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Abstract

Composite wind turbine blades must sustain
aerodynamic, inertial, and gravitational loads, as
well as mitigate operational conditions in case of
hail and bird strike. Herein we present a
methodology for the damage assessment of bird
impact on a preloaded composite wind turbine blade.
Structural response of the blade is evaluated through
finite element simulations addressing its static and
dynamic behavior focusing on deformation, stresses,
damage mechanisms, and energy absorption. The
results of the 2kg-bird impact study revealed that the
service loads of the 80 meter blade did not accelerate
the damage progression. Overall conclusion is that
the 5 meter tip-sectional blade of the computational
study is an acceptable target structure for bird
impact tests instead of the full scale blade.

1 Introduction

Wind energy market has grown rapidly in the
last couple of decades with plans to commercially
install large-scale wind turbines such as §-12 MW
class (160 m-190 m in a rotor diameter) [1]. Mostly,
a horizontal-axis wind turbine (HAWT) with
propeller type blades is utilized in such large-scale
wind power system, and its configuration as an
upwind land-based construction is schematically
depicted in Fig. 1. In general, large-scale HAWTs
have either two or three blades, with both cylindrical
and airfoil cross-sections. Typically, the blade
consists of an upper and a lower blade skin, spar
cap, and shear web, which are bonded together as
depicted in Fig. 2. The skin and web are usually of
sandwich construction comprised of glass fiber (GF)
fabric and/or unidirectional glass fiber (UD-GF)
reinforced polymers for the face sheet and polymeric
foams, balsa wood, or honeycomb type as the core
material. For a large-scale HAWT blade, a hybrid
carbon and glass fiber (CF/GF) composite spar cap
laminate was often employed to resist flapping
bending. Additionally, constant thickness was

employed for the face sheet, and thickness of the
core and spar cap laminate was defined as a function
of the airfoil chord length [2-7]. The large and robust
blade designs rely on hybrid material systems such as
CF/GF reinforced composite materials to improve
specific stiffness/strength and damage tolerance due
to aerodynamic, inertia, gravitational, operational and
impact loads.

The blade is often exposed to bird impact in
addition to service loads [8]. Suitable approaches for
impact simulations are either Lagrangian, Coupled
Eulerian-Lagrangian (CEL), Arbitrary Lagrangian-
Eulerian (ALE), or Smoothed-Particle Hydrodynamics
(SPH) [9-11]. Since a bird is mostly composed of
water, the artificial bird is akin to hydrodynamic
representation with a simple geometry such as a
cylinder, an ellipsoid, or a sphere [10-13]. Herein, a
computational methodology for the bird impact
response of the rotating blade is presented to assist
the design process of the large-scale blades.

2 Blade Description

The blade of our 8MW wind turbine (SW45) is
described in this section. The blade has a blade tip
radius of 80 m and is positioned at a 140 m hub-
height [1].

2.1 Geometry Specifics

After an extensive study of the open literature,
the blade with sandwich skin, spar cap and shear
web reinforcements is created based on the
following non-dimensional specifications: The non-
dimensional chord (¢/R) distribution along the rotor
radius is taken from Griffin [6]. The ratio of the
blade thickness to the chord length (#/c) along the
rotor radius are provided by Somers et al. [14]. Spar
cap and shear web as internal reinforcements of the
blade are constructed in the airfoil section (5.6 m <r
< 80 m). To improve buckling stability in the blade,
the forward and aft shear web are attached at the
recommended positions [6]. Spar cap is located



between the forward and aft shear web. Dorsally the
spar cap width remains constant between » = 5.6 m
and » = 20 m, and this width is linearly decreased
further to the blade tip.

The thick-airfoil family (NREL S817, S816,
S818) is employed for the blade because of its
excellent aerodynamic performance as reported [14].
Although practical wind turbine blades are pre-
twisted along the rotor radius, the pre-twist angle
distribution is neglected for simplicity in the present
model.

2.2 Composite Layup

The root section (4 m < r < 5.6 m) of the blade
consists of GF fabric layers. Since metallic bolts
with a large diameter are installed into the blade root
connected to the hub, this root section usually
experiences high stresses which are mitigated with
the selection of 40 mm thick laminate. In the airfoil
section (5.6 m < r < 80 m), sandwich constructions
of GF face sheets with balsa core are employed in
the blade skin and shear web. The face sheet of the
skin is GF fabric layer, and the face in the web is
laminated with GF fabric and +45° UD-GF layers.
The hybrid composite spar cap laminate is composed
of 15% CF fabric and 85% UD-GF layers by
volume. Properties of both the skin and spar cap
laminates are assigned to the skin between the
forward and aft shear web, and these properties
create the asymmetric section stiffness matrix as
depicted in Fig. 2.

The thickness of the spar cap laminate and balsa
core are determined as a function of the airfoil chord
length. They are assigned as a step function to
incorporate a gradual taper in laminate thickness. A
constant thickness of the face sheet in sandwich
constructions is employed and listed in Table 1.

2.3 Tip-Sectional Blade

A tip-sectional blade (TSB5M) is extracted from
the final 5 m long section of the full-length SW45
blade without any modifications. All geometric
specifications and laminate details used in the
sectional blade are identical to those located between
r="75m and r = 80 m of the SW45 blade.

3 Soft Body Impact Representation
3.1 Constitutive Model

An equation of state (EOS) material model is
adopted as an approximation for the constitutive
model of a bird (soft body impactor). In this linear

model, pressure (p) is obtained from Eq. (1) which
represents the coupling of pressure and internal
energy [15]:
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where p is the reference density; ¢, the bulk speed
of sound; #n=1-pyp, the nominal volumetric
compressive strain; p, the current density; s and T,
material constants; £, the specific energy. Note that
poco” is equivalent to the elastic bulk modulus at
small nominal strains. The linear relationship
between the shock velocity (U;) and the particle
velocity (U,) is defined through s as expressed in

Eq. (2).

Us=cytsU, 2)

A deviatoric behavior uncoupled with
volumetric response is introduced into the EOS
material model to take into account the shear
strength of an impactor. The deviatoric stress tensor
(S) for the Newtonian viscous shear behavior is
expressed in Eq. (3) where 7, denotes the viscosity;
¢, the deviatoric part of a strain rate tensor [15].

S=2n,¢ A3)

3.2 Representative Bird Geometry/Material

Since the irregular shape of a bird poses
difficulties in impact problems, a cylinder composed
of gelatin with hemispherical ends is selected for its
representation [10-13]. The aspect ratio of 2, defined
as the length (0.24 m) of the cylinder to its diameter
(0.12 m), is adopted to provide a realistic impact
pressure profile [16, 17]. The density of gelatin is
911 kg/m’, resulting in a bird mass of 2.0 kg
approximately. The properties of gelatin used in the
simulations are as follows: ¢o= 1.4829x10° m/s, s =
2.0367, T4 =0, 7,=4x107 Ns/m” [13].

4. Damage and Failure Modes

Materials with reversible behavior are described
by generalized Hooke’s law. Hashin damage
initiation criteria and energy-based damage
evolution law are utilized to track various damage
modes and mechanisms in the composite laminates
while von Mises yield criteria is selected for
isotropic core.
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4.1 Progressive Damage in Composites

Hashin damage initiation criteria for the
composites identify four different damage modes:
fiber tension, fiber compression, matrix tension, and
matrix compression [18, 19]. Damage initiation is
detected when the initiation criteria reaches the
value of 1. For the post-damage initiation behavior,
the energy dissipation due to failure (G) is taken as
the metric and calculated as expressed in Eq. (4)
where g/, is the equivalent strain where the material

0

is considered failure completely; o,,, the initial

equivalent stress where the initiation criteria are met;
L°, characteristic length of an element. The
characteristic length of an element is simply
computed as the square root of the area associated
with the element [20].

G =¢lo, L')2 )

The effective stress tensor is obtained from the
nominal stress tensor and damage operator tensor
which embodies three internal damage variables (d,
dn, ds) to portray fiber, matrix, and shear damage.
Thus, it is used to monitor the stiffness degradation
of the composite layer enabling progressive damage
tracking.

4.2 Shear Failure in Isotropic Materials

The shear failure is described with a simple
failure criterion that is suitable for dynamic
problems and is based on von Mises stress and
equivalent plastic strain [15]. Material yielding starts
when von Mises stress reaches the allowable
strength of isotropic materials. Then, it is assumed
that failure occurs when the equivalent plastic strain
corresponds to the failure strain of isotropic
materials.

4.3 Material Properties

The materials used in the blade are balsa wood,
UD-GF, GF fabric, and CF fabric. The balsa wood
which follows an elastic-perfectly plastic behavior in
the simulations has the Young’s modulus of 4.1
GPa, Poisson's ratio of 0.3, yield strength of 5.4
MPa, failure strain of 0.8, and density of 155 kg/m’
[4, 21]. The homogenized elastic properties of the
composite materials are presented in Table 2, and
their allowable strength and ultimate strain used to
calculate energy dissipation of the composites are
presented in Table 3 [22-24]. From Eq. (4), the
energy dissipation is obtained as a factor of the
characteristic length and is presented in Table 3.
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While von Mises yield criterion is utilized for the
balsa wood, Hashin damage model is utilized for the
composite materials.

5 Element and Mesh Selection

The blade is represented with Lagrangian
S3R/S4R  linear shell element of Abaqus,
commercial finite element software. Thes elements
has three displacement and three rotational degrees
of freedom, allow finite strain, arbitrarily large rotation,
and transverse shear, and are valid for thin and thick
shell problems. The SW45 blade model with the
combined coarse and fine meshes is created in
HyperMesh. The fine mesh size of 0.02 m is
employed in the 5 m tip-sectional blade while the
coarse mesh size of 0.15 m is assigned for the rest of
the SW45 blade (4 m < r < 75 m). This leads to
disengaged nodes at » = 75 m. To overcome this
disparity in the SW45 blade model, the coarse mesh
region is tied to the fine mesh region at » = 75 m
with the *TIE control. Total of 104,585 Lagrangian
elements are generated for the SW45 blade model.

The mesh size of 0.01 m is applied for the
Eulerian domain that contains the bird, generating
1,200,000 EC3DS8R Eulerian elements. The Eulerian
elements represent stationary rectangular grids and
allow material to flow through the elements and to
interact with the Lagrangian element structure. Eulerian
elements overcome numerical difficulties associated
with excessive element distortion since materials are
assigned to them by means of volume fraction [15].

6 Preloads: Lift and Drag

The blade is subjected to aerodynamic,
gravitational, inertial, and service loads in operation.
Since mostly aerodynamic loads such as lift and
drag forces contribute to the deformation of the
blade, they are selected as preloads in the impact
simulations. Lift (dL) and drag (6D) forces for the
rotating blade calculated using two-dimensional
airfoil characteristics are given by

5L/C§V palr relC /2 (5)
and
6D/C5}" patr relC /2 (6)

Here, Jr is the infinitesimal blade length; p,;., an
air density; V,;, resultant relative wind velocity; Cj,
a lift coefficient; C,;, a drag coefficient [8]. Air
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density is selected to reflect the tower height.
Resultant relative wind velocity is formed by
combining a tangential air flow velocity and wind
speed (u,) [8]. Lift and drag coefficient
corresponding to the limit angle of attack (o) is
selected to have the upper limit of C; in a low-drag
lift coefficient range [14]. A tip speed ratio (TSR)
defined in Eq. (7) is introduced to determine angular
velocity (Q2) [8, 25].

TSR =RQ/u, %)

Therefore, the resultant of each decomposed load
component along the Y- (dPy) and Z-axis (dPy)
become, respectively:

dP, =(0L/cor)cosa+(OD/cdr)sina  (8a)
and
dP, =—(68L/cdr)sina+(6D/cdr)cosar  (8b)

Air density is assigned as 1.208 kg/m’ for 140 m
tower (hub) height. The TSR of the blade is assumed
to be constant at 7 [25]. Since tangential velocity of
the blade is not constant along the rotor radius, lift
and drag forces are evaluated along eight sections
and are applied to the blade[26, 27].

7 Bird Impact Models

In this study, four impact models are considered
to understand the influence of preloading and
boundary conditions to the structural response of the
blade. The CEL approach is employed to simulate
the bird impact problems in Abaqus/Explicit. In all
models, the 2kg gel bird is considered as a soft body
and modeled with Eulerian elements (EC3DSR).
Due to the fixed Eulerian mesh, the boundary of the
bird is recomputed in each time increment as it flows
through the mesh. Accordingly, gelatin is assigned
to Eulerian elements by means of Eulerian volume
fraction (EVF) that represents the ratio by which
each Eulerian element is filled. Volume fraction of 0
indicates that the elements are not filled at all (i.e.,
they constitute a void); on the contrary the volume
fraction of 1 states that the elements are completely
filled with gelatin as seen in Fig. 3 [15]. Thus, the
bird is represented inside the Eulerian domain with a
combination of fully and partially filled elements
surrounded by void regions. A general contact
algorithm, which automatically detects which
surfaces and edges come into contact, with a penalty

method and frictionless surface is employed in the
simulations [12, 28].

7.1 Effect of Preloading

The 2kg-bird is located perpendicular to the
rotational plane of a wind turbine at » = 77.5 m and
impacts the lower blade skin of the 80 m blade
model (SW45) with the combined coarse and fine
meshes.

7.1.1 Impact Model 1A

In this impact model, the blade is subjected to
lift and drag forces produced at u,, = 9.5 m/s. Before
the impact analysis, the blade undergoing these
forces is analyzed in Abaqus/Standard (implicit)
where the three rotations and three displacements are
constrained at the blade root.

The deformed blade that contains the values of
stress, strains, displacements, etc obtained at u,, =
9.5m/s (Fig. 4) is imported into a new analysis
(explicit) with the *IMPORT option. Then, the
angular velocity (w,) of 0.824 rad/s about the Z-axis,
generated by u,, = 9.5 m/s, is assigned to account for
the centrifugal forces. At this stage, the bird has a
translational velocity of 24.5 m/s along the Z-axis,
which consists of the bird velocity of 15 m/s and
wind speed of 9.5 m/s.

7.1.2 Impact Model 1B

Since wind speed of 0 m/s is assumed in this
impact model, the blade is not subjected to any
aerodynamic loads and thus it is not deformed and
remains straight (Fig. 5). For comparison purpose, it
is assumed that the blade is rotating about the Z-axis
with angular velocity of 0.824 rad/s. The initial
velocity of the bird along the Z-axis is assigned as
15 m/s.

7.2 Effect of the Target Structure Size

Oblique impact scenarios are considered, and
the impact location is at » = 77.5 m. The bird is
initially located at an impact angle of 30° to the
lower forward blade skin. The initial velocity along
the Y- and the Z-axis is assigned as 70.5 m/s and
40.7 m/s, respectively.

7.2.1 Impact Model ITA

The Lagrangian target structure for the bird is
the Sm tip-section of the 80 m blade (TSB5M blade)
modeled with S4R shell elements and mesh size of
0.02 m. The edges of the blade at » = 75 m are fully
constrained. No initial displacements and stresses
are applied to the target structure.
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7.2.2 Impact Model IIB

The SW45 blade model is employed as the
target. The three rotation and three displacement
degrees of freedom (DOF) are constrained at the
blade root. The blade is not subjected to any
aerodynamic loads.

8 Results and Discussion
8.1 Bird impact with and without Preloads

The 2kg-bird, originally located at » = 77.5 m,
hits the lower blade skin of the blade which is
rotating with @, = 0.824 rad/s. Before the bird
impact, the preloaded blade experiences non-zero
initial states due to lift and drag forces at u,, = 9.5
m/s.

8.1.1 Displacements

Since the bird is traveling along the Z-axis, U;
displacements are critical in the impact problem.
Global Uj displacement contours in the lower blade
skin of the preloaded blade are presented in Fig. 6.
The displacement of 4.72 m is generated at » = 75 m
due to preloading, and its magnitude increases to
5.63 m toward the tip at time (#) of 0 s. After the
impact occurs, the magnitude of Us; displacements
does not change at + = 0.010 s signaling that the
displacements produced by impact are much smaller
than those due to preloading.

For the blade without any preloads, it is seen in
Fig. 7(a) that the maximum value for global Us
displacements in the impact site is 2.51x10~ m and
is located in the lower forward blade skin at ¢ =
0.001 s. Since impact site varies with time due to the
blade rotation and flying bird, the greatest Us;
displacement (9.07x10™ m) is in the skin/spar cap at
t=0.010 s, as seen in Fig. 7(b). The negative values
of the displacements are distributed in the aft blade
skin. At ¢t = 0.0125 s, the greatest displacement of
6.61x10” m is generated in the skin/spar cap while
the negative displacement of 4.03x10” m is seen in
the aft skin as illustrated in Fig. 7(c). This
displacement development arises from wave
propagation and local fluctuations produced by the
impact.

8.1.2 Stresses

Mostly, the Sy, stresses contribute to the layer
damage [29]. The outermost GF fabric layer of the
lower skin in the preloaded blade (75 m < » < 80 m)
experiences S, stress in a range of - 6.50 MPa and
8.49 MPa at ¢ = 0 s as presented in Fig. 8(a). Then,

TURBINE BLADE

the stress increases to -67.6 MPa at the impact site at
t = 0.001 s. The compressive S,, stress drops when
the impact site expands from the skin to the
skin/spar cap. Its maximum value is 47.1 MPa in the
skin/spar cap at t = 0.010 s as seen in Fig. 8(c). Also,
the tensile S,, stress of 72.8 MPa is present around
the boundary between the aft skin and skin/spar cap.
This high tensile stress around the boundary is
attributed to the stiffness discontinuity of the laminates
between the aft skin and skin/spar cap. Compressive
S,, stresses are distributed the region surrounding
the impact site.

Although the blade without preloads does not
exhibit initial stresses due to the lift, drag, and
centrifugal forces at ¢+ = 0 s, it is subjected to the
same magnitude of centrifugal forces during the
impact. Its Sy, stress field in the outermost GF fabric
of the lower skin at # = 0.001 s is presented in Fig.
9(a) where the lowest Sy, stress of -52.5 MPa is seen
at the impact site, and the highest Sy, stress (58.9
MPa) appears around the boundary between the
forward skin and skin/spar cap. At ¢ = 0.010 s, the
maximum value for the compressive and tensile Sj,
stress are 38.5 MPa and 48.1 MPa, respectively, as
presented in Fig. 9(b).

Note that both cases (with and without preloads)
exhibit the same order of magnitude in S,, stresses
which are considerably lower than material
allowables of the composite layers and the core.
Also note that the impact site remains localized.
However, the preloaded blade showed stronger
influence of impact wave propagation.

8.2 Bird impact on 5 m vs. 80 m blade

The 2kg-bird with two translational velocity
components impacts the stationary target of (a) the
5m tip-sectional blade (TSB5M) and (b) full-length
80 m blade (SW45). Neither blade is preloaded in
these simulations.

8.2.1 Energy Balance

Kinetic energy balance of Impact Model ITA
(TSB5M blade/bird) and 1IB (SW45 blade/bird) is
presented in Fig. 10. The kinetic energy balance for
both the models agreed well as a function of time.
The initial kinetic energy of 6.64 kJ produced by the
flying bird decreased to 5.25 kJ at 0.006 s. This
energy loss (1.39 kJ) is represents both deformation
of the blade and energy dissipation during the
impact. Although the contact between the bird (gel)
and the blade is terminated at 0.0085 s, mostly the
interaction between the gel and the blade takes place
between 0.0015 s and 0.006 s. The leakage of the gel
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transpires after 0.008 s causing a decrease in kinetic
energy. However, this decrease is not significantly
important since the gel moving out from the domain
does not interact with the blade.

The internal energy balance of both impact
models is presented in Fig. 11. This energy consists
of the recoverable strain energy of the blade and
Eulerian domain, and the energy dissipated by
yielding and damage. Initially, the internal energy
increases to 1.02 kJ due to the impact, and then it
approaches 0.95 kJ due to elastic recovery. The
discontinuous path of the energy balance occurs
around 0.004 s when the first failure region is
observed in the blade. In spite of different size and
boundary conditions, the internal energy balance is
quite consisted between these models. It is noted that
the size of the bird is much smaller in comparison to
the global dimensions of the blade such as the blade
tip radius and chord length.

9 Conclusions

The reinforcement architecture and geometry
successfully survived the realistic bird impact event
(implicit-explicit coupling) without incurring any
damage in the composite layers and the balsa core of
the hybrid composite turbine blade. The differences
in the boundary conditions, preloads and full vs.
sectional blade configurations did not alter the
computational impact response. Thus it is advisable
to adopt the smaller 5Sm tip-sectional blade for
impact experiments.
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Local rotor radius,
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Fig. 1. Schematic of a typical wind turbine.
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Table 1. Thickness distribution in the airfoil section in meter.

Range of local

Face sheet

Balsa core thickness

. : Forward Aft Spar cap
rotor radius thickness blade skin blade skin Shear web
5.6-20 0.002 0.032 0.054 0.054 0.074
20-32 0.002 0.036 0.060 0.060 0.036
32-46 0.002 0.030 0.050 0.050 0.029
46-60 0.001 0.020 0.044 0.032 0.022
60-70 0.001 0.016 0.035 0.025 0.016
70-75 0.001 0.013 0.029 0.021 0.012
75-80 0.001 0.011 0.025 0.018 0.009
Table 2. Linear elastic properties of composite materials.
UD-GF GF fabric [0/90], CF fabric [0/90],
o (kg/m?) 2,100 2,100 1,600
E, (GPa) 46 21 47
E, (GPa) 13 21 47
E; (GPa) 13 8.55 10
Gy, (GPa) 5 3.7 3.78
G13 (GPa) 5 3.5 3.5
G,; (GPa) 4.6 3.5 3.5
Via 0.3 0.183 0.33
Vi3 0.3 0.0305 0.33
Vo3 0.42 0.075 0.07
Table 3. Allowable strength, strain, and energy ratio.
UD-GF GF fabric [0/90]s CF fabric [0/90]s
X7 /Xc (MPa) 1,080/620 367/549 627/572
Y7 /Yc (MPa) 39/128 367/549 627/572
Sy /St (MPa) 89/64 97.1/274.5 80/286
gl /gl (%) 2.8/0.5 2.512.5 1.5/1.5
gl el (%) 2.8/0.5 2.5/2.5 1.5/1.5
G /G, (x10°N/m) (15.1/1.55)L, (4.59/6.86)% L, (4.70/4.29) L,

GC

mt

/G, (x10° N/m)

(0.546/0.320) L,

(4.59/6.86)x L.

(4.70/4.29)x L.
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