setup the cost model for the project. The
costs are either obtained from Suzlon inhouse knowledge or by literature survey. Parametric
equations have been developed to calculate the labor costs and these equations are based on
the PCAD model. For the installation costs, parametric equations that fit the data from the
literature have been used. These equations help in setting up the cost model and in providing
with the overall cost of the tubular and lattice composite towers.



Chapter 5

Results and Discussions

This chapter presents the final optimized dimensions of 2.1MW turbine capacity towers and
5MW turbine capacity towers using the Glass Fiber Reinforced Plastic (GFRP) and Carbon
Fiber Reinforced Plastic (CFRP) material. The final estimated joint mass and cost for these
towers are also discussed. Further, the static, buckling and fatigue analysis results of these
towers are given. Finally, the total mass and cost data of these towers is presented followed
by its comparison with steel towers.

The towers presented in this chapter are broadly classified into two categories based on their
geometry, i.e., tubular and lattice tower. Each of this type of tower has been designed for
three different heights and two different turbine capacities. For a 2.1MW capacity turbine,
75m, 100m, and 125m are the heights considered, and for 5SMW turbine 100m, 125m, and
150m heights are considered. The difference in the starting hub heights is because of the
different size of the rotors in a 2.1MW and 5MW turbine. The rotor radius considered in the
case of 2.1 MW turbine is 54m and for 5 MW turbine it is 63m. The minimum hub height is
usually taken as 1.4-1.5 times the rotor radius. The static analysis is performed for two load
cases, operating condition (Extreme Turbulence Model (ETM)) and not operating condition
(Extreme Wind Model (EWM)). The fatigue analysis is done for a service life of 20 years.
The approximate joint mass and cost are calculated according to methodology outlined in
Chapter 3, Section 3.3.6 and 3.4.5. The costs are estimated using the equations given in
Chapter 4. The results for all of the above will be presented separately based on the material
of the tower.

5.1 Tubular tower results

Based on the outcome of trade studies performed in Section 3.3.5, all the towers have variable
thickness and linear taper. The base diameter is constrained at 9m for the ease of trans-
portation for most of the towers. But, for the 150m tall tower design constraining the base
diameter leads to a very heavy tower. Hence, the base diameter is limited by the blade clear-
ance constraint. This constraint ensures that the tower diameter at the height of 87m from
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the ground is kept at 6.5m. The nacelle constrains the top diameters, and in this study, it is
assumed to be 3m and 4m for the 2.1MW and 5MW turbines respectively.

Adhesive joints have been used for assembling the tower sections, based on the trade study
presented in Section 3.3.6. The sections are manufactured using vacuum infusion as it was
seen to be the most economic manufacturing method based on trade study done in Section
4.1.1. The labor rate is chosen as 20 €/hour, and the material cost and aiding material cost
is explained in Section 4.1.1. Other cost equations have been developed in Chapter 4 and
have been used to calculate the final cost of the designs.

5.1.1 GFRP tubular towers

The details of static, buckling, fatigue, frequency, mass and cost analysis results of tubular
GFRP towers for various hub heights are presented in Table 5.1.

\ 2. 1MW 5 MW

Height () ] 75 | 100 | 125 | 100 | 125 | 150
Base diameter (Dp) | [m] 6.00 8.10 8.90 7.60 8.60 9.70
Top diameter (D) [m] 3 3 3 4 4 4
Base thickness (t;) | [mm] | 60.00 | 80.00 | 130.00 | 90.00 | 140.00 | 210.00
Top thickness (t; [mm] | 30.00 | 30.00 | 43.00 | 47.36 | 65.00 86.50

Frequency [Hz] 0.31 0.31 0.29 0.25 0.24 0.23

DA [] 2.00 2.14 3.20 1.61 2.15 2.84

Operating load condition, ETM

SFoat -] 1.10 1.02 1.00 2.46 2.53 2.54
S Flpuck [] 1.03 1.30 1.60 1.29 1.70 2.29
Otop [m] 2.00 2.14 3.30 2.40 3.19 3.89
Non-operating load condition, EWM
SFat ] 1.19 1.17 1.70 2.00 2.77 3.67
S Flyuck [-] 1.04 1.40 2.50 1.31 2.11 3.26
Otop [m] 2.07 2.00 2.16 2.21 2.53 2.67
Fatigue analysis
DF | [ | 017 | 0.02 | 009 | 054 | 058 | 0.70
Joint analysis
Massjoint [t] 4.54 4.77 12.32 8.62 14.49 24.88
Costjoint [10%€] | 23.4 27.1 56.6 40.7 64.2 103.4
Total cost and mass of the tower

Masstower [t] 102.41 | 207.14 | 444.88 | 263.62 | 535.34 | 1014.62

Costiower [105€] | 0.65 1.26 2.64 1.62 3.11 6.81

Table 5.1: Dimensions of the 2.1MW and 5MW turbine capacity GFRP tubular towers

Though a maximum of up to 9m is allowed for the base diameter, the best design with the



5.1 Tubular tower results 67

least mass is obtained when the base diameter is less than this limit for hub heights up to
100m as seen from Table 5.1. A reduction in the thickness of the laminate is expected as
the diameter of the base increases. But, the thickness saturates after a certain base diameter
to prevent local buckling of laminate under compression. From this point increasing base
diameter increases the mass and shows no advantage.

It is seen from the Table 5.1 that for the GFRP towers, the operating loads are the critical
loads. As a combined effect of relatively pliant material and slender geometry, the structural
stiffness is relatively low, and this causes the tower natural frequency to approach the rotor
frequency (P). This leads to high dynamic amplification factor (DA). The minimum allowable
natural frequency with 10% margin from P for the 2.1MW and 5MW towers is 0.27Hz and
0.22Hz respectively. It can be seen that the from the table the natural frequency of the towers
approaches their lower limits with progressively increasing hub heights.

In most of the GFRP towers, the tower top deflection is the critical constraint again, owing
to the low stiffness as discussed above. But, in the 2.1MW towers, the failures can also be
expected in the material or in buckling due to the reduction in the laminate thickness during
optimization.

The 5MW towers are subjected to considerably larger forces compared to the 2.1MW tur-
bines as is expected. It implies higher stresses in the laminate during the normal operating
conditions. This coupled with the dynamic amplification factor makes the fatigue loading of
the laminate progressively more critical with increasing hub heights.

Both the mass and cost of the joint and tower progressively increase with hub heights and
agrees with expectation. The mass of the tower represented by M asstower includes the mass of
the joints as well. The cost of the tower, represented by C'ostsower includes all the contributing
costs discussed in Chapter 4.

5.1.2 CFRP tubular towers

The details of static, buckling, fatigue, frequency, mass and cost analysis results of tubular
CFRP towers for various hub heights are presented in Table 5.2.

Though the upper limit for the base diameter was constrained to 9m, none of the designs
have reached this limit. This is because with increasing base diameter, the laminate thickness
at the base tends to reduce and subsequently the buckling safety factor approaches 1. The
laminate thickness cannot reduce beyond the values presented in Table 5.2 since the buckling
is already critical in the presented designs.

The tower natural frequency is relatively high compared to GFRP designs owing to the
high material stiffness of CFRP laminates. Thus the design has enough margin between the
tower natural frequency and the rotor frequencies (P & 3P). Thus the dynamic amplification
factors (DA) are relatively low compared to GFRP designs. As a consequence of this, the
non-operating load conditions are now critical and govern the design of the towers.

Buckling is the most critical constraint due to the above-mentioned reasons. It must be noted
that the buckling safety factors that are presented as 1 are in reality greater than one and their
precision is lost while rounding off for presenting it in the document. The tower deflection is
well below the limit of 2.5% of the hub height due to high structural stiffness.
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| 2.1 MW 5 MW
Height (h) [m] 75 100 125 100 125 150
Base diameter (Dj) [m] 4.5 6.9 7.6 6.9 8.6 8.3
Top diameter (D;) [m] 3 3 3 4 4 4
Base thickness () [mm] 60 60 70 70 80 100
Top thickness (¢ [mm] 40 26 28 40 38 48
Frequency [Hz] 0.39 0.388 0.32 0.338 0.31 0.25
DA -] 1.34 1.33 1.7 1.46 1.36 1.77
Operating load condition, ETM
SFinat ] 2.22 1.46 1.21 2.38 2.34 2.34
S Flyuck [-] 1.49 1.49 1.18 1.02 1.22 1.18
Otop [m] 0.83 0.82 1.47 1.12 1.15 2.27
Non-operating load condition, EWM
S Fiat [-] 1.6 1.05 1.11 1.73 1.59 2.09
S Fipuck ] 1.02 1 1 1 1 1
Otop [m] 1.23 1.26 1.81 1.15 1.4 247
Fatigue analysis
DF ] ‘ 1.7E-06 | 2.0E-08 | 7.9E-09 | 1.4E-06 | 3.8E-08 | 4.0E-06
Joint analysis
Massjoint [t] 6.47 5.53 7.17 9.04 10.83 19.72
Costjoint [1000€] | 111.33 99.15 128.22 | 155.05 | 186.83 | 331.72
Total cost and mass of the tower
M assSiower [t] 92.862 | 142.04 | 216.43 | 196.64 | 304.27 451
Costiower [106€] 1.90 2.89 4.45 4.00 6.00 10.04

Table 5.2: Dimensions of the 2.1MW 5MW turbine capacity CFRP tubular towers

Since the non-operating load condition is the governing load, the laminate stresses in operating
condition are relatively low compared to GFRP designs. This also reflected in the fatigue
analysis where the predicted damage factor due to wind loading in the service life of 20 years
is considerably low.

The joint is also designed with CFRP material to minimize the local variation in stiffness in
the adhesive joints. Bolted joints are not recommended for CFRP towers due to the risk of
corrosion, thus necessitating the use of novel materials. This might adversely affect the cost
of the joint which is already expensive because of the CFRP material.

Both the mass and cost of the joint and tower progressively increase with hub heights and
agrees the expectation. The mass of the tower represented by M ass;ower includes the mass of
the joints as well. The cost of the tower, represented by Costsower includes all the contributing
costs discussed in Chapter 4.
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5.2 Lattice towers

The final dimensions of the GFRP and CFRP lattice towers for both 2.1MW and 5MW
turbines with their respective hub heights have been presented in this section.

Based on the trade studies conducted in Chapter 3, the base leg distance of the tower (bjeq)
has been chosen to be as large as possible without violating the blade tip clearance constraint.
Thus the base leg distance is unique for each design presented. The number of sections in
the tower (ngection) has been maintained at 4 for most designs with the 5MW, 150m GFRP
tower where it was found during the trade studies that increasing ngection to 6 has sufficient
mass advantage.The general topology of the tower is fixed based on the conclusions from the
Chapter 3.

The links are categorized into five broad categories (M-1, M-2, D-1, D-2 & W-1) based
their location and has been schematically presented in Figure 3.16. The link dimensions
are presented as breadth, thickness pairs (b, tr). The link dimensions of the five categories
were found by using the inbuilt Matlab optimizer fmincon using the Sequential Quadratic
Programmer (SQP) algorithm which is a robust algorithm to find an optimum solution with
boundaries and constraints. All the links use the I-section, and the upper limits for the width
and thickness of the links were maintained at 1m and 180mm respectively.

The joining technique adopted is adhesive joint, since it showed the highest mass and cost
advantage based on the trade studies done in Chapter 3. For the final total cost of the GFRP
towers the labor rate is chosen as 20 €/hour, and the material cost and aiding material cost
is explained in Section 4.1.1. The composite links are manufactured using pultrusion.

5.2.1 GFRP lattice towers

The details of static, buckling, fatigue, frequency, mass and cost analysis results of lattice
GFRP towers for various hub heights are presented in Table 5.3.

The main links categories, M-1 and M-2, are the bulkiest. This is because they serve the
purpose of resisting the external overturning moments and forces. The web members, W-1,
are the least bulky of the five categories. This is because they serve the purpose of improving
the buckling properties of the other two categories of links and thus do not take up much
load. The Diagonal link categories, D-1, and D-2, have bulkiness intermediate to the main
links and the web members. They are responsible for the torsional and bending stiffness of
the tower. The link dimensions achieved from the mass optimization agree with this expected
behavior.

The lattice tower is pre-dispositioned to be stiffer than the tubular tower in the bending mode,
due to its wider base. This improves the first natural frequency of the tower and ensures good
margin between the natural frequency and the P & 3P frequencies. This reduced the dynamic
amplification of the tower. Thus non-operating load condition is the critical load case for these
designs.

As is expected in lattice towers, the most critical mode of failure is the Euler buckling of the
most slender links. In towers, up to a hub height of 100m, the optimizer was able to solve for
a design that has both material failure and link buckling as probable modes of failure. This
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2.1MW 5SMW
Height (h) [m] 75 100 125 100 125 150
bel [m] 10 15 18 12 15 20
h2/h1 ] 33.33 33.33 33.33 3 33.33 33.33 33.33
Nsection H 4 4 4 4 4 6
M-1 (0.4,100) | (0.55,75) | (1.00,70) (0.6,115) | (0.61,180) | (0.85,180)
(brtr) M-2 (0.77,15) | (0.5,35) (1.00,25) (1,21) (0.61,45) (0.6,75)
[mLfnﬁl | D-1 | (0.30,15) | (0.38,11) | (0.70,10) | (0.55,12.5) | (0.39,30) | (0.38,40)
’ D-2 (0.5,12.5) | (0.70,11) | (0.75,15.5) | (0.87,15) | (0.93,12.5) | (0.65,15)
W-1 (0.25,10) | (0.30,15) (0.5,10) (0.5,15) (0.48,12.5) | (0.4,20)
Frequency [Hz] 0.406 0.336 0.33 0.325 0.301 0.30
DA -] 1.37 1.42 1.41 1.41 1.40 1.33 1.34
Operating load condition, ETM
SFnat -] 1.74 1.68 2.95 1.88 1.42 2.48
SFepuck -] 1.38 1.37 1.65 2.50 1.33 1.35
Otop [m] 0.95 1.44 1.37 1.34 1.45 1.37
Non-operating load condition, EWM
SFmat ] 1 1.09 1.78 1.46 1.73 2.31
S Fepuck ] 1.01 1 1 1.08 1.02 1.03
Otop [m] 1.02 1.7 1.925 2.47 3.03 2.31
Fatigue analysis
DF ] 0.56 0.82 0.014 0.79 0.41 0.99
Joint analysis
Massjoint [t] 26.0 22.8 28.8 38.6 45.3 89.1
Costjoint | [1000€] 158.0 147.0 161.0 204.0 231.0 379.0
Total cost and mass of the tower
M asSiower [t] 111.44 163.3 304.22 260.6 387.01 666.1
Costiower | [10%€] 0.85 1.11 1.84 1.59 2.19 3.51

Table 5.3: Dimensions of the 2.1MW 5MW turbine capacity GFRP lattice towers

indicates very lean design. The deflection is not critical anymore owing to the high structural
stiffness of the tower.

In lattice towers, the links at the base experience the largest stress amplitudes and these
are highly critical in fatigue. The stress states in the links are highly sensitive to the link
dimensions and drastically change when the link dimensions are modified. Thus it is con-
voluted even for a robust optimizer such as the SQP algorithm and gives rise to the highly
nonlinear behavior of the mass function. Thus the fatigue damage factor (DF') does not show
a definitive trend, but the optimizer manages to maintain it below 1.

The mass and the cost of the joint of the designs are much higher compared to the tubular
tower because they are commensurately numerous. There are over 170 nodes, and this neces-
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sitates 170 joints. The mass and cost of the tower increase with tower height and this is in
agreement with the expected behavior.

5.2.2 CFRP lattice towers

The details of static, buckling, fatigue, frequency, mass and cost analysis results of lattice
CFRP towers for various hub heights are presented in Table 5.3.

2. 1MW 5MW
Height (h) [m] 75 100 125 100 125 150
bel [m] 10 15 18 12 15 20
h2/h1 [] 33.33 33.33 33.33 3 33.33 33.33 33.33
Nsection -] 4 4 4 4 4 4
M-1 (0.31,47) | (0.70,17) | (0.71,23) | (0.41,75) | (0.72,41) | (0.77,55)
(biotr) M-2 (0.60,21) | (0.85,16) | (0.53,28) | (0.84,14) | (0.87,12) | (0.97,14)
[er’nﬁl ] D-1 | (0.20,10) | (0.27,10) | (0.32,12) | (0.37,10) | (0.37,10) | (0.64,13)
’ D-2 (0.40,10) | (0.62,10) | (0.74,10) | (0.58,10) | (0.79,10) | (1.00,14)
W-1 (0.20,10) | (0.32,10) | (0.36,10) | (0.29,10) | (0.44,10) | (0.57,10)
Frequency [Hz] 0.45 0.36 0.32 0.37 0.3136 0.324
DA ] 1.54 1.28 1.78 1.64 1.37 1.41
Operating load condition, ETM
SFmat [-] 1.55 1.84 1.4 1.38 1.02 1.44
S Fipuck [ 1.12 1.43 1.13 1.34 1.67 2.47
Otop [m] 0.82 1.08 1.92 1.19 1.44 1.38
Non-operating load condition, EWM
SFat ] 1.02 1.06 1.03 1.05 1.09 1.24
S Fipuck [] 1.02 1.06 1.01 1.01 1.06 1.01
Otop [m] 0.76 1.44 2.016 1.39 2.83 3.21
Fatigue analysis
DF [] 0.88 0.98 0.49 0.72 0.11 0.016
Joint analysis
Massjoint [t] 31.34 35.39 38.61 40.71 53.38 66
Costjoint | [L000€] | 592.00 659.98 713.00 749.19 961.41 1172.00
Total cost and mass of the tower
M assiower [t] 75.41 108.47 147.61 138.25 194.38 331.8
Costiower | [10%€] 1.68 2.32 3.18 3.05 4.02 7.68

Table 5.4: Dimensions of the 2.1MW 5MW turbine capacity CFRP lattice towers

The link dimensions of the CFRP design show a similar trend as seen with the GFRP design.
The bulkiness of the link is highest in the main links (M-1 & M-2) and is least in the web
links (W-1) and the diagonal links show an intermediate degree of bulkiness.
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Owing to the high structural stiffness of the lattice design the natural frequency is well within
its limit, and thus the non-operating conditions offer the critical loads on the tower. This is
also reflected in the buckling and material safety factors which are close to 1. However, the
tower top deflections are well within their limits owing to the high structural stiffness of the
lattice design.

Similar to the GFRP designs, the base members of the main link category are highly loaded
and experience the most intense fatigue loading among all the links during operating condi-
tions. Thus they show a relatively large prediction for fatigue damage in the 20-year service
life compared to the tubular designs.

Similar to the GFRP designs, the number of joints in a lattice tower are numerous and due to
this the additional mass and cost for joining the links are equally high. The mass and cost of
the tower show a trend similar to GFRP designs, and this is agreement with the expectations.

5.3 Tower cost distribution

The cost distribution of the tubular tower made of GFRP and CFRP composite is given in
Figure 5.1. Though the individual towers may show variation from the presented generalized
distribution, overall the trend remains similar. The variation might be particularly high for
the crane and lifting cost because depending on the hub height different capacity cranes or
lifting towers will be used.

TOTAL COST DISTRIBUTION FOR THE TOTAL COST DISTRIBUTION FOR THE
GFRP TUBULAR TOWER CFRP TUBULAR TOWER

Transport cost Crane and

Transport cost Crane and lifting ) 0.74% lifting
2.46% - 7.29% Labor cost for 4.35%
Foundation finishing F i
- 0.69% _ Foundation
. cost cost
Lab?r-co-st for 8.64% Lapt:;z;j?tsitc’;or 3.50%
flnlshlong 1.03%
5.61% Aiding material &
Labor cost for mold cost
production 0.59%
8.41%
Aiding material & Raw
mold cost ~—_material
1.87% 85.36%

Figure 5.1: Total cost distribution in a tubular tower

The raw material cost has the greatest influence on the overall cost. This is justified due
to the high material cost of the GFRP material. The other major contribution is the labor
cost due to the labor intensive Vacuum infusion process adopted for manufacturing. The
effect of the mass of the tower on the crane and lifting cost has not been considered in this
study. The sensitivity of the mass of the tower on foundation cost is low. The joint cost and
transportation cost doesn’t have much contribution to the overall cost.
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For the CFRP tubular towers, the material cost is the biggest contributing factor because
CFRP is roughly 4-5 times costlier than GFRP composite. The trend in other cost contribu-
tors is similar to that seen in GFRP. The contribution of the labor cost has reduced because
the volume of the CFRP material to be handled by the laborers is much lower compared to
the volume of GFRP materials. The joint cost contribution has increased due to the use of
the CFRP material.

The cost distribution of the lattice tower made of GFRP and CFRP composite is given in
Figure 5.2.

TOTAL COST DISTRIBUTION FOR THE TOTAL COST DISTRIBUTION FOR THE
GFRP LATTICE TOWER CFRP LATTICE TOWER
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Figure 5.2: Total cost distribution in lattice tower

In general, the cost of the lattice towers is contributed to by five major factors. The highest
contribution is from the raw materials and is in agreement with the expectations. In GFRP
designs, the material cost of tower and joint is relatively low compared to the same in CFRP
designs. As opposed to the tubular design, lattice design costs show joints as a major contrib-
utor owing to a large number of joints. Since the links used in the lattice towers are pultruded,
there is an additional machine cost in the case of the lattice design. This can be expensive
because of the high machine rates. As opposed to tubular towers the transportation of the
lattice links is simpler and consequently cheaper.

5.4 Comparision with steel design

To compare the designs developed for composite wind turbine towers with existing steel tow-
ers with bolted joints, data from Engstrom [2] is used. Engstrom refers to the 5SMW NREL
turbine and a 3SMW turbine in his work. The steel tower cost data includes manufacturing,
transportation, cranes and installation and foundation costs. The SMW turbine has a con-
figuration and mass similar to the 2.1MW turbine of Suzlon. Hence, the steel tower data has
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not been modified and is directly adopted for comparison. The tubular and lattice designs
are compared in Table 5.5 and 5.6 respectively.

Tubular tower mass and cost comparison

Capacity [MW] 2.1 2.1 2.1 5 5 5
Height [m] 75 100 125 100 125 150
Massgteel [t] 168.22 257 368 401 566 7

Massgrrp | [t] | 102.41 | 207.14 | 444.88 | 263.62 | 535.34 | 1014.62
Masscrprp | [t] | 92.862 | 142.04 | 216.43 | 196.64 | 304.27 | 451
Costyee, | [IE6€] | 058 | 096 | 1.35 | 1.56 | 215 | 2.74
Costarrp | [IE6€] | 0.65 | 126 | 2.64 | 162 | 311 | 6.81
Costcprp | [IE6€] | 1.90 | 289 | 445 | 4.00 | 6.00 | 10.04

Table 5.5: Tubular tower mass and cost comparison with steel towers

Comparing the tubular composite towers with steel towers, it can be seen that CFRP towers
are much lighter than their contemporary steel counterparts. GFRP towers also offer a
definitive mass advantage but only for the towers up to hub height of 100m. But, for higher
hub heights due to the slender geometry and relatively low material stiffness of GFRP towers,
the designs get bulkier than steel design.

In spite of the lighter designs of the CFRP towers, they are 3-4 times more expensive than steel
designs. Since the wind industry is more cost driven, there is no advantage of using CFRP
designs over steel in case of tubular towers. The GFRP design does not show any definitive
cost advantage either, but for hub heights up to 100m, the cost of the GFRP tower is at most
30% costlier than the Steel counterparts. An example of this trend is the GFRP design for
5MW 100m tower which is roughly 4% costlier than the steel design. This is attributed to
the high degree of mass advantage (roughly 35%) possible in the GFRP design compared to
Steel. Although the motivation for this work was to investigate the feasibility of composite
material as an alternative to steel in tall towers, it is not recommended based on the outcomes
of the study and the contemporary understanding of the designs of the towers. For smaller
hub heights composites could be used to produce designs for the towers that are equivalent
in cost to the steel designs, but they could offer other advantages like ease of manufacturing
and resistance to environmental degradation.

Lattice tower mass and cost comparison

Capacity [MW] 2.1 2.1 2.1 5 5 5
Height [m] 75 100 | 125 | 100 | 125 | 150
Masssgeer [t] 168 | 247 | 307 | 388.00 | 482.00 | 569.50
Massarrp [t] 111.44 | 163.3 | 304.22 | 260.6 | 387.01 | 666.1
Masscrrp [t] 75.41 | 108.47 | 147.61 | 138.25 | 194.38 | 331.8
Costsieer [1E6€] | 059 | 087 | 110 | 1.36 | 1.69 | 1.99
Costcprp | [IE6€] | 085 | 1.11 | 1.84 | 1.59 | 219 | 3.51
Costcprp | [IE+06€] | 1.68 | 2.32 | 318 | 3.05 | 4.02 | 7.68

Table 5.6: Lattice tower cost and mass comparison between Steel and GFRP, CFRP towers
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Similar to the tubular designs, the composite lattice designs are also lighter than their steel
counterparts. But this advantage is not seen for the 150m GFRP lattice tower. As the height
increases the buckling of links become progressively more critical and to compensate for this,
the links must be made bulkier which increases the mass of the tower.

Similar to the CFRP tubular tower designs, the cost of the CFRP lattice towers are also
roughly 3-4 times higher than the cost of the Steel counterparts. The cost difference between
the CFRP and steel design drastically increases as the hub height increases thus CFRP is not
recommended as an alternative to steel. This difference in cost is not so drastic for GFRP
designs, owing to the cheaper material used. But, it still is more expensive than the existing
Steel designs.

One of the most prominent short comings of the lattice design is the lack of an elegant joining
technique. Using pultruded composite lattice links for load bearing structures such as a high
capacity turbine tower is in itself an uncommon practice, and few examples exist as a proof of
concept. The result of this study is based on joining techniques and manufacturing methods
that are well established and tested. With the existing technology pultrusion of links with
the dimensions recommended in this study will prove to be a challenge. This implies that
a lattice turbine tower cannot feasibly be designed using composite materials unless, in the
future, the raw material cost can be reduced and its properties improved, and a more elegant
and cheaper joining technique can be adopted.

5.5 Chapter summary

This chapter presented the results of tubular and lattice towers made up of GFRP and CFRP
material and for various hub height. The critical loading conditions were identified. The
tower cost distribution was discussed, and the highest cost contributors were identified. In
the final section, the mass and cost of the composite towers were compared with equivalent
steel towers, and it was found that composite had a mass advantage only for smaller hub
height towers. The cost of the CFRP towers were 3-4 times that of steel towers. The GFRP
towers did not show any cost advantages either. But, for smaller hub heights composites
showed some promising results as the towers were only 4% costlier compared to steel.
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Chapter 6

Conclusions and Recommendations

In this chapter, the work done in the thesis is summarized and concluded and the research
questions framed to guide the work is then be answered.

The problem statement from Suzlon was to investigate the feasibility of composites as an
alternative material to steel for wind turbine towers. Composites were attractive as they could
potentially solve the various issues in manufacturing, transportation, and mass. To investigate
the feasibility of composites, initially, a literature survey was conducted that provided insight
into aspects like the various designs, modeling techniques, joining techniques, loads, failure
modes and cost contributors in a wind turbine tower. This helped setup a tool that helps in
the structural analysis of the design that also predicts the cost and its contributors. This tool
played the central role in the trade studies and optimization phase that followed. Tubular and
lattice designs for various hub heights (75m, 100m, 125m and 150m) and turbine capacities
(2.1IMW and 5SMW) were drawn up, and these were then compared to their steel counterparts.
Based on the study no conclusive advantage is found in using composites as an alternative to
steel but areas of future research and development are identified to enable Suzlon to further
investigate into the shortcomings. The designs that do show some promise were for shorter
hub heights and did not address the initial issues with tall towers and thus do not hold merit.

Keeping in view the work of the thesis, the research questions can now be addressed that
have helped in guiding the thesis to its conclusion.

What is the defining geometrical parameters for the tubular and lattice tower?

In a tubular tower, it is seen that the defining geometrical parameters are limited and are
usually the base radius, thickness of the tower base, the thickness variation along the height.

In the case of a lattice tower, the main parameters chosen for the work of this thesis are the
base leg distance, number of sections in the tower, the top width of the tower, the topology,
the link dimensions and the link profile. In this study, two topologies were chosen. The
first topology can be used for turbine capacities of up to IMW and up to a hub height of
60m. This topology does not contain any web members and becomes susceptible to buckling
at large heights. The second topology is recommended for higher capacities and taller hub
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heights. This topology incorporates web members and thus has better buckling resistance at
larger height.

What type of composite material should be chosen?

Both the Carbon Fiber Reinforced Plastic (CFRP) and Glass Fiber Reinforced Plastic (GFRP)
designs were pursued. It is found that designs with GFRP were cheaper whereas the ones
with the CFRP material were lighter. Since wind industry is highly cost driven, it can be
concluded that GFRP is the recommended material for the composite tower design.

What are the most critical loading conditions acting on a wind turbine tower
throughout its service life?

Static analysis was performed considering two load cases. One for operating condition and
the other for the non-operating condition of the turbine. Fatigue analysis was performed
for a service life of 20 years assuming a weibull distribution in the wind velocity spectrum.
In all the tower designs except for the GFRP tubular tower designs, it was found that the
non-operating load case is the most critical loading condition. This is because the wind loads
appearing in this condition are extremely high although it has a recurrence rate of once in 50
years. For the GFRP tubular towers, the operating loading condition was the most critical
because these loads get multiplied by the dynamic amplification factor (DA). Due to the low
tower frequencies which are closer to the rotor frequency, the tubular GFRP towers have high
DA and thus the exception.

What are the most critical constraints when designing the wind turbine tower?

The geometric constraints identified for the composite wind turbine tower are clearance be-
tween the blade and tower and the upper limit for the base diameter. The frequency constraint
ensured that the tower frequency strictly avoids the rotor frequency (P) and the blade passing
frequency (3P) by 10% margin.

The structural constraints imposed are the material and buckling safety factors, the tower
top deflection and the fatigue damage caused by the wind loading. The tower top deflection
was found to be critical for GFRP tubular towers because of the low stiffness due to combined
effect of slender geometry and material. The local buckling of the laminate was found to be
critical for CFRP tubular towers due to the low thickness at the base of the tower. In the
case of lattice towers, the criticality was shared by buckling of the links and material failure.
Tower top deflection was not critical owing to the wide base.

Which is the best joining technique to join tubular tower sections and lattice
tower links made up of composites?

There is no joining technique developed by the industry specifically for joining composite
tubular tower sections or lattice tower links. In this study, the most popular joining techniques
are studied which are bolted joints and adhesive joints. Bolted joints were found to be heavier
and costlier in general. Because of the material removal during drilling for bolted joints, the
link dimensions are influenced by the number of bolts in the joint. Thus the tower design and
joint design should be done iteratively until a solution is achieved. This is out of the scope
of the thesis and can be pursued in the future. Hence, adhesive joints are recommended for
both tubular and lattice designs, and approximate joint mass and cost using adhesive joining
methods have been calculated.

What are the major cost contributors for a wind turbine tower?
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The major cost contributors included in this study is the raw material cost, labor cost for
production and finishing, aiding material cost in case of tubular towers, machine cost in case
of lattice towers, joint cost, transportation cost, crane & installation cost and foundation cost.
An additional 60000€is added in the case of lattice towers for the maintenance of tower joints
over a lifetime of 20 years.

The raw material contributes highest to the overall cost of a tubular tower, but this contri-
bution was found to be much higher in the case of CFRP towers (85%) compared to GFRP
towers (63%) due to the high cost of the raw material. Labor cost is another major contributor
due to the high labor intensive nature of vacuum infusion process. Other major contributors
include the crane hiring and lifting costs and the foundation cost due to the high mass of
the towers sections. The joint mass does not contribute as much to the overall cost as the
contributors mentioned above. This is due to a relatively low number of joints present in
tubular towers as compared to lattice towers.

A similar distribution of cost contribution is observed in lattice towers, but unlike tubular
towers, the joint mass is the second major contributor due to a large number of joints. Here
there is an added cost contributor attributed to the machine cost for pultruding the links.

What are the geometric parameters of a tubular structure and a lattice structure
that can be modified to get the best mass and cost in a wind turbine tower?

For a tubular tower, the base diameter and thickness are the chosen parameters that can be
modified to find the best design iteratively. Other geometric parameters such as the thickness
variation along the height and the taper of the tower were fixed based on the trade studies.
Linear variation in the thickness of tower and a linear taper was chosen because they were
found to produce a lighter and simpler design among their alternatives.

For a lattice tower, the link dimensions are the chosen parameters that can be modified to
find the best design. Each tower has been presented with a custom set of link dimensions,
where the links have been categorized into five categories based on their location in the tower.
Other geometric parameters like the topology and the link cross-section shape were fixed after
a series of trade studies. All the links have an I-section for easier joining and show better
mass and buckling behavior compared to their alternatives. The base leg distance was kept as
large as possible while respecting the blade clearance constraint. Except for 150m tall tower
where the number of sections in the tower was increased to 6 to prevent buckling, all other
designs have four sections.

What is the best method to obtain the most optimized design w.r.t. mass and
cost?

For the tubular towers, there were two parameters to be modified which are the base diameter
and the laminate thickness at the base. Hence, a brute force approach was adopted where
the Matlab tool analyses each design inside a given range for the parameters and searches for
the best design. The base diameter was varied in steps of 0.1m, and the base thickness was
varied in steps of 10mm.

For the lattice towers, the link dimensions were defined by the link width and the thickness
of the I-section. Considering five categories for links, ten distinct parameters were modi-
fied using the inbuilt function optimizer called fmincon in Matlab. This optimizer uses the
Sequential Quadratic Programmer (SQP) algorithm which is the most robust among the range
of algorithms available in Matlab.
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Does composite hold a potential promise over steel as an alternative material for
wind tower?

In this study, CFRP and GFRP material systems were studied. CFRP tubular towers show
a mass advantage of up to 52% for lower hub heights (<=100m), and this decreases with
height. Due to the high material cost, CFRP towers are at least 3-4 times costlier than steel
towers. A similar observation was made with CFRP lattice tower where in spite of the mass
advantage of even up to 60%, the design was still three times costlier.

For the GFRP material system, considerable mass advantage was found for the tubular towers
with lower hub height (<=100m), but this advantage diminishes as the height is increased.
The study proved that only for hub heights below 100m, do composite materials show any
promise for cost advantage. The 5MW-100m hub height GFRP tubular tower showed the
highest mass advantage (35%) and was the closest in cost to the steel design with the GFRP
tower being 4% costlier. GFRP lattice towers show a similar trend with up to 35% mass
advantage for smaller hub heights, but this advantage diminishes with height. The GFRP
lattice towers evaluated in this study were at least 27% costlier than steel towers.

With the above summary of results it is clear that the only region where composites do
show any promises of mass and cost feasibility is for smaller hub heights (<=100m) and on
tubular towers. The major existing difficulties with steel towers are for heights in the range
of 125-150m. Recommending composites for towers where steel is already in use is counter
productive and will be an attempt at solving a non-problem.

Based on the results of the various trade studies and optimized designs presented to support
the work of the thesis, it can be concluded that composites do not hold a definitive promise
as an alternative material for wind turbine towers over steel. As a general trend in the wind
industry, the towers will be taller and will be expected to hold larger and more powerful
turbines in the future. The mass advantage promised by composite towers are not enough
for composites to be deemed a viable alternative that can thrive in a competitive market for
renewable energy.

6.1 Recommendations

Based on the results and outcomes of the study the following recommendations are made:

1. The joining techniques considered in this study may be overestimated and even inap-
propriate for the joining of composite components. Further detailed design and consid-
eration of joining techniques using T-bolts could lead to a better design. For the lattice
structure novel joining techniques can be adopted and this may lead to a decrease in
cost since 13-25% of the cost in lattice tower is attributed to joint cost.

2. The joints between the foundation and the tower as well as the joint between the tower
and the nacelle has not been considered in this study. This can increase the mass of the
tower due to increase in local thickness near the joints.

3. CFRP tubular towers fail mainly due to buckling. The structural properties of the
tower may be improved by incorporating a sandwich structure.
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4. In this study static analysis has been carried out, use of dynamic analysis and con-
straining the tower top accelaration rather than deflection may lead to a more relaxed

constraint. Thus offering some additional mass advantage atleast in the GFRP tubular
towers.

5. Future research can focus more on the manufacturing feasibility of thick laminates and
large links used in tubular structures and lattice structures respectively since they may
pose manufacturing complexities.
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Appendix A

Turbine, Material and Cost properties

This appendix contains the material, soil, turbine and cost properties used in this study.

A.1 Material properties

The material properties of Fiber Reinforced Plastic (FRP)-composite plies used in the study is
presented in this section. The data was obtained from Suzlon Energy Ltd. Table A.1 presents
the material properties for single ply made up of Glass Fiber Reinforced Plastic (GFRP)
composite material and Carbon Fiber Reinforced Plastic (CFRP) composite material. Both
the FRPs use Epoxy.

CFRP | GFRP GFRP
UD ply | UD ply | biaxial ply

tply [mm] 1.884 0.781 0.576
pmat | [kg/m3] | 1590 | 2006 1969
E, Mpa 132000 | 52000 13100
E, Mpa 8850 13900 13850

Gy Mpa 4500 4900 12300
Oy Mpa 545 370 50
oy Mpa 25 25 50
Tey Mpa 25 25 25

Table A.1: Material properties of the FRP-ply (Courtesy: Suzlon Energy Ltd.)

The soil and foundation properties considered for studying the effect of the foundation stiffness
on the natural frequency of the tower is given in Table A.2. The foundation stiffness and mass
element of the foundation is given by Equation A.1.
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Material ‘ Unit ‘ Cost
GFRP raw material €/Kg | 35
Property ‘ Unit ‘ Value CFRP raw material €/Kg 16
Machine rate € /hour | 100
Ksoil H 0.35
Labor rate €/hour | 20
G soil [Mpal 20.68
3 Mold cost €/ton | 100
[Kg/m®] | 2400 acuum bagging material cos /par
Peonerete Bolt cost (Steel bolts) €/kg 6
Table A.2: Soil properties [9] Adhesive material cost € /part | 1500

Table A.3: Cost data (Courtesy: Su-
zlon Energy Ltd.)

Massfoundation = (bf-wf-hf)-pccmcrete

4.7G50ilbf 32(1 - Msoil)psoilbgf/'irs/2
=) . =M ; 0.095
11,s 2(1 — Msoil) y IV11)s 4SS foundation + (7 — SFLSOH)
4G soib® ¢ 8pb3f/(37r)3/4 (A1)

K22, = ——— Moy, =M i 024 ———F—

s 8(1 — Usoz'l) 225 aSS foundation + 3(1 _ Msoil)

Kis 0 Mus 0
Ke,soil = y Me soil =
0 K2275 0 M22,s

A.2 Cost properties

The cost data used in the cost modeling of this study is given in Table A.3.

A.3 Turbine properties

| | 21MW turbine | NREL 5MW turbine

Rated power MW] 2.1 5
IEC class -] IIT A IB
Cut in wind speed [m/s] 4 3m/s
Rated wind speed [m/s] 14 11.4 m/s
Cut out wind speed [m/s] 25 25 m/s
Rotor diameter [m] 111 126 m
Rated rotor speed [rpm] 14.5 12
Rotor frequency (1P) [Hz] 0.24.1 0.2
Maximum blade deflection(Lp) | [m] 6 7
Tower top mass [tons] 180 350

Table A.4: Turbine properties of Suzlon 2.1MW turbine and 5SMW NREL turbine [17], (Courtesy:
Suzlon Energy Ltd.)
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Load Cases

This appendix contains min/max force table provided by Dykes et.al. [10], the critical wind
loading cases during operation and non-operating condition for a 2.1MW capacity Suzlon
turbine and a 5SMW NREL turbine. The detail steps to calculate direct wind load according to
American Society of Civil Engineers (ASCE)-7 standards is outlined. Also, turbine properties
like the rotor diameter, rpm range, tower top mass, etc. are provided in this section.

B.1 Tower top design loads for 2.1MW and 5MW turbine

It was discussed in Section 3.3 that Extreme Turbulence Model (ETM) load case is considered
during operating condition and Extreme Wind Model (EWM) load case during non-operating
load condition. The tower top wind loads for these loading condition for a 5MW and 2.1MW

turbine is given in Table B.1

2.1MW 90m
ETM | EWM 1

Friop | [KN] 754.5 956.7
Fyiop | [KN] 18.6 -790.0
F top [KN] | -1877.6 | -1321.8
Fiop [KN] 754.7 | 1240.7
My top | [KN.m] | -2646.1 | 1940.5
My top | [KN.m] | 381.9 | -7132.3
M, top | [KN.m] | 2400.0 | 4974.0
Myop | [KN.m] | 2673.5 | 7391.6
Vhub [m/s] 12 39.3

5MW 90m
ETM | EWM50
1437.8 | 369.3
-1914.3 | -1265.0
-4707.5 | -3179.0
1437.9 | 1317.8
6179.0 | 4186.6
2308.5 | -4964.3
1410.8 | 9315.9
6596.1 | 4215.9

14.2 70

Table B.1: Tower top loads for EWM and ETM load cases for a 2.1MW and 5MW turbine [10],

(Courtesy: Suzlon Energy Ltd.)
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B.2 Direct wind loads

The steps to calculate the direct wind load as given by ASCE and are as follows.

1. Calculate the basic wind speed (V) and the wind directionality factor (Kg)from ASCE-
7, Section 6.5.4. The equation for basic wind speed is given in Equation B.1 and
calculated from the wind velocity at the hub height and the wind shear factor (5)
for the loading case considered. The directionality factor takes into account that the
probability the maximum wind may not impact the structural component or system
in its weakest orientation. This is done to avoid being over-conservative in wind load
calculation. This is 0.95 for tubular structures and 0.85 for lattice structures.

V, - Basic wind speed at height 10 m from ground [m.s™ 1]
h - Hub height of the tower [m]
B - Wind shear factor usually taken as 0.2
z - Arbitrary height in m from the ground [m]

2. Calculate the importance factor (Im), Section 6.5.5. It is assumed in this study that
the wind turbine tower come under occupancy category II since it is located away from
any human congregate. The importance factor for structures under this category is 1.

3. Determine the exposure category for the structure and terrain coefficient K2 according
to ASCE-7, section 6.5.6. In this study it is assumed this category is D, the tower is
located on a flat and unobstructed area. For this category, the constants are defined in
Table B.2 and the terrain coefficient (K2) is given by Equation B.2.

Coefficient Value Coeflicient ‘ ‘ Value

~y 4 al 11.5
i 1.5 Zg [m] 213.36

Lh 100000 c 0.15

H 1 b 0.8

H
€

E;g s ol fm)] 198.12

© Ba Damping factor | 0.02
Table B.2: Coefficient for a terrain cate- Table B.3: Topographic coefficient for cat-

gory D [12] egory D [12]

K2=(1+KI11.K22.K33)* =1 (B.2)
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4. Determine the topographic factor K3 according to ASCE section 6.5.7. The constants
for a site under category D is given by Table B.3 and the factor is given by Equation
B.3.

29

4.57 % .
o [2.01( ) ] if 2 < 4.572 s

2

al .
[ 201(%) } if 2> 4.572
5. Calculate the wind velocity pressure (Q) as a function of height (z) using Equation B.4.

Q(z) = 0.613.V2. K2.K3.Kd; (B.4)

6. Calculate gust factor G for a rigid or flexible structure according to ASCE-7, section
6.5.8. Since in this study, the tower design is a soft- stiff design with wy < 1, the gust
factor for a flexible structure is calculated in Table B.4.

Intensity of turbulence 1z c.%
Integral length scale of turbulence Lz el.%
Peak factor of resonance Gq 3.4
Gv .
Gr 21n(3600w;), +¢%
Background response q W
Mean hourly wind speed V. b(F5) Vs
N1 “re
Resonance response factor RL % — 2—}72(1 — e72m)
Rh RL, setting n = 4.6%
Rb RL, setting 1 = 4.6%)
Rl RL, setting n = 15.4%
R 10307
R \/ L Rn.Rh.Rb.(0.53 + 0.4TRI)
Gust factor for flexible structure | G, | 0.925 <1+1'71f lﬁgg%;GﬂRQ)

Table B.4: Gust factor for flexible structures [12]

7. Determine the direct wind load F as given in ASCE-7 and given by Equation B.4.
F.(2) = Q(2).G.Cy.A(z) (B.5)

A(z) - Width of the tower at that height z
G - Gust factor
C'y - Force coefficient
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Load Cases

Q(z) - Velocity pressure
e - Solidity ratio, Projected area of links in lattice tower/area of the section normal to
wind
C - Force coefficient, 0.7 for tubular structures, 4€% — 5.9¢ + 4 for lattice structures



Appendix C

Buckling failure

This Appendix presents the various calculations relevant to buckling failure modes in a tubular
and lattice structure.

C.1 Buckling in tubular section

Euler buckling: For Euler buckling of orthotropic shells with simply supported or clamped
boundary condition the critical buckling stress is given by C.1. This equation takes into
consideration the shear stress as well. In this study, the simply supported boundary condition
is assumed, so the factor Cj is chosen as 1.

v 2Ry Bl
3\ L ) Gy

Ocr,ebuck = Ocr,euler
Cy.m?. Ey.I (C.1)
Ocr.euler = AL2
Oc
SFebuck’ =
Ocr,euler

Cyp - Factor determined by boundary condition, 4 for fixed-fixed and 1 for simply supported
beams
E, - Modulus in longitudinal direction
Gy - Modulus in shear
I,A R - Geometric properties of the tubular section averaged over the section length which
is 25 m in this study

Buckling under axial and bending loading: Nemeth et.al. [25] have given simplified equations
for the buckling of the orthotropic shells under axial loading, given by Equation C.2. To
prevent buckling the applied stress should be lesser than the critical buckling stress. No post
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buckling study has been carried out in this study. Hence, the tubular tower design is assumed
to have failed once the critical buckling stress in any section is reached.

Ocrlbuck! = ;\l ?W~Erbt (Cz)
(1 — /HzyMlyz R,
Gy, Bz By, jizy Jbyz - Material properties
t, R, - tubular section dimensions
Ery - Error value due to assumption that number of half waves in circumferential direction
is a continuous function

Under pure bending the buckling occurs when the peak stress along the circumference reaches
buckling stress under pure axial compression. To verify this, an orthotropic cylinder with
Glass Fiber Reinforced Plastic (GFRP) material properties was modeled in Ansys and buck-
ling analysis was carried out under axial compression loading and under bending moment
and presented in Table C.1. The critical buckling moment obtained was converted to an
equivalent axial load using Equation C.3.

M, = N.,.m.R% (C.3)

Here N, is the critical buckling force/length and M., is the critical buckling moment. In Table

. Critical moment | corresponding Critical axial
Fo | ¢ | L | Material (N.m) M., critical force (N) N, | force (N) Ng, Error (%)
5 101]10| GFRP 1.57E+09 6.28E4-08 6.42E4-08 2.09
2 10120 | GFRP 6.54E+4-08 6.54E4-08 6.77E4+08 3.3

Table C.1: Critical buckling load under axial compression and bending for two GFRP cylinders

C.1 both the analysis showed the same critical buckling load, which confirms the statement
by Seide & Weingarten [26] that buckling occurs when the peak stress in the structure at any
point reaches the critical buckling stress irrespective of the type of loading.

Buckling under torsional and shear loading: The analytical equations to calculate the critical
buckling stress in a tubular structure under torsion as given by Manevich et.al. [27] and given
in Equation C.4 and Equation C.5.

. = <7Tfo> ST (C.4)
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Fy = m(m+ 2)(3m? + 6m + 4)
Fi = 5m* + 20m3 4+ 40m? + 40 + 16
m2(m + 2)(7Tm? + 21m? + 20m + 6)
VF,
m?(2m* + (m + 2)FL F, %% (m? 4 9m? 4 12m + 6)

Fy =

F3 =
4 Fo3
(C.5)
(Nmy+ﬂyx+2)F2 1 < 1 )
P2 = 5| —=+Vvn) I3
\/ﬁ(l‘f‘nxy)_‘_ ﬁ(l"’nry) 2 \/77 f

1 4
Y1 = mFo5/8(Fo+m +902\4/7750)

5
i 1R, .
Ter lbuck! = % LO mln(@l)Ex

Where 7¢, jpuck is the critical buckling shear stress and m is the number of half waves. For
buckling under shear force, it is assumed that buckling occurs when the peak stress at any
location in the cylinder reaches the critical buckling stress as given by Equation C.4. This
statement is further verified by taking a cylindrical structure and applying a torsional moment
and then a shear force and observing the critical buckling stress in both cases. The results
are given in Table C.2. It is seen that the critical shear stress during buckling due to shear
force is higher than the critical shear stress during buckling due to torsional moment. But,
in this study, the same critical stress as given by applying torsional moment is considered as
the critical buckling stress.

. Critical shear stress critical shear stress
Fo ¢ L | Material when torsion is applied | when shear force is applied Error (%)
25| 0.2 | 20| GFRP 2.09E+08 2.42E+08 13.59
5 10.05| 20| GFRP 2.22E+07 2.71E407 18.62

Table C.2: Critical shear stress under axial torsion and shear force for two GFRP cylinders

C.2 Buckling in Lattice links

It is discussed in the literature survey that links can undergo Euler buckling as well as local
buckling like crippling in its web or flanges. The critical buckling loads for these type of
failures is given in the following subsections.

Euler buckling: The critical stress for euler buckling (o¢r cpuck)is given by Equation C.1. In
the case of lattice structures the boundary condition of the links is considered to be simply
supported. This is a conservative assumption. In reality the boundary condition will be
intermediate to fixed fixed and a simply supported.

Crippling in a lattice structure links: The crippling strength of flanges and web in a beam can
be found using semi empirical relationship by Kassapoglou [22]. In a beam, flanges have one
free edge and the web has no free edges leading to distinct failure loads given by Equation
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C.6 and Equation C.8 respectively. But these relationships are developed for a laminate with
atleast 25% of cross plies and angle plies each. For other laminates the buckling equation for
an infinitely long flange can be used as given in Equation C.7 and C.9 respectively.

Tererip  2.151
o /b wnoe ) 0717
e (t;janze> (06)
fOT bflange > 2~91tflange
Gyt
Ncr,cm’t = ﬂzyz flange (07)
flange
Ocr,crip 11
pu T b\ 1124
ut,x,C (t;;anze> (CS)
fO?” bflange > 11-07tflange
272
Nererit = R [\/ D11Dgy + (D12 + 2D66>]
flange
D11 _ Ei‘tilange
12(1 = pray-pya)
Dy — Eytange (C.9)
12(1 = pray-pya)
D12 = pys.-D1a
D66 _ Gfﬁy't?‘lange

6

bfianges tflange - Breadth and thickness of the flange
Outz,c - Axial strength in compression
E., Ey, Gy, flay, Hyz - Material properties of the laminate



Appendix D

Joint failure

This chapter deals with the failure modes included in the design of the joints and the design
procedure for the tubular tower, joint-1.

D.1 Bolted flange joint

The details of the bolted flange joint are shown in Figure D.1. There are two critical regions
in this joint. Region 1 is where the maximum tensile force occurs due to dead loads and the
moments caused by wind loads. Region 2 is where the maximum shear force occurs due to
the torsion appearing on the tower due to turbine load and the shear force due to direct wind
load. To prevent bearing failure in region 2, it is necessary for the plies in the flange to have
at least 50% +-45 degree plies.

The assumptions made are:

1. Only the tension side is critical as the critical failure in compression side has already
been taken care of by first ply failure.

2. The joint itself is modeled as a combination of linear springs, the properties of which
are taken from Shigley et al. [42].

3. The joint remains in linear range and separation of composite inside the cone region
has not occurred even at the highest load.

4. The number of bolts along circumference is limited by the thumb rule of 5D+ spacing.

The bolt properties considered are given in Table D.1.

The expected failure modes in the joint structure have been already tabulated in Table 3.2
and the details of these failure modes are given below.
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Figure D.1: (a) Bolted flange joint (b) Region 1 (b) Region 2

Material property of bolt ‘ ‘ Value
Bolt Modulus (Epet) [Pa] | 200E+09
Bolt possoin’s ratio (pporr) ] 0.27
Shear strength of the bolt (7y¢ poit ) [Pa] | 296E+06
Tensile strength of the bolt (o poit) [Pa] | 513E+06
Bolt preload (op) [Pa] | 560E+06
Bearing strength of the flange, GFRP (0pear fiange) | [Pa] | 100E+06
Bearing strength of the flange, CFRP ( 0pear, fiange) | [Pa] | 150E+06
Bolt preload (o) [Pa] | 560E+06

Table D.1: Steel bolt material properties (Courtesy: Suzlon Energy Ltd)

1. Joint separation in region 1

F, = ot(l)
o
F,=—2%—
P 71—/4'Dgolt

<7rD(h’)F> amtb _ o (Kf+Kb>
a p - -

Ny b1 Kf (D 1)
® nEy '
f p—
1 (1+Mm ,f) In2
4tf (Dbh(Dbh+2tf Cos(acone)_Dbolt2> + tyf
1 T Eipolt
Kport = 1 1 T =
—_— —_ 4Ly, 1
Kbs Kbh + Knut ﬁ + ( + 'ubOlt) ln 2 (t ut tbolthead)

o = op — 0. - Total tensile stress on the laminate due to bending and compressive
stress.
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Dyoir,Dypp, - Bolt diameter and Bolt head diameter
ty - Thickness of the flange
Dyp, = 2. Dyoyy
tbolthead = tnut = O5tf
Qeone - Shigley’s stress cone angle, 45°
Ef, pizy 5 - Flange modulus and possoins ratio
F, - Bolt preload, o,.7/4.D2,,,
Eoit,ttpoi¢ - Bolt modulus and possoins ratio
ny - Number of bolts around the circumference, 80 in this study

2. Shear failure in bolts in region 2

[D%’%znb - HEJ
(%)

3. Bearing failure in laminate in region 2

< Tut,bolt (D2)

[t *

t ¢ Dot

()

Lyty

< Obear, flange (D3)

4. Bolt shear out in region 1

< Obear, flange (D4)

5. Bolt pull through in region 1.

27rD(h’) F,

ny
< D.5
27T(Dbh)tf Tut, flange ( )
The design steps to obtain the final dimensions of the joint is given in the flowchart D.2. The
number of bolts is restricted to 80 in all sections; the design procedure is then carried out to
calculate the minimum Dpy,; needed to make sure that the joint doesn’t fail. The thickness of
the flange is equal to 4.t(h") because of the additional 50% +-45 plies added for bolted joints.

D.2 Bolted vertical lap joint

The flange joint is adapted from steel tower design and may not be the appropriate joining
method for composite materials due to the high prying stresses leading to joint separation.
Hence, a vertical bolted lap joint is also considered. The joint plate is made up of metal and
in this study considered to be made of steel with the material properties given in Table D.2.
Again due to the high bearing stress appearing on the laminate, +-45 degree plies have to
be added locally to provide adequate strength to the laminate to prevent bolt shear out. In
this study, this additional thickness is considered to be the same as the original thickness.
Hence near the joint, the thickness of the tubular section will be (2¢(h')). The laminate will
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INPUT
Dla?meter of tower sectllon Calculate Dbolt,max for For Dbolt =
Thickness of tower section —| Nb =80 —— . > 15 mm:
- Pitch =5.Dbolt
Forces and moments in the Dbolt,max
tower section l
Failure check
Joint separation, shear
failure of bolts, shear
out in laminate, Bearing
failure, bolt push
through
Calculate
v mass and
Increment %5 cost of the
Dbolt joint, save
data
No

Is
Dbolt<
Dbolt,max

Yes

No

Figure D.2: Flow chart of the design procedure for bolted flange joint

50% +-45 degree plies and 50% UD plies. The bearing strength of this laminate is 100 Mpa
for Glass Fiber Reinforced Plastic (GFRP) laminate and 150 Mpa Carbon Fiber Reinforced
Plastic (CFRP) laminate. These values are adopted from GL guidelines [11]. For the bolts,
properties provided by Suzlon is referred and these are given in Table D.1.

Material property of steel plate ‘ ‘ Value

Modulus of the plate (Epqzc) [pa] | 200e9
Poisson’s ratio of the plate (ipate) ] | 0.27
Shear strength of the plate (Tutpiate) | [Pa] | 5136
Tensile strength of the plate (out piate) | [pa] | 900e6

Table D.2: Material properties of the steel (Courtesy: Suzlon Energy Ltc.)

The terminology of the joint is shown in Figure D.3. In region 1, the axial force per unit
length and the shear force per unit length is given by Equation D.6.

rD(R)2t(R) 1

F —
¢ 7 Ny Nyrow
2M 1
F, = , z (D.6)
d(h")ny nyow

Ftotal =YV F32 + Fa2

o = oy — 0. - Maximum tensile force on the joint
ny - Number of bolts, 80 in this study
Nrow - Number of rows of bolts/2, 3 in this study
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2al

_tg¢
Fa

(a) (b) (o)

Figure D.3: (a) Bolted vertical lap joint (b) Region 1 (b) Region 2

1. Shear failure in bolts in region 1

Fiotai
O; 3 < Tut,bolt (D7)
nrowﬂ'< b201t )

2. Shear out in laminate and plate in region 1
Faq

2 () an2e(h)
Fa

Nrow
4 (1+’nr0w) altp

<Tut,lam

(D.8)

< Tut,plate

3. Bearing failure in laminate and plate in region 1

Fa
)
_ F (D.9)
DboltZt(h’)
tsaihill(ogp,0yp) < 1

Oz,b

Oyb
The bearing strength ()opeqr while checking for Tsai-Hill failure criteria is consider
100Mpa for GFRP laminate and 150Mpa for CFRP laminate.

Ftotal
— <0 D.10
2Dbolttpnrow ut-plate ( )
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Joint failure

4. Net section failure in laminate and plate in region 1

Ftotal
Nrow

(md(h') — npDpoir) 2t (h')

Ftotal
Nrow

< Ogut

<o
(wd(R') — npDporg)2t, 0PI
5. Bearing failure in laminate and plate in region 2
M, 1 F_1
(Tbnrow + nib”row) <o
Dbotht(h/) bear
M, 1 F_1
(nb Nrow + anrow) <o
2Dbolttp ut,plate

(D.11)

(D.12)

The design steps to obtain the final dimensions of the joint is given in The Figure D.4. The
number of bolts (Np) is set to 80 in all sections and the number of rows of bolt (1n,4,) is set
at 3, the design procedure is then carried out to calculate the minimum Dy, thickness of
the plate (¢,) and the overlap length al needed to make sure that the joint doesn’t undergo

failure.

INPUT

Diameter of tower section For Dbolt
Thickness of tower Nb=80 Calculate Dbolt max for
. — — N =15mm:
section Nrow=3 Pitch =5.Dbolt
. Dbolt,max
Forces and moments in

Calculate the
Overlap length to
prevent shear out

in laminate

the tower section

Calculate the
Plate thickness to
prevent shear out

in plate

Failure check
shear failure of bolts,
Bearing failure, net
section failure

r

Yes

Yes
Increment
Dbolt

No

Calculate
mass and
cost of the
joint, save
data
T

Is
Dholt<
Dbolt,max

Min(cost)

Figure D.4: Flow chart of the design procedure for vertical bolted joints

D.3 Adhesive vertical lap joint

No

The adhesive joint has a similar design to the vertical bolted joint. The details of the adhesive

joint design are shown in Figure D.5.
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— ——
tp
Fa
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Figure D.5: (a) Adhesive lap joint (b) Region 1 (b) Region 2

The prominent failure modes in an adhesive joint is the failure in adhesive or the failure in
the joint plate. The joint plate is assumed to be made of same material and layup as the
tower laminate. The region where the maximum axial stress and shear stress occurs is in two
different location. The following failure modes are checked for in the final design of the joint.

1. Adhesive failure

\/<a(h')t2(z;)>2 + (MM%)Q < Tut,adhesive (D.13)

Tut,adhesive 18 the ultimate shear strength of the adhesive. In this study a value of 3.14
Mpa is chosen after refering to Germanischer Lloyd (GL) guidelines. This value includes
a material factor and a stress concentration of 3.

2. Material failure in plate at region 1

t(h')
ty, = 5
O plate = ait(h/)
Tpiate (tp + tp) (D.14)
2M,

Tplate = d(h/)(ﬁd(h/))(tp + tp)
tsaihill(oy platesTplate) < 1

3. Shear failure in plate in region 2

2M, F
(d<h’)7rd(h’)(tp 1) wd(W) (b + t,,)) < Tutplate (D.15)
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The details to reach the final joint design using adhesive in a tubular tower is given in Figure
D.6. Initially the thickness of the plate is assumed to be half that of laminate thickness.
These design steps needs to be carried out iteratively in order to determine the overlap length
of the joint as well as the thickness of the secondary plate.

Increase tp
Increment i
INPUT
Diameter of tower section Calculate tsai hill N
. Calculate . . . o
Thickness of tower failure in plate in
. —»| overlap length | .
section region 1 and shear
. and tp > ; :
Forces and moments in failure in region 2
the tower section Yes
Reduce tp
Increment i Calculate mass

and cost of the
joint, save data

Yes

Is <200 <

No

Min(cost)

Figure D.6: Flowchart of the design procedure for adhesive vertical lap joint



Appendix E

Fatigue

The fatigue calculations have been briefly described in literature study Section 2.2.3. This
appendix elaborates on this topic. Only the thrust and dead loads are considered as these are
the major loads. The tower top moments and the direct wind load on the tower are neglected.
The dynamic amplification factor is taken into consideration and used to amplify the loads
depending on the rpm of the rotor. The following steps are performed to calculate the fatigue
damage factor.

1. Input the tower dimensions and turbine properties, wind velocity and turbine parame-
ters like height, cut in/cut off velocity (Veutoff,Veutin) of the wind, rotor diameter, rated
power, turbine class, etc.

2. Discritize the velocity between cut in and cut off velocity
V::utoff - V;:utin

dv =

3. Calculate the axial induction factor (a;,q), Coefficient of power (Cp), power(Pow) vs
velocity graph.

Aind = 0.33
Cp = 4aind(1 — aina)®
1
Pow = §PairCPR2'rotor7ﬂ/:i3
while Pow> Rated Pow
aing = 0.33 — 0.0001

calculate new Cp and Pow



106 Fatigue

4. Calculate the coefficient of thrust (C7) on the turbine at a given velocity, thrust (Fip)
and turbulence standard deviation on the velocity (o) -

Cr = 4ainq(1 — aina)
1
Ftop,i = ipaiTCTRZT‘OtOTTr‘/;Q (E?’)

Ty = Lyes (0.75V; + 5.6)

Power vs velocity graph Thrust vs velocity graph
2.5E+03 3.5E+05
3.0E+05 A
5 0E403 AbAAAAAAADAAAAAA ;
A 2.5E+05 A A
£ 1.5E+03 Z 50405 : AA
@ 3 A_A
3 106403 = A A,
a A f AAA
1.0E+05 Ay
i A ‘AAA
5.0E+02 i
A 5.0E+04
A
a4
0.0E+00 0.0E+00
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Velocity (m/s) Velocity (m/s)

Figure E.1: Power curve and thrust of a 2.1 MW turbine

5. Calculate the standard deviation in thrust by multiplying the standard deviation in
velocity with the slope of Thrust vs velocity graph.

dFtop,i o Ftop,i—l—l - Ftop,i

av Viean = V;
. dFtop i+1 dFtopi
’ ’ EA4
T <y (E4)
dFtop,iJrl o (dFtop)
av v
6. Calculate the max and min thrust at each velocity on the tower top.
O = O dFtop,i
Ty V- dv
(E.5)

Ftop,i,max = Ftop,i + 30T,i

Ftop,i,min = Ftap,i - 30'T,i

7. Calculate the min and max base stress at each velocity and the corresponding stress
amplitude (gmplitude) and mean stress (ymean). For the lattice tower, this max and min
thrust is applied on the tower top along with dead loads, to get the stress amplitude
and the mean stress in each link.

8. Calculate the rpm of the tower corresponding to each velocity using tip speed ratio of
the turbine and rotor radius.
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9.

10.

11.

dF_top/dV vs velocity graph
6.0E+04
AAAAAAAAAAAAAAAAAA
= 4.0E+04 A
,A"-

5.0E+04

1.0E+04
0.0E+00
0 5 10 15 20 25 30

Velocity (m/s)

Figure E.2: Slope of Thrust vs velocity graph according to equations

Calculate the wind load distribution in hours using Weibull cumulative probability
distribution.

Vi+dV/2 V;—dV/2
( 2‘“2(mzszxv7nm>) ( 21"2(1.1284vmm>)
e .
Nhours,Vi = Nyear-8760 1 — € _ 1 —e

Here Nyeqr is the number of years of service life, which is 20 in this study

Calculate the total loading cycles over the tower’s service life with the help of rpm of

the rotor.
RPM(i)

60 (E.7)
NV—L = Nhours,Vi‘N/hour

N Jour = 3600

Here N/joy, is the number of loading cycles per hour.

Calculate the tolerable number of cycles (N,,) at each velocity, using the Equation E.8
given by Germanischer Lloyd (GL) guidelines. The number of tolerable load cycles
Nery; for each velocity is given by Equation E.8.

m
Out + ’Uu,c| - |2'7m0'meom — Ou,t + |Uu,c|| (E 8)

N, cr,V; =
’ 27m O amplitude

Ou,t:0u,c - Ultimate strength in tension/compression
Ym - Material safety factor
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Weibull distribution of velocity in hours
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Figure E.3: Weibull distribution of the loading hours in 20 years

Omean - Mean stress
O amplitude - Stress amplitude
m - Slope parameter for SN curve depending on material
m - 10 for Glass Fiber Reinforced Plastic (GFRP) and 14 for Carbon Fiber Reinforced
Plastic (CFRP) composite

12. calculate the damage factor (DF) as given in Equation E.9.

Ny,
DF=y—Y% <1 (E.9)
C"‘:‘/i

DF - Damage factor
Ny, - Number of loading cycles at a windspeed
Ner v, - Number of allowable cycles at that stress



Appendix F

Verification

This appendix presents the verification of the tubular structure and lattice structure tool.

F.1 \Verification of the tubular tool

Table F.1 gives the verification between the tubular design code and the Ansys FEM model
for two of the tubular tower design using Glass Fiber Reinforced Plastic (GFRP) material.
In the Ansys FEM model, Shell 181 elements have been used for the modeling. In the matlab
tool, analytical equations have been used to find the deflection and the stresses. The natural
frequency has been found using 2D beam elements. The error in the natural frequency
predicted by the methodology used in this study and a similar tower designed in Ansys has
less than 1% difference. Table F.2 shows the verification of static results for two tubular tower

. Turbine | Frequency | Frequency Error
De | Dy ¢ b | Massiop | Material type Matlab Ansys Ansys-Matlab
(m) | (m) | (m) | (m) | (tons) | MW) | (Hz) | (Hz) (%)
3 7 0.1 | 90 180 GF 2.1 0.384 0.382 -0.63
3 7 0.1 | 120 350 GF 5 0.184 0.185 0.28

Table F.1: Frequency verification for tubular towers

configuration. In Matlab, the deflection and stresses were found out using Euler beam theory.
In Ansys, the same towers are modeled using shell elements, and the results are presented
in Table F.2 and continued in Table F.3. The error between the results predicted by Matlab
code and Ansys model is less than 5%. The difference may be due to the element type used
in the Ansys modeling.
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Dy | Dy t h | Mass;,, | Material Turbine Fiop Miop Matlab | ANSYS Error
type 5250;0 5top
(m) | (m) | (m) | (m) [ (ton) | | MW) | (MN) [ (MNm) | (m) | (m) | (%)
3 7 0.1 90 180 GF 2.1 1.24 7.39 1.09 1.09 0.37
3 7 0.1 | 120 350 GF 5 1.32 4.22 2.48 2.55 2.66
Table F.2: Verification of stress and deflection in tubular tower using Ansys
Matlab ANSYS Matlab {%NSYS Matlab ANSYS
axial stress axial stress Error | axial stress | axial stress | Error . .| Error
. . . . . . I . shear strain | shear strain
compression side | compression side tension side | tension side
(MPa) \ (MPa) | (%) | (MPa) | (MPa) | (%) | -] \ (-] | (%)
35.97 35.70 -0.76 32.21 31.90 -0.97 583.23 574.63 -1.50
49.01 47.80 -2.52 42.69 41.00 -4.11 619.47 609.48 -1.64

Table F.3: Verification of stress and deflection in tubular tower using Ansys (continued)

F.2 Verification of the lattice code

In this study, the FEM approach to design the lattice tower has been setup using Matlab.
The code has been verified with Ansys to make sure that both the FEM models have a good
correlation. Ansys FEM codes are well validated and reliable. Hence, comparing the Matlab
results with Ansys results will increase the reliability of the Matlab FEM code used in this
study. Beam4 is used to model the links of the lattice tower in Ansys. The comparison of the
frequencies predicted by Matlab code and Ansys for a 2.1MW, 125m tower is given in Table
F.4. The deflection and the maximum/minimum tensile stress when the turbine top loads,
dead loads, and wind loads are applied together is compared with the Ansys results and given
in Table F.4. The difference between the two FEM codes is less than 1% which indicates the
Matlab FEM code is reliable and the FEM operations used in the code are accurate.

‘ Ansys | Matlab ‘ % error

Frequency (Hz) | 0.3308 | 0.3315 0.21
Stopx (M) 1716 | 1.716 0

Otop,y (m) 0.9386 | .0.9451 0.69
Stop,z (m) 0.07939 | 0.0793 0
Tmaz (MPa) 7271 | 729 | 027
Omin (Mpa) -64.7 -65.0 0.61

Table F.4: Frequency and static results comparison for a 125m tall 2.1MW lattice tower between
Matlab and Ansys
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Example Problem

In this appendix, the properties, loads and stress distribution along the tower is presented
for a 100m 2.1MW tubular Glass Fiber Reinforced Plastic (GFRP) tower. The sensitivity
study with respect to base diameter and thickness is provided. The appendix also contains
the likely critical links in different constraints in a lattice tower structure. This appendix can
be referred while using the tower design tool and if any intermediate values have to be cross
verified.

G.1 5MW, 100m GFRP tubular tower details and sensitivity graph

The dimensions of the tubular tower have been discussed in Table 5.1. Figure G.1 presents
the mass and moment of area distribution along the height. The shear force diagram and
the bending moment diagram under the combination of applied loads are given in Figure G.1
. The tower base experiences the max shear as well as the moment. The shear stress and
compressive stress acting on each tower section along the height is given in Figure G.1. It is
seen that maximum compressive stress occurs at tower base and maximum shear stress occurs
at the tower top. This is because of the smaller area at the tower top. The tower deflection
and the material safety factor distribution is given in Figure G.1.

The local buckling factor in each section of the tower is given in Table G.1.

‘ ‘ Section-1 ‘ Section-2 ‘ Section-3 ‘ Section-4

SFypuer | 1.3779 1.2913 1.3215 1.8543
SEpucr | 1.3177 1.5207 2.0196 4.3295

Operating load case
Non-operating load case

Table G.1: Local buckling safety factor in each section

The joint mass, cost, overlap length and thickness of the secondary plate for joint-1 is given
in Table G.2 .
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Figure G.1: Properties, forces, stress and deflection along the height of the tower

‘ Units ‘ Section-1 & 2 | Section-2 & 3 | Section-3 & 4

Mass [t] 1.39 1.26 1.04
Cost €] 6377.70 5922.90 5122.70
Overlap [m] 0.84 0.74 0.51
Thickness of plate | [mm] 10 10 20

Table G.2: Joint-1 design details for 5MW 100m GFRP tubular tower

The joint mass, cost, overlap width of the secondary plate for joint-2 is given in Table G.3 .
The cost distribution of the tower is given in Table G.4 .
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‘ Units ‘ Section-1 ‘ Section-2 ‘ Section-3 ‘ Section- 4

Mass [t] 1.26 1.20 1.16 1.31

Cost [€] 5914.60 5684.50 5572.90 6090.00

width [m] 0.16 0.16 0.16 0.19
Thickness of plate | [mm] 80 70 60 50

Table G.3: Joint-2 design details for 5SMW 100m GFRP tubular tower

€

Cost contributor

Raw material 1026471
Aiding material & mold cost | 30302
Labor cost for production 132521
Labor cost for finishing 88348
Joint cost 40700
Transport cost 39808

Crane and lifting 125840
Foundation cost 136965

Total 1620955

Table G.4: Cost distribution of 5MW 100m GFRP tubular tower

The sensitivity of base diameter and thickness when 1 mm change is done to the respective
parameters are given in Figure G.2. This can help in understanding the system and in
predicting the most critical of the constraints. Here, 1 represents operating load case and 2

represents non-operating load case.
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Figure G.2: Sensitivity study near optimum solution for the 5 MW, 100m tower
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G.2 Lattice tower critical links

In a lattice tower, the general location of the critical links and their modes of failure are
presented in Figure G.3.

Links critical in
material safety factor

Links critical in
i buckling

Links critical
in fatigue

Figure G.3: Critical links in a 2.1MW 125m CFRP lattice structure

Due to a highly nonlinear relationship between the link parameters and the properties like
mass and safety factors, there may be cases when the failures might occur in a different
location or a different class of links. This must be studied separately for each design. The links
presented in Figure G.3 represent one out of the 12 designs presented. They are specifically
for the 125m 2.1MW CFRP Lattice tower.

As a conclusion, the main link members are highly loaded in tension/compression as they
resist major portion of the externally applied moment and forces. They often show failure in
material safety factor. But, the point of load introduction often tends to be the most critical
in material safety factor.

The diagonal elements serve the purpose of resisting the torsional moments and bending
moments applied on the tower top. Thus they are expected to fail in Euler buckling owing to
their large aspect ratio compared to links in other categories.

The web members are the least loaded links as they serve the purpose of improving the
buckling properties of other links. The links at the base are subjected to the combined effect
of forces and moments and experience the highest fatigue loading owing to their position in
the tower.
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