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The blades of wind turbines placed in cold climate regions are exposed to the risk of icing phenomena

which impact their lifetimes. This paper proposes a numerical model to simulate 50 mm ice thickness
localized on the tip side of a horizontal wind turbine blade,and to study its mechanical behavior. The wind
turbine blade wasmodeled with the finite element method (FEM)in ABAQUS software taking into account
aerodynamic, centrifugal and inertial loads under the conditions of service of the blade.Numerical tests
haveevaluated the behavior of different composite materials and compared with each other. Damage mode
based on the Hashin criteria was defined. Carbon fibers were considered to be the most rigid material which

results in thinner, stiffer and lighter blades.

1 INTRODUCTION

Offshore wind energy is among the most advanced
and modern technologies currently available to
provide clean energy, due to the high average wind
speeds that regularly blow over the oceans[1]. Cold
regions are considered as the best areas for wind
energy, which is therefore a dynamic and growing
sector.However, one of the problems encountered in
these zones is the accumulation of ice on the surface
of wind turbines.The wind energy loss depends
mainly on the quantity of ice accreted on the

blades[2].The icing processresultsa
considerabledegradation of  energydue to
performance  deteriorationcaused  byexcessive

vibration problems of the rotor.It is also necessary to
note the severedangers caused by ice projection from
the bladeproducing unpleasant noise [3].

Composite materials such as Carbon or Glass
fibers are used as alternative materials to steel
because of their significant potential advantages in
offshore applicationsand their attractive properties
[4].The formation of ice on severalparts of the wind
turbine using these materials will affect their
mechanical properties.

In the present paper, a numerical analysis has
been performed to study the mechanical behavior
and the influence of ice formation on offshore wind
turbine blades. The analysis is presented using
ABAQUS software based on the Finite Element
Method (FEM) taking into account different
aerodynamic loads and using several materials.

2
STRUCTURALPERFORMANC
ES ANALYSIS

2.1 Structural
blade

configuration of the

The system adopted for this study is composed of a
rigid three-bladed offshore wind turbine. The blade
is manufactured to produce SMW of a
maximumpower using NACA 4412 profile with
well-known aerodynamic characteristics[5]-[6].

The parameters of the model used are
summarizedin Table 1.

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0
(http://creativecommons.org/licenses/by/4.0/).
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Table 1: Specifications of the wind turbine blade

Y, (MPa) 58.7 295
Y. (MPa) 24.78 171.8
S, = S.(MPa) 65.6 353

Airfoil NACA 4412
Length of the blade (m) 48
Number of blades 3
Maximum chord (mm) 3932
Position twists maximum (mm) R9000
Fluid speed upstream of the blade (m/s) 25
Angular velocity (rpm) 15.7

Rotor blade consists of severalparts combined
together to form the aerofoil shape, in order to
provide a greater number of possible combinationsof
the materials employed as required, Figure 1[7]-[8].
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Figure 1: Division of the blade structure

2.2 Mechanical properties description

The majority of the wind turbines blades are
manufactured by using composite materials because
of their interesting properties and excellent
mass/durability relations[9]-[10]. Carbon and Glass
fibers have been chosen to evaluate the behavior of
the blade. Their characteristic properties are
summarized in Table 2.

Table2: Mechanical properties of the materials employed
in the analysis of the wind turbine blade

Material Carbon- Glass-
Properties epoxy [11] | polyester [12]
p (kg/m’) 1600 1960
E, (GPa) 147 48.16
E, (GPa) = 103 11.210
Engin E; (GPa)
eerin | Nu;, = Nuy; 0.27 0.270
g Nuy; 0.54 0.096
const G12 (GPa) = 7 4.420
ante Gi3 (GPa)
G23 (GPa) 3.7 9
X, (MPa) 2041 1021
Stren X, (MPa) 1784 978
gth
prope

rties

3  HASHIN'S THEORY

Hashin's model is among the most popular
criteria and widely used in composite structure
applications due to its simplicity of design and ease
of use[13].The Hashin type failure criterionhas been
employed to predict and detect damage in composite
structures.It consists of two failure mechanisms, one
associated with fiber failure and the other with
matrix failure, differentiating between tension and
compression[ 14]-[15].

The four distinct
represented as follows:

modes of damageare

Fiber tension(HSNFTCRT), 6, = 0:

~ 2 ~ 2
511) (512) 1
1) Lax(=222) =
(XT o5, h O
Fiber compression(HSNFCCRT), 6,; < 0:
~ 2 ~ 2
511) (512) D)
1) Lax(222) =
(XT o5, h @
Matrix tension (HSNMTCRT), 6,, = 0:
~ 2 ~ 2
511) (512)
o) oo (S22) - 3
(XT o5, h ®)
Matrix compression (HSNMCCRT), 6,, < 0:
~ 2 ~ 2
511) (512) 4
1) Lax(=22) =
(XT o5, h @

4 NUMERICAL ANALYSIS
4.1 Boundary Conditions
Figure 2 illustrates the boundary condition assigned

to the blade using “Encastre” type applied at the
root[16].

Figure 2: Encastre boundary condition

4.2 Loads
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Wind turbines are subject to various loads applied to
their  entirestructure.They are  defined as
aerodynamic loads that aregenerated by a rotor
blade, and operating on it are greatly variable in
intensity because of the stochastic character of the
wind field. Inertia and gravitational loadsare also
taken into account in this study[17].

The three loads were then simultaneously applied
using the ABAQUS software on a horizontal blade
Figure 3, containing ice at the end of the structureas
shown in the Figure 4. Table 3 provides some ice
layer informationused in this study.

1
Figure 3: Position of the blade
A,

Figure 4: Iced wind turbine blade

Table 3: Ice layer information

Length of Distance Thickness Mass of
ice cover  from rotor of ice ice (kg)
(m) (m) (mm)
3.21 43.031 50 0.303

S  RESULTS AND ANALYSIS

After defining and identifying the loads, our first
objective is to analyze the behavior of the blade
using both Carbon and Glass fibers, and then
discover the effect of the hybrid Carbon-Glass
located at section C of a Carbon blade, as presented
before in Figure 1.
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Figure 5: Mechanical behavior of the clean and iced
composite blade, for different materials

Figure 5 shows a comparison of load-displacement
curves with various composite materials. It can be
seen that the clean blade always moves less when
the ice is formed at its extremity.Glass fibershave a
maximum displacement value of about 632.808 mm
for the clean blade and increases by about 2% for the
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iced one to reach a value of 645.492 mm.While the
Carbon fibers have the smallest maximum
displacement and a maximum force value
respectively 34.968 kN and 34.900 kNfor the clean
and iced blade, which makes an approximate
reduction of 0.195%.
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Figure 6: Maximum stiffhess of the clean and iced
composite blade

From Figure 6, it is clear that the maximum stiffness
values vary according to the material. It is also
distinguished that Carbon fibershave always the high
stiffness value (1.230 10° N/m for clean blade, and
1.194 10° N/mfor iced blade)compared to other
materials, which makes it the best choice for the
blade design to keep it as light and as rigid as
possible.

Table4: Hashin failure data of the clean and iced
composite blade

Carbon Glass CGG
Clean
HSNFCCRT  3,73E-03 7,34E-03 4,77E-03
HSNFTCRT 1,83E-02 3,98E-02 2,32E-02
HSNMCCRT 5,79E-02 3,18E-01 7,66E-02
HSNMTCRT 1,30E-01 1,00E+00  2,35E-01
Iced
HSNFCCRT 3.98E-03 7.74E-03 4.77E-03
HSNFTCRT 1.98E-02 4.40E-02 2.32E-02
HSNMCCRT 6.25E-02 3.42E-01 7.66E-02
HSNMTCRT 1.40E-01 1,00E+00  2.35E-01

Table 4 containsthe results of Hashinfailure criterion
of the clean and iced composite blade. A value of
1.0 was obtained for the matrix tension
(HSNMTCRT)of a Glass blade, indicating that the
initiation criterion was achieved.

The damage occurred at the root of the
composite blade of the wind turbine due to the
thickness transitions, which is highlighted in Figure
17 by the red color.

(a) HSNFCCRT

(b) HSNFTCRT

Max; +3.423a-01
Elam: GEOMETRY_BLADE_CUTTED-1.5622
Hode: 104635

(d) HSNMTCRT

Figure 7: Hashindamage criterionforglass composite blade
with 50 mm of ice

6 CONCLUSIONS

In this work, rotor performance analysis of a wind
turbines placed on a horizontal position subject to
icing event was performed using ABAQUS
software. The blade in service was exposed to three
loads at the same time with 50 mm of ice thickness
located on its tip. Carbon, Glass fibers and hybrid
Carbon-Glass (CGG) are the materials adopted for
the conception of the blade structure. It was found
that the Carbon is the strongest and most resistant
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material. The root of the composite blade of the wind
turbine was defined as the most susceptible region to
damage and breakage. It is therefore essential to
reinforce this area in order to have a stronger
structure.
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