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Abstract

In this paper, the structural design and validation of
blades for a variable pitch and speed 10 kW wind tur-
bine is presented. Blades are 3.76 m long and built
using glass/epoxy composite materials. The design
of this wind turbine was made according to the IEC
61400-2 standard on small wind turbines. Blade loads
were computed using the FAST aeroelasticity software.
The blade structural design was made with the Op-
tiStruct finite element solver using the strutural opti-
misation capabilities of this software in the early stages
of the preliminary design. The blade was vacuum in-
fused in three parts (upper skin, lower skin and shear
web) and bonded togheter in a subsequent step. Static
and modal structural test showed that the blade is able
to resist to the design loads and that experimental re-
sults are similar to numerical results.

1 Introduction

This paper presents the structural design and val-
idation of a composite blade for a 10 kW wind tur-
bine designed at Ecole de technologie supérieure in
Montréal (Québec, Canada). The project was funded
by the Natural Sciences and Engineering Research
Council of Canada’s Wind Energy Strategic Network
(NSERC/WESNet). This network was formed to pro-
mote wind energy, to find new technical solutions, to
help canadian manufacturers to invest the wind tur-
bine industry and to form highly qualified personnel.
About 150 students were funded by WESNet during
the five year duration of the network. The 10 kW wind
turbine project was launched to test new technolo-
gies developped by WESNet researchers, demonstrate
and evaluate these technologies on a wind turbine and
transfert the technology to the canadian industry. The
wind turbine was designed and manufactured over a 15
month period, between January 2011 and March 2012.
It was commissioned in June 2012 and is now being
monitored at the Wind Energy Institute of Canada
(WEICan) on Prince Edward Island.

After a short presentation of the 10 kW wind tur-
bine characteristics, the blade aerodynamic design will
be outlined. A section will then be dedicated to the
blade loads computation. The blade structural design
methodology and final design will be presented next.
Finally, the blade validations tests will be described
and compared to the numerical results.

2 Wind turbine characteristics

This turbine is a pitch regulated variable speed
wind turbine equiped with a direct drive synchronous
generator designed at University of New Brunswick
(Canada). The rotor diameter is 8.08 m and the tur-
bine reaches its nominal electric power of 10 kW at a
wind speed of approximately 9 m/s and a rotor speed
of 185 rpm. For wind speeds below this value, the
blade pitch angle is fixed and the rotor speed is ad-
justed to get the maximum power output. For winds
above the nominal speed, the pitch control system is
activated to maintain the rotor speed as close as possi-
ble to 185 rpm and consequently limit the power out-
put to 10 kW. No yaw control system is needed as the
rotor use a downwind configuration and the nacelle
yaw motion is unconstrained. The rotor therefore auto
aligns itself when the wind direction changes. Table 1
summarize the wind turbine characteristics and Fig-
ures 1 and 2 show respectively the nacelle without its
covers and the assembled wind turbine.

3 Blade aerodynamic design

The blade uses airfoils of the Delft University of
Technology family [1] and was designed using blade
element momentum (BEM) theory. As the aerody-
namic design has to consider both aerodynamic and
structural considerations, in the early stages of the
aerodynamic design, conservative characteristic loads
were used to verify that the current design met the
structural requirements.

Table 2 shows the final aerodynamic design of the
blade. Thicker airfoils are used near the blade root
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Table 1: WESNet 10 kW wind turbine characteristics

Nominal power
Cut-in wind speed
Nominal wind speed
Number of blades
Rotor speed range
Nominal rotor speed
Rotor orientation
Rotor diameter
Nominal tip speed ratio
Hub height

Control system

Hub radius

Rotor coning
Generator

10 kW

3m/s

9.5 m/s

3

0-250 rpm

185 rpm

downwind, free yaw
8.08 m

8.5

24 m

active pitch

0.28 m

30

variable speed, direct drive

Figure 1: WESNet 10 kW wind turbine nacelle without
covers.

Figure 2: WESNet 10 kW wind turbine.
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Table 2: Blade aerodynamic shape. r is the distance
from blade root, ¢ is the airfoil chord length and 07 is
the airfoil twist angle.

r Or c Airfoil
jm] [deg jm]

0.000 15.3 0.200 Circle
0.160 15.3 0.200 Circle
0.560 15.3 0.334 DU-97-W-300
0.760 14.5 0.318 DU-97-W-300
0.960 13.7 0.303 DU-91-W2-250
1.160 12.9 0.287 DU-91-W2-250
1.360 12.1 0.271 DU-91-W2-250
1.560 11.2 0.256 DU-91-W2-250
1.760 10.4 0.240 trans. 212-250
1.960 9.6 0.224 DU-00-W-212
2.160 8.8 0.208 DU-00-W-212
2.360 8.0 0.193 trans. 180-212
2.560 7.2 0.177 DU-96-W-180
2.810 6.2 0.157 DU-96-W-180
3.060 5.2 0.138 DU-96-W-180
3.260 4.3 0.122 DU-96-W-180
3.460 3.2 0.106 DU-96-W-180
3.660 1.3 0.090 DU-96-W-180
3.760 0.0 0.083 DU-96-W-180

for structural reasons. Sectional loads are higher at
this location and thicker airfoils allow a higher section
modulus. Near the blade tip, where the sectional loads
are lower, it is possible to use thinner airfoils to get
maximum aerodynamic efficiency.

4 Blade loads computation

Once the aerodynamic design was fixed, to deter-
mine the blade design loads, the turbine was analysed
using the aeroelasticity code FAST [2]. This software
models the entire wind turbine as an assembly of rigid
and flexible bodies. In our analysis, all parts were
considered rigid and the only degrees of freedom that
were taken into account were the nacelle yaw motion
and the variable rotor speed.

As the wind turbine is a free yaw downwind ma-
chine, the only control strategies to model were the
variable rotor speed and the blade pitch control mech-
anism. The variable rotor speed control was modeled
by specifying the torque / rotational speed curve of
the generator as supplied by the designer. The pitch
control system use a proportional-integral controler.
The control systems was modeled with Simulink using
the FAST’s Simulink interface.

All the relevant ultimate load cases of the aeroelastic
method defined in the International Electrotechnical

Commission (IEC) standard on design of small wind
turbines [3] were evaluated using FAST. These load
cases include normal power production, power produc-
tion with control system fault, shut down, idling and
parked wind turbine for different wind conditions.

The fatigue load cases were treated differently. In
addition to the aeroelastic method, the IEC standard
presents a simplified method to evaluate conservative
load cases. The simplified fatigue load case is based on
the load range of a wind turbine that operates between
0.5 and 1.5 times the design rotor speed and 0.5 and
1.5 times the rotor aerodynamic torque. The simpli-
fied method also includes the possibility to analyse the
fatigue load case as a static load case using a safety
factor of 10 on static material strengths. The fatigue
load case used is based on this procedure. The nomi-
nal operation condition was modeled with FAST to get
the aerodynamic loads and the gravitational and iner-
tial loads were applied directly in the finite element
model.

This analysis of all load cases with FAST allowed to
identify, in addition to the fatigue load case, 3 criti-
cal load cases to use for the blade structural design:
maximum root axial force, maximum root edgewise
bending moment and maximum root flapwise bending
moment. The maximum root axial force and edgewise
bending moment occur when the wind turbine in nor-
mal operation is submitted the the normal turbulence
model with a wind speed of 25 m/s. The maximum
root bending moment happens when the wind turbine
in normal operation faces the extreme operating gust
at nominal wind speed. During this situation, wind
speed increases suddenly from 9.5 m/s to 14 m/s and
then reduce to 9.5 m/s. This causes an acceleration of
the rotor speed that causes a rapid nacelle yaw move-
ment generating high out-of-plane gyroscopic forces.
These forces are in the opposite direction of the aero-
dynamics forces so that the blade’s upper surface is in
tension and the lower surface is in compression.

According to the IEC61400-2 standard, a safety fac-
tor of 1.35 was applied to the ultimate loads and no
safety factor was applied on fatigue load.

5 Blade structural design methodology

Figure 3 shows a schematic representation of the
topology of the blade cross section. The blade is made
of three parts (upper and lower surfaces of the airfoil
and shear web) bonded together. Both aerodynamic
shells are thicker in the maximum thickness region of
the airfoil (between 15 % and 45 % of chord length)
to form the spar caps that support most of the blade
loads.

The materials used in this blade are similar to those
of large wind turbines. The main structural material is



STRUCTURAL DESIGN AND VALIDATION OF A 10 KW WIND TURBINE BLADE

spar caps

O bonded joints

Figure 3: Blade internal structure.

Saertex glass fiber with Gurit’s Prime 20 epoxy resin.
Two different non crimp fabrics (NCF) are used : a
655 g/m? unidirectional fabric for plies at 0° (fiber
in the blade longitudinal direction) and a 609 g/m?
bidiagonal fabric containing plies at +45° and —45°.
0° plies are 0.50 mm thick and plies at +45° and —45°
are 0.23 mm thick each.

The shear web is a sandwich panel made of Gu-
rit Corecell A500 between glass/epoxy skins. On
the blade surface, there is also a layer of gelcoat
(0.51 mm thick) and a ply of chopped strand mat
(CSM, glass fiber with epoxy vinylester, 0.65 mm
thick). A methacrylate adhesive is used to bond the
aerodynamic skins and shear web together. Table 3
shows material properties used for blade design. Note
that all material strengths of Table 3 have been di-
vided by a safety factor of 3.0 (according to the IEC
61400-2 standard) when entered in the finite element
model exept for the fatigue load case where the safety
factor was 10.

Figure 4 shows the geometric model and the mesh
of the inner part of the blade. The mesh is mostly
made of four node shell elements. The chord length
is discretized with about 25 elements and the size of
elements is reduced towards the blade tip to get ele-
ment aspect ratios as close as possible to 1. The finite
element model has a total of 21 553 nodes and 21 536
elements.

The aerodynamic loads were applied in the model
as pressure on the blade’s surface elements. These
pressures were computed using Matlab routines to re-
produce the aerodynamic load distribution computed
by FAST. The gravitational and inertial loads were ap-
plied as volume loads in the finite element model us-
ing the wind turbine operating conditions (rotor and
nacelle rotational speed and acceleration, blade az-
imuthal position and blade pitch) computed by FAST.

The finite element analysis software OptiStruct [6]
was used for the structural design of the blade. In
the early stages of the design process, optimization
capabilities of OptiStruct were used. When defining
the layup for each blade regions (different colors in

Figure 4a, the SMEAR option was enabled, allowing
to define only one ply of each orientations (0° and
+45°). The SMEAR option homogeneizes the materi-
als in-plane properties through the thickness so that
the stacking sequence is ignored. The thickness of
theses superplies for each blade regions was used as
design variables. The objective of the optimization
problem was to minimize the blade mass while ensur-
ing composite strength, avoiding buckling and limiting
the blade tip deflection to 12 % of the rotor radius for
each of the design load cases. For more details about
this methodology, see section 8 of a previous paper by
Forcier and Joncas [7].

Once this optimization process was completed, the
design was adjusted manually to take into account
manufacturing constraints that were not included in
the optimization run (e.g., discrete ply thickness, in-
creasing layup thicknesses towards blade root, ply se-
quence). The final blade composite layup is presented
in Table 4.

The blade root to hub attachment system is based
on a concept used for the Sandia National Labora-
tories’ Blade System Design Studies [8]. M16x2 steel
threaded studs are inserted into 15 mm thick steel half-
rings at the blade root and incorporated in the blade
composite laminates prior to infusion. The length of
the studs inside the blade is 155 mm and the studs are
tapered for the last 115 mm (see Figure 5). An exper-
imental validation of this concept has been done by
a tension test on a steel stud embedded in a compos-
ite laminate similar to the blade root laminate. This
assembly succesfully resisted to the design load.

6 Blade manufacturing

The blades have been manufactured at Composites
VCI (Saint-Lin, Québec, Canada). Both aerodynamic
skins were manufactured separately in renshape molds
using vacuum resin infusion. A layer of gelcoat was
first applied on the mold and a ply of chopped strand
mat (CSM) was laminated by hand layup. Glass fibre
plies were then placed incorporating the steel parts
at root as shown in Figure 5a—c. Near the blade root,
where the composite laminate is thick, both skins were
bonded together using a but joint. Counter molds were
used to get a good flat surface for bonding (one counter
mold shown on Figure 5a—c). In addition to these
counter molds (two for the upper surface skin and two
other for the lower surface skin) an other counter mold
was installed on the lower surface mold along the blade
leading edge to create a lap joint as shown in Figures 3
and 5e. At the trailing edge, no counter mold was
necessary as both skins were bonded on the internal
surface of each other.

Once both aerodynamic skin were infused, they were
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Table 3: Material properties used in the finite element models.

UD! CSM? Core? Gelcoat?
Longitudinal elastic modulus E, [MPa] 38954 9650 72.5 3440
Tranverse elastic modulus E, [MPa] 14538 9650 72.5 3440
Major Poisson ratio 12D 0.29 0.30 0.39 0.30
Shear modulus Gi2 [MPa] 4239 3860 26 1380
Longitudinal tension strength ST [MPa] 776 124 1.3 -
Longitudinal compression strength S¢ [MPa] 522 - 0.9 -
Transverse tension strength ST [MPa] 54 124 1.3 -
Transverse compression strength S§¢ [MPa] 165 - 0.9 -
Shear strength S12 [MPa] 56 - 1 -
Density p [kg/m?] 1884 1670 92 1230
Ply thickness t [mm)] * 0.65 19.05 0.51

*0.50 mm for 0° plies and 0.23 mm for +45° and -45° plies.
! From the Optimat Blades project [4].

2 From the WindPACT turbine design studies [5].

3 From material technical data sheet.

(a) (b)

Figure 4: Blade model. Regions with different colors have different composite laminates. (a) Surfaces. (b) Mesh
of the inner part.
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Table 4: Blade layup.

Blade region, distance from blade root Laminate
Blade root circular region
0 mm-210 mm [GC/CSM/(+45/-45)3/06/(+45/-45)3/*/

(+45/-45)3/08/(+45/-45)3]
Spar cap, from 15 % to 45 % of chord length

210 mm-960 mm [GC/CSM/(+45/—45)2/011/(+45/—45)2]

960 mm-2560 mm [GC/CSM/(+45/—4:5)2/010/(+45/—45)2]

2560 mm-3160 mm [GC/CSM/(+45/-45)2 /06 /(+45/-45)2]

3160 mm-3776 mm [GC/CSM /(+45/-45)5 /02 / (+45/-45)2]
Aerodynamic shells, outside spar cap

210 mm—-960 mm [GC/CSM/(+45/—45)2/011/(+45/—45)2]

960 mm-3776 mm [GC/CSM/(+45/-45)2/01 /(+45/-45)2]
Shear web

210 mm-3776 mm [(+45/-45)3/Core/(+45/-45)s]

* Steel studs or 0° unidirectional glass-epoxy filler.

(f) (h)

Figure 5: Blade manufacturing: (a—c) blade root layup; (d) infused lower surface; (e) bonding lip on lower surface’s
leading edge; (f) bonding of shear web on lower surface, nine positioning jigs are used (only two shown); (g) bonding
of the upper surface on the lower surface and shear web assembly; (h) close view of the assembled blade root.
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trimmed and the shear web was bonded to the lower
surface as shown in Figure 5f. The shear web was cut
out from an infused flat sandwich panel. The upper
surface was then bonded to the assembly of lower sur-
face and shear web as shown in Figure 5g. Figure 5h
shows the bonded blade near the root region.

Once assembled, the blade was finished and post-
cured at 65°C for 7 hours.

The final blade mass is 28 kg.

7 Blade testing

To validate the structural design, a blade was tested
according to the IEC standard on structural testing for
wind turbine blades [9]. The blade was cantilevered at
root, and loaded with sand bags as shown on Figure 6.
The blade was instrumented with strain gauges and
deflection was measured during the test.

The test load was defined using the flapwise bending
moment distribution of the flapwise critical load case
simulated with FAST. This load distribution was then
multiplied by 1.35, the safety factor on loads for blade
design, and by 1.10, the safety factor for test accord-
ing to the TEC standard on blade testing [9]. The sand
bag distribution for the different load increments were
computed to reproduce this bending moment distribu-
tion taking into account the self weight of the blade.

As stated earlier, the critical flapwise load case is in
the opposite direction of the normal operating aero-
dynamic loads. The blade was therefore tested with
the upper surface upward and load applied downward.
The blade was first tested up to 100 % of the test load,
then, it was turned to applied the same load distribu-
tion but in the opposite direction (in the aerodynamic
loads direction for normal operation conditions). The
blade also successfully resists to this load case.

The blade was then repositioned in its first orienta-
tion and the load level was increased up to 150 % of
the test load without any noticeable damage.

When comparing the test results to the numerical
results, we can see first, as shown in Figure 7, that
the blade tip deflections measured during the test at
different load levels were in good aggreement with the
numerical results. All differences are below 4 %.

Figure 8 shows the longitudinal normal strain on
the blade surface at 100 % of test load. Extracting
the strain values along the spar caps center lines al-
lows to compare with strain gage measurements (Fig-
ure 9). Differences between experimental and numeri-
cal results are higher than those of the deflection mea-
surements but are still in relatively good agreement.
These differences can be explained by the fact that
deflections are global measures while strains are more
affected by local phenomena that could be missed by
the finite element model. Inaccuracy in the position
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Figure 7: Blade tip deflection at different fraction of
the test load.

Table 5: Blade modal analysis results.

Modes Frequency |Hz| Error (%)
Test FEA
1 6.39 6.43 0.63
2 16.1 16.2 0.62
3 201 19.5 -2.99

of the strain gages could also explain the differences
observed.

A modal analysis was made by deflecting and sud-
denly releasing the blade tip. An accelerometer on the
blade was used to measure the vibration induced. The
Fourier transform of the acceleration signal allows to
compute the natural frequencies of the structure. Ta-
ble 5 shows these results and the frequencies computed
with the finite element model. The differences between
numerical and experimental results are limited to 3 %
for the first three eigenmodes.

8 Conclusion

The objective of the small wind turbine project
funded by Wind Energy Strategic Network was to de-
sign and build a 10 kW wind turbine. The aerody-
namic design of the blade was made using blade ele-
ment momentum theory and structural loads were ob-
tained from aeroelastic simulations using the NREL’s
FAST code. The structural design of the glass/epoxy
composite blade was made according to the IEC 61400-
2 standard using the Optistruct finite element soft-
ware. During the early stages of the design process,
the optimization capabilities of this software was used.
The blades were manufactured by vacuum infusion
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Figure 6: Blade validation test.
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Figure 8: Contour plot of longitudinal normal strain on the blade surface at 100 % of test load. Upper image shows
the lower surface and lower image shows the upper surface.
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Figure 9: Variation of longitudinal strain along the
center of the spar caps at 100 % of the test load.

of shear web and both upper and lower aerodynamic
skins that were bonded together in a subsequent step.
A static test showed that the blade is able to resist
to the design load without any damage and deflection
and strain measurements aggree well with the numeri-
cal results. A modal analysis of the blade also showed
good agreement with the numerical analysis.

As part of a Ph.D. project, this blade design will
be tested soon at typical cold climate temperature to
study the blade structural behaviour under these con-
ditions.
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