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ABSTRACT

This report presents information related to the inspection and evaluation of offshore wind
(OSWurbine bladesprior to turbine commissioningThis report focuses on the use of

ultrasonic and microwave testing techniques for the evaluation of wind biadity and
development of acceptance criteria as critical manufacturing flaws manifés& combination

of these two techniques can provide valuable information for the inspection of the components
during manufacturing andould pave the way teuitable delivery platforrafor field inspection
applications

Testing was performed on samples which were fabricated on a previous DOE research project
to proof the technologies and advancements that have occurred in NDE inspection techniques
over the past decade. From there, additional lab samples were fabricgt@®bComposites

with features specific to OSW turbine blade manufacturing.

Subsequentlytesting was performed oactual blade sections at the Carbon Rivers blade
laydown yard littps://www.carbonrivers.com) to demonstratethe technologies and
advancements that have occurr@dNDENnspection techniques over theast decade

For ultrasonidechniques, the viability chdvanced ultrasonics such fadl matrix capture (FMC)
and the total focusing method (TFM) and FMC with planar wave in sonification \{fRYegl)
evaluated.Ultrasonic techniques were deployed bfade sections at Carbon Riveffer
microwave testing, a frequency sweep antenna was employedasiianced software for the
analysis of phase, imaginary, magnitude, and difference of the signals. The adlaaabesis
has the capability to identify different varieties ¢dfvsand the technique was deployed on
blade sections at Carbon Rivers

This report documents the advancement of the techniques and will serve as a platform for the
developmentof inspection methods for offshore wirtdrbine blades.
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1 INTRODUCTION

With the increased size, design, and complexity of offshore wind blades, the development of
non-destructive examination (NDEdrategesutilizing stateof-the-art technologiess criticalto
create opportunities forproactiveblademaintenance Foroffshorewind power, the blades play
an important role in the performancand reliabilityof the overall systemmakingit is necessary

to develop andurther advance techniquethat can support the safe and reliable operation of
wind turbine blades, especially an offshore environment

This reportsummarizeshe explorationand evaluatiorof ultrasonic and microwave testing
techniques for thegourposes of identifying flaws wiffshorewind turbine blades. The evaluation
of these techniques wdgst performed withmockup sampleg/hichwere utilizedin previous
wind powerresearchprojects.Subsequentlythe advancement of th&lDE and flaw detection
techniqueswas achievedhrough the testing of actual blade sections at the Carbon R{&R)
Powerhousélade laydown yardThe results from this repo#re built to serve as a baseline
towardsthe evaluation oblade issuegsuch as manufacturing flaws or damages from
transportation/servicewhichare specific to offshore wind bladesid fabricated as part of this
project

Advancements inlatacollection and analysis kkabeen achieved with the use of ultrasonic

and microwaveNDEtechniques. These advancements can support the inspection of wind
blades in a quality control setting during fabrication and can potentially be deployed in the field
for pre-commissioning inspectioresmore portable versions dhesetechniquesbecome

available.
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2 NDE TECHNIQUES

The inspection of wind turbine blades is a challenging task due to the composition and
materials used for the fabrication of the components. To address these challenges, the use of
ultrasonic and microwave technique can allow for the inspection of compsngiien that they

are used for specific materials. For the inspection of carbon fiber reinforced polymer (CFRP)
components, ultrasonic methods are better suited for an evaluation of the material. In the case
of glass fiber reinforced composites (GFR® ,ube of microwave testing is likely better suited
given the properties of the material and the nature of the physics used for testing. A summary
of the ultrasonic and microwave methods used in this project is presented in r&pctibns

2.1 and 2.2, respectively.

2.1 Ultrasonic Technigues

Ultrasonic techniques (UT) are widely used across multiple industries for volumetric inspection,
material characterization and component monitoring. UT is a potential candidate for integrity
assessment of offshore wind turbine blades. Aided by many decaadesearch and

development, UT for industrial purposes is relatively cheap, quickhaaardous, easily
interpretable and with good availability of instrumentation and sensors commercially available.

In the simplest common implementation of UT, a piezoelectric sensor converts electrical energy
to physical deformation and vice versa. The frequency of insonification, for industrial purposes,
is typically in the range 500kHz to 10MHz. The transducer dagsaboth transmitter and

receiver by the same physical principle of an active sonar. The received signal is interpreted
with each reflection indicating the presence of some component geometry or discontinuity in
the propagating material along the prinaipdirection of the sonic energy.

Some natural deficiencies of contact UT are that it requires good coupling, good surface contact
and a clear line of sight through the propagating medium to the region of interest. In materials
unfavorable to ultrasound, the energy is prone to attenuatéord/or scattering or redirection

of the energy that make interpretation difficult or unreliable, even to very experienced
practitioners.

In all UT applications, the physical principle is the same: Ultrasonic energy propagates through a
clean bulk material without reflecting. When the same energy encounters a change in acoustic
impedance, part of the energy is scattered in an amount deteeahiby its characteristics such

as acoustic impedance, orientation, size and other physical attributes. The transceiver records
the scattered energy. Extensive academic research involving modelling and simulation,
combined with improvements in imaging amdage analysis, have offered potential for
characterization of each indication in addition to mere detection.
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Towards the end of the last century, the advent of probes comprising arrays, as opposed to just
one, facilitated electronicaltgontrolled steering and focusing abilities, allowing for even

quicker acquisition of the examination volume with the potentiagper focusing.

Corresponding procedures were developed to accommodate the new technology and methods.

In the decades that followed the common use of phased arrays in modern NDE, the foundation
was laid for a further development in UT, in conjunction with rapid recent increases in both
general computing power and the availability of high capacity data gear@ne such example

is the introduction of the Full Matrix Capture (FMC) for acquisition, involving insonification in
such a manner than requires a further step of synthetic focusing (using a synthetic
beamformer) to reconstruct the volume. If said beammer steers and focuses everywhere in

the reconstruction volume, then this process is generally known as the Total Focusing Method
(TFM) and the entire process is often referred to as FMC/TFM.

There are several common variations of FMC acquisition: If transmitting apertures comprise

2yS StSYSyild 2yfesr GKSy (GKAa Aa OFfftSR StSYSyi
transmitting aperture comprises multiple elements and they are phased so@genterate

planar waves in the specimen, this is known as Planar Wave Insonification (PWI) and the entire
process is correspondingly known as PWI/TFEM. Further variation of PWI involves generation of
waves that are not planar: They may be diverging, conmgrgr more irregular, depending on

the acquisition and focusing needs. The EPRI report #3002015971 provides a summary of FMC,
TFM and its variants [1].

In contrast to Conventional Phased Array (CPA), TFM requires a distinct additional step after
acquisition, to carry out the focusing via the synthetic beamformer. However, contemporary
instrumentation is powerful enough for retime TFM focused from eitlieelementary FMC or
PWI, although PWI is faster.

In this report, we will demonstrate the viability of FMC/TFM and PWI/TFM in application to
composite structures, reference standards of midtyered structure with artificial defects.

2.2 Microwave Techniques
aAONB Gl @S AyalLISOuAz2zy 2F O02YLRaradSa o1 a GKS2NR
The underlying physics of the interaction of electromagnetic radiation (EMR) with materials was

well understood by this time, and this lent itself to realizihg potential for its application in
the inspection industry.

Microwave inspection of composites involves using microwave radiation to detect and analyze
defects or anomalies in composite materials. It typically works by transmitting microwave
signals into the material and measuring the reflected or transmitted $sgifdis technique is

now commonly used for nedestructive testing (NDT) in multiple industries, including
petrochemical and aerospace.
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The principles of microwave inspection of composites are based on when-magnetic

material is exposed to EMR in the microwave frequency range, it will reflect a signal based on

the material's complex permittivity. The reflected signal will be diffefentmaterials with

different dielectric properties. The dielectric properties of materials are a complex value

composed of two components. The first is the material's ability to store electrical energy in the
presence of an electric field. When referendeda vacuum's ability to store electrical energy

dzy RSNJ G KS &l YS O2yRAGA2yazr (GKAA FTANBIG O2YLRYS
constant.

The second component represents the amount of electromagnetic energy the material
dissipates, called dielectric loss. The dielectric loss is typically quantified as the angle of the
phasor in the complex plane of the real and imaginary component of theleapermittivity.
This becomes the loss angle or, because this angle is usually small, the loss tangent.

The complex permittivity of a material varies with both frequency and temperature. The most
common cause of temperature dependence in composite materialsgldss fiber reinforced

polymer (GFRER is that the material undergoes phase transitions at specific temperature

ranges. These transitions can dramatically alter the electrical properties of the material. Some
composite materials may also undergo relaxation processes involving moleculanac ato
rearrangements with temperature changes. These relaxation processes can affect the dielectric
properties, causing temperatitlB S LISY RSy i O NAI GA2y & Ay U4 | yR &
under test (MUT) are inspected at normal outdoor or indoor emwnental conditions, which

are away from any phase transition or atomic rearrangement temperature so that the dielectric
properties can be treated as temperatunedependent for our purposes.

The complex permittivity of the MUT is also frequerdgpendent, as noted above. This means

some flaws or material combinations may be more or less responsive to a specific range of
frequencies, returning a higher or lower signal magnitude. This partiesfact of any

inspection is investigated and incorporated into the inspection procedure during the

development phase of the methodology. In many instances, this variability can be used

strategically to enhance the ability to detect specific material mwvftharacteristics. Figure2

shows a typical material's frequen®S LISY RSy i @ NA I GA2y&a Ay U | yR
materiatto-EMR interaction mechanisms become more or less critical.

atomic .
electronic

—— =
10° 10% 10° 102 1010
[microwave | infrared [vis [Uv |

Frequency in Hz

Figure2l.a G SNA I f Q&4 FTNBI|jdzSyOé RSLISYRSYyld QI NRARIFGAZ2Yyad
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Using the EMR interaction with material as an inspection tool provides specific opportunities to
detect flaws. This is because, in most composite materials, the complex permittivity of the
composite material differs substantially from the complex permittgiof flaws. In the case of a
delamination within the GFRP material, the delamination would be filled with either air or a
vacuum, depending on the location of the delamination. The dielectric constant in this case,
would be 1, compared to the dielectmonstant of the GFRP, which is 4.4. This contrast is
sufficiently large to result in a reflected signal at the delamination that allows it to be easily
discriminated from the rest of the GFRP.

Another key feature of using EMR for inspections is that EMR is air coupled to the material and
does not require a liquid or gel couplant to provide efficient energy transfer into the MUT. This
simplifies inspections and allows the inspection to occur atithe antenna contacting the

MUT. Using a nenontact method increases inspection speed and eliminates inspection issues
that minor surface irregularities might cause. It also allows the sensors to be mounted on
robotic arms and other advanced scanndrattcan inspect curved and sloped geometries more
efficiently than traditional scanners.

Another important byproduct of the aircoupled method is that the EMR beam does not stop

at an internal air or vacuum interface, such as a delamination. This means that details from the
inspection may be available beyond internal flaws, including delamimeSignificant
RAFFSNBYyOSa Ay GKS YFOGSNARIFIfQa AYLISRIyYyOS LINELIS
EMR, as is common in other methods. This allows for the complete inspection of a structure

that contains multiple materials, such as GFRR ¥aam or balsa core. This is a significant

advantage when inspecting complex structures, such as wind turbine blades, commonly

constructed of multiple materials.

Microwave inspection is limited to the inspection of materials that are-nm@gnetic and non
conductive and cannot inspect metals or conductive materials. Conductive materials cause a
reflection of the EMR at the surface and do not provide any volumetigcrnation past a very
shallow skin effect. This includes materials that are conductive in-giivdittions, such as thick
carbon fiber composites (CFRP). More traditional inspection methods, such as ultrasonic
inspections, are helpful for those materials.

Early iterations of the microwave method involved using a single frequency to interrogate the
MUT. Advancements in technology have improved the microwave methodology by using a
frequency sweep over a specific range of frequencies to provide the best-tignaise ratio

for the MUT. This methodology change enhances the inspection in the following ways:

1 Sweeping the frequency range improves the probability of detection by increasing the
number of frequencies that might interact with the MUT and flaws

1 Collecting data over a range of frequencies allows for changing the domain of the
dataset from frequency to time using an Inverse Fast Fourier Transform (IFFT), thus
providing access to signal amplitude versus time of flight or depth within the MUT
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The improved microwave methodology also uses an advanced microwave inspection antenna
GSNARdza G KS a2 ufadcast an@iha sigitdmS. The Anehna is purposely designed
to allow broadband broadcast into the MUT while controlling the spot size of the EMR injected
into the MUT. This provides for a more accurate time of flight conversion and better feature
resoluion in the MUT.

The softwaraused for analysibas been modified to work with the data acquisition system and
providesimprovedimaging and location features comparison to previous versiortee latest
version of the software includes 3D rendering capabilities of the.ddta software also

includes aadar synthetic aperture focusing (SAFT) technigsi@an added feature for better
resolution.
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3 SUMMARY OF TECHNIQUE EVALUATION AND
TECHNICAL DEVELOPMENT WITH LAB SPECIMENS

This section presents a brief description of the samples used for the preliminary evaluation and
a summary of the UT and MW techniques deployed in some of the samples. The samples used
for this preliminary evaluation include fiberglass and carbon fiberemals. These samples

have similar characteristics to what can be found OSW blades and the sole purpose of
inspecting the samples is to demonstrate the capability of tools available in the market to
inspect the materials. Further, the results from thishamue evaluation will serve as a

platform for development of the techniques in samples fabricated with materials and
characteristics of OSW blades.

3.1 Information About Samples for Preliminary Testing

Four samples loaned from Sandia National Laboratories (SNL) were used during the preliminary
assessment of the UT and MW techniques. A list of the samples and general information is
included in Table-3. The UT and MW sections will include informationu#test testing

section for the samples tested.

Table 31. Samples used for the preliminary assessment.

Sample ID Referencel Report Material General description
Figure (technique)
REFSTDC3141-SNL [2] 3-1 Carbon Carbon spar caguT)
fiber
WIND7-110-SPARL50 Spar | [2] 3-2 Fiberglass | Spar cap and shear web
Cap (MW)
REFSTD36-202-250-SXXL [2,3] 3-3 Fiberglass | Spar cap and shear web
(MW)
REFSTDB7-214-265-SNEL [2,3 34 Fiberglass | Spar cap and shear web
(MW)
REFSTDB3-126-176-TXX1 [4,2] 35 Fiberglass | Spar cap and shear web
(MW)
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Plan and side photograph
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Figure 31. REFSTBC3141-SNL plan photograph (top left), side photograph (top right), side sketch and legend,
units in inches (middle) [2], plan view of defects units in inches (bottom) [2]. (1 in=25.4 mm).
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3.2 Ultrasound Testing

CKS &l YISEDS3140§ydC ¢ o1 & aSt SOGSR F2NJ @2f dzySGiNA O
of internal and embedded features that are representative of some typical manufacturing
deficiencies. The sample measures 9290x35 mn(35.9x11.4x1.38 in.and the longitudinal

sound speed is determined to be 2600 m/s (8530 ft/s).

The five types of artificial defects included: hexcel plastic (HP), pillow insert (Pl), grease (GR),
dry area (DA), fuzz ball (FB). The defects and are arranged at three depths, namely 8.9, 17.5,
and 26 mm (0.35, 0.69, 1.02 in.), throughout the thicknessia two different dimensions of

20.0, and 40.0 mm (0.79, and 1.57 in.). The range of sizes and depths of the defects would offer
some insight into their effects upon the performance of the UT techniques.

The UT instrument used was the Zetec Emerald 64/128, a device capable of FMC and PWI
acquisition and realime TFM display. Two different phased array probes were used to acquire
data with the sensor in direct contact with the specimen. Their attributediatedin Table7-.
Ultrasonic acquisitions were carried out in elementary FMC and in PWI. The latter was done
with angular sweeping fror20° to 20° in 5° increments. Coupling between the probe and the
specimen was done by Ultragel II.

Table32d ! GGNROdziISa TFT2N §KS LIKI & SRECBINNIbY é!d¢ 6LNBAY/S & pdean S R YDz

Probe ID 1-115061060 | 134931011
CentreFrequency | 5.0MHz 10.0MHz
Element Count 64 128

Pitch 0.6mm 0.3mm
Elevation 10.0mm 10.0mm
Pulse Width 100ns 50ns
Active Aperture 38.4mm 19.2mm

The scan performed using the 5 MHz probe are listetaile 33 and the probe motion paths

are illustratedin Figure 36 overlaid upon the specimen schematic., The applied hard gain was
45dB for all scans and the TFM reconstruction was carried out withix4040m (1.6 x 1.6 in.)
plane centered beneath the middle of the array aperture, and with the top of the region of the
interest touching the interface between the probe and the specimen.
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Scan ID | Acquisition | Scan Defect Reconstruction
Type Orientation | Typ€(s) Volume Dimension

FMC LO | FMC Longitudinal | All (40x40>870)mm
FMC L1 | FMC Longitudinal | All (40x40>870)mm
FMC T1 | FMC Transverse | HP (40x40230)mm
PWI_LO | PWI Longitudinal | All (40x40>870)mm
PWI L1 | PWI Transverse | All (40x40>870)mm
PWI_T1 | PWI Transverse | HP (40x40>230)mm
PWI_ T2 | PWI Transverse | Pl (40x40230)mm
PWI_T4 | PWI Transverse | GR (40x40X230)mm
PWI_T6 | PWI Transverse | DA (40x40X230)mm
PWI_T8 | PWI Transverse | FB (40x40X230)mm

25 ggn

3.8

20mm

Figure36® t N2 0 S LI G6K&a 2 @SNI | ARDAI2YDb [(1K S& RDKSWA (A Dy 2 deRv® \Cl §
and transverse paths in blue. Feature indications are labelled by flaw type. Note that the axis scatgdsegrel.
(1 in=25.4 mm).

The Signalo-Noise (SNR) ratio is quantified for the flaws that are visible within each probe
path, considering the background noise within a bounding box at a depth proximate to the
bounding box that encapsulates the flaw. The resulting values, sourmedAWI acquisition,

are tabulated inTable3-4 and are arranged firstly by scan ID (as describ@alode) and then

by defect. The overall detectability of the flaws, from a qualitative perspective, is summarized
in

Table 35 according to flaw type and scan type.
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in=25.4 mm).
Scan ID Defect Statistics
Type | Dimension | Depth | Max Max Mean Max SNR | Mean
Signal Noise Noise SNR
PWI_LO HP | 40mm 17.5mm| 64.7% | 14.1% | 2.2% 13.3dB 29.4dB
20mm 70.3% | 20.8% |2.7% 10.6dB 28.4dB
PI 40mm 97.9% |24.1% | 3.2% 12.2dB 29.7dB
20mm 89.9% |182% |2.3% 13.8dB 31.6dB
GR | 40mm 63.9% |182% |1.7% 13.3dB 31.3dB
20mm 40.0% |14.1% |2.3% 9.1dB 24.7dB
DA | 40mm 31.2% |17.9% | 2.3% 4.9dB 22.1dB
20mm 36.5% |24.1% |2.6% 3.6dB 23.0dB
FB 40mm 53.0% |19.1% | 2.6% 8.9dB 26.1dB
20mm 35.8% |10.1% |1.4% 11.0dB 28.2dB
PWI_L1 HP | 20mm 26.3mm| 40.4% | 6.3% 1.2% 11.9dB 30.3dB
40mm 25.9% | 5.0% 1.0% 12.2dB 28.4dB
Pl 20mm 28.3% | 5.0% 0.9% 15.0dB 29.8dB
40mm 20.6% | 9.8% 1.0% 6.4dB 25.8dB
GR | 20mm 13.5% | 6.4% 0.9% 6.5dB 23.2dB
40mm 19.1% | 7.2% 1.2% 8.5dB 24.4dB
DA | 20mm 19.1% | 9.4% 1.4% 6.1dB 22.8dB
40mm 21.3% | 5.6% 1.0% 11.6dB 26.8dB
FB 20mm 17.9% | 7.3% 1.1% 7.8dB 24.0dB
40mm 17.8% | 4.9% 0.8% 11.1dB 26.7dB
PWI_T1 HP | 40mm 26.3mm| 16.1% | 4.1% 0.8% 12.0dB 26.3dB
20mm 17.5mm| 38.4% |12.8% |1.7% 9.5dB 27.1dB
40mm 8.9mm [69.8% |33.9% |6.1% 6.3dB 21.2dB
PWI_T2 PI 20mm 26.3mm| 12.4% | 4.0% 0.7% 9.9dB 24.6dB
40mm 17.5mm| 49.7% | 6.5% 1.2% 17.6dB 32.0dB
20mm 8.9mm | 61.0% |21.2% |4.2% 5.8dB 23.2dB
PWI_T4 GR | 20mm 26.3mm| 8.8% 4.2% 0.8% 6.4dB 20.4dB
40mm 17.5mm| 30.9% | 10.7% | 1.6% 9.3dB 25.6dB
20mm 8.9mm |54.1% |43.0% |5.5% 2.0dB 19.8dB
PWI_T6 DA | 20mm 26.3mm| 11.3% | 5.4% 0.9% 6.4dB 21.5dB
40mm 17.5mm| 20.5% | 10.0% | 1.8% 6.2dB 20.9dB
20mm 8.9mm |48.9% |48.4% | 7.0% 0.1dB 16.8dB
PWI_T8 FB 20mm 26.3mm| 8.0% 4.1% 0.7% 5.8dB 20.7dB
40mm 17.5mm| 25.4% | 6.4% 1.3% 11.9dB 25.7dB
20mm 8.9mm |54.4% |36.5% |6.7% 3.5dB 18.2dB
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Table 35. Summary of detection quality by flaw type.

Flaw type Longitudinal scan | Transverse scan
HP Strong Strong

Pl Strong Strong

GR Moderate Moderate

DA Moderate Weak

FB Moderate Weak

The cumulated side view of the longitudinal PWI/TFM scans (the orientation that captures all
the flaws in the same scan) are shown i @nd 38 for the middle row of defects and lower

row of defects, respectively. Note that in these figures, the first 8mm depth of the specimen is
not reconstructed.

Figure 37® / dzYdzf G SR t 2 L kK ¢STBCIBAR{ROS] ¢A S&0 I2yFy SIRVOIC2 Yy IA G dzRAY I £ £ &
cover the features at the depth of 17.5mm. Feature indications are labelled by flaw type. Note that the axis scales
are not equal.
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cover the features at the depth of 26.3mm.

In the longitudinal scans, all defect types were successfully detected with SNR of 6dB or higher,
except for dry areas. In transverse scans, most defect types were successfully detected with
SNR of 6dB or higher, though many of the flaws that were cléseke top surface had a SNR
lower than 6dB due to poorer ability to focus within the near field of the array. The greases and
fuzz balls were also difficult to detect strongly at greater depths.

There are some key observations which will impact the development of the UT technique:

1 There was a noticeable difference in detectability with respect to the orientation of the
phased array probe, which was confirmed by experimental observation itineal
scanning. The stronger detection was observed when the array elevation was oriented
along the longest dimension of the specimen. The arrays used in this study have a
significant elevation and the noticed difference may result from material inhomogeneity

RdzS (2 (KS &ALISOAYSYyQa O2YLIRaAdS &ddNHzO0dzNB =

bonding method. The EPRI UT technique should consider array orientation in the
development process;

1 There was a significant volume within the first 5Smm depth that was saturated with noise
and made difficult the identification of the flaws that were closest to the top surface.
The use of a zero degree wedge would certainly have a mitigating effect afthemugd
introduce the presence of internal wedge reflections. The thickness of said wedge is a
key parameter which must be selected in consideration of the thickness of the overall
specimen,;
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1 The layers between the plies were easily visible to the eye (see Fig)re8 were not
observed at all in the ultrasonic images even where focusing was applied in the TFM
reconstruction. It would be concluded that the interlayer bonding is strong aed.ev

Figure32® [ I @ SNJ RSTRCH41{ P2 K ¢wWd&® SI OK @SN YSIadaNAy3I pYYO®

3.3 Microwave Testing

The GFRP samples identified in Section 3.1 were initially inspected using the microwave
inspection stationary table scanning system, Figul€®3The system uses a vector network
analyzer (VNA) and proprietary inspection antenna system to acquire data®pscific range
of userselectable frequencies, but they must match the range of the selected antenna.

Figure 33. Inspection table and sample during inspection.
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This system provides the ability to inspect with frequency ranges from 6 GHz to 14 GHz and

from 10 GHz to 18 GHz or any subset of these ranges. The frequency range is selected based on
the material to be inspected and on a balance between penetration requents and

resolution.

3.2.1 Tabletop Test Results
The initial scan saip was as follows:
RefSTDB6-202-250-SNEL and RefSTDB7-214-265-SXXL

Alnitial scan using the Tabletop Scanning system
AFrequency Range 10GH&GHz
A 201 Data Points

A10mm by 10mn{0.39 in. by 0.39 in) scan/index and 5mm by 5mm (0.20 in by 0.20 in)
scan/index

A Sample 680mm by 430mm (26.8 in by 16.9 in). In some cases, the sample was split into
two scans to accommodate SAR software)

AScan time is approximately 15 minutes (10 by 10) and 30 minutes (5 by 5)
ANo couplant required (Air coupled)

The inspection aimed to detect and map as many flaws as possible in the samples. To do this,
the complete data sets available were processed in the a proprietary software: Real, Imaginary,
Magnitude, Phase, and Difference (Only in SAR software). The datanaged using both the

IFFT (Time of Flight) and Synthetic Aperture Radar modes to provide a range of data
visualization techniques.

The findings were compared to the sample drawings to determine which flaw types were
detectable. A secondary result was to compare the findings to the other NDT result methods
published in the Sandia Report SAND2Q6965[5].

Using the available data and imaging techniques, all the flaws embedded in both samples were
successfully detected and mapped for the initial inspection phase. Images were created from a
composite of the methods to detail the entire sample. The figurastithte the successful

detection and mapping of the flaws in the two samples from the composite images. A summary
of the results is presented in figuresl3 and 312.
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Figure 34. Composite Microwave Image (left) Illustrating Detection and Mapping of Flaws in the sketchSifRef
6-202-250-SNE1 (adapted from [3]).
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Figure 35. Composite Microwave Image(left) lllustrating Detection and Mapping of Flaws in sket8TB&R14
265-SXXL (right adapted from [3]).
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The flaws in ReéSTDB7-214-265-SXXL were more difficult to detect overall than the flaws in
RefSTDB6-202-250-SNLEL. This is the result of the nature of the flaws that were used in making
RefSTD7-214-265-SXXL . More detail on the inspection resultsagailable in Appendix A,

3.2.2 Field Inspection Capability

To evaluate the ability to inspect wind turbine blades in field settings, an inspection was carried
out using the Motorized Axis Portable Scanner (MAPS) system. A simple scai$0BR&02-
250-SNE1was made as a comparison to the large scanning platiystem results.

The MAPS uses a scan axis with a stepper motor to control the distance moved in that axis. It is
manually moved in the Index axis, and those movements are recorded via an encoder attached
to the system. The MAPS is shown on-8EB6-202-250-SNL1 in Figue 3-13. The red box is

the inspection area covered in this inspection.

Figure 36. Scanning area using the MAPS scanner on saRgH8TB36-202-250-SNEL.

The inspection results show the level of detail possible with a field inspection. The image is
directly correctable to the fulscale inspection system image. The image below shows a sample
of the inspection data using Synthetic Aperture Focusing angainiedrawing.
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Figure 37. MAPS data for sample R8TD6-202-250-SNE1.

Because the size and curvature of sample WINILO-SPAR, this part could not be inspected
using the scan table and it was only inspected using the MAPS. FigGrprasents a
photograph of the scanning system and the dataset.
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Figure 38. WIND7-110-SPARL50. Scanning with the MAPS (top left), isometric photograph of the part showing
the curvature (top right), and data (bottom).
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Looking at the inspection result, the area of the spar cap that is bonded underneath the top
surface of the part can be identified. The small area at the top left corner of the bond area and
the region spanning the width (circled in red) indicateshiiads in the adhesive area. The
presence of a dibond in the upper left region was confirmed visually, and a photograph taken
of the region, is shown in Figurel®. It is a small region of missing adhesive underneath the

fiberglass upper layer.

Figure3-9. WIND-7-110-SPARL50. Missing adhesive underneath the fiberglass piece.

The second disbond could not be confirmed because it is not visible in the part. It is located
directly between the upper portion and the adhesive but above the spar cap. The locations of
the flaws are overlaid on images of the WHHR210-SPARL50 in Figue 3-17.

Figure 310. Sample WINE-110-SPARL50. Photograph of the top of the sample (topjs€an data of the
inspection with MAPS (middle), and data overlaid on top of photograph (bottom).
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4 FABRICATION OF OFFSHORE WIND SAMPLES

4.1 Overview

To support the advancement of the inspection methods for offshore wind blades a total of 24
samples were fabricated. The samples include representative materials and thicknesses used
for the fabrication of offshore wind blades. Additionally flaws and/scdntinuities were

added to each one of the samples depending on the nature of the material being used. The
type of panels fabricated used a variety of materials that included the following:

Balsa core panels (3 samples)
Carbonpultrusion panels (3 samples)
Foam core panels (2 samples)

Fiberglass panels with porosity (16 samples)

= == =2 =2 =

Wrinkle samples (2 samples)

A summary of the sample inventory is included in Tdkle Photographs referenced in the
table are included in the body of this report in Sectiband in Appendix A.

Table4-1. Summary of offshore wind blade samples.

Sample Number Sample ID| Figures

of samples
Carbon pultrusion 2 2300202 | 4-1,4-2,4-3
Balsa Core 2 2300201 | 4-4
Balsa Core 1 2300203 | 4-4
Carbon pultrusion 1 2300204 | 4-1,4-2,4-3
Foam core 2 2300205 | 4-5
Porosity trial 1 2300206 | 4-7
Porosity trial 6a | 1 2300206a | A-1
Porosity trial 6b | 1 2300206b | A-2
Porosity 1 2300207 | A3
Porosity 1 2300208
Porosity 1 2300209
Porosity 2 2300210 | A4
Porosity 2 2300211 | A5
Porosity 2 2300212 | A6
Porosity 2 2300213 | A7
Porosity 2 2300214 | A8
Wrinkle sample | 2 2300215 | 4-8
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4.2 Summary of the Samples and Fabrication Process

This section provides a bridéscription of the process followed to fabricate the different

samples that included specific materials and defects. The samples will be used as part of the
program to deploy NDE methods. The information for the NDE methods and the samples tested
is incluckd in Section 3.

4.2.1 Carbon pultrusion samples

Carbon pultrusion plates were stacked in a biikk pattern with a carbon biaxial pattern

between each pultrusion layer and a 1 mm (0.039 in.) gap between each plate. The panels were
manufactured using vacuum infusion on a heated table for 4 hours & 4005°F) and post

cured for 10 hours at 70°C (158°F). Figlsiepresents some photographs of the process

followed for fabrication.

Figure4-11. Fabrication of carbon pultrusion panels with five layers. Two layers of carbon (top left), five layers (top
middle), inserts (top right), infusion (bottom left), curing (bottom middle), samples without drilled holes (bottom
right).

After the samples were cured and completed, round defects were machined using a vertical
mill to drill holes with variable depths and diameters as shown in Figs2re-igured-3 presents
a photograph of the samples.
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252.09 mm

Figure4-12. Sketches of baetlrilled holes on carbon panels. Diameter and depth of holes (leftypasdion of
holes (right) (1 in. = 25.4 mm)

Figure4-13. Photographs of carbon samples with battkled holes.

4.2.2 Balsa core samples

The balsa core was machined with 4.8 mm (3/16 in.) through holes spaced every 50.8 mm (2

in.) Nonperforated Teflon was used to create the ptab defects and placed on the B side

before the infusion. The panels were manufactured using vacuum infusiarheated table for

4 hours at 40°C (105°F). Bond paste was applied to the B surface of the panel with HDPE inserts
and postcured for 10 hours at 70°C (158°&)summary of the fabrication process is presented

in Figured-4.
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Figured-14. Eighteerply Balsa core GFRP samples. Sample 1 Layer 13 (top left), Layer 15 (top middle), Layer 17
(bottom left), Sample 2 Balsa core (bottom middle), finished samples (bottom right).

4.2.3 Foam core samples

The PET Foam core was machined with 4.8 mm (3/16 in.) through holes spaced every 50.8 mm
(2 in.) throughout the core. Neperforated Teflon was used to create the ptalb defects and

placed on the B side before the infusion. The panels were manufactwiad uacuum infusion

on a heated table for 4 hours at 40°C (105°F). Bond paste was applied to the B surface of the
panel with HDPE inserts and pastred for 10 hours at 70°C (158°F). Figliepresents a
photograph of the finished sample.
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Figure4-15. Foam core sample.

4.2.4 Porosity samples

The samples were made of 18 plies of glass biaxially oriented-485Resin ratios and

guantities were kept consistent among the porosity panels, and the time of resin mix was
recorded. The panels were manufactured using vacuum infusion on a heateddall@ours

at 40°C (105°F). The time of the feed opening (resin intake) and the pressure of the vacuum was
used as a variable to control the porosity level. Depending on the remaining gel time, the
pressure was gradually dropped from 30 inHg to 15 inktbeventually to O inHdzigure4-6

presents photographs of the trial process for introducing porosity actbseup of induced

porosity. Learning from this cure process, syringes were not used for the final product and
double vacuum infusion with variable pressure was applied to produce different concentrations
of porosity per panel. Figu#e7 shows a photograph of the sample after curing.

Figure4-16. Injection of air during infusion with a 2& syringe.
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Figure4-17. Porosity sample trial. Close up of induced porosity (left) and photograph of sample (right).

4.2.5 Wrinkle samples

The wrinkle samples were fabricated with 8 plies of glass biaxially orienté8°++45°. Three

resin dowels were inserted in the midplane of each panel and oriented in the 0° direction. A
High-Density Polyethylene (HDPE) mold was used to create the desils with a semicircular
profile. The dowels had variables depths of 4, 6, and 8 mm (0.16, 0.23, and 0.31 in.) with a fixed
diameter of 8mm (0.31 in.) The panels were manufactured using vacuum infusion on a heated
table for 4 hours at 40°C (105°F) grabt cured for 10 hours at 70°C (158°F). FigdBe

presents a plan and a craesection view of one of the wrinkle panels.

Figure4-18. Plan view (left) and cross section view of the wrinkle panel (right).
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5 TESTING OFOFFSHORE WINDSAMPLES

The samples prepared and described in Section 2 were tested and analyzed using NDE methods.
For the carbon fiber and fiberglass samples, ultrasonic and microwave testing were used,
respectively. More details about the testing and samples tested are indlud8ections 3 and

4,

5.1 Ultrasound

The carbon fiber specimen, as photographed in Figete manufactured by TPI was subject to
UT scanning for an initial qualitative assessment of UT capabilities and a comparison of full
matrix capture (FMC) /total focusing methods (TFM) and plane wave imaging (PWI)/TFM. The
specimen measures 5%293x26mm or (22.%11.5x1.02n.) and the longitudinal sound speed

is determined to be 2600 mms Of the two largest faces of this specimen, one face is appreciably
smoother than the other. Fifteen FBH are connekte the large face of the specimen that is
rougher. The FBH are arranged in three sets of five with diameters of 30.0, 15.0, and 7.5 mm
(2.2, 0.6, and 0.3 in.) and depths of approximately 8, 14, and 20 mm (0.3, 0.6, and 0.8 in.)

~ -

Figure5-1. Carbon fiber specimen manufacturing by TPI for UT scanning. The 5MHz phased array probe with
Ultragel Il couplant is shown atop the specimen towards the top left.
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The UT instrument used was the Zetec Emerald 64/128, a device capable of FMC and PWI
acquisition and reatlime TFM display. Two different phased array probes were used to acquire
data without wedge. Their attributes are listed in Tablé. Ultrasonic acquisitions were carried
out in elementary FMC and in PWI. The latter was done with angular sweepingliodto 10°

in 5°increments. Coupling between the probe and the specimen was done by Ultragel II.

Table5-1. Attributes for the phased array UT probes used to scan theafBon fiber samples (1 in. = 25.4 mm)

Probe ID 1-115061060 | 134931011
Centre Frequency | 5.0MHz 10.0MHz
Element Count 64 128

Pitch 0.6mm 0.3mm
Elevation 10.0mm 10.0mm
Pulse Width 100ns 50ns
Active Aperture 38.4mm 19.2mm

Six scans were carried out in total; five from the smoothest face and one from the face to which
the FBHs were connected. The scans are listed in Behland the cumulated side and end

views are shown ifrigure5-2. Cumulated side view (left subplot) and end view (right subplot)

of the FMC/TFM scan of the TPI sample at 5SN2Hzough Figurés-7 for each corresponding

scan, as indicated in the second column of the talble= probe motion range is short so as only

G2 O2@0SNJ I GasSité 2F GKNBS C.l1ad tNR6S Yz2iAazy
in all but one scan.
Table5-2. Scan attributes for the TPI carbon fiber samples (1 in. = 25.4 mm)
Scan ID Shown in | Acquisition | Inspection Applied Hard | Reconstruction
Figure Type Frequency | Gain Volume Dimension
FMC_05 Figureb- FMC 5 MHz 30dB (40x25x200 mm
2Error! R
eference
source not
found.
PWI_05 Figure5-3 | PWI 5 MHz 30dB (40x25x200 mm
FMC_10 Figure5-4 | FMC 10 MHz 45dB (20x25x200 mm
PWI_10 Figure5-5 | PWI 10 MHz 35dB (20x25x200 mm
PWI_05t | Figure5-6 | PWI 5 MHz 30dB (40x25x200 mm
PWI_05v* | Figure5-7 | PWI 5 MHz 30dB (40x25x200 mm

* Scan taken with probe motion aligned to the secdadgest dimension of the plate
** Scan taken from side connected to the FBHs

The figures show reflections from the bonds between successive pairs of layers, spaced apart by
5mm (0.2 in.) The bulk material is attenuative but there is sufficient ultrasonic energy to
propagate to the backwall. Shadowing, manifesting as gaps in bdakefl@ttion or interlayer
reflections, is visible in the cumulative end views. The shadows are caused by obstructions to
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grooves in Figurg-1) running along the length of the specimen.

The FBHs were imaged strongly in all scans at both frequencies and at both types of acquisition,
demonstrating the viability of UT in this frequency range for ultrasonic inspection of this

material. In general, the PWI/TFM scans show stronger ultrasoftéctiens than those of

FMC/TFM and this is attributed to the greater amount of ultrasonic energy being introduced to
the part. All scans have a region close to the specimen interface that is saturated with noise,
indicative of the near field of the prob@&he region depth is around®mm (0.240.28 in.) For

this reason, the first 5 mm (0.20 in.) depth or so of the volume beneath the specimen interface

is not reconstructed.

Figure5-2. Cumulated side view (left subplot) and end view (right subplot) of the FMC/TFM scan of the TPI sample
at 5MHz.

Figure5-19. Cumulated side view (left subplot) and end view (right subplot) of the PWI/TFM scan of the TPl sample
at SMHz.
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BACKWALL GAPS

Figure5-4. Cumulated side view (left subplot) and end view (right subplot) of the FMC/TFM scan of the TPl sample
at 10MHz. The annotation lists void channels (VC) andétiom holes (FBH).

BACKWALL GAPS

Figure5-5. Cumulated side view (left subplot) and end view (right subplot) of the PWI/TFM scan of the TPI sample
at 10 MHz. The annotation lists void channels (VC) anddtbm holes (FBH).
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Figure5-6. Cumulated side view (left subplot) and end view (right subplot) of the PWI/TFM scan of the TPI sample

z

LG pall® {OFry GF{1SYy aiOGNXyagdSNERSt@¢T ddidestdimeasondthel K G KS
plate. The annotation lists void channels (VC) andbitatom holes (FBH).

Figure5-7. Cumulated side view (left subplot) and end view (right subplot) of the PWI/TFM scan of the TPI sample
at 5MHz. Scan taken from the face connected to the FBHs.

Page |33



5.2 Microwave

The objective of this phase of the project was to perform testing on samples representative of
offshore wind blades. To reach this objectisamples with flaws were fabricated as described

in Section 2 of this report. For this section of the repatmuli-frequency microwave

technique was used to test the samples and demonstrate the capability of the technique to
detect defects.

Some of the samples in the testing program included construction of layered materials, such as
GFRP and balsa and foam. The inspection of these bfwmponents creates a challenging
environment for other techniques, such as ultrasourtér this reasonthe use of a microwave
technology is an important part of this program.

5.2.1 CFRP sample

One CFRP sample was tested using the microwave system. The samplemvagtiok and

had multiple bacldrilled holes. The CFR&mple was inspected, but microwave was not
capable of obtaining volumetric information because the CFRP material is conductive and a
reflector of EM radiation.

5.2.2 Samples with core material

Two samples of GFRP sandwich panels with core material, one with a balsa wood core and one
with a foam core, were tested. The samples, construction processes, and matélizés are

typical of anoffshore wind blade. In both samples, the core materials are sandwiched between
two thin ~5mm (0.2 in) GFRP layers, and the entire sample is approximatemgrb@2 in.)

thick. The samples include multiple reflecteveich mimic specific types of flaws found in these
blade materials.

The reflectors include several ptdb locations between the bottom GFRP and the core
material, a central reflector meant to mimic a porous region, and two bond paste layers on the
bottom ¢ one that has three square openings of different sizes that mimic voids in the bond
paste. There are also three different ply drops on the bottom section. These are not meant to
mimic flaws but the intent was simply to see if they can be detected. Images of the balsa core
and foam core sample are shown in Figuse®sand 5-9, respectively.
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Figure5-9. Bottom view (left) and side view (right) of the 50 mm (2tinigk balsa core sample.

The panels were inspected from the top surface using the standard AMW Hnegjtiency
microwave system. The inspection frequency wad83Hz and this was subdivided into 201
discrete frequency bins. The samples were scanned using sevéralaXrix sizeand the 5mm

by 5mm matrix provided the best results for locating the features. The use of the finer mesh
technique is not time limiting, although it does take about twice as long as tmemi By 15

mm (0.6 in. by 0.6 in.can time. The 16m by 15mm (0.6 in. by 0.6 ininspection time took
about 5 minutes and the Bim by 5mm (0.2 in. by 0.2 intpok approximately 12 minutes.

Figure5-10 through5-20 present the results of microwave testing on the balsa wood sample.
Figure5-10 shows the location of the simulated porosity and one of the-falls as detected
through the balsa core. FiguBell demonstrates the detection of the ply drops in the GFRP
layer through the balsa core. Figusel2 shows four additional puliabs which were detected
through the balsa core. Finally, Figd&3 shows that two of the three bond paste flaws are
detected though two GFRP layers and the balsa core. The smaller of the three instances of
delamination in the bond paste was determined to possibly be detectable in the sensor data,
but not necessarily redbly. In total, all flaws except the smallest bond paste flaw were
detected.
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One pull tab and porosity

detected at this level.
Note that the locations and sizes may
be distorted due to beam spread
through balsa,
Additionally, the location may be
displaced due to the bending of the
microwave beam as it enters and
exits the various media
(Snelis law of refraction)
Figureb-10. Lower GFRP samples compared to flaw locations.
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Figureb5-1120. Lower GFRP layer (1in.=25.4mm).
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Four pull tabs detected at
Note that the locations and sizes may this level.
be distorted due to beam spread
through balsa.

Additionally, the location may be
displaced due to the bending of the
microwave beam as it enters and
exits the various media
(Snells law of refraction)

Two out of 3 bond paste flaws are
clearly detectable in the image.
The Indication under the good
bond paste may be associated

§ ‘ with the ply drop, but it appears to

""""" be a lack of adhesion at that

location.

Figureb-13. Overlay of microwave image over panel. (1in.=25.4mm).
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The foam core samples were inspected using the sar@#odology as the balsa core samples.
The data analysis was performed using Synthetic Aperture Radar (SAR) focusing techniques.
This was done because of the sensitivity of the inspection method to the round holes in the
foam core for resin transfer durinigfusion. These round resiilled holes provided a large

source of noise for the inspection technique. As a result, increased sensitivity was required for
flaw detection over the balsa sample due to the increased sample noise level. All sample flaws
were detected using this data analysis method.

Figure5-14 shows how the ply drops in the lower GFRP layer are detectable through the balsa
core. The ply drop locations in the data are close to the actual ply drop locations, even with
beam spread and attenuation through the foam core.

——— The ply drop locations line up very
precisely with the actual location. The
drops are each a very distinct border.

j==_=a]

PLY DROPS

Figureb-14. Ply Drop Detection.

Figure5-15 demonstrates how the porosity flaw is detectable in the presence of the resin hole
background noise. The simulated porosity flaw results in a much different signal than the rest of
the GFRP panel in which it is located. Figbrés, 5-17, and5-18 show three of the puiltab

locations near the edge of the sample. Finally, Figut® shows all three bond paste flaws and

the remaining two puttabs. This data analysis set indicates how all flaws are detectable though
the foam core.
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Edge of Paste

Figure5-19. Bond paste flaws.

5.2.3 Porosity samples

A set of five (5) GFRP plates each with different porosity levels were providiestiog. The
panels have dimensions of 3@im by 300mm (11.8 in. by 11.8 inWith 18 plies of GFRP
material[~10mm (0.4 in.)khick. The porosity was produced in each panel in a controlled
fashion using the process describedsattion4.

The data analysis differs for this evaluation from flaw detection because bulk panel properties
are being measuredrhis type of analysis uses frequef@ased data because it represents the
reflection coefficient for the entire panel thickness rather than any one layer. This is a better
way to measure a bulk property such as porosity.

The data contained in the image can be correlated to the level of porosity in the sample. The
electromagnetic radiation interacts differently based on the amount of porosity and returns a
different reflection coefficient, S11. The change in reflectionfitcient is measurable and is a
function of the amount of porosity in the sample. Because of this relationship, there can be a
curve of reflection coefficient versus porosity developed that would lend itself to allowing for
pre-calibration of the device por to inspection.

A typical frequencypased data image is provided for reference in FidisB®. By using
frequencybased dataa uniform image can be obtained. The frequency range for analysis
would be preselected as part of the calibration and then listed as an essential variable. In this
case, the frequency range selected is centered at 11.56G-BGHz.
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Figure5-20. Example of Frequency Image 11.56GHz (+2.3 GHz).

Note that Figurés-20 is created from the same data that can be used for thickness evaluation
and depth of defect analysis. If we use the depth approach in the IFFT mode, the image
becomes more granular and porosity can be localized within the part. This approach would
allow for detection of specific areas of porosity that might be remediated to restore the part
strength capability. Specifically, the high porosity sample in Figi2deshows what is likely a
channel where air traveled from the edge to the center of the paris Tilgpothesis is consistent
with how the porosity (air) was introduced into the panel during construction. The arrow in the
image shows the likely air flow path. This demonstrates the ability to detect overall porosity
along with normal part inspection.

Figure5-21. Depth Image with Possible Air Path.
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In the final analysis of the porosity samples, a data line was developed using the imaginary
reflected data at 12.4.3.2 GHz and the average porosity of the sample as determined by
destructive testing. The data was collected using the same method as bbétdrthe analysis

was done by using the imaginary portion of the actual data, (ict dB of data) at a specific
frequency range. This data was then averaged over the entire inspected region to develop the
average imaginary reflected data for each of #amples. This average data was then plotted
versus the average porosity determined via the destructive tests and a linear fit was used to
obtain thefollowingequation (eq5-1):

0 ppFu OCuv@dop eqg.51

WhereP = Average Sample Porogitypercen), andID = Average Imaginary daat the 12.6
13.3GH} The porosity plot is shown in Figuse22. It is expected that different material types
and potentially thicknesses would require different prediction equations.

POROSITY VS IMAGINARY REFLECTION AT 12.6-13.2 GHZ

Figureb-22. Porosity versus Imaginary Data.

5.2.4 Wrinkle panel

The wrinkle panel was inspected using the standard AMWI inspection method for GFRP. The
data was collected over the entire panel to capture all wririldess presentin the GFRP panel.
The wrinkles extered to the edge of the panel, which made some of the data less reliable due
to edge effects.

This type of analysis uses frequeriased data because it represents the reflection coefficient
for the entire panel thickness rather than any one layer. This is a better way to measure a bulk
property such as porosity.
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Figure5-23 shows that detection of the wrinkle is simple and very clear. The wrinkle has a very
distinctive shape in the B Horizontal image. This image is only possible because of the multi
frequency data collection and implementation of the IFFT for the data.pldigs the data in a
G¢AYS 2F CtA3IKGE Y2ZRSITI &2 GKS . 1 2NRT 2ydl ¢
shape for a wrinkle so distinctive that Al automated detection is possible for future iterations.

©Da-s0
e ve s - @

Figure5-23. Wrinkle Panel Image.

The ability to measure the width and height of the wrinkle is critical to determining the aspect
ratio of the wrinkle, which is defined as the width of the wrinkle divided by the height of the
wrinkle. The data necessary to determine the depth is avaitabl¢he multifrequency

inspection capabilities of the AMWI system.

Measuring the width of the wrinkle is similar to measuring afly plane dimension in NDT
techniques. The width of the wrinkle is apparent in the data that makes up the C scan image. In
the software, this data appears on a data line that can edufor measurement.

The wrinkle data appears as a peak in the data line that intersects the wrinkle. The width of the
peak is measured at a location defined as 3dB below the peak. The width at that location is
used as the defined width of the flaw. This is demonstrated iarEig-24.

To accurately determine the wrinkle height, the material dielectric properties must be part of

the input as the resolution factor. The dielectric properties determine the speed of light in the
material, which determines the scale for the time of flighteThethods for determining the

wrinkle width and depth were established using this sample. The results demonstrated that the
method is capable of detecting wrinkles and measuring the critical dimensions of width and
thickness of the wrinkles in GFRi®Pthis case, the material is GFRP and so the resolution is set

to 2.290. When this value is used for resolution, the Y axis in the B horizontal closely
approximates mm in GFRP. Thus, the height of the wrinkle can then be measured directly in the
B Horizontal imge.
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Figure5-24. Width Measurement.
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Figure5-25. Wrinkle height.

Inspecting this wrinkle panel demonstesithe ability of a multfrequency microwave system

to detect wrinkle flaws, measuring wrinkle flaws, and determining the wrinkles critical
characteristics. This is a very challenging application for many inspection methods but is
reasonably easy and fassing a microwave system. These were all reasonably large wrinkles
with low aspect rations. Further tests can be carried out with smaller, reobtlewrinkles.
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A summary of the aspect rations is as follows

Length Centerline Distance

Delta
A-C=125mm A-C=()2.7%

La=209.3mm  Measured Ls =200mm Deltalsa=4.7% A-C = 121.67mm

Le =113.7mm  Measured Lg = 105mm  DeltaLs = 8.3%

A-B=529 A-B=50 A-B=5.8%

Lc=259.5mm  Measured L = 245mm  Delta Lc = 5.9% mm mm

Lo=194.7mm Measured Lp = 190mm  Delta Ls = 2.5% C-D = 108.667mm C-D=120mm C-D=(-)9.4%
Aspect Ratio

A -W=26.4mm, T=5.316mm, AR =4.97
B -W=28.7mm, T =7.309mm, AR = 3.92
C -W=226mm, T = 3.966mm, AR = 5.69

D -W=15.24mm,T = 6.519mm, AR = 2.34 J
i
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6 SUMMARY OFTESTING AT CARBON RIVERS

Team members traveled tine CRPowerhouse blade laydown yard in Kingston, Tennessee on
October 1417, 2024 The laydown yargossesseseclaimed blades frormostmajor U.S.
deployed wind turbine platforms and rotor diameters ranging from 34 meters up to 162
meters An aeriaimage of theCR Powerhoudelade laydown yard is shown in Fig@4.

Figure6-21. Aerial view of Carbon Rivers blade laydown yard in Kingston, TN. Credit: Google Earth

After evaluating hundreds of different blade sections at the laydown yard, seseionswere
selectedfor NDE testinghat spanned the entirety of the bladeA summary of the blade
sections scanned &Ris shown in Tablé-1. Each blade section represents a different wind
turbine blade make/model. Additionally, treelectedblade sections included several flaws and
features of interest, including delamination, voids, root hardware iuerlaminar layup
characteristics, quantitative characteristickinternal reinforcements (scanned externally),
fiber wrinkles,bond lineintegrity, and factory (pre&eommissioning) repairs.
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Table6-4. Sections used for NDE testing demonstratioh i K Ff | ¢ &

Dictionary

ARSYUGATASR |

Section| Approx
# Section

Location
on Blade

Material(s) Flaw as defined by
9t wLQa . f I

Dictionary

gel coat

1 Outboard | Fiberglass, | Delaminationjpond
33% balsa wood, | anomalies

2NRAY 3
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Root

Steel, bolt
inserts, bolts,
fiberglass,
gel coat

Root insertgaps root
laminatedelamination

Root

Steel, bolt
inserts, bolt
shroud
fabric,
fiberglass,
gel coat

Root insertgaps root
laminatedelamination
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4 Midboard | Fiberglass, | Internal blade
33% foam core reinforcemens,
adhesivegel | surface gouges
coat
5 Outboard | Fiberglass, | Fiber wrinklesbond
33% balsa wood, | anomalies,
adhesive delamination
woven
carbon fiber,
gel coat
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Outboard | Fiberglass, | Bondanomalies end Y L A
33% balsa wood, | of bondline bead R BT
gel coat, bond line thickness R }.1‘ s
adhesive J Ky
Root Fiberglass, | Single shot blade
composite | balsa wood, | geometry, factory
gel coat, repairs
repair
patches
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/7 SUMMARY OFTEST RESULAS CARBON RIVERS

This section presents brief description of th&DE test results from scanning the blade
sections highlighted in Secti@as well as summaryof the ultrasonics testing (U8nd
microwave (MWpdvancedechniquesdeployed Theblade sectionselectedfor the
demonstrationare representative of the blade materials and geometries found in most larger
wind turbine bladesind have similar characteristiesto what can be foundnh OSW blades

The goalof inspecting thecomparableblade sectionssto demondrate the capability of tools
available in the markeb inspect theOSW turbine bladenaterialsto detect flaws, defects, and
damagesFurther, the results from thisdvancedNDEechnique evaluation will serve as a
platform for development of the techniquder the scalematerials and characteristics of OSW
blades

7.1 Testing of Advanced Ultrasound Techniques

The UT instrument used was the Zetec Emerald 64/128, a desj@ble of FMC and PWI
acquisition and realime TFM displaylt is compatible with both conventional monocrystal UT
search units and phased array UT probes.

All eight sections photographed and describeddrror! Reference source not founevere
assessed fdiavorableconduct of UT or not, via free scanning (i.e., not encoded) using two
conventional monocrystal probes of one inch diameter andesfterfrequencies of 0.5MHz
and 1.0MHz. The probe attributes are showTable7-1. The two probes differed onlyy their
centerfrequency; they were 0.5MHz and 1.0MHz. In the cadawdrableUT responses, they
would also be used to measure the sound speed in the bulk material.

The performance of UT was not strong in specimens with cores of either foam or wood
(sections 1, 5 and 6) due in part to the low stiffnesses and high attenuation of these materials
but also due to the high impedance mismatch between the many layers imtimal

structure. It was generally not possible to retrieve a backwall reflection using either
conventional probe listed ifable7-1.

Furthermore, though sections 2 and 3 may appear similar in the photographyHroor

Reference source not foundin that they are of similar sizes and thicknesses, there was a stark
contrast in UT performance, with UT performing strongly in section 2 but poorly in section 3. A
visual inspection reveals that there is a notable difference in structural compositiongh not
evident from the tableSection 2 is built from a dry layup of many thin layers assembled by
machine from prampregnated lamina sheets. Section 3, by contrast, is built from a wet layup
comprising heavier, thicker layers often assembled by haitid applied adhesive. The latter
process often yields a higher concentration of aid voids between layers.

Overall, it was found that sections 2, 4 and 7 responded the faestrablyto ultrasonic
propagation. The longitudinal sound speed was measured as 4882msesponding to
fiberglass in the buiin material library.
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Twodifferent phased array probes, whose attributes are liste@able7-2, were used to scan
these blade sections. The scan plan attributes are listdébie7-3 with the qualitative

features of interest in the scan; typically either the OD of machined holes (see photograph for
the second specimen iarror! Reference source not foundor tovisualizethe internal

interfaces between the different materials in the composition. To obtain a strong focusing
within each specimen, FMC/TFM was used for insonfication and image reconstruction [1].

Using only a string encoder, probe movement was along one dimension, with the greater
dimension of the probe aperture, and also the region of interest, oriented perpendicularly to
the direction of movement. Indexing was accomplished simply by mergingaheustich one

line scans together in a graphics engine buihause at EPRI for volumetric datizualization

Table7-1. Attributes for the conventional monocrystal UT probes used to assess UT performance and sound speed
in the blade sections

Probe ID C16206 A102848161
Manufacturer KBAerotech | PanametricsAccuscan
Centre Frequency| 0.5MHz 1.0MHz

Shape circular circular

Diameter 25.4mm 25.4mm

Pulse Width 1000ns 500ns

Table7-2. Phased array UT probe attributes usedtan the blade sections

Probe ID 10030N1862 | 115061060
Manufacturer Olympus Imasonic
Centre Frequency| 2.25MHz 5.0MHz
Element Count 60 64

Pitch 1.0mm 0.6mm
Elevation 10.0mm 10.0mm
Pulse Width 222ns 100ns
Active Aperture 60.0mm 38.4mm

Table7-3. Summary of scan plans shown in this section

Specimen| PA Probe Orientation | Indexing Frame size Frame
Range(in.) (in.) resolution
2 10030 axial range(1,9,2) | 3.0x4.0 320x384
N1862
4 115061060 | circ. range(1,11,2)| 1.8x1.8 384x384
4 10030 circ. range(1,11,2)| 2.0x2.0 192x256
N1862
7 115061060 | circ. range(2,12,2)| 2.5x2.5 512x512
7 10030 circ. rangef2,12,2)| 2.5x2.5 512x512
N1862
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Figure7-1. Photographed UT probes used in this work; from top left: (a) 0.5MHz monocrystal; (b) 1.0MHz
monocrystal; (c) 2.25MHz phased array; (d) 5.0MHz phased array

7.1.1 Blade Section #2

Section #2 takes the form of a pipe with a regular cylindrical curvature at the OD (the scan
surface). The diameter, being in the order of seven feet, was not measured precisely, though
the thickness was measured as 3.5in at the accessible end of théuseuwith a taper at the

ID, such that its thickness decreases as one moves farther from the end. The features of interest
in this section are a series @f1.5in.holes of approximately 10in. depth, spaced by

approximately 4.5in. cemt-center. Scanning as carried out only axially, parallel to the axis of

said holes.

Annotated views of the volumetric datae shown inFigure7-2. The indexing range covered

two holes; whose positions are indicatbgt the dashed lines. Note that the axes are not
necessarily to scale; hence the holes do not appear circular in the end view. In the top right
corner of the side view, the specular reflection, the creeping wave around the hole and the
second specular reftgion are visible, along with the 1D reflectiofhe top view and, to a lesser
extent, the side view, reveal interesting circular features at the ends of the hole, likely resulting
from diffraction from the tip.

The volumetric view demonstrates the viability of UT to track the thickness of the part up to
long sound paths of three inches or greater, and to indicate the presence of reflectors within
the bulk material.
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OLYMPUS 2.25L60

CUMULATED SIDE VIEW
12

Figure7-2. Composited view of volumetric TFM data acquired from axial scan of Section #2, showing (a) top view;
(b) side view and (c) end view

7.1.2 Blade Section #4

Section #4 is from the midboard near the root, with a nearly circular shape and with a
composition that includes more than one material, unlike the component section #2. In this
There is neither hole nor known feature of interest. There is instead an interface between the
two materials of generally constant depth (approximately 1.5in.) amtDaof varying depth, as
photographed inFigure7-3 and as capturetty a TFM scan using the 5MHz Imasonic probe. The
scan intermittently captures the interface and the backwall reflection, with gaps caused by one
or more of the following factors:

1 Surface irregularities or damagas evident from the photograph Figure7-3, affecting
the contact of the probe;

1 Angle of the backwall that isnfavorableto the receiving probe;
1 Morphology of the ID not providing a reflecting surface for ultrasound.

The cumulated side view aapturedby the 2.25MHz Olympus probe is showrrigure7-4.

Due to slight variation of the structure along the axial direction, the resulting cumulated view
appears a little blurry. It is demonstrated that TFM focused from data captured by either probe
is sufficiently capable of reconstructing the interface ane blackwall so that the overall
thickness and the bonding quality at the interface can be assessed.
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Figure7-3. (a) Photograph from the end of Section #4 and (b) a corresponding annotated side view of volumetric
TFM data captured by the 5MHz Imasonic probe

Figure7-4. (a) Photograph from the end of Section #4 and (b) a corresponding annotated side view of volumetric
TFM data captured by the 2.25MHz Olympus probe

7.1.3 Blade Section #7

Section 7 is from the root of a different blade to those presented above. At this section, the
shape is more oval than circular, with a composition that appears, from a visual inspection, to
be of three distinct materials. The overall thickness varies ftdsin. to 2.25in. Only
circumferential scans were applied from the OD.

The OD upon which the probes were physically scanned is photographed in
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