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ABSTRACT

The research presented within this paper focuses on two 9-meter CX-100 wind
turbine blades, designed by Sandia National Laboratories (SNL) and manufactured
by TPI Composites Inc.. The key difference between the blades was that the one
blade contained no known defects, while the other blade had wave defects of
controlled geometry inserted at specified locations along the blade length. The
defect-free blade and defect blade were tested at the National Renewable Energy
Laboratory (NREL) National Wind Technology Center (NWTC) using a schedule
of cycles at increasing load level until failure was detected. Digital image
correlation (DIC) was used as a structural health monitoring (SHM) technique,
along with several other methods including: shearography, acoustic emission, fiber
optic strain sensors, foil strain gages, thermal imaging, and PZT sensors for
comparison. The paper compares the sensing results of the different SHM
approaches to detect the defects and subsequent damage from the initial fatigue
cycle to final failure.

INTRODUCTION

The increasing demand for wind power has led to a significant increase in the
number and size of wind-turbine blades manufactured globally. As the number and
physical size of turbines deployed grows, the probability of manufacturing defects
being present in composite turbine blades also increases. As capital blade costs and
operational and maintenance expenses increase in ever larger turbine systems, the
need for inspection of the structural health of large-scale turbine blades during
operation and testing increases. The focus of the research was a defect referred to
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as a “wave defect”, “wrinkle”, or “out-of-plane buckle”. The wave defect has been
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recognized by many in the wind industry as a defect that is difficult to prevent in
the manufacturing process, difficult to detect (versus a poor bond or dry section),
and highly likely to cause unexpected failure. As a result, design knockdowns are
overly conservative to account for such defects and even minor defects that are
discovered after manufacturing can result in a blade needing repair or being
discarded. Both approaches drive up the costs of blades and lead to a significant
decrease in the economic competitiveness of wind turbines. In support of the U.S.
Department of Energy’s effort to develop affordable, reliable domestic wind power,
this research investigated the interrogation of manufacturing-induced defects in
wind turbine blades by using a variety of sensing technologies.

DESCRIPTION OF THE EXPERIMENT

The research presented within this paper is focused on a fatigue test of a 9-
meter, CX-100 wind turbine blade fabricated at TPI Composites Inc.. What is
unique about this blade is that it possesses six known embedded defects in the spar
cap laminates having an amplitude of 3 mm located at 3.5m, S5m, and 6m from the
root of the blade and aspect ratios of 5, 10, and 15, respectively. Defects were
placed on both the high pressure (HP) and low pressure (LP) sides. More details
about the blade construction, the defect geometry, and the composition of the
defects can be found in [1, 2]. The blade was tested at NREL’s NWTC using a
schedule of cycles at increasing load level until failure was detected (see Figure 1a).
DIC was used as a SHM technique, along with several other methods, including
acoustic emission, fiber optic strain sensors, shearography, foil strain gages, and
PZT sensors for comparison.

Figure 1 (a) NREL-NWTC flapwise fatigue test setu for 9-meter CX-100 defect lade; (b)
structural failure near wave defect at Sm location, after approximately 1.9 million cycles at
increasing load levels (the surrounding pattern applied is used for DIC).

An accelerated 1-million cycle design life fatigue load was applied to the blade
before increasing loads in discrete steps up to 130% of the target fatigue loads, at
which point a 2.5-cm long crack was observed at the 5-m station on the HP surface
spar cap, biased towards the leading edge (LE) as shown in Figure 1b. The test ran
for approximately 1.9-million cycles before the failure. Full details of the loading
levels and duration applied can be found in [2]. A suite of sensor measurements
were either made continually or intermittently throughout the fatigue test until and
after failure. The different sensor results are now discussed.



BACKGROUND OF DIC AND SETUP

Three-dimensional Digital Image Correlation (3D DIC) is an evolving
measurement technique that has only very recently been proposed for wind turbine
blade inspection and structural health monitoring [3-9]. 3D DIC is a full field, non
contact optical, measuring technique that uses two digital cameras to measure
surface geometry, displacement, and strain. All the DIC analysis in this work was
performed using GOM’s software ARAMIS. To perform these measurements, a
stochastic pattern is applied to the surface of interest and a series of photographs
(stages) are taken by both cameras as the surface deforms. Strain is computed by
comparing the stochastic pattern of the deformed surface to the initial reference
measurement of the pattern. Three-dimensional information is extracted using the
principles of stereophotogrammetry. DIC can be used for structural health
monitoring by comparing current surface geometry, displacement, and strain
measurements to baseline measurements made days, months, or even years prior.
Monitoring these parameters over time allows for inspection and monitoring of
wind turbine structural members. To the authors’ knowledge this work represents
the first published work to comprehensively compare DIC to other traditional and
new sensor technologies on a full-scale wind turbine blade.

Prior to collecting data, the surface of the blade was sanded to remove the
glossy gel-coat and a random speckle pattern was applied using paint and markers.
For the high-pressure surface (HPS) test, the cameras were mounted to a gantry
straddling the blade to provide the required field of view. The test setup with blade,
saddle, and applied load (via suspended dead weights) is shown in Figure 2.

Figure 2 (a) Camera bar mounted to overhead gan; (b) CX-100 bl

RESULTS OF DIC TESTING

For each measurement location, the blade was loaded upwards with a force of
325 lbs. to offset the weight of the saddle (located at 6.75 m). Therefore the only
load that the blade experienced was due to its own weight. Five reference images
were taken and subsequently the blade was loaded downward by applying a 518 1b.
weight to the saddle. An additional five images were captured. Images were taken
at one of the six defect locations in the reference (upward loaded) and loaded
(downward) positions and then the cameras were repositioned. The test was
repeated for each of the six defect locations at a specific number of fatigue cycles.

ade under load.



Six sets of images were taken at a fatigue cycle count of a) 0 cycles; b) 25,603
cycles; c¢) 755,049 cycles; d) 1,803,350 cycles. The strain computation settings
used for Aramis can be found in [1].

Figure 3 shows an example of a representative DIC measurement at the 5.0-m
location along the low pressure (LP) side of the CX-100 (virgin blade). The strain
across the surface of the blade as indicated by the double-arrow line in Figure 3a is
plotted in Figure 3b where the nominal strain away from the defect is compared to
the magnitude of the amplified strain at the location of the defect. The results
reveal that the defect locations are readily discernible. Each of the locations near
the defect has larger than nominal strain.
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Figure 3 (a) DIC measurement of strain at the 5.0-m location along the LP side of the

blade; (b) corresponding strain in a section line passing through the defect location
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Figure 4 DIC strain contour plots for the 5.0-meter HP section at (a) O cycles; (b) 25,603
cycles; (c) 755,049 cycles; (d) 1,803,350 cycles

As the blade was cycled, the strain amplification in the vicinity of the defect
became more apparent as is shown in Figure 4 for the Sm HP side, defect location




(area where failure first occurred). The images for the other regions are similar and
have been omitted for brevity. The results of the work confirm DIC is an effective
method of measuring full-field displacement, strain, and locating cracks and wave
defects on wind turbine blades.

BACKGROUND OF SHEAROGRAPHY AND SETUP

Shearography non-destructive testing uses a common path imaging
interferometer show the first derivative of the out-of-plane deformations on a
structure with a resolution as small as 20 nm in response to an applied load or
thermal excitation. While the laser light does not penetrate below the surface of the
test part, the selected stressing method (such as heat) does penetrate and allows the
detection and measurement of deep as well as surface anomalies such as fiber
waves, impact damage, delaminations, cracks and breaking adhesive bonds.
Shearography cameras have a built-in laser light source to illuminate an area on the
test part. The field of view can range from several square inches to several square
meters, depending on the maximum allowable defect size. The laser light reflects
from the surface of the test part and enters the shearography camera aperture (see
Figure 5). A beam splitter and two mirrors are used to create two separate images of
the test area, which are combined on a CCD detector. The position of one image
with respect to the other image can be adjusted in any direction or amount. The
“sheared” laser illuminated image pairs interfere with each other and are referred to
as an interferogram. The amount and direction of the image shear offset is referred
to as the shear vector and determines the sensitivity of the shear camera to changes
in shape on the surface of the test part [10, 11].
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Figure 5 Schematic diagram of a digital shearography NDT system includes the laser and
optical elements for test part illumination, beams splitter with a 2 axis tilting mirror, a
second mirror with a PZT Phase stepper, CCD camera, and appropriate computer

RESULTS OF SHEAROGRAPHY TESTING

To conduct the shearography testing on the 9 m wind turbine blade, the
shearography camera and thermal lamps were attached to an overhead gantry crane



that allowed the team to scan the entire high pressure (HP) side of the blade from
the tip to the root. Sequential thermal shearography images were made at every
location. The thermal shearography consisted of blade heating for 3 to 14 seconds.
The longer heat cycle was used to compensate for the increased distance to target
near the blade root. The blade is fixtured pointing up at an angle while the
shearography camera scanned at a constant distance above the laboratory floor
causing a five foot variation in the distance to target. In addition, the blade shell
thickness increases closer to the root end. No problems were encountered
compensating for the changing distances and fields of view, using the remote
control zoom lens and laser diffuser.

Shearography testing was performed twice during the fatigue cycling at 120,000
cycles and 820,000 cycles. The thermal shearography testing was accomplished
using a shear vector of 0.5 inch (12.7mm) orthogonal to the trailing edge. The
thermal stress was applied after capturing the reference image. The final image was
taken when the real-time phase map fringe order reached zero. All embedded wave
defects were detected using shearography prior to the start of the fatigue tests.
Shearography tests of all the embedded wave defects taken at 120,000 cycles
revealed extensive crack formation on the HP side fiber waves, with no such crack
formation detected on the LP side. The crack at 5m on the HP side, as seen in
Figure 6, shows extensive crack formation considerably beyond the axial (chord-
wise) length of the defect. The blade ultimately failed at this 5 m location. The
results demonstrate that thermal shearography has excellent capability to detect out-
of plane fiber wave defects and the capability to detect low cycle fatigue damage.

Thermal Shearography - Carbon Fiber Waves in Spar Cap
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Figure 6 Thermal shearography inspection of all HP and LP fiber wave defects after
120,000 fatigue cycles. Cracks are seen at all three defects on the HP side.



BACKGROUND OF FIBER OPTIC STRAIN SENSORS AND SETUP

Over the past several decades, optical fiber sensing techniques have been
developed which make possible the measurement of strain profiles from sensors
embedded within a composite material. Optical fiber is ideal for this application —
it is lightweight, small in diameter, immune to EMI, and composed of fused silica,
which is materially compatible with most composites used in the industry. Froggatt
et. al. showed that the Rayleigh scatter signal reflected from the fiber can be used to
form a fully distributed fiber sensor using a technique known as Optical Frequency
Domain Reflectometry (OFDR) [12]. Recent work using OFDR has shown strain
measurements with spatial resolution as fine as a few millimeters [13, 14, 15]
enabling a detailed and sensitive measure of the strain profile within a composite
material.

In the work described here, based on Klute et. al. [16] and Pedrazanni et. al.
[17], off-the-shelf optical fiber was embedded into four of the composite layers
comprising the carbon fiber spar cap of the CX-100 blade. The first of four fibers
was integrated in the +/-45 layer directly under the defects, with the second, third,
and fourth fibers integrated into the triax layers immediately above the defects. An
additional fiber was also bonded to the surface of the completed blade. Strain
measurements were made with Luna’s commercially available OFDR instrument
every 2.5mm along the length of the blade (from 2m-7m and back) during the
manufacture and subsequent testing of the blade.

RESULTS OF FIBER OPTIC STRAIN SENSOR TESTING

The embedded optical fibers were monitored during the manufacturing process
of the blade. The defects were evidenced by regions of concentrated strain
immediately upon pulling vacuum during the Vacuum Assisted Resin Transfer and
Molding (VARTM) process. The completed blade was interrogated to determine
residual strain, shown in Figure 7. Localized regions of tension on the order of
1000pe are apparent at each of the defect locations in the blades as the fiber runs
out from 2.5m to 7m and back.
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Figure 7. Residual strain in fiber embedded under the defects in the HP side of the blade.

Prior to fatigue cycling, the blade was mounted in a test stand for static testing
under a ~500 1b load. Figure 8 shows corresponding distributed fiber optic strain
data compared with co-located electrical foil gages for the HP and LP spar cap from
0.5m to 7m locations. Readily apparent in the fiber optic strain data are regions of



high localized strain at blade locations that correspond to the known internal defects
introduced in the blade during manufacture. Local strain in these regions is
approximately three times in amplitude that of the surrounding strain field. The
widths of the peaks correlate well with the widths of the defects. Regions of large
strain gradients on either side of the defect indicate the extreme stress concentration
caused by the simulated 3mm out-of-plan waviness and the ability of the distributed
optical measurement technique to resolve critical small scale features that might go
undetected with single point sensors.
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Figure 8. Surface Mounted Fiber Optic Strain Data with Co-Located Foil Strain Gages on
CX-100 under 5001b Load Prior to Fatigue Test along Spar

Distributed strain was measured, under various load conditions, at intervals during
the fatigue testing. The blade failed at 1.968 million cycles due to a defect on the
high-pressure side of the blade. Luna’s no-load measurements identified significant
growth in the critical defect by cycle 614,000, which correlates with the time that
low-level acoustic emission was first detected from the blade. Damage was not
visible on the surface of the blade until 1.95 million cycles (see Figure 9).
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Figure 9. Distributed strain measured at four different cycle counts during fatigue testing.
The data presented are for strain in the sensing fiber embedded under the defects within the
carbon fiber spar cap. The growth of the defect located at 5 meters on the high pressure
side of the blade broke the sensing fiber sometime between (¢) 736,000 cycles and (d)
1,184,000 cycles. The blade ultimately failed at this location at 1,968,000 cycles.

BACKGROUND OF PZT SENSORS AND SETUP

The NASA PZT Health Monitoring System results have been previously
reported for 9 meter blade (CX-100, TX-100 and BSDS designs) fatigue tests



conducted at the NREL blade testing facility. A collaborative effort between Sandia
National Laboratories (SNL) and NASA KSC has been performed to evaluate the
viability of a NASA structural health monitoring (SHM) system for wind turbine
blades [18]. The system includes a combination of signal data processing and a
unique sensor/actuator consisting of piezoelectric (PZT) materials in a thin and
highly sensitive configuration. As part of the current test, the objective was to
demonstrate the ability of the PZT based NASA KSC health monitoring technology
to detect stiffness changes of the 9m wind turbine blade (with manufacturing wave
defects) as it is fatigue cycled to failure. Five PZT sensors and one PZT actuator on
the blade were attached to the bottom low pressure (LP) side only—surface facing
down as installed in the fixture. The sensor plan view is shown in Figure 10.

PZT2chl PZT Actuator PZT1¢h0  p7r3ch2  pzT4ch3  PZTS5cha

Figure 10. Location of PZT health monitoring sensors and actuator
RESULTS OF PZT SENSOR TESTING

Sensor data was recorded with the PZT actuator energized only while the blade
was stopped at planned periodic intervals during the fatigue cycling. Data quantity
was affected due to Test cell power outages and Laptop Operating system/data
software setup problems which led to a considerable amount of missed data. Full
length (20 second) data files were only recorded for the baseline (pre-test) and after
failure (post-test). Short (1.5 second) data files were recorded at 1795, 1803 and
1979 kilo-cycles. The measurement history is summarized in Table xx.

Table xx. NASA PZT Health Monitoring System Test Matrix

Data files Date data Number of fatigue Blade condition
taken cycles (thousands)
20 seconds 12/14/2011 0 No damage
channels 0-3
1.5 seconds ch 0-4 2/17/2012 1795 No visible structural
cracks
1.5 seconds ch 0-4 2/21/2012 1803 No visible structural
cracks
1.5 seconds ch 0-4 2/29/2012 1979 Sm HP crack 165 mm
long
20 seconds 3/1/2012 1979 Sm HP crack 165 mm
channels 0-4 long

The frequency response functions (FRFs) between the PZT sensors and actuator
are shown in Figure 11 revealing differences in modal peaks before (blue traces)
and after (red traces) occurrence of the fatigue crack at the 5 meter location.
Unfortunately, the cracking occurred on the opposite side of the blade from the



sensors. The crack was closest to sensor 4 (ch3). The nearly identical traces of the

same color were taken at different time windows.
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Figure 11. FRF of the PZT sensor/actuators demonstrating a change in the signature past 1979 k-

cycles compared to the baseline

Shown in Figure 12 are the FRFs of ch 2 to ch 4 which span the 5Sm 164 mm
long crack showing slight differences in modal peak frequency just before the
detection of the surface crack. It should be mentioned that the crack was on the
opposite side of the blade (HP side) from the PZT actuator and sensors (LP side)

which greatly decreased detect ability.

It is recommended that subsequent

monitoring should attach a set of actuators and sensors on both sides of a blade to
provide an adequate signal. Still, very small changes to the stiffness were detected
as indicated by slightly lower frequencies, as seen in Figure 12. Prior blade fatigue
test results have shown very detectable frequency shifts due to flaws with an
adequate signal (actuator and sensors on the same side of the blade as the defects).
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BACKGROUND OF THERMAL IMAGING AND SETUP

Discrete thermal imaging of the blade was performed using a FLIR SC640
thermal spectrum camera in the areas of interest. The 40-mm objective lens has
spatial resolution accuracy of £2.0°C. This type of non-destructive evaluation
method is useful in determining thermal hot spots or areas where thermal activity is
generated. With regards to wind turbine blades, this thermal activity is created
primarily from friction of fiber rubbing, matrix cracking, or cracks propagating,
which typically occur in areas of high stress and defects.

RESULTS OF THERMAL IMAGE TESTING

The results of the thermal imaging performed are shown in Figure 13 for the
wave defect under fatigue loading. It can be seen that the defects emit a clearly
detectable amount of thermal energy, on the order of 6°C warmer than the
surrounding regions. Although the defect locations were known in this case, it
should be clear how thermal imaging can be a useful tool for detecting and locating
thermal hot spots and defects. While the exact nature of the defect may not be
obvious, having known locations for performing additional non-destructive
inspections is very valuable.
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Figure 13 — Thermal Image of Out-of-Plane Wave Defect under Fatigue Loading

BACKGROUND OF ACOUSTIC EMISSION AND SETUP

Monitoring the acoustic emission generated by growing flaws allows the
detection, location and growth characteristics of the flaws. Such monitoring of
wind turbine blades has been conducted at NREL for the last twenty years [19-25].
For this test, a twenty four channel SAMOS AE System running AEwin software
(Physical Acoustics Corporation, PAC) was used to monitor the blade during the
fatigue test. Twenty three PAC R6I AE sensors were mounted on the blade using a
RTYV Silicone adhesive. The R6I AE sensor has an integral preamplifier with 40 dB
of gain, peak sensitivity near 60 KHz and a useable acoustic bandwidth of
approximately 20 KHz to 120 KHz. The AE sensors were attached to the low-
pressure (LP) and high-pressure (HP) outer surfaces of the blade. The SAMOS



system was set to detect all AE signals which exceeded an input threshold of 45 dB
(178 microvolts out of the sensor).

The AE sensor layout, shown in Figure 14, was designed to surround all the
built-in blade embedded defects with at least a triangle of sensors. The sensor
positions and the acoustic velocity between the AE sensors were measured before
the start of the fatigue test. The average velocity of the acoustic wave along the spar
cap of the blade was measured to be 4.0 mm/microsecond. An AE event was
defined as the arrival of an acoustic wave at three or more sensors within a time
window of 800 microseconds. Both the AEwin software and Sandia-derived
programs were involved in the AE source location calculations which used the
arrival times from three to six sensors. The energy of an AE event was defined as
the sum of the absolute energies of the first three detected AE signals used in the
location calculation. These energies are those of the detected signals and are only
roughly related to the actual energy of the AE event itself.
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Flaw growth in a fatigue test occurs primarily near the maximum stress levels
so AE data was recorded only during the time when the loaded blade was in the top
and bottom 10% of the peak deflection. AE location calculations were conducted in
real-time to allow a continuous record of the AE activity in the blade. Post-test
calculations allowed the measurement of relative AE activity in various regions on
the blade. It should be noted that the NASA PZT-based SHM instrumentation
produced acoustic signals that were detectable in the PAC AE system. The AE
system was paused whenever the NASA SHM instrumentation was activated, to
prevent recording of these extraneous signals.

RESULTS OF ACOUSTIC EMISSION TESTING

The blade failed after an accumulation of 1,968,186 fatigue cycles. Blade failure
occurred near the 5.0-meter flaw when a resultant 5-inch long crack started near the
leading edge on the high-pressure tension side of the loaded blade. Most of the AE
energy released during the last 20,000 cycles of the test came from the region
around the 5 meter defect on the high pressure surface. A map of the AE events and



the AE energy released in the mapped area are shown in Figure 15. The point
labeled fracture is the AE event which occurred closest in time to the crack
initiation. The light-yellow box indicates the approximate location of the blade 5 m
defect.
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Figure 15 — AE events near the 5 m defect (left) and the corresponding AE energy

For comparison, all the AE events that occurred near the defects at 3.5-meters
and 6.0-meters are shown in Figure 16, during this last load block. The light-
yellow boxes shown in the left two figures outline the approximate areas of the
defects. The figure on the right shows the AE energy released in the rectangular
bold-outlined area near the 6-meter defect.
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Figure 16 — AE events near the 3.5 m and 6m defects (left) and the corresponding AE
energy emitted near the 6 m location.

BACKGROUND OF METAL FOIL STRAIN SENSORS AND SETUP

A total of 27 foil strain gages were installed on the blade. These were single-
axis gages of the type WK-05-250BG-350 with a 350-ohm resistance nominal.
They were oriented in the spanwise direction, 0-deg, and connected in a three-wire
quarter-bridge configuration. The gages were used to collect local strains at 11
different spanwise locations. A single point static load was applied at the outboard
6.75-m saddle location in order to calibrate the sensitivity of the gages with respect



to bending moment, which was used to determine the applied moments during
fatigue testing.

RESULTS OF METAL FOIL STRAIN TESTING

A representative timeline of the flapwise fatigue test is provided in Figure 17
for a single strain gage. Prior to the primary failure at the 5-m defect location, no
significant structural changes were observed.
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Figure 17 — Representative Strain of Single Foil Gage during Fatigue Testing

A comparison study was performed by Luna Inc. between the fiber optic strains and
traditional foil strain gages with good correlation, as shown in Figure 8. The fiber
optics reported that there were stress risers on the order of 2-3 times higher in the
defect areas (illustrated by the spikes at 3.5, 5 and 6-m) as compared to surrounding
areas. Unfortunately, due to placement constraints, no foil gages were installed at
the defect locations for verification. The closest gages were located half a meter
away and did not exhibit this behavior, demonstrating the improved distributed
sensing.

CONCLUSION

The fatigue test performed on a 9m wind turbine blade with embedded defects
has provided a unique test bed from which several different sensing approaches
have been evaluated and compared including: DIC, shearography, acoustic
emission, fiber optic strain sensors, foil strain gages, thermal imaging, and PZT
sensors. DIC, shearography, and thermal imaging are non-contacting techniques
that provided a clear full-field identification and assessment of the location of the
embedded defects and subsequent cracking. Fiber optic strain sensing was able to
interrogate the length of the entire embedded fiber, clearly revealing strain
amplification at the locations of the embedded defects. An acoustic emission
sensor suite was able to monitor the blade throughout the fatigue test and was able



to identify energy emissions from cracks associated with the defects. Likewise, the
distributed PZT sensors were able to measure subtle changes to the stiffness of the
turbine blade as the structure was damaged. Both the PZT sensors and the foil gage
strain sensors were able to infer a change in the structure, but are not able to
localize or as easily quantify the damage as effectively as the other sensing
approaches. This project has advanced not only our understanding of the variety of
sensing approaches but when implemented as a quality assurance tool, can help to
minimize wave defect formation, reduce their detrimental impact, and detect them
earlier. The research also has contributed to practical methods and tools that can be
used by industry to improve the design, manufacturing process, and nondestructive
inspection/structural health monitoring of composite wind turbine blades.
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