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This research work is carried out to confirm the safe fatigue life of 20 years (10° cycles) for a newly
developed 1.5 m long small wind turbine blades without failure using both, static and fatigue tests. The
results of extended static test experiments on glass fiber reinforced plastic blades are obtained using six
strain gauges mounted at distances of 0.375, 0.750 and 1.125 m from the blade root on upper and lower
surfaces at four different loads 0.5 (equivalent to 60 m/s wind speed), 1, 1.5 and 2 kN. This blade was
also tested for the completely reversed amplitude of 100 mm at the 8 Hz frequency to study the fatigue
behavior using computational software FEMFAT (Finite Element Method Fatigue) and a dedicated
experimental setup developed in the laboratory. The static stresses induced in the blade are found at
considerably lower than the permissible limit. The fatigue damage and life results obtained through
FEMFAT also indicate the expected reliability and safe design life of developed new blade. This is also
confirmed through the experimental test carried out for 1.6 x 107 cycles.

Keywords: Fatigue, small wind turbine, static strength, wind turbine, wind turbine blade

1. Introduction

Small wind turbines have a huge energy
potential and capability to fulfill the energy
requirement of many rural and isolated homes and
systems [1, 2]. The research on small wind turbines

(SWT) is still limited to blade airfoils,
aerodynamics, generators and power control [3].
Cost, performance, storage, reliability,

maintenance and spare parts availability are the
major barriers in the acceptability of the small wind
turbines by the individuals and community [4]. The
fatigue failure of a small wind turbine blade is the
most probable incident among all parts [5, 6]. Small
wind turbine blades are rotating at higher speed
compared to large wind turbine blades and facing
continuously changing, unpredictable wind speeds
and subjected to more fatigue [7-9]. Author! also
experienced the fatigue failure of a small wind
turbine blade subjected to fatigue, mounted at his
research centre. Additionally, he observed the blade
fatigue failure of small wind turbine blades at many
sites after a few years of working. Figure 1. shows
an illustrative example of two broken blades of a
small wind turbine. The expected small wind
turbine life is about 20 years [10]. Both, full scale
static and fatigue tests are recommended for wind
turbine blades [11]. To serve this long period
without breaking, the fatigue life of a small wind
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turbine blade is very important in addition to static
tests [12-15].

Broken

blades

Fig. 1: SWT with two broken blades [Photo by
Author!]

Following paragraphs discuss the different
types of research works carried out by various
researchers on small wind turbine blade strengths
including static tests, fatigue tests and proposed
materials tests.
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Muyan and Coker carried out the
computational analysis for a 5 m long blade to study
the static strength using ANSYS [16]. Rady et al.
presented a computational research on effect of
blade root dimensions on static stresses and
deflection of small wind turbine blades of 2.5 m
length using ANSYS [17]. The scope of these two
research works was constrained to computational
analysis using ANSYS. Zawadzki et al. studied the
static strength of 3D printed blade prototype of 0.16
m length and the main focus was to study the
integrity of 3D printed material for blade [18].
Dong-Kuk Choi et al. performed a computational
and experimental static test of a real fabric covered,
3.55 m long carbon composite blade consisting of
multiple spars to measure the strength of covered
fiber [19]. Kale and Hugar have conducted a static
test on a real 1.5 m long blade and measured local
stresses near the blade root at 0.35, 0.45 and 0.55 m
from the rotor axis. In this research the stresses
were measured near to the root portion only which
covers around 1/3"length of the blade [20]. A
research on static strength evaluation of specific
full scale small wind turbine blades made from
Glass Fiber Reinforced Plastic (GFRP) can be a
significant study.

In addition to the static test, Muyan and
Coker carried out a fatigue loading test using
ANSYS [16]. Choi H et al. compared the fatigue
life using the results obtained from the open source
software QBlade [21]. Castro and Branner have
carried out a preliminary fatigue evaluation under
various uniaxial and multi-axial loading conditions
for 14.3 m long blade and study focused the strain-
time series without declaring the fatigue life of the
blade [22]. Karol Zawadzki et al. presented the
research on a 3D printed blade prototype of 0.195
m length and fractured after 525900 cycles with the
main objective to identify the fatigue properties of
3D printed materials [23]. Peterson and Clausen
completed the fatigue test on a 1.0 m long wooden
blade to study the fatigue properties of natural
material for small wind turbine blades [24]. Joshua
et al. tested a 9 m long Carbon Fiber blade with Spar
Caps and predicted CX-100 blade life
as x 10°cycles [25]. Su et al. have conducted a
research to identify the fatigue failure regions of a
Carbon Fiber blade of rotor radius of 0.7 m at
various rpm conditions and identified more
possibility failure in the 0.70-0.75 R [26]. A
research to predict the expected fatigue life of full
scale GFRP small wind turbine blades (without
spar) using computational and experimental
techniques can be an important contribution.

Astle et al. discussed the fatigue testing
results of wood as a material for SWT blade [27].
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Sai and Chai studied the fatigue of fiber-metal
composites for small wind turbine blades [28].
These two studies mainly presented the fatigue
properties and possibilities of natural material and
metal laminated blades. Knowing the well-
known acceptability for various applications of
cost-effective, durable, high strength to weight ratio
GFRP materials blade can be a good option for
further static and fatigue study.

From the attainable works in literature, it is
perceived that very limited research is carried out
on static and fatigue strength evaluation of small
wind turbine blades. The detailed static strength
study of full scale glass fiber reinforced plastic
blades (without spar) and the further determination
of blade life can be important research. From the
studied research articles by the authors it is also
seen that the static tests are carried out on the basis
of cut-out speed ranging from 10 m/s to 17 m/s.
When the blade is put in actual application, it
should be capable of withstanding any
unpredictable situations like random variation in
directions, high wind speeds, cyclones, etc. Hence,
similar to large wind turbines these results should
be based on survival wind speed may be around 60
m/s. Also, the research on use of dedicated fatigue
test software FEMFAT (Finite Element Method
Fatigue) for fatigue testing of small wind turbine
blade can be the attainable significant research. In
addition to this, it is also learnt from the research
that the combined computational and experimental
research predicting the fatigue life of real small
wind turbine blades can be added to scientific
records.

Hence, this research paper is prepared on the
basis of an extended experimental static test to
sustain survival wind speed of 60 m/s. For this
study a real full scale blade of 1.5 m length capable
of producing 1 kW rated power at 8.4 m/s rated
wind speed is considered. This paper also added the
results including the damage and life prediction
through computational fatigue test conducted using
FEMFAT software. The computational fatigue test
results are also verified using explicitly developed
physical experimental set-up for this blade testing.
The experimental fatigue test was carried out for
1.6 x 107cycles at 8 Hz frequency. This is
considerably higher than expected life 10 cycles.

2. Methodology

This section provides the methodology used
for this research paper and describes experimental
static test procedure, computational test procedure
fatigue using FEMFAT and experimental fatigue
test procedure respectively.
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A small wind turbine blade of 1.5 m length
[20] taken for study comprises two newly designed
airfoils. First thick airfoil (15 % thick) is used for
30 % length near the root and thin airfoil (9 % thick)
is used for remaining length. The 3 mm thick blades
are manufactured through hand lay-up process
using epoxy based GFRP of 250 MPa tensile
strength. Wooden piece is inserted in the blade root
to reduce the weight. The static test is carried using
physical experimentation. During the static test, the
extended physical experimentation is carried out on
the wind turbine blade. In the previous research
[20], stresses are measured in a narrow range near
the root, as mentioned in the introduction. In the
current research total six strain gauges are mounted
as shown in Fig. 2 at distances of/;=1=
0.375, ,b=15=0.75 and I3=1Is= 1.125 m from the
blade root on upper and lower surfaces respectively
to measures strains in a wider range. Loads of 0.5,
1, 1.5 and 2 kN are applied at 1.45 m distance and
strains are recorded at said three distances from the
blade root on upper and lower surfaces.

The fatigue tests are conducted using both,
computational and physical experimental methods.

The computational analysis is carried out
using FEMFAT (Finite Element Method Fatigue).
Use of appropriate size of meshing is highly
important to get better results through any finite
element method. For deciding the acceptable
meshing size authors referred some previous
research articles and accordingly found that the
mesh size used for this present research is
significantly better. Muyan et al. [13] used
approximately 35,000 nodes for the 5 m long blade
which is more than 3 times long compared to the
present 1.5 m long blade. Choi et al. used 33,345

- 1.125m

-

—— - ——— .

elements for the 3.55 m long blade [16]. Kale and
Hugar used around 45,800 nodes and 26,000
elements for the 1.5 m long blade and results were
in good agreement with experimental [20]. In the
present research for 1.5 m long blade total number
of tetrahedral elements are more than 48,000 and
which shows considerable fine mesh size and
ability to deliver acceptable results. During
computational fatigue analysis the blade is fixed at
root and load is applied at 1.45 m distance from
root. Figure 3 presents FEMFAT images, in which
(a) shows the fine meshing used and (b) shows the
boundary conditions and loading point at the upper
surface of the blade. The completely reversible
amplitude of 100 mm is applied to the blade during
the computational test carried out on FEMFAT as
shown in Fig. 3 (b).

A special test setup is developed to conduct
static as well as fatigue tests on the blade and its
schematic is shown in Fig. 4. The test setup
includes the blade mounting arrangement, a
variable speed electric motor with variable
frequency drive, a crank which is connected in
between eccentric plate and blade. The physical test
set-up under working conditions is shown in Fig. 5.
An eight channel data logger is used to record the
strain values obtained from the strain gauges. The
natural frequency of the blade is obtained as 10 Hz
using a Fast Fourier Transform (FFT) analyzer. For
the fatigue strength, the blade is tested at 8 Hz
frequency and completely reversible amplitude of
100 mm. During the fatigue test the blade is held in
the clamp at 1.45 m distance and strains are
continuously recorded at same distances /; to /s as
used in case of static test from the blade root on
upper and lower surfaces.

LoweT Surface L ;=

Fig. 2: Strain gauge locations on the blade from blade root
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Fig. 3: FEMFAT images (a) Blade meshing, (b) Boundary conditions - fixed root and load point
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Fig. 4: Schematic of experimental set-up for fatigue testing
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Fig. 5: The working experimental set-up for fatigue testing (a) Exploring blade motion and overall
arrangement, (b) Exploring mechanism, (¢) Dynamic data logger displays
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3. Results and Discussion

This section presents the results obtained
from experimental static tests and also presents the
fatigue test results of computational and physical
experimentation.

3.1 Experimental Static Test

The strain values from the static test
experimentation are measured for the forces of
magnitudes 0.5, 1, 1.5 and 2 kN. These forces are
equivalent to 60, 85, 105 and 120 m/s respectively,
based on the calculated projected blade area. For
the large wind turbines, survival wind speed is
about 55 - 60 m/s taken. Hence, 60 m/s equivalent
is also quite a higher load for static strength. Still,
to study the stresses induced at such high loads are
applied. The strain values are recorded at /; to /s
from the blade root on upper and lower surfaces of
the blade. Further the stress values are calculated
using the simple relation between stress-strain and
presented in Table 1.

Table 1: Static stresses (MPa) induced in the
blade at different locations at various

loads
Strain gauge distances from root (m)
Load (Surface| 0.375 0.75 1.125
(kN)
2 U 138.85 | 178.50 | 210.10
1.5 U 109.18 | 137.63 | 156.13
1 U 74.88 | 102.50 | 103.85
0.5 U 40.15 53.63 51.53
0.5 L -46.18 | -43.95 | -50.70
1 L -93.13 | -87.80 | -103.13
1.5 L -140.25 | -132.78 | -153.03
2 L -183.68 | -173.70 | -175.38

These results are also plotted in the graph as
shown in Fig. 6. From the graph it is observed that
the stress values at the upper surface are slightly
higher than that of the lower surface for considering
the load. The stresses induced at 0.5 kN (equivalent
to 60 m/s) are ranging from 40.15 to 53.63 MPa and
significantly less than the 250 MPa. The stresses
induced at 2 kN (equivalent to 120 m/s) are ranging
from 138.85 t0 210.10 MPa and less than 250 MPa.
Hence, the blade has very good ability to sustain the
heavy loads significantly higher than the operating
range of around 10 m/s at moderate windy sites.
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Fig. 6: Static stresses induced in the blade at
different locations at various loads

3.2 Computational Fatigue Test

Figure 7 1is a representative snapshot
obtained during cyclic loading using FEMFAT. It
shows maximum and minimum stress values at
particular instant and the element number. Figure 8
shows the fatigue damage contours on the (a) upper
surface and (b) lower surface of the blade
respectively. From the results it is observed that no
cracks are observed in the blade till 1.11 x 10°
cycles. The cracks at blade edges are appearing
from 1.11 x 10° to 10'° cycles as shown in Fig. 9.
These cycle numbers are well accepted when
compared with the results presented by Mayan and
Coker [16]. A few damage points on the outer
surfaces are appearing after such a high number of
cycles. Hence, it is very much clear that the blade is
safe and able to carry more than 10° cycles at which
most of the components or materials are tested
during fatigue [26]. Figure 9 shows the fatigue life
contours on the (a) upper surface and (b) lower
surface of the blade respectively. The results
obtained using FEMFAT also predicted the blade
life more than 20 years.

3.2 Experimental Fatigue Test

Similar to  computational  analysis,
completely reversible amplitude of 100 mm is
applied during the experimentation. The blade is
tested for 1.6 x 107 cycles (test stopped after this)
and no cracks are observed by the naked eye on the
blade surfaces during testing. Hence, it is
recognized that the blade has such considerable safe
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Time = 0.012 Fringe Levels
Contours of Effective Stress (v-m) 5.33%e+01

max IP. value
min=0, at elem# 195 4.805e+01
max=53.3904, at elem# 40700 4.271e+01

3.737e+01 _
3.203e+01
2.670e+01
2.136e+01
1.602e+01

A,

Fig. 7: A snapshot of FEMFAT showing the stresses during the cyclic loading

(a) upper surface

(b) lower surface

Fig. 8: Fatigue damage contours on blade surfaces
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(a) upper surface

(b) lower surface
Fig. 9: Fatigue life contours on blade surfaces

life at accelerated test. The stresses obtained
through the strain recordings of six strain gauges
are plotted individually as shown in Fig. 10 (a) to
(f). From these plots it is clearly observed that the
magnitudes of stresses are decreasing with an
increase in number of cycles. The same trends are
also observed in the research work conducted to test
materials for wind turbine blades [7, 29, 30].

The objective of the static test was to check
the results in an extensive length range. Su [30]
identified more possibility failure in the 0.70 — 0.75
R. In the present study also it is clearly seen that at
distance 1.125 m (around 0.75 R) the static stresses
values are maximum and indicated good agreement
with the previous results. In addition to ANSYS
results [20], the stress values are well matching
with current stress values using FEAMAT at 0.375
m distance. The stresses induced in the blade are
considerably less at the extreme survival speed also
hence it can be well predicted to lower stress in
operating wind speed ranges even up to 17 m/s in
good windy sites.

The FEMFAT predicts the blade life more
than 20 years and no cracks observed till 1.11 x 10°
cycles. Also, no cracks observed during the
experimental fatigue test conducted for 1.6 x 107
cycles which is quietly exceeding the expected
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fatigue life of 20 years. From these results it is seen
that the blade is safe in fatigue conditions and
having good reliability in order to serve a desired
life without failure [29, 30]. The frequency
conditions and amplitude used during the tests are
considerably higher than that of the possible in
actual working conditions. In spite of these
overload conditions good fatigue damage and life
are observed during the tests. This also indicates
that there is further scope to optimize the blade
thicknesses at various regions in order to reduce the
blade weight.

This study is mainly focused on fatigue
analysis of the blade on the basis macroscopic study
and checks the appearance of cracks on the outer
surfaces. The further study may be conducted to
study the internal damage, delamination and
microscopic changes during such tests.

4,

The experimental static test, computational and
experimental fatigue test on a small wind turbine
blade of 1.5 m length are conducted to evaluate the
stresses and predict fatigue life of the blade.

Conclusion

e From the static test it is concluded that the
maximum stress (53.63 MPa) induced at
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survival wind speed of 60 m/s is considerably
lower than the limiting strength of blade

material 250 MPa and confirming the factor of

safety more than 4.6. The stress values are
considerably increasing at 1.125 m with
applied load. Even at four fold applied load
the maximum induced stress (210.10 MPa) is
not crossing the limiting strength of blade
material gives indication of possible material
and weight reduction.3

e The computational FEMFAT test results
direct the safe blade life till 1.11 x 10? cycles
which is considerably higher than expected
service life of 20 years (10° cycles). This
indicates that the blades have the ability to
sustain the 100 mm reversible amplitude for
such accelerated testing frequency of 8 Hz.

e The results of the experimental fatigue test
with similar conditions to that of the
computational test also clearly predict life
without failure even after completion of 1.6 x
107 cycles (test stopped after this) and confirm
well acceptable service life for more than 20
years. Hence, it also validates the failure free
predicted service cycles observed in
computational tests.

e From these results, it is confirmed that the
blade is capable of providing its expected
service for designed long life without failure
even in extreme static and fatigue wind load
conditions without failure.
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Fig. 10: Stresses induced during fatigue testing at

different locations

Nomenclature

FEMFAT
FFT
GFRP

Finite Element Method Fatigue
Fast Fourier Transform
Glass Fiber Reinforced Plastic
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