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Abstract

This paper present finite element analysis on the internal structure of wind turbine to examined the
deflection and stress distribution. The structure was modeled as a cantilever box beam with constant
cross section along the length. The dimension of the structure was set according to the original design
of the 10 MW AVATAR (Advanced Aerodynamic Tools for Large Rotors) wind turbine. The proposed
materials were unidirectional thin-ply TC35/Epoxy and M55/Epoxy carbon composites and standard
thickness S—Glass 913/Epoxy composite. The fibre at the spar caps is oriented at 90° and at the shear
webs at 0°. The deflection curve of the three composite materials showing non-linear behaviour with a
maximum deflection of 2.618 m, 2.429 m, 4.175 m at the blade tip for S—Glass 913/Epoxy, T35/Epoxy,
M55/Epoxy respectively which is less than the maximum deflection of an existing AVATAR beam. The
critical stresses are located at the top outer surface of the spar cap which received the load directly and
at the intersection between the spar caps and shear webs where stress transfer occurs. The deflection
performance of the structure is dictated by the transverse Young’s Modulus (E22) while the longitudinal
Young’s Modulus (E11) plays an important role on stress distribution.

Keywords: Box spar, carbon fibre composite, glass fibre composite, deflection, stress distribution,

wind turbine blade

1. Introduction

Global energy consumption is expected to increase
to about 21% every year according to IEA (International
Energy Agency) [[1]]. To meet this great demand of energy
and due to increased people awareness to clean energy
resources, wind energy has become one of prominent play-
ers in the market in several countries. Wind turbine works
by converting kinetic energy from wind power into elec-
tricity through generator. As power output of wind turbine
is proportional to the wind power, it is important to con-
sider the characteristic of wind power where its speed
varies from time to time.

Increasing wind power can be done by using a larger
blade to produce bigger swept area. It is also known that
the stiffness of the blade is influenced by the components
of the blade itself including airfoil shell, shear web and
spar flanges. The latter two components especially con-
tribute significantly to the stiffness of the blade. These
are mainly to withstand the loads from the flapwise and
edgewise moments. This first load component acts in the
direction of wind while the latter is in the direction of ro-
tor rotation. The flapwise component could be 100 times
larger than the edgewise component depending on the
case. This has been shown for example by Bangga both
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using engineering model [2]] and high fidelity CFD (com-
putational fluid dynamics) computations [3]]. Therefore,
it is logical to focus more into the flapwise component of
the loads.

According to Ghasemi [[4]] with bigger blades, iner-
tia forces will dominate more compared to aerodynamics,
it is then needed to use material with good strength-to-
weight ratio like composite materials. GFRP (glass fiber-
reinforced polymer) and CFRP (carbon fiber-reinforced
polymer) are the prime examples of the most commonly
employed materials for wind turbine blades. Numerous
studies regarding composite materials and the structural
dynamics of wind turbine blades have been done in the
past. For instance Veers et al. [|5] highlighted that GFRP
and CRFP are two most commonly used for wind turbine
blades. Cox and Echtermeyer [6] investigated the deflec-
tion characteristics of a 10 MW turbine having a radius of
70 m. To add further, Prombut and Anakpotchanakul [[7]]
also demonstrated that the way composite material is
aligned could be important for deflection characteristics.

Above literature review has shown that composite
material is an important player in wind turbine blade de-
sign. Various studies have been conducted on common
material such as GFRP and CFRP but limited amount of
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effort is only given for a new composite material namely
thin-ply M55 carbon/epoxy, thin-ply TC35 carbon/epoxy
and standard thickness S—Glass 913/epoxy. The studies
will be conducted numerically employing a finite element
analyses with the help of a software package ABAQUS.
The structural response of each composite material will
be presented in the present studies. The paper is orga-
nized as follows. Section 2 describes the computational
modeling and the simplification of the turbine blade ge-
ometry. In Section 3, the results will be presented and
discussed thoroughly, and all the results will be concluded
in Section 4.

2. Method

2.1. Computational Model

The geometry used refers to AVATAR wind turbine
research [8]] and INNWIND [9]] designs. Some simplifica-
tions were made for this study. The blade of wind turbine
consists of airfoil as an outer structure and an internal
structure commonly modeled as box or O beam. In this
study, the internal structure was modeled as cantilever box
spar consisting of spar caps and shear webs with constant
cross section along the span. In an initial structural study,
it is assumed that the performance of internal structure
could represent the whole structural performance of wind
turbine blade [10]. The airfoil section was ignored for
model simplification and since the exact coordinates of the
airfoils are not yet reported. The box spar was partitioned
into four parts for the stress distribution analysis. The
model is illustrated in Figure [1| according to the dimen-

sion given in Table|[1} It is should be noted that The fibre
direction at the spar cap is arranged at 90° relative to
the loading direction while at the shear web, the fibre is
arranged at 0° relative to the loading direction.

It can be seen from Table [1|that spar caps and shear
webs have different width and thickness, with spar caps
being on the larger side. 102.88 meters-long box spar
was designed in ABAQUS as a solid beam with contin-
uum shell element. Three models with three different
composite materials were assigned with their appropriate
composite layups. The following materials were employed
for the studies: (1) glass fiber-reinforced polymer such as
S—Glass 913/Epoxy, (2) carbon fiber-reinforced polymer
such as TC35/Epoxy and (3) M55/Epoxy.

The material properties given in Table [2| refers to
previous experimental study conducted by Suwarta [[11]],
where each material has a different ply thickness, resulting
in different number of plies for each model. All plies were
stacked in unidirectional from inner to outer part of the
beam. Properties needed to simulate deflection are Elastic
Young’s Modulus (E), Poisson Ratio (v) and Shear Modu-
lus (G) as shown in Table|2| TC35/Epoxy and M55/Epoxy
is chosen due to its longitudinal Young’s modulus (E;;)
and its thickness of around 0.03 mm which is consider
as thin-ply. Thin-ply composites has the advantages of
more degrees of freedom in fibre orientation leading to
’high definition’ engineering and greater optimization [|12]].
Standard thickness S—Glass-913/Epoxy is chosen as there
is a smaller number of plies used to produced the box spar
as shown in Table [2] which could lead to much shorter
production time and cheaper price.

Fibre

Iq—Fibre

>

w?

Figure 1. Partition in box spar structure: (1) Bottom spar cap, (2) Top spar cap, (3) Left shear web, (4) Right shear web.

2.2. Applied Boundary Conditions

In this section, the description of the boundary con-
ditions will be given. The physical geometry was modeled
in ABAQUS and boundary conditions were given to simu-
late the structural characteristics. The leftmost part of the

beam representing the root part of the blade was given
encastre boundary condition to simulate fixed support in
a cantilever beam. In reality, this is partly correct because
the blade has a zero-movement relative to the hub when
it is deflected. However, more complex modeling strategy
may include also the deflection of the tower and the entire
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Table 1. Box spar dimension.

Component Width (W) Thickness (ts,tw) Length (L)
m m m

Spar Caps 0.800 0.060 102.880

Shear Web 0.576 0.040 102.880

Table 2. Material properties for S-Glass 913/Epoxy, TC35/Epoxy, M55/Epoxy.

. Ply Number of Piles
Material Ell (GPa) E22 (GPa) Glg (GPa) V19 Thickness (mm) Cap Web
S-Glass
913/Epoxy 45.7 10.3 3.1 0.3 0.155 388 259
TC35/Epoxy 114.3 11 4.4 0.3 0.027 2223 1482
M55/Epoxy 280 6.3 3.1 0.31 0.030 2000 1334

turbine geometry, but this would be too expensive to be
simulated.

As illustrated in Figure [2(a), fixed supports are
shown with red markings around the root. The model
was meshed as shown in Figure (b), where the distance
between each node in the span length is about 1 m. Grid
studies have been done to determine that this 1 m grid
spacing is sufficient for computing the tip deflection of the
blade as will be shown in Section 3.1.

Loads applied in the model were pressure derived
from wind force simulated in AVATAR studies using CFD

and BEM methods by Bangga [22]]. In the present studies,
the acting load is not directly simulated due to its non-
linear characteristic and complex function, see Figure
Simplifications were made by applying trapezoidal rule to
make approximation of the load into uniformly distributed
load. The value of uniformly distributed load then derived
into the value of aerodynamic pressure (in Pa) for each
mesh point. The pressure point was applied at the top-
most part of spar cap as illustrated in Figure [2(a) by red
arrows pointing downwards, indicating the direction of
the pressure applied to the spar.
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Figure 3. Wind force calculated by CFD (10.5 m/s) .
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3. Results and Discussion
3.1. Grid Studies

Grid studies were done to determine appropriate
number and size of elements to be meshed in all simula-
tions. The results of studies are presented in Figure [4]

Initial study was done with total of 1456 elements
(mesh size of 4 m) and this resulted in tip deflection of
2.54 m. Following grid studies were done by decreasing
mesh size by 0.5 m at each study, hence increasing number
of elements in the model. Figure [4|shows that two stud-
ies that have the smallest difference are grid studies with
5768 elements (mesh size of 1 m) and 11536 elements
(mesh size of 0.5 m). While the number of elements is
twice the size, the difference of tip deflection between the
two studies are smaller compared to previous study in the
2000-4000 elements range, therefore it can be inferred
that at the size of 0.5 — 1 m the mesh is already indepen-
dent and will not have significant difference. In this study,
the mesh size of 1 m was chosen due to shorter simulation
time.

3.2. Deflection Characteristics

In this section, the characteristics of blade tip deflec-
tion will be discussed. The spar deflection is evaluated by
its tip deflection (farthest point from the root and where
it is not constrained) for each model. By comparing the
result with existing tip deflection result from AVATAR stud-
ies, the results can be used to justify if materials used may
be recommended for wind turbine blade.

The results from finite element analysis are pre-
sented in Table[3|and Figure[5} The deflection curve shown
in Figure [5| shows that the deflection curve of the three
composite materials having a similar non-linearity curve.
It is shown that the nonlinearity increases from the root

to the tip of the blade due to the absence of a fixed sup-
port especially at the tip of the blade. It can be seen that
TC35/Epoxy has the smallest tip deflection out of three
materials followed by S—Glass 913/Epoxy and the largest
tip deflection is shown for M55/Epoxy. The M55/Epoxy
composite material has the largest tip deflection among
the others because the transverse Young’s Modulus (E3)
of this material is 6.3 GPa which is small compared to
E55 value of 10.3 GPa and 11 GPa for S—Glass/Epoxy and
TC35/Epoxy respectively. The transverse Young’s Modulus
(E22) plays an important role in determining the deflection
performance because the fibre at the spar cap is arranged
at 90° relative to the loading direction or to the x direction
according to Figure |1} The load itself is acting on the spar
cap at the y direction and when the spar is deflected, the
deformation is mainly to the transverse direction or to the
z direction according to Figure[I]which mean that the stiff-
ness at the transverse direction plays an important role to
resist the deformation. Although each model has the same
boundary condition and geometry, but different results
in deflection can be observed. Referring back to Table
it can be seen that S—Glass 913/epoxy and TC35/epoxy
have relatively similar value of E;5, while the value of
this property is much smaller for M55/Epoxy when com-
pared to S—Glass 913/Epoxy and TC35/Epoxy. On the
other hand, the value of E;; of each material varies, with
S—Glass 913/Epoxy having the lowest value of 45.7 GPa
and M55/Epoxy having the highest value of approximately
six times higher. It can be inferred from this study that dif-
ferent material properties especially in the elastic modulus
E11 and E5» could yield in different value of deflection.
This claim will be analyzed further by comparing results
from this study to the past study conducted by Croce et
al. 13]].
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Figure 4. Grid studies results with S-Glass 913/Epoxy material.
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Table 3. Maximum deflection on thickness S-Glass 913/Epoxy,
TC35/Epoxy, M55/Epoxy and AVATAR wind turbine.

Material Deflection (m)
S-Glass 913/Epoxy 2.618
TC35/Epoxy 2.429
M55/Epoxy 4.175
AVATAR 4.450
U
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Figure 5. Deflection comparison.

While M55/Epoxy has the largest deflection out of
three materials, it also has the smallest difference with
AVATAR model with the difference of 0.275 m. It is impor-
tant to note that the models used in this study and AVATAR
study conducted by Croce et al. [|13]] are not the same,
with few differences as shown in Table |4} Few things that
contribute to the different value of deflection are; Croce
et al. [[13] simulated a higher wind speed of 11 m/s, and
it is important to note that wind speed is proportional to
deflection. Other than that, the materials used are totally
different where Croce et al. [[13]] used unidirectional car-
bon fiber (uniaxial) combined with balsa for the spar caps,

and biaxial material for the shear webs.

When compared to the elastic property of
M55/Epoxy, it can be seen that uniaxial carbon fiber used
in the AVATAR model from Croce et al. [[13] has a similar
value of elastic modulus Es5, while the E;; value of both
materials is notably different (Table . The E;; value ob-
tained from Croce et al. [13] is the closest to TC35/Epoxy
with the difference of 0.7 GPa, but the value of deflection
is almost twice as big. This proves that elastic modulus
contributes a lot to the value of deflection, especially elas-
tic property Ess in the transverse direction.

Table 4. AVATAR and box spar comparison.

. Model
Variable AVATAR Box Spar
Wind Speed 11 m/s 10.5 m/s
Geomet Airfoil with internal box Internal box structure INNWIND
Ty structure(Polimi Redesign v.4) and Polimi Redesign v.rO model
Material UD Carbon fiber, Balsa, Triaxial Unidirectional Ply S-Glass 913,TC35, M55
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Table 5. Material properties of AVATAR Polimi Redesign v.4.

Property Material
M55/Epoxy Uniaxial (CF) Biaxial
Ei1 (GPa) 280 115 13.92
E5s (GPa) 6.3 7.56 13.92
V12 0.31 0.3 0.533
G12 (GPa) 3.1 3.96 11.5

3.3. Stress Distribution Characteristics

It is important to note that the stress being analyzed
is the maximum von-mises equivalent stress in the ply at
the condition of maximum deflection, thus the location of
maximum stress may vary within the thickness. Stresses
in shear web and spar cap are analyzed at 11 different
plies in each laminate, however only one part of each
shear web and spar cap is analyzed as left-right shear web
and top-bottom spar cap have similar values of stresses.
Figure [6] and Figure[7]show the stress distribution along
the thickness, where the plies are stacked from inner to
outer part of the box spar. From the simulation results, the
location with the highest stress concentration is located at
the span within two meters from the root and the stress
distributions are also analyzed.

It can be seen from Figure [ and Figure [7] that there
are several changes in the location of maximum stress

(indicated by different nodes). The results show that
M55/Epoxy has the highest stress both in shear webs and
spar caps, while S—Glass 913/Epoxy has the smallest max-
imum stress. The trend in shear webs shown in Figure
indicates that maximum stress of shear webs rises from
the inner to the outer part of shear web thickness.

The trends in spar cap (Figure[6)) for each material
are quite different, in M55/Epoxy it can be seen that there
is no change in location of maximum stress within the ply
(same node throughout the thickness). This is due to the
high stiffness value of the material. On the other hand,
S—Glass 913/Epoxy and TC35/Epoxy have similar trends.
From inner to middle part, the maximum stress is declin-
ing and from the middle to outer part the maximum stress
is rising. This phenomenon can be analyzed by looking at
the location of the maximum stress in three plies (inner,
middle, and outer) in the span within five meters from
root for each material as shown in Figure
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Figure 6. Stress distribution along the thickness in spar cap.
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Figure 7. Stress distribution along the thickness in shear web.
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Figure 8. S-Glass material stress contours for shear web and spar cap.
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From Figure (a)-(c), the stress contours in bottom
spar cap for S—Glass 913/Epoxy material are shown from
top (v direction). It can be seen that the maximum stress
in inner ply (Figure (a)) is located at the area where spar
cap supports the left part of the shear web (Nodel37),
specifically in the area where stress transfer between shear
web and spar cap occurs. Meanwhile, in the outer ply of
S—Glass 913/Epoxy (Figure (c)) maximum stress is lo-
cated at the surface free from supporting any left part of
the shear web. It can also be seen that in node 137 (area
that supports left part of the shear webs) the stress values
are declining through the thickness as the contour turned
from red (Figure a)) to green (Figure (c)). The same
trend also occurs for other materials, where the stress in
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(Avg: 75%)
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+4.372e+06
+3.886e+06
+3.401e+06

+2.915e+06
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. {b)‘Middle Ply Spar Caps TC35/Epoxy

the supporting area declines across the thickness, while
the stresses in the non-supporting part are rising through-
out the thickness. It can be seen from can be seen from
Figure (d)-(f) that the right shear web is viewed from
x-axis and has its maximum stresses located at the top-
most and bottommost part where it is connected with the
bottom and top spar caps.

The same thing can be seen for all three materials as
shown in Figure |§|(a)-(f) and Figure a)-(f). Contrary to
spar caps, the trend in shear web as shown in is that the
maximum stresses at the interconnected part between the
spar caps and shear webs increases from the inner part to
the outer part.

- {a)I[nner Ply Spar Caps TC35/Epoxy
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MISESMAX
TC_R_OUTER (middle)
(Avg: 75%)

Node 252

(d) Inner Ply Shear Web TC35/Epoxy

+3.169e+05
+3.882e+02

(e)Middle Ply Shear Web TC35/Epoxy
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Figure 9. TC35/Epoxy material stress contours for shear web and spar cap.
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Figure 10. M55 material stress contours for shear web and spar cap.

Overall result shows that stresses in spar caps are
higher than shear web, this is due to the difference in
dimension, the number of plies, and spar location where
spar caps received the load directly. Stresses in different
materials also differ due to different value of elastic prop-
erty, where in this case stiffness in longitudinal direction
(E11) plays an important role. A similar result was also
found in the study by Nazha where unidirectional
carbon fiber resulted in higher stresses compared to glass
fiber. However, with the results from the present study, it
is not enough to determine whether current materials can
be applied directly into wind turbine blade as the safety
factors has yet to be determined. More experimental stud-
ies such as bending, tensile, and compression tests are
needed to ensure these new composite materials could be
useful for wind turbine blade design.

4. Conclusion

Numerical study to examine the deflection perfor-
mance and stress distribution of wind turbine box spar
has been performed. The effect of three different com-

posite material’s properties was examined. The deflec-
tion curve of the three composite materials showing non-
linear behaviour with a maximum deflection of 2.618 m,
2.429 m, 4.175 m at the blade tip for S—Glass 913/Epoxy,
T35/Epoxy, M55/Epoxy respectively. The maximum deflec-
tion of those three composite materials is less compared
to the maximum deflection of 4.450 m for the existing
AVATAR beam showing the potential of the three compos-
ite materials.

The critical stresses are located at the top outer sur-
face of the spar cap which received the load directly and
at the intersection between the spar caps and shear webs
where stress transfer occurs. The deflection performance
for this study is dictated by the transverse Young’s Modulus
(E22) of each material. The longitudinal Young’s Modulus
(E11) plays an important role in determining the stress
distributions. Materials with maximum equivalent von
mises stress ranked from highest to lowest are: M55 Car-
bon/Epoxy, TC35 Carbon/Epoxy, and S—Glass 913/Epoxy.
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