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ABSTRACT

In the wind industry, the current trend is towards building larger and larger
turbines. This presents additional structural challenges and requires blade materials that
are both lighter and stiffer than the ones presently used. [1] This work is aimed to aid the
work of designing new wind turbine blades by providing a comparative study of different

composite materials.

A coupled Finite-Element-Method (FEM) - Blade Element Momentum (BEM) code was
used to simulate the aerodynamic forces subjected on the blade. The developed BEM
code was written using LabView allowing an iterative numerical approach solver taking
into the consideration the unsteady aerodynamic effects and off —design performance
issues such as Tip Loss, Hub Loss and Turbulent Wake State therefore developing a more
rational aerodynamic model. For this thesis, the finite element study was conducted on
the Static Structural Workbench of ANSYS, as for the geometry of the blade it was
imported from a previous study prepared by Cornell University [2]. Confirmation of the
performance analysis of the chosen wind turbine blade are presented and discussed blade
including the generated power, tip deflection, thrust and tangential force for a steady flow

of 8m/s.

The elastic and ultimate strength properties were provided by Hallal et al [3]. The Tsai-
Hill and Hoffman failure criterions were both conducted to the resulting stresses and
shears for each blade composite material structure to determine the presence of static
rupture. A progressive fatigue damage model was conducted to simulate the fatigue
behavior of laminated composite materials, an algorithm developed by Shokrieh [4].

It is concluded that with respect to a material blade design cycle, the coupling between a
finite element package and blade element and momentum code under steady and static
conditions can be useful. Especially when an integration between this coupled approach
and a dynamic simulation tool could be established, a more advanced flexible blade

design can be then analyzed for a novel generation of more flexible wind turbine blades.

Keywords: wind turbine blade — BEM — FEM — aerodynamic — orthotropic — static —
fatigue
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NOMENCLATURE

Latin Symbols

a - Induction factor

a’ - Tangential induction factor

A - Area

c - Chord

Co - 2-D Drag coefficient

CL - 2-D Lift coefficient

Cn - 2-D normal direction coefficient
Crang - 2-D tangential direction coefficient
Cr - Coefficient of thrust

D - Drag force

E - Stiffness

f - Glauert correction

Ftip - Tip loss correction factor

Fhub - Hub loss correction factor

H - Total head

L - Lift force

m - Mass

Maero - Aerodynamic moment per unit of length
Mecorr - Correction moment per unit of length
M - Induced moment

- Number of cycles

- Number of blades

- Pressure
Pn - Resultant in the normal direction
Pr - Resultant in the tangential direction
r - Local radius position
R - Tip blade radius position
R - Stress ratio
R - Residual strength
Rhub - Hub position
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T - Thrust

[N]

Vo - Undisturbed air stream [m/s]
Vv - Velocity [m/s]
Vs - Fiber content [
Greek Symbols
o - Angle of attack [rd]
S - Comparative parameter []
) - Material nonlinearity parameter -]
0 - Pitch angle [rd]
p - Air density [kg.m?3]
o - Stress [N/m?]
o - Local solidity []
x - Average of /(o) [-]
%] - Relative flow angle [rd]
w - Rotational velocity [rd/s]
Q - Rotation of the wind near the blade [rd/s]
9 - Standard deviation [
Abbreviations
ADAMS/WT - Automatic Dynamic Analysis of Mechanical Systems - Wind
Turbine

BEM - Blade Element Momentum Theory
CFD - Computational Fluid Dynamics
FAST - Fatigue, Aerodynamics, Structures, and Turbulence
FEM - Finite Element Method
HAWC - Horizontal Axis Wind Turbine Code
NACA - National Advisory Committee for Aeronautics
NREL - National Renewable Energy Laboratory
REV - Representative Elementary Volume
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CHAPTER I: LITERATURE REVIEW

1.1 Background

Until recently, wind turbine blades had a relative high rigidity and small
deformations. This allowed for modeling techniques which assumed a simplified
aeroelastic response. Recent reports have shown that an aeroelastic optimized flexible
blade can offer a number of advantages over the more rigid variant: higher energy yield
and/or shedding loads (increasing fatigue life) [5]. Consequently, there is a trend towards
lighter and more flexible wind turbines, which makes design and dimensioning even

more demanding and important [6].

Wind turbines operate in a hostile environment where strong flow fluctuations, due to the
nature of the wind, can excite high loads. The varying loads, together with an elastic
structure, create a perfect breeding ground for induced vibration and resonance problems
[6]. Many manufactured items are designed to a reference ‘“design point”. This
corresponds to an operating condition such that, if met it will perform adequately to any
other set of conditions. A single design point is not adequate, but rather the wind turbine
must be able to withstand other unusual conditions with no significant damage. The most

important considerations are [7]:

1. Expect event during normal operation
2. Extreme events

3. Fatigue

As is commonly used in mechanics, the loads are the externally applied forces or
moments to the entire turbine or to any of the components considered separately. Wind
turbines are usually designed for two types of loads (1) ultimate loads and (2) fatigue
loads. Ultimate loads refer to likely maximum loads, multiplied by a safety factor.
Fatigue loads refer to the component’s ability to withstand an expected number of cycles
of possibly varying magnitude [7]. Most Materials can withstand a load of a certain
magnitude when applied once, but cannot withstand the same load when applied in a
cyclic pattern. The decreasing ability to survive repeated loads is called fatigue.

1.2 Scopes and Aims
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The goal of this project is to develop a comparative study of different composite
material structures, a study that will be based on their quasi- static and fatigue behavior
subjected to the same aerodynamic load. The majority of the aeroelasticity models are
based on a modal formulation or finite element (FE) representation. However a coupled
FEM-BEM method was used in this work to calculate the aeroelastic response and
compare the static failure performance knowing the ultimate strengths of each material.
The use of computation fluid dynamics (CFD) rather than BEM is due to the fact that a
computational fluid dynamic simulation is time consuming and hence considered to be
impractical for the purpose of our study (see figure 1.1). The BEM offers the advantage
of having short computation time and the model can be simulated without difficulty.

FEM - BEM

Structure Study (deformation Determine the aerodynamic
and stress analysis) loading knowing the geometric

parameters

FEM - CFD

Structure Study (deformation
and stress analysis)

Figure 9.1: Comparison between two method solving strategies; FEM-BEM and FEM-BEM

Determine the aerodynamic
loading due to unavailability of
the coefficients of lift, drag and
moment

A number of design codes have been used over to model the wind turbines dynamic
behavior, or to carry out design calculations. Listed below are some of the most common

design codes:

e ADAMS/WT (Automatic Dynamic Analysis of Mehhhhhhhchanical Systems —
Wind Turbine). ADAMS/WT is designed as an application-specific add-on to
ADAMS/SOLVER and ADAMS/View and it is a toolkit for analyzing wind-

turbine aeromechanics [8].

Adam Chehouri Page 12



e FAST (Fatigue, Aerodynamics, Structures, and Turbulence). The FAST code is
being developed through a subcontract between National Renewable Energy
Laboratory (NREL) and Oregon State University. NREL has modified FAST to
use the AeroDyn subroutine package developed at the University of Utah to
generate aerodynamic forces along the blade [9].

e HAWC (Horizontal Axis Wind Turbine Code). HAWC is developed at Risg in
Denmark. The model is based on the FE method using the substructure approach.
The code predicts the response of horizontal axis two- or three bladed machines in
time domain [10]

e YawDyn. YawDyn is developed at the Mechanical Engineering Department
University of Utah, with support of the National Renewable Energy Laboratory
(NREL), National Wind Technology Center. YawDyn simulates e.g. the yaw
motions or loads of a horizontal axis wind turbine, with a rigid or teetering hub
[11].

Finally, this thesis will serve as an aid and a step towards the design of a more
lightweight blade and hope that it will serve as a tool that will aid the design of new wind
turbine blade composite material. This tool can be used to evaluate the pros and cons of

using more lightweight material and their behavior for different operating condition
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CHAPTER II: AERODYNAMIC MODELINGh

2.1 Methods for Calculating the Aerodynamic Forces

As mentioned earlier the aerodynamic forces used in this thesis are calculated
using the Blade Element Momentum (BEM) method, which is described in this chapter.
The BEM theory is the most commonly used method for calculating aerodynamic loads
in the wind-power industry [1].

Other methods such as the Helical Vortex Method (HVM) and the Free Vortex Method
(FVM) are not much used for wind turbines yet, but find great application in the
helicopter industry and in the propeller industry. The most advanced ones are numerical
methods solving the Navier-Stokes equations for the global compressible flow as well as
the flow near the blades [6]. These methods may see increasing use in the wind-power

industry as well.

2.2 BEM Model

2.2.1 Introduction

BEM is a very common tool for wind turbine applications; it offers the advantage of
having a very short computational time and good accuracy, at least for the cases for
which BEM is suitable for. In short, the benefits of BEM are:

o Very fast.

e Accurate.

The disadvantages are:
e No way to define the geometry in flap or edge wise direction, (for example pre-
bend or a curved blade).

e Engineering models needed.

BEM can accurately be used when the blade is straight (no complicated shapes in either
direction), and the analysis is done assuming a steady state. The actuator disc model used

to derive the momentum equations assumes an infinite number of blades but in reality
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wind turbines will have only two or three blades, therefore not every air particle passing
through the rotor swept area will be strongly affected by the pressure fields of the blades
of the wind turbine. To compensate for this fact, so-called tip-loss corrections can be
used. These corrections will reduce the induction factor in the outer annuli and therefore

the aerodynamic forces acting near the tip [12].

2.2.2 BEM Theory

The Blade Element Momentum (BEM) theory! is a very widely used method for
calculating the forces on a wind turbine [1]. It is actually the combination of blade
element theory (also known as strip theory) and momentum theory.

Blade element theory divides the blade into discrete 2D sections, for which the
aerodynamic lift and drag forces per unit length are calculated based on local values of
pitch angle, angle of attack, chord length, airfoil section lift/drag coefficients, induction
and wind speed. Note that the wind speed is the vectorial sum of the free stream velocity

and the rotational induced velocity. Further, the aerodynamic coefficients of the 2D

airfoil section have to be known as function of angle of attack. See figure 2.1.

0

Figure 10.1: Schematic of blade elements; c, airfoil chord length; dr, radial length of element; r,
radius; R, rotor radius; Q, angular velocity of rotor

The momentum theory relates rotor thrust to the induction over the rotor plane. The
induction could be interpreted as the change in wind speed conditions due to the presence
of the lift and drag generating rotor blades [5].

By using the actuator disk theory where the disk changes the pressure and the rotation of
the fluid, and couple it with blade theory a

Adam Chehouri Page 15
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very fast tool can be created [1]. The actuator disk theory assumes that the blade is
replaced by a circular plane that changes the pressure, and creates a rotational force on

the fluid, see figure 2.2.

Figure 2.2: Actuator disk model

By the actuator disk theory the thrust can be calculated as the pressure drop over the disk.

T =Ap.A (2.1)
and the induced moment can be calculated as:
dM = puwr?dA (2.2)
where Ap is the pressure drop and A is the area of the disk i.e.
Ap =p; —p3 (2.3)
A =mr? (2.4)

assuming that the flow is incompressible and stationary Bernoulli's equation can be used
to calculate p2 and ps. This is done by calculating the state far upstream of the blade, and
just before it (between 1 and 2) and calculating the state for far downstream of the blade
and just after it (between 4 and 3).

2 2
puy puz

Hi=p1+==p2+= (2.5)
2 2 2 2
H, = p, + p(u3+gw3r> )= 4 p(u4+<2w4r) ) (2.6)
where:
Ap =p, —p3= p3 = p, —Ap
also

Av=0=v,—v3 > v, =715 (2.7)
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and D1 = Pa (2.8)

adding equations these equations and you get:

2 2
Hl=p, + 22 =p, + 22 (2.9)
2 2 2 2
H2 = p, — Ap + p(u3+<2w3r) )=t p(u4+<2w4r) ) (2.10)

by combining these equations the head drop can be calculated as:
AH = —Ap + pw3ri/2 (2.11)
where the total pressure head also can be calculated as:

_ plui—ui) | pwirg-wirs)

0=p1—ps=— 5 +Ap (2.12)
due to the fact that AH = 0, the pressure drop over the blade can be written as:
Ap = p(Q+ %)wrf (2.13)

where Q is the rotation of the wind close to the blade.

By combining these equations the total pressure drop can be calculated as:

2_.2
0=2079 4 puzrza+9) (2.1)

since the angular velocity omega is supposed to be small, the term w2 can be neglected.
By applying these assumptions, on the actuator disk model the thrust and the moment can
be calculated as:

dT = (uy — uy)dm = 2nrprsu, (uy — uy,)dr (2.15)
Similarly the momentum can be calculated as
dM = rwdm = 2npu riwdr (2.16)

where m is the mass of the fluid.
By substituting some variables, these equations can be written as:
dT = (Vy — uy)dm = 2mpu(Vy — uy)dr (2.17)
dM = rCedm = 2mr?puCedr (2.18)

By expressing u as u = (1 — 2a)V, these two equations can be written as:

dT = 4nrpVia(l — a)dr (2.19)
dM = 4nr3pVyw(1 — a)a'dr (2.20)
The axial induction factor and the tangential induction factor can be defined respectively
by: a= mu;luz a = %
and the angle of attack can be calculated as:
a=¢—0 (2.21)

where: ¢ is the relative flow angle
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0 is the pitch angle (see figure 2.3)

Uso(1—a)

Rotor plane

Figure 2.3: Velocities at the rotorplane

where: tan(¢) = ((1:1‘22;

(2.22)

which makes it possible to calculated the lift and the drag:
L=1/2pV2cC, (2.23)
D =1/2pVZ,cCp (2.24)

where C. and Cp can be gathered from tabulated data (see figure 2.4).

Rotor plane

Figure 2.4: The local forces on a cross section of a blade
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The lift and drag is calculated in the same direction as the flow. However a better way of
dividing the forces is in the normal and tangential direction, compared to the rotor plane.
By calculating the forces as:
Py = L.cos(¢) + D.sin(¢) (2.25)
Pr = L.sin(¢) — D.cos(¢) (2.26)

or doing it already for the coefficients :
Cy = Cp.cos(¢p) + Cp.sin(¢) (2.27)
Crang = Cy-sin(¢) — Cp.cos(¢) (2.28)

they can therefore be expressed as this:

—_Pn

Cy = Vi (2.29)
P

Crang = 1/2p;rzelc (2.30)

when using the formulation as above the thrust and moment can be calculated as:
dM = TNBPTdT (232)

inserting these equation into equations 2.19 and 2.20 the thrust can be calculated as:

201 _n\2
dT = 1/2pNp 25 (;)) cCydr (2.33)
Vo(1-a)wr(1+a’
dM =1 /ZpNB%CCTangrdr (2.34)

which means that the indical functions a and a' can be calculated as:

1
T (2.35)
O'CN
A= (2.36)
1+ 4 sin(¢)cos(¢p) '
O'CN

where o, the local solidity can be calculated as:
_ c(rNg
o(r) = e (2.37)
Using these equations and following the numerical procedure seen in figure 2.5 the forces
on the blade can be easily calculated. Most of the loads and the directions are illustrated

in figure 2.6.
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A preliminary code was developed that allowed the convergence of the two induction

factors and hence giving the loads on each element of the blade. Despite its simplicity,

the BEM theory provides relatively accurate results. There are other aerodynamic effects
on a real turbine, which cannot be directly modeled by the BEM code because of the

assumptions made in the theory. These are effects due to heavy loaded rotors with high

induction factors, blade tip loss and hub loss, mainly due to a limited number of blades

and skewed inflow which is not perpendicular to the rotor plane [15].
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Figure 2.6: Terms used for representing displacements, loads and stresses on the rotor. Reproduced from [16]

2.2.3 Correction Models

. Prandtl's Tip Loss factor
Because the pressure on the suction side of a blade is lower than that on the pressure side,

air tends to flow around the tip from the lower to upper surface, reducing lift and hence
power production near the tip. This effect is most noticeable with fewer, wider blades [7].

A number of methods have been suggested for including the effect of the tip loss but the
most straightforward approach in use is the one developed by Prandtl. According to this
method, a correction factor, F, must be introduced into the previously discussed
equations. This correction factor is a function of the number of blades, relative wind

angle, and the position on the blade. Based on Prandtl’s method [7]:
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Feip = cos™{exp(=f)} (2.38)
fis a part in the so-called Glauert correction factor which can be calculated as:
o N(R—r1)
2rsin(¢e)
where the angle resulting from the inverse cosine function is assumed to in radians. Note,
also that F is always between 0 and 1. This tip loss correction factor characterizes the

reduction in the forces at a radius r along the blade.

The tip loss correction factor affects the forces derived from momentum theory. Thus
equations 2.19 and 2.20 become:
dT = FrrpVZ4a(1 — a)dr (2.39)
dM = 4Fa’ (1 — a)pVornr3wdr
(2.40)

This modification in the momentum affects the values of a and a’. So instead of the
equations 2.35 and 2.36, with Prantl's tip loss factor the equations 2.41 and 2.41 should

be used. [14]
1

a= —1+ TFeinZ(P) (241)
O'CN
Q= (2.42)
1+ 4F sin(¢)cos(¢) '
aCn

I1. Prandtl's Hub Loss factor

Similarly to the tip loss, a correction for the induced velocity resulting from a vortex
being shed near the hub of the rotor is also taken into consideration. The hub-loss model
uses a nearly identical implementation of the Prandtl tip-loss model to describe the effect

of this vortex, replacing Equation 2.38 with the following:

_ N(—Rnpyp)
f= 2rsin(e) (2.43)

For a given element, the local aerodynamics may be affected by both the tip loss and hub
loss, in which case the tip-loss and hub-loss correction factors are multiplied to create the
total loss factor used in Equations 2.39 and 2.40. [16]

F = Fpyp- Frip (2.44)
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I11. Glauert Correction

Another limitation of the BEM theory is that when the induction factor is greater than
about 0.4, the basic theory becomes invalid. This occurs with turbines operating at high
tip speed ratios (e.g. constant speed turbine at low wind speeds), as the rotor enters what
Is known as the turbulent wake state (a > 0.5). According to momentum theory, this
operating state result from some of the flow in the far wakes starts to propagate upstream,
which is a violation of the basic assumptions of BEM theory. Physically, this flow
reversal cannot occur, and what actually happens is more flow entrains from outside the
wake and the turbulence increases. The flow behind the rotor slows down, but the thrust
on the rotor disk continues to increase. To compensate for this effect, Glauert (1926)
developed a correction to the rotor thrust coefficient based on experimental

measurements of helicopter rotors with large induced velocities [16].

While this model was originally developed as a correction to the thrust coefficient of an
entire rotor, it has also been used to correct the local coefficient of the individual blade
elements when used with BEM theory. When the losses near the tip are high, the induced
velocities are large; therefore, the possibility of a turbulent wake near the tips increases.
Thus, for each element the total induced velocity calculation must use a combination of
the tip-loss and Glauert corrections. Buhl (2004) derived a modification to the Glauert

empirical relation that included the tip-loss correction as follows [16]:

Cr==2+ (4F - g) a+(5- 3F) a? (2.45)

And when for solving for a, we find the following expression:

0= 18F—20-3,/C1(50—36F)+12F (3F—4)
- 36F—50

(2.46)

Key assumptions for BEM
e Wind is steady, and normal to the rotor plane.
e A radial element of the blade is not affected by other close-by
elements.
e Ci, Cpand Cwm data are used from static measurements for different

angle of attacks.
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interface and rapid simulation results
(fig 2.7). Annex A

Initial estimate of the axial induction
factor

Inflow angle ¢ is small (sind = ¢)
Thrust coefficient for the element is
calculated

The tip- and hub-loss corrections are
calculated

Now, if Cr > 0.96F, the element is
highly loaded and the modified
Glauert correction will be used to
determine the new axial induction
factor

If Cr < 0.96F, the standard BEM
theory is used to calculate the axial
induction

The tangential induction factor is
found

This process is then repeated for
each element, starting again and
iterated until the values of induction
reach

factors and inflow angle

convergence.
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Now that all of the equations for BEM theory have been established, we will identify the

iteration procedure. This process was written using LabView, allowing a user friendly
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Figure 2.7: Flowchart BEM code
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CHAPTER III: STRUCTURAL MODELING

3.1 Blade Design

The cross section of the wind turbine blade is shown in figure 3.1 imported from a
previous study from the Cornell University [2]. Throughout this thesis, we have kept
constant the used geometry for all the composite materials allowing a comparative study
of the static and fatigue behavior. In other words, it is not the purpose of this work to
pursue an optimization of the profile but rather a comparison between different blade
materials. The original outer surface and spar were prepared using aluminum with a
thickness of 0.2 m for the spar in
[2].

A variable thickness for the
outer surface was  used,

beginning with an initial S

o
o

thickness at the hub of 3cm e ‘
varying along the blade length
according to the following :_I
equation: 0.03 - 0.00048485*x, P

am_zom—:%mm
X being the blade radius - e
measured in meters from the hub. Figure 3.1: Cross section of the blade

The cross section of the wind turbine blade was assumed to be the same along the blade,
with a NACA S821 airfoil and the corresponding aerodynamic coefficients such as the

lift, drag and moment coefficients were imported from Xfoil [17].

Figure 11.2: Geometry of the blade
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3.2 Blade Model

To create the structural model of the blade, a finite element approach using the
static structural workbench of ANSYS was used. A hexahedral element meshing with a
0.1 m size allowed the decomposition of the blade into 14770 nodes and 15103 elements.

A zero total deformation at the hub was assumed as a constraint and hence the blade is

assumed a cantilever beam attached to a rotating ring (see figure 3.3).

Figure 3.3: A zero total displacement constraint at the ring

3.3 Load Application

The BEM code only delivers 2-dimensional loads (lift, drag and aerodynamic
moment) acting at the aerodynamic centre of a certain profile section. In [18] the
comparison was made between the results of a FEM blade model loaded by a pressure
distribution (pressure applied per element of the FE model) and a discrete sectional BEM
loading. The concluding remarks stated that for detailed stress/strain analysis the pressure
distribution delivers much better results. However, almost no difference was noted with

regard to the general deflections [5].

L
m i
X
| c/4 l
(a) (b)

Figure 3.12: Actual and discretized system of BEM loading on profile [19]
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In [19] all the nodal points of the selected profile are loaded, based on the actual and
known pressure distribution, as can be seen in figure 3.4. The approach discretizes the
pressure distributions over the available nodes of the profile section, in which the original
2D lift and drag forces remain equal to the summed discretized ones. The resultant
aerodynamic moment is not necessary the same in both cases, so the difference is then

distributed over the available nodes in order to assure a correct loading.

3.3.1 Chord Length, Aerodynamic Centre and Twist Angle

In ANSYS, the section parameters, chord length and twist angle, are calculated
based on coordinates of the leading and trailing edge of specific section (see figure 3.5)

2

Loading point

Y Chord length (c)

Figure 3.13: Determining aerodynamic centre, chord length and twist angle for the ANSYS model

3.3.2 Load Application and Moment Correction

Since the aerodynamic centre is not a real loading point in the ANSYS model  (hollow

blade section), the following translating strategy is considered in the program:

e One loading point per section (above the sparweb) for the axial and tangential
forces. Since the aerodynamic forces are now translated from the aerodynamic
centre to the loading point, a correction moment has to be applied in order
compensate for the changed aerodynamic moment around the aerodynamic

centre (see figure 3.6). The correction moment is then defined as:

Meorr = (Fax- 4y = Fran-42) * (1) (3.1)
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n profile mesh nodes

Figure 3.14: Aerodynamic loading in ANSYS (loading point) and its relation with the aerodynamic centre

Where the aerodynamic moment per unit of length is defined as:
Maero = 1/2er%3sCZCm [N] (3.2)

With Cn, being the coefficient of moment also available that is function of the angle of

attack.

e The aerodynamic moment is in both cases distributed over all available
section nodes. The correction moment is added to the aerodynamic moment
and distributed over all section nodes. The aerodynamic moment is defined
positive in the pitch up direction, which coincides with the positive moment
direction around the spanwise x-axis in the ANSYS model. The calculated
moments are shown in Table 3.1.

dy dz fax faz Maero Mecorr m
radius1 | 0.1195 0.352 22048 2262 1130 | -1838.51 | -177.128
radius 2 | 0.0384 0.3269 -22453 -2052 6996 | 191.3964 | 1796.849
radius 3 | 0.01322 | 0.2086 -30305 -2208 6439 -59.9567 | 1594.761
radius4 | 0.0005 | 0.15717 | -70883 -3621 7013 -533.671 | 1619.832
F
Table 3.1: Calculated aerodynamic moment for respective blade cross section
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Figure 3.7 illustrates the correct aerodynamic loadings of the blade including both
moments and the forces (tangential and normal) for 4 distinct blade cross sections. This
approach allowed for a better modeling of the aerodynamic forces giving a more rational

stress distribution.

B rorgeLhi
[l Moreent 2: 7. e

0.080 5000
230

Figure 3.15: Modeling of the aerodynamic loads

3.4 Material Elastic Properties

The aerodynamic modeling is quite rapid and does not require much
computational effort. On the other hand, material definition requires much work and is
still a major field of research. For instance, the innovations and developments in the field
of material science in general and in composite materials specifically since a quarter
century ago are extraordinary.

Many types of materials are used in wind turbines. Two of the most important of these
are steel and composites. The composites are typically comprised of fiberglass or wood
together with a matrix of polyester or epoxy. Other common materials include copper and

concrete [20].

Adam Chehouri Page 29



Composites are materials comprising at least two dissimilar materials, most commonly
fibers held in place by a binder matrix. Composites used in wind turbine applications
include those based on fiberglass, carbon fiber, and wood. The main advantage of
composites is that they have a high strength and high stiffness to weight ratio. They are
also corrosion resistant, are electrical insulators, and lend themselves to a variety of
fabrication methods [20].

It is not the interest of this thesis to define the optimum composite structure that will have
the best cost to performance ratio or cost to endurance ratio but rather to perform a
comparative study for defined composite materials. With the help of Hallal [3] [25],
analysis of six previously derived composites was performed in a way to match a density
of 1450 kg/m* and having a fiber content vi = 40 % (see Table 3.2 and Table 3.3). Table
3.3 lists the orthotropic properties

S
. E E G X+ X-
Material | Gpa) | GPa) | @Pa) | "2 | Y2 | (MpPa) | MpPa) | MPD)
T300J | 230 14 23 0.23 0.3 3530 | 2617
carbon
RTM6 | 2.89 2.89 1.07 0.35 0.35 75 160 50
Table 3.2: Fiber and matrix properties
. Ex E Ez Nuxz | Nuyz Gx Gxz Gyz
Composites | (=2 | (apa) | (apa) | NI | arm) | (oPa) | (GPR)
Interlock-71 56.94 | 39.03 | 9.51 0.057 ] 0.389 | 0.349 | 4.33 4.22 3.54
Interlock-H2 35.25 |68.97 |11.63 | 0.043 |0.349 | 0.337 | 5.93 5.34 5.16
LTL1 53.98 | 67.54 | 8.34 0.031 | 0.342 | 0.345 | 4.16 3.65 3.51
[0,90] 49.99 |49.99 |6.39 0.035 | 0.362 | 0.362 | 2.69 2.43 2.43
[0,90,0] 64.70 | 35.27 | 6.37 0.05 0.36 |0.35 2.69 2.52 2.34
[90,0,90] 35.27 | 64.70 | 6.37 0.027 | 0.35 |0.36 2.69 2.34 2.52
Br35 45.9 6.93 5.55 1.03 0.12 |0.202 | 9.9 2.68 2.36
Br45a 31.8 14.669 | 6.25 0.74 0.11 | 0.239 | 15.7 2.50 2.37
Br60 23.5 31.8 6.24 0.31 0.24 |0.245 | 125 2.38 2.50

Table 3.3: Composite Elastic Properties

Now that we have derived the materials properties, it is possible to conduct our finite
element analysis. In the solution toolbar in the static structural workbench, ANSYS
allows the display of the total deformation showing the rigidity and flexibility of the
blade under static conditions (figure 3.8).

The general procedure of work that is repeated for each material type can be illustrated in

figure 3.9.

Adam Chehouri
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Aerodynamic Loads (via BEM theory code)

Tangential | Torsion

Thrust ot M X

Geometric Parameters

&=

Static Structural Analysis

Figure 3.9 : The General work procedure
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Figure 3.8: Total deformation for Interlock 71
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3.5 Static Failure Criteria’s

The failure criteria proposed to predict lamina failure could be divided in two main
groups:

1. Failure criteria not associated with failure modes

2. Failure criteria associated with failure modes

The concern of this work is focused around the first category. This group includes all
polynomial and tensorial criteria, using mathematical expressions to describe the failure
surface as a function of the material strengths. Generally, these expressions are based on
the process of adjusting an expression to a curve obtained by experimental tests. The
most general polynomial failure criterion for composite materials is Tensor Polynomial
Criterion proposed by Tsai and Wu [22]. This criterion may be expressed in tensor

notation as [21]:

Fio-i + Fijo-io-j + Fijko-io-jo-k =>1 (33)

where i, j, k=1, ..., 6 for a 3-D case. The parameters Fi, Fij and Fijx are related to the
lamina strengths in the principal directions. For practical proposes, and due to the large
number of material constants required, the third-order tensor Fijx is usually neglected
[23]. Therefore, the general polynomial criterion reduces to a general quadratic
expression given by [21]:

Fio; + F;jo;0; = 1 (3.4)

where i, j =1, ..., 6. Considering that the failure of the material is insensitive to a change
of sign in shear stresses, all terms containing a shear stress to first power must vanish: F4

= Fs =Fs = 0. Then, the explicit form of the general expression is:

F,0, + Fy0, + F305 + 2F;,0,0, + 2F;30,05 + 2F,30,03 + F110,% + F,,0,% +
F3303% + F140,% + Fss052 + Fee042 > 1 (3.5)

After transferring the shear and normal stresses to an excel sheet, the static rupture
criteria can be applied to each nodal element. In this thesis, two failure criteria were
applied; Tsai- Hill and the Hoffman criteria’s.
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The criterion of Hill written in expression 3.6 is an interactive failure criterion. It is
among the first to be applicable to anisotropic materials. It is a quadratic test, not taking
into account the difference in the behavior of materials in tension and compression [24].
This criterion is very compatible in our case of study due to the absence of the elastic and

strength properties in the compression mode.

g o o 1 1 1 1 1 1 1 1
P+ + @ - (ta-g)aor—(mrz—w)ar - (Grz-
1 o) o1 T o7
) oror + (D)2 + (A2 4 (AL)? = 1 (36)
The Hoffman criterion expressed by equation 3.7 generalizes the criterion of Tsai-Hill to
take account of the difference between the tensile behavior and compression.

Ci(or — ;)% + Cy(op — 01)? + C3(0, — 07)* + Cy01, + Cso7 + Coop + Cro0p* +
CSO-LT'Z + CgULTZ =1 (37)
Ci being characteristic constants that depend on the strength of the material. They can be

expressed in expression 3.8, with + signifying the behavior in tension and - in

compression.

C1=1[1+1 1],C2=1[1+1 1],C3=1[1+1—

2lyty- VAV X+tXx— 21lz+z- X+tXx— Y+y-— 2 Lx*+x- Y+y-

1 1 1 1 1 1 1 1 1 1
il G mr G G G G =g
(3.8)

Since the analytical model used for the prediction of the elastic properties is only valid
for tensional mode, an assumption that the compression and tension behaviors are the
same was made. With the help of the work of Hallal [3] and [25], the strength properties

in tension for the previously defined composites are described in Table 3.4

: X Y a S R
Composites | yioay | (vPa) | (MPa) (MPa) (MPa) (M%a)
Interlock-71 672* 238* 80 35 55 55
Interlock-H2 392* 478* 80 25 55 55

LTL1 848> 596* 80 195 55 55
[0,90] 600 600 70 a5 a5 20
[0,90,0] 820 390 70 a5 25 20
[90,0,90] 390 820 70 25 25 20
Br30 500 90 75 135 50 50
Brdsa 380 135 75 170 50 50
Bré0 250 300 75 170 50 50

*values are experimental
Table 3.4: Strength properties for the composite materials

Adam Chehouri Page 33



CHAPTER IV: RESULTS

In this chapter, the static failure results are presented by applying to each node
(15103 in total) both Tsai-Hill and the Hoffman criteria’s. This process is achieved by
exporting the normal and shear forces from the ANSYS Workbench to an excel sheet.
The corresponding f(o) is applied to each tensor of forces giving an entity that is smaller
or larger than one, indicating the absence or presence of static rupture.

A graphical display of the excel sheet is traced, representing the percentage for each
range of f(o) allowing for a much better comparative study between the textures and

identifying possible rupture.
4.1 Static Failure: Interlock Textures

Three interlock textures were chosen for this study; interlock 71, interlock H2,
LTL1. In the previous chapter, the corresponding strength and elastic properties were
derived for tension mode. Simulation results for the interlock textures show an advantage
for the interlock 71& LTL1 over the interlock H2, since possible rupture in the interlock
H2 was observed (figure 4.1 - 4.4).

Hoffman vs. Hill : Interlock 71

40
B Hoffman
35
mHill
30
25
R 20
15
10
5
0
<0 0--0.001 0.001--0.005 | 0.005--0.02 0.02--0.08 0.08--1 1>
Hoffman | 0.079454413 | 10.32907369 | 23.61120307 | 36.66159041 | 18.59895385 | 10.71972456
Hill 0.271469245 | 16.59935112 | 37.52896775 | 22.04197841 | 13.06362974 | 10.49460372
Range of f(o)
Figure 4.1: Hoffman vs. Hill: Interlock 71
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Hoffman vs. Hill : Interlock H2

30
B Hoffman
25 = Tsai-Hil—
20
X 15
10
5
0 I
<0 0--0.001 0.001--0.005 | 0.005--0.02 0.02--0.08 0.08--1 >1
Hoffman| 0.178772429 | 15.13606568 | 24.11441435 | 28.35198305 | 13.60656823 | 17.47997087 | 1.132225386
Tsai-Hill | 0.099318016 | 16.4867907 | 25.67039661 | 25.92862345 | 13.20267497 | 17.41375886 | 1.198437397
Range of f(o)
Figure 4.2: Hoffman vs. Hill: Interlock H2
Tsai Hill: Interlock 71 & Interlock H2
40
M Interlock 71
35
M Interlock H2
30
25
X 20
15
10
5
0 ||
<0 0--0.001 0.001--0.005 | 0.005--0.02 0.02--0.08 0.08--1 >1
Interlock 71 | 0.271469245 | 16.59935112 | 37.52896775 | 22.04197841 | 13.06362974 | 10.49460372 0
Interlock H2 | 0.099318016 | 16.4867907 | 25.67039661 | 25.92862345 | 13.20267497 | 17.41375886 | 1.198437397
Range of f(o)
Figure 4.3: Comparison between interlock 71 & H2 under the Tsai Hill criteria
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Hoffman : Interlock H2 & Interlock 71

40
M Interlock 71
35
M Interlock H2
30
25
20
15
10
5
0 ||
<0 0--0.001 | 0.001--0.005 | 0.005--0.02 | 0.02--0.08 0.08--1 >1
Interlock 71 | 0.079454413 | 10.32907369 | 23.61120307 | 36.66159041 | 18.59895385 | 10.71972456 0
Interlock H2 | 0.178772429 | 15.13606568 | 24.11441435 | 28.35198305 | 13.60656823 | 17.47997087 | 1.132225386
Range of f(o)
Figure 4.4: Comparison between interlock 71 & H2 under the Hoffman criteria
From Fig 4.3 and 4.4, the advantage in interlock 71 can be seen due to the presence of
rupture in the interlock h2 texture (that is marked in red). Additional statistical study of
the data justifies our conclusion for the interlock textures.
If we define y as the average f(o) and 3 as the corresponding standard deviation, we can
interpret a comparative expression expressed by the ratio of the product p =1/ (x* 9) . If
the texture has a high safety factor, then it will have a fairly low average and standard
deviation (near zero), hence B allows for further justification of the graphical
interpretation. Defining B as the ratio of either the two is not significant in the purpose of
this study since the interest is to identify a composite with a high safety factor (low
average) and a superior confidence (low standard deviation)
Between the laminates and the interlock composite materials that were tested, it is the
LTL1 that demonstrated the best performance. No static rupture was detected and the
obtained value of B is the highest, meaning a greater safety factor.
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Tsai Hill :LTL1
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0--0.001
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0.02--0.08

0.08--1
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0.450241674

42.21677812

40.47540224

12.46772164

4.217705092

0.172151228
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Range of f(o)

Figure 4.5: Tsai-Hill for LTL1

Hoffman: LTL1
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30
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0--0.001

0.001--0.005
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7.521684434
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1.834072701

Range of f(o)

Figure 4.6: Hoffman for LTL1
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|Hoffman vs. Tsai-Hill : LTL1|

50
B Hoffman——
45
TsaiHill
40
35
30
X 25
20
15
10
5
. -
<0 0--0.001 0.001--0.005 | 0.005--0.02 0.02--0.08 0.08--1 >1
Hoffman| 7.521684434 | 30.05363173 | 44.75269814 15.837913 1.834072701 0
Tsai-Hill | 0.450241674 | 42.21677812 | 40.47540224 | 12.46772164 | 4.217705092 | 0.172151228
Range of f(o)
Figure 4.7: Comparison between Tsai Hill and Hoffman for LTL1
Interlock 71, Interlock H2, LTL1: Hoffman
50
B Interlock 71—
45
Iinterlock H2—
40
BLTLL
35
30
25
20
15
10
5 J
0 |
<0 0--0.001 0.001--0.005 | 0.005--0.02 0.02--0.08 0.08--1 >1
Interlock 71 | 0.079454413 | 10.32907369 | 23.61120307 | 36.66159041 | 18.59895385 | 10.71972456 0
Interlock H2 | 0.178772429 | 15.13606568 | 24.11441435 | 28.35198305 | 13.60656823 | 17.47997087 | 1.132225386
LTL1 7.521684434 | 30.05363173 | 44.75269814 | 15.837913 | 1.834072701 0 0
Range of f(o)
Figure 4.16: Comparison for the interlocks under the Hoffman criteria
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Interlock 71, Interlock H2, LTL1: Tsai-Hill
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0.450241674
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40.47540224
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0.271469245

16.59935112

37.52896775

22.04197841

13.06362974

10.49460372

0

Interlock H2

0.099318016

16.4867907

25.67039661

25.92862345

13.20267497

17.41375886

1.198437397

Range of f(o)

Figure 4.9: Comparison for the interlocks under the Tsai-Hill criteria

As for the statistical study that was performed on the interlock textures, the values for the

LTL1, interlock 71 and interlock H2, as said are an additional tool that permit a

comparison between the composite materials. As the graphs appear to show that in terms

of behavior in static mode, the LTL1 is the most performing. Equally are the values of

beta which demonstrate that the LTL1 possess the highest value, secondly followed by

the interlock 71 and lastly the interlock H2 which indicated rupture.

LTL1

Interlock 71
Interlock H2
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4.2 Static Failure: Orthogonal Laminates

Three orthogonal laminates were chosen for the purpose of this study: 0-90, 0-90-
0 and 90-0-90 laminates. In theory, the behavior of the previously mentioned laminates
should be similar, since only the order in which the laminate are distributed in varied but
orthogonality is kept.

Tsai Hill : 0-90

45

40

35

30

25

%

20

15
10
5 I

0

<0 0--0.001 0.001--0.005 | 0.005--0.02 0.02--0.08 0.08--1 >1
Tsai Hill| 0.317817652 | 14.10977951 | 39.14454082 | 26.15374429 | 13.80520426 | 6.468913461 0

Range of f(o)

Figure 4.10: Tsai-Hill for the 0-90 laminate texture

Hoffman: 0-90
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25

RN 20

15

10

5
0 | .

<0 0--0.001 0.001--0.005 | 0.005--0.02 0.02--0.08 0.08--1 >1

Hoffman| 1.032907369 | 12.99741773 | 33.88730716 | 31.78838641 | 15.32808051 | 4.965900814 0

Range of f(o)

Figure 4.11: Hoffman for the 0-90 laminate texture
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Figure 4.12: Comparison between Tsai-Hill and Hoffman criteria’s for 0-90

Tsai Hill : 0-90-0

<0

0--0.001

0.001--0.005

0.005--0.02
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0.08--1

>1

Percentage| 0.523074886
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Figure 4.13: Tsai-Hill for the 0-90-0 laminate texture

Range of f(o)
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Hoffman: 0-90-0

45
40
35
30
25
X
20
15
10
5
0 = [
<0 0--0.001 0.001--0.005 | 0.005--0.02 0.02--0.08 0.08--1 >1
Percentage| 0.576044494 | 10.85214858 | 28.14010461 | 38.4426935 | 19.22796795 | 2.761040853 0
Range of f(o)
Figure 4.14: Hoffman criteria for the 0-90-0 laminate texture
Tsai Hill vs. Hoffman : 0-90-0
45
W Hoffman
40
Tsai Hil
35
30
25
X
20
15
10
5
; m
<0 0--0.001 0.001--0.005 | 0.005--0.02 0.02--0.08 0.08--1 >1
Hoffman| 0.576044494 | 10.85214858 | 28.14010461 | 38.4426935 | 19.22796795 | 2.761040853
Tsai Hill | 0.523074886 | 15.16917169 | 40.8461895 | 24.53817122 | 14.77852082 | 4.14487188
Range of f(o)
Figure 4.15: Comparison between Tsai-Hill and Hoffman criteria for the 0-90-0 texture
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Tsai Hill : 90-0-90
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Figure 4.16: Tsai-Hill for the 90-0-90 laminate texture

Hoffman: 90-0-90
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Range of f(o)
Figure 4.17: Hoffman criteria for the 90-0-90 laminate texture
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Tsai Hill vs. Hoffman : 90-0-90

40
W Hoffman
35 -
m Hill
30
25
X 20
15
10
5
0 I
<0 0--0.001 0.001--0.005 | 0.005--0.02 0.02--0.08 0.08--1 >1
Hoffman| 0.483347679 | 13.01066013 | 31.89432563 | 32.9537178 | 15.37442892 | 6.28351983
Hill 0.178772429 | 13.01066013 | 33.45030789 | 31.82811362 | 14.12302192 | 7.409124015
Range of f(o)
Figure 4.18: Comparison between Tsai-Hill and Hoffman criteria for the 90-0-90 texture
(0-90), (0-90-0), (90-0-90) Hill
45
W 0-90
40
7 0-90-0
35 W90-0-90
30
25
X
20
15
10
5
O 4 —
<0 0--0.001 0.001--0.005 | 0.005--0.02 0.02--0.08 0.08--1 >1
0-90 0.324438853 | 13.27550818 | 39.09157121 | 27.18003046 | 14.0435675 | 6.084883798
0-90-0 | 0.741574522 | 19.20148315 | 41.87909687 | 21.83672118 | 13.33509899 | 3.006025293
90-0-90| 0.178772429 | 13.01066013 | 33.45030789 | 31.82811362 | 14.12302192 | 7.409124015
Range of f(o)
Figure 4.19: Comparison between all three laminates under Tsai-Hill
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(0-90), (0-90-0), (90-0-90) Hoffman

45
= 90-0-90
40 = 0-90
®0-90-0
35
30
25
x
20
15
10
| ‘
0 |
<0 0--0.001 | 0.001--0.005 | 0.005--0.02 | 0.02--0.08 0.08-1 >1
90-0-90| 0.483347679 | 13.01066013 | 31.89432563 | 32.9537178 | 15.37442892 | 6.28351983 0
0-90 | 1.032907369 | 12.99741773 | 33.88730716 | 31.78838641 | 15.32808051 | 4.965900814 0
0-90-0 | 0.576044494 | 10.85214858 | 28.14010461 | 38.4426935 | 19.22796795 | 2.761040853 0
Range of f(o)
Figure 4.20: Comparison between all three laminates under Hoffman
0-90 x=0.016626 9=0.030134 B =1995.935
0-90-0 x = 0.015299 9=0.022855 B =2860.05
90-0-90 x=0.01953 9=0.036978 B =1384.704
The resemblance between the three laminates that is expressed in figures 4.19 and 4.20 is
demonstrated by the values of B. Clearly the 0-90 and 90-0-90 offer similar performance
having almost identical  parameters, but a slight advantage is noticed by the 0-90-0
texture, that possible justification is observed in fig. 4.19 and 4.20 where the 0-90-0 has
the least percentage for a range near unity. In general, it is uncertain to make an absolute
judgment between the laminates but rather to conclude that the performance of all three is
quite similar till the conduction of further study to validate otherwise.
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4.3 Static Failure: Braided Textures

Three braided composite textures were chosen for the purpose of this study: Br
30, Br 45a and Br 60.

Tsai-Hill : Br 30
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30
X 25
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5 I
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<0 0--0.001 0.001--0.005 | 0.005--0.02 0.02--0.08 0.08--1 1>
Percentage 0 46.81189168 | 29.30543601 | 14.88446004 | 8.547970602 | 0.450241674 0

Range of f(o)

Figure 4.21: Tsai-Hill for the Br30 braded texture

Hoffman : Br 30
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Figure 4.22: Hoffman for the Br30 braded texture
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Tsai Hill vs. Hoffman : Br 30
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40 B Feai-Hit—
35
30
R 25
20
15
10
5
0 m_
<0 0--0.001 0.001--0.005 | 0.005--0.02 0.02--0.08 0.08--1 1>
Hoffman 17.45348606 | 19.40674038 | 34.47659405 | 26.67019797 | 1.992981527
Tsai-Hill 46.81189168 | 29.30543601 | 14.88446004 | 8.547970602 | 0.450241674
Range of f(o)
Figure 4.23: Tsai Hill vs. Hoffman: Br 30
Tsai-Hill : Br 45a
60
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40
X 30
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0 —
<0 0--0.001 0.001--0.005 | 0.005--0.02 0.02--0.08 0.08--1 1>
Percentage | 0.019863603 | 54.35343971 | 19.23458915 | 16.82447196 | 8.978348672 | 0.589286897 0
Range of f(o)
Figure 4.24: Tsai-Hill for the Br45a braded texture
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Hoffman : Br 45a
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<0 0-0.001 0.001--0.005 | 0.005--0.02 0.02--0.08 0.08--1 1>
Percentage 0 31.79500761 | 29.04058796 | 29.59014765 | 9.282923922 | 0.291332848 0
Range of f(o)
Figure 4.25: Hoffman for the Br45a braded texture
Tsai-Hill vs. Hoffman : Br 45a
60
M Hoffman
50 m Hill
40
R 30
20
10
0
<0 0--0.001 0.001--0.005 | 0.005--0.02 0.02--0.08 0.08--1 1>
Hoffman 0 31.79500761 | 29.04058796 | 29.59014765 | 9.282923922 | 0.291332848
Hill 0.019863603 | 54.35343971 | 19.23458915 | 16.82447196 | 8.978348672 | 0.589286897 0
Range of f(o)
Figure 4.26: Tsai Hill vs. Hoffman: Br 45a
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Tsai-Hill : Br 60
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Figure 4.27: Tsai-Hill for the Br 60 braded texture

Range of f(o)

Hoffman : Br 60
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Figure 4.28: Hoffman for the Br 60 braded texture

Range of f(o)
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Tsai-Hill vs. Hoffman : Br 60

50
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45
it
40
35
30
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20
15
10
5
0 —
<0 0--0.001 0.001--0.005 | 0.005--0.02 0.02--0.08 0.08--1 1>
Hoffman | 0.284711647 | 39.46897967 | 31.97378004 | 19.72455803 | 8.541349401 | 0.006621201
Hill 0.11918162 | 44.20313845 | 29.71595047 | 17.20850162 | 8.402304178 | 0.350923658
Range of f(o)
Figure 4.29: Tsai-Hill vs. Hoffman: Br 60
Br 30, Br 45a, Br 60 : Tsai-Hill
60
EBr60
50 - Br45a
BBr30—
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<0 0--0.001 0.001--0.005 | 0.005--0.02 0.02--0.08 0.08--1 1>
Br60 | 0.11918162 | 44.20313845 | 29.71595047 | 17.20850162 | 8.402304178 | 0.350923658
Br 45a| 0.019863603 | 54.35343971 | 19.23458915 | 16.82447196 | 8.978348672 | 0.589286897
Br 30 0 46.81189168 | 29.30543601 | 14.88446004 | 8.547970602 | 0.450241674
Range of f(o)
Figure 4.30: Comparison between Br 30, Br 60 and Br 45a; Tsai-Hill
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Br 30, Br 45a, Br 60 : Hoffman

45
mBr30
40
mBr45a
35 B Br60
30
25
S
20
15
10
0 B
<0 0-0.001 0.001--0.005 | 0.005--0.02 | 0.02--0.08 0.08--1 1>
Br 30 0 17.45348606 | 19.40674038 | 34.47659405 | 26.67019797 | 1.992981527
Br 45a 0 31.79500761 | 29.04058796 | 29.59014765 | 9.282923922 | 0.291332848
Br60 | 0.284711647 | 39.46897967 | 31.97378004 | 19.72455803 | 8.541349401 | 0.006621201
Range of f(o)
Figure 4.31: Comparison between Br 30, Br 60 and Br 45a; Hoffman
As for the statistical study that was performed on the interlock textures and from a direct
comparison with the graphs, it is apparent that in terms of behavior in static mode, the Br
60 is the most performing.
Br 30 x = 0.016409 9=0.020476 B =2976.247
Br 45a x=0.007133 9=0.011366 B =12334.89
Br 60 x = 0.005894 9=0.010673 B =15896.02
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o 40000 -
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20000 -
10000 - I l
0 n T T T - T - I— f— T 1
LTL1 Br 60 Br 45a Br 30 0-90-0 0-90 90-0-90 Interlock Interlock
71 H2
Figure 4.32: Comparison between Beta values of all composite textures
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CHAPTER V: Fatigue Model

5.1 Overview

Even though composite materials are designated as being fatigue-insensitive,
especially when compared to metallic ones, they also suffer from fatigue loads. The use
of composite materials in a wide range of applications obliged researchers to consider
fatigue when investigating a composite material and engineers to realize that fatigue is an
important parameter that must be considered in calculations during design processes,
even for structures where fatigue was not traditionally considered an issue. Although
composites were initially used as replacements for ‘‘conventional’’ materials such as
steel, aluminum or wood, and later as ‘‘advanced’’ materials allowing engineers to adopt
a different approach to design problems, the fatigue behavior of composite materials is
different from that of metallic materials. Therefore, the already developed and validated
methods for the fatigue life modeling and prediction of ‘‘conventional’” materials cannot

be directly applied to composite materials [26].

Mathematical models have been developed to describe fatigue damage analytically and
eventually predict the fatigue lifetime of FRP composite materials. The ideal fatigue
theory is described by Sendeckyj in [27] as one based on a damage metric hat accurately
models the experimentally observed damage accumulation process, considers all
pertinent material, test and environmental variables, correlates the data for a large class of
materials, permits the accurate prediction of laminate fatigue behavior from lamina
fatigue data, is readily extendable to two-stage and spectrum fatigue loading and takes
data scatter into account. These requirements cannot be met simultaneously for many
reasons [27] and theoretical models that address only some of them have been
introduced. For predicting the fatigue life of structural components made of composites,
at least two alternative design concepts could be used: the damage-tolerant (or fail-safe)
and the safe-life design concepts [26].

In the former it is assumed that a damage metric, such as crack length, delamination area,
residual strength or stiffness, can be correlated to fatigue life via a valid criterion. The
presence of damage is permitted as long as it is not critical i.e., it cannot lead to sudden

failure. In the latter safe-life design situations cyclic stress or strain is directly associated
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to operational life via the S—N or e-N curves. The structure is allowed to operate since no
damage is observed, e.g., before the initiation of any measurable cracks. Although this
design approach ensures the use of safe structures, it considerably increases their cost
since it requires very low design values, below the estimated fatigue threshold observed
in fracture mechanics experiments on FRP materials [26].

One of the broadest groups of theoretical models, representing damage-tolerant design
concepts, comprises the ‘‘phenomenological fatigue failure theories’’, also referred to as
““‘empirical fatigue theories’’. Models of this type are based on the definition of reliable
S—N curves and constant life diagram formulations that are used to estimate allowable
numbers of cycles to failure under any given loading pattern from constant to variable
amplitude. For most practical cases however, designers require models of behavior that
can predict failure under realistic load combinations that yield realistic combinations of
stresses, rather than under the uniaxial stress states that usually develop during laboratory
experiments [26]. Multiaxial fatigue failure criteria have been developed to take
multiaxial fatigue into account [28, 29]. Most of the aforementioned examples in the
literature concentrate mainly on the introduction and validation of fatigue failure criteria
suitable for constant amplitude multiaxial proportional stress fields without addressing
the problem of life prediction under irregular load spectra [26].

The fatigue design of a structural application is generally based on full-scale fatigue test
results. However, due to time and cost constraints, the replication of this kind of
experiment is always limited. Therefore, in order to increase design reliability,
experimental programs are performed on specimens in parallel and the supplemented
experimental results are analyzed. The behavior of the examined material must be
modeled. However, mathematical models expressed by deterministic equations, which
can describe the behavior of any material system, cannot easily be developed due to
uncertainty regarding several factors such as the scatter of the examined population and
the unpredictable parameter relationship. The objective is to derive S—N curves (such as
the form of equation 5.1) that correspond to high reliability levels in the range above 90%
and conform with design codes. The derivation of models for the description of the
material’s fatigue behavior with some statistical significance requires the production of a
large number of fatigue data per stress level in order to measure the distribution of the
time to failure. However, several models have been presented in the past to overcome this

problem and provide reliability-based S—N curves derived from limited datasets [26].

1
log(N) = A+ Bo or ¢ =0,N"® (5.1)

Adam Chehouri Page 53



5.1 Progressive Fatigue Damage Model

In this research, a new model is approached, based on progressive fatigue damage
and critical element models to simulate fatigue behavior and predict the fatigue life of
composite laminates with stress concentration. This model, called the “regional
elements” model, has three major parts: stress analysis, failure analysis, and material
property degradation. A critical region of the analyzed composite laminate is considered
and the elements of this region are divided into critical and sub-critical layers. Using 2-
dimensional stress analysis, failure modes of these regional elements are investigated and
material properties in the critical and sub-critical layers are changed according to sudden
and gradual material property degradation rules. Gradual material property degradation is
performed on the longitudinal tensile strength of critical layers and the longitudinal
tensile stiffness of sub-critical layers. By the iteration of the aforementioned loop, fatigue
damage modeling is completed and an estimate of the fatigue life of a composite laminate
is obtained. The finite element method is used to assess the capabilities of the current
model through a user-friendly computer program. The model predicts initial and final
failure loads to within 20% of experimental results for the case of static failure analysis.
However, 3-dimensional stress Fay
and failure analyses are

required to improve the model

Model preparaton

for fatigue failure analysis for

all the configurations [30]. o] Svess analyss

In order to apply the model, a

| Material proparties change in
Failure | crifical & sub-crifical layers
| §

Failure

critical region must be chosen, No fakee i 20

and it is only logic to apply the
. . Cycles = Cycles + in
progressive fatigue damage

model to the weakest point of
the blade. In other words, the Cyces > Total oyces

nodal point that showed the

highest value of rupture of No

maximum f{g). The flowchart Residual svengh degradaicn

in onticad layers

of the work is represented in

figure 5.1.

Residual stfiness dagradabon
in sub-cribeal ayers

Figure 5.1: Flowchart of the progressive model
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Stress Analysis is performed numerically by means of a finite element software such as
ANSYS with initial model preparation that include load distribution, support fixing,

initial elastic properties.

Fatigue Failure

As for the fatigue failure test, they are a set of quadratic polynomial fatigue failure
criteria, capable of distinguishing between different modes of failure of a unidirectional
ply under multi-axial fatigue loading conditions, were established by Shokrieh et al. In
this model, only three failures were assumed possible: fiber tension, matrix tension and
normal tension failure mode which are elaborated by equations 5.2, 5.3 and 5.4

respectively [4]:
2

Oxy \
5—F——p5 T+ 3/460
( Oxx )2 2Exy(n, o,R) / Xy
X(n,o,R) " $.,%(n,o,R)
CY 7)) 4
ZExy(n, o,R) T 3/460xy (n,o,R)
9’ 345
2E,,(n,0,R) xz o
M A +
ZEXZ(nJ g, R) + 3/460-3(2 (ny a, R)
(5.2)
2
T + 3480
( Oyy )2 xy(n,O', ) .\ ( oy )2 s 2
- +
ZExy(Tl, O-, R) Xy y Y,
(5.3)
2
O—XZ 4
5o —py T 3/460
Gmor * L2 M b2z g 2
Zt(ny o-p R) szz(n; 0—, R) 4 Syz(n’ O-' R) N+
2E_ (o R) + 3/400x" (0,0, R)
(5.4)

n, o, k and & are the number of cycles, stress state, stress ratio and parameter of material

nonlinearity, respectively.
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If gr+ >1 then the failure is considered to be catastrophic but if either gy, or gy, are

greater than one, in this case normal failure is detected.

Material Property Degradation

In the previous section, suitable failure criteria were established to detect the sudden
fatigue failure modes of a unidirectional ply under biaxial state of stress. As failure
occurs in a ply of a laminate, material properties of that failed ply are changed by a set of
sudden material property degradation rules. Some of the failure modes are catastrophic

and some of them are not.

Therefore, for a unidirectional ply failed under each mode of fatigue failure, there exists

an appropriate sudden material property degradation rule [30].

Sudden Material Property Degradation Rules

The sudden material property degradation rules for some failure modes of a
unidirectional ply under a bi-axial state of stress are available in literature. A complete set
of sudden material property degradation rules for all the various failure modes of a
unidirectional ply under a multi-axial state of static and fatigue stress was developed by
Shokrieh et al. [4]. Sudden material degradation rules of a unidirectional ply under a

biaxial state of fatigue stress are explained in the following sections.

1. Fiber tension failure degradation

Fibre Tension or Compression Property Degradation Fibre tension or fibre compression
failure modes of a unidirectional ply are catastrophic modes of failure, and when one of
them occurs the failed material cannot sustain any type of stress. Thus, all material

properties of the failed ply were reduced to zero, as follows:

Stiffness and Poisson’s ratios:

[Exxs Eyys Ezz) Exy, Exz) E

yy» Xy 21 Uxys Uxzs Uyz, Uyx, Uz, Uz ] 2 [0,0,0,0,0,0,0,0,0,0,0,0]

Strengths:

[Xt’ Ytl Zt) Xc; Yc, ZC’S

xy» Sxz,Syz] =2 [0,0,0,0,0,0,0,0,0]
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2. Matrix tension failure degradation

Stiffness and Poisson’s ratios:
[Exx Eyys Ezz) Exys Exz) Eyz) Uy Uxz) Uyz) Uyxs Uzxs Uzy ]
[Exxs 0, Bz, Exy, Exz, Eyz, Uy Unz, 0,0, Uz, gy ]
Strengths:
[Xt,Ye, Ze, Xes Yer Ze) Sxys Sxzr Syzl 2 [X6, 0, Ze, Xy Yoo Ze) Sxys Sxzs Syl
After detecting this mode of failure which is not catastrophic, the other modes of failure

must be verified.

3. Normal tension failure degradation

Stiffness and Poisson’s ratios:

[Exx: Eyy: Ez Exy: Eyz, Eyz' Uxys Uxzr Vyz Uyxy Uzx, Uzy] 4

[Exx: Eyyv 0, Exyv Exz: Eyzx Uxy» Uxz) Uyz, Uyx, 010]

Strengths:

[Xt’ Yt’ Zt! XCF Yc; ZC)S

xy’ Sxz) Syz] > [Xt: Y., 0, X, Ye, Zo, Sxy' Sxz» Syz]

Gradual Material Property Degradation Rules

To simulate the behavior of a unidirectional ply under multi-axial fatigue loading a
technique called the generalized residual material property degradation technique was
established by Shokrieh et al. [4]. This technique consists of a normalized strength, a
normalized residual stiffness and a normalized fatigue life model. A modified version of
this technique was used in this research. For the residual strength of a unidirectional ply
under arbitrary uni-axial state of stress ratio, an equation is presented by Shokrieh et al.

[4] as follows eq.5.5:

1

Bla
_ _ log(n)—log0.25 _
R(n,o,R) = l1 (—log(Nf)_logO_zs) l Ry—0)+ o (5.5)

where R(n,0,x), Rs, n, 6, N, and R represent residual strength, static strength, number of
cycles, magnitude of applied maximum stress, fatigue life at o, and stress ratio,

respectively. Parameters a and 3 are experimental curve fitting parameters.
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In this thesis, the modeling of the gradual degradation of the stiffness and the strength

was assumed to follow a normalized polynomial form where:
E(m) = [A (1) +1]E, (5.6)
Ny

Where E and Es are the residual and static stiffness, respectively, n the number of cycle,

Ny the number of cycles to failure and A an experimental fitting parameter. It is assumed

that this degradation applies to all the directions of the laminates [31].

In the same way to stiffness, the gradual degradation of strength was modeled by fitting
experimental data. The general form of the polynomials in terms of residual strength and

normalized number of cycles is:

n

T(n) = [B (N—f)z +C (le) + 1T, (5.7)

Where T and Ts are the residual and static strengths respectively, n the number of cycles,
Ny the number of cycles to failure, and B, C are experimental fitting parameters. Equation
5.7 is used in order to model the degradation of all strength components.

Another LabView code was written to translate the flowchart explained in figure 5.1.
Refer to Annex C.
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CONCLUSION & FUTURE WORK

From the current results, following conclusions can be drawn:

e The BEM method for aerodynamic modeling offered great simplicity and
accuracy. In Annex B, some of the performance validations of a wind turbine
are made. Also, reference [5] and [6] regarded a similar subject displaying the
deflection along the blade length, tip deflection, power curves and
force/moment curves; these results confirm the correctness of our BEM code.

e The effectiveness of the finite-element method using the ANSYS software
permitting an integrated approach with the BEM method.

e The similarity with the results of each static failure criteria which is
predictable mainly due to the assumptions made in regards to the compression
mode.

e Between all the tested composite materials, the LTL1 gave the highest degree
of safety. As for the interlocks, the interlock 71 had an advantage over the
interlock h2, the last showed signs of possible rupture and hence weaker
fatigue behavior. The laminates had almost alike performance, but some signs

that the 0-90-0 texture has some lead to be justified.

Many issues remain unanswered. Some of the following points can be considered

e The fatigue model requires more elaboration especially in terms of the proper
definition of a REV or Representative Elementary Volume to which
continuous degradation of a critical REV will be made.

e Experimental validation for the derivation of the experimental fitting
parameters for the fatigue model.

o Airfoil data were extracted from Xfoil and a unique airfoil was assumed for
the whole blade. Further research could detail further the study by
decomposing the blade into different airfoils for various blade regions as it is
in reality.

e Proper layer modeling of the blade should be made rather than introducing a
thickness. This makes for a more rational finite-element modeling but as a

result a longer computational time
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e It would be interesting to verify the results by means of a CFD-FEM coupling,
such as the use of COMSOL to determine the pressure distribution over a 2D
airfoil or model the entire blade.

e Investigate the dynamic behavior of the wind turbine to include all the loads
other than the static loadings, these loads contribute to fatigue and blade
deterioration of both material properties and performance loss. A way must be

found to model and transfer these loads to the FEM solver.

It is concluded that with respect to a material blade design cycle, the coupling between a
finite element package and blade element and momentum code under steady and static
conditions can be useful. Especially when an integration between this coupled approach
and a dynamic simulation tool could be established, a more advanced flexible blade

design can be then analyzed for a novel generation of more flexible wind turbine blades.
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Lift Coefficient

ANNEX

A. Aerodynamic Blade Data

The geometry that was used in the finite element analysis is a 41 m blade having
an S821 airfoil profile. During the aerodynamic analysis, it was possible to decompose
the blade into multiple sections but it was regarded that for the intention of a comparative
study between composite textures, dividing the blade into 4 sections is reasonable. Table
A.1 shows all the geometric and physical parameters of the cross sections and figure A.1-

A.2-A.3 include the airfoil aerodynamic data.

. Angle of Incidence
Radius [m] | Chord [m] [deg]
8.25 3.16 18.8
16.5 2.74 5.8
24.75 2.14 3.95
33 1.57 0
41.25 1.1 0

Table A.4: Blade properties
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Figure A.1: Lift coefficient for NACA S821
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Figure A.5: Drag coefficient for NACA S821
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Figure A. 6: Moment coefficient for NACA S821
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B. BEM Model Verification

To verify the output of the BEM code, a 1.5 MW wind turbine was chosen. The

main configurations are explained in Table B.1 and the structural descriptions can be

found in Table B.2. The wind turbine blade structure used in this work is based on the
WindPACT 15 MW Baseline 3-Bladed Turbine (WP1.5MW) described in the
WIindPACT Turbine Rotor Design Study [32]. Validation of the performance of the wind

turbine is shown in Fig B.3. The block diagram of the BEM code appears in Fig B.4.

Rating

Configuration

Drive train

Control

Max. rotor speed

Blade coning

Rated wind speed

Cut-out wind speed

Rotor diameter
Hub height

Rotor mass

Nacelle mass

Tower mass

1.5 MW
3 blades, upwind

High speed, multiple-stage gearbox

Variable speed and pitch control

20.5 rpm
0°

11.8 m/s
27.5m/s
70m

84 m

32.02 tons
52.84 tons
122.52 tons

Table B.1: Parameters of the WP1.5MW machine

Mass
r'R Twist density Flap Stiff Edge Stiff Torsonial Stiff
[deg] [kg/m] [N.m"2x107°]  [N.m"?x107%]  [N.m"?x10"%]
0 111 1447.607 7681.46 7681.46 2655.23
0.052 11.1 181.672 1020.62 1092.28 343.81
0.157 111 186.138 523.14 833.66 127.19
0.263 9.5 178.321 234.57 614.65 16.8
0.368 6.3 158.222 154.9 435.26 12.64
0.473 3.1 138.123 75.23 255.87 8.48
0.578 2.1 107.669 49.75 179.86 5.76
0.684 1.1 77.215 24.27 103.85 3.04
0.789 0.48 51.861 9.27 54.25 1.38
0.894 0.24 31.607 4.75 31.06 0.78
1 0 11.353 0.23 7.87 0.18
Table B.2: WP1.5MW Structural Blade Definition
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C. Progressive Fatigue Damage Model

The flowchart that was presented in figure 5.1 along with the degradation rules for the
strengths and the stiffness that must be repeated till failure is reached was also modeled using

LabView. The user interface of this model is shown in fig C.1 and some of the block diagrams

appear in fig C.2.
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