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Abstract

Wind energy is quickly becoming a significant contributor to the United States’
overall energy portfolio. Wind turbine blades pose a unique set of inspection
challenges that span from very thick and attenuative spar cap structures to porous
bond lines, varying core material and a multitude of manufacturing defects of interest.
The need for viable, accurate nondestructive inspection (NDI) technology becomes
more important as the cost per blade, and lost revenue from downtime, grows. To
address this growing need, Sandia and SkySpecs collaborated to evaluate NDI
methods that are suitable for integration on an autonomous drone inspection platform.
A trade study of these NDI methods was performed, and thermography was selected
as the primary technique for further evaluation. Based on the capabilities of
SkySpecs’ custom inspection drone, a miniature microbolometer IR camera was
successfully selected and tested in a benchtop setting. After identifying key operating
parameters for inspecting wind blade materials, hardware and software integration of
the IR camera was performed, and Sandia and SkySpecs conducted initial field
testing.  Finally, recommendations for a path forward for drone-deployed
thermography inspections were provided.
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INTRODUCTION TO WIND BLADE INSPECTION MARKET AND
CURRENT STATE OF THE ART

Wind energy is quickly becoming a significant contributor to the United States’
overall energy portfolio. As wind energy’s levelized cost of energy (LCOE)
decreases, additional utility scale turbines are being built. In fact, the U.S. Department
of Energy predicts that wind energy will achieve 35% of U.S. electrical demand by
2050 (see Figure 1-1). At year-end 2013, 39 states had utility-scale wind projects.
The goal by 2050 is to have wind capacity in all 50 states, with 40 states having more
than 1 GW of installed wind capacity [1.4]. This points to a growing need for
operations and maintenance, including inspections and repairs.
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Figure 1-1: Projected Growth of Wind Energy Market Share [1.4]

Meanwhile, there is large uncertainty in the lifetime cost of maintaining and operating
wind turbine rotor blades. The wind turbines that were early to the market are
reaching the end of their designed 20-year lifetime and will eventually need to be
repaired or replaced. Blade replacements currently affect approximately 2-3% of the
fleet per year [1.2] and typically cost $200,000 to $300,000 per replacement (see
Figure 1-2). The cost of these replacements is spread out over OEMs, owner-
operators, and insurance companies, affecting all major components of LCOE.
Moving forward, increased investments in blade inspections and repairs will be
required to address the industry’s growing needs. Specifically, wind farm operators
will need data and tools to make informed decisions about maintenance, repairs, and
ultimately, retirement/replacement.
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ANNUALISED OPERATIONAL BLADE
GROSS CLAIMS DATA, 2008-2013

Figure 1-2: Wind Blade Replacement Costs [1.1]

At the same time, higher-energy capture wind turbine rotors with longer blades are
contributing to a reduced LCOE. Figures 1-3 to 1-5 show examples of these
increasing rotor sizes. As these blades grow longer, and a greater number of turbines
are built offshore, they become more expensive to repair or replace. These designs
have also placed added emphasis on the use of advanced materials, sophisticated
manufacturing processes, and the deployment of routine inspection and health
monitoring efforts to reduce the costs of turbine downtime and blade replacement.

Additional complexity arises when considering that the causes of wind blade damage
are varied and range from design and manufacturing errors, to transportation and
installation damage, to operational damage. The cost of these failures can be only be
alleviated by prevention or repair. However, current industry practices in diagnosing
and repairing defects and damage are non-standardized and in many cases inadequate.
Current inspection practices are extremely limited, consisting primarily of ground-
based visual inspections. These inspections are limited to visible surface damage, and
there is a growing need for nondestructive inspection techniques that are capable of
detecting subsurface damage. As the market grows and the environmental challenges
increase (e.g., offshore turbines), the industry needs faster, more effective, and more
versatile inspection solutions. Moving forward, autonomous drones inspections
present an excellent opportunity for fulfilling this need by implemented both visual
and nondestructive inspections. While drone-based inspections have become common
in other fields, drone-deployed wind blade inspections are still an emerging market.
According to Navigant Research, cumulative global revenue for wind turbine drone
sales and inspection services is expected to reach nearly $6 billion by 2024 [1.3].
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Figure 1-5: Wind Technology Scale-Up Trends and the Levelized Cost of
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The above scenarios indicate an important need for routine inspections and damage
classification that enables wind farm operators to monitor damage and make informed
decisions on repairs. The DOE’s Wind Vision report specifically highlights this as an
action area:
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1.1.

. “Increase reliability by reducing unplanned maintenance through better design
and testing of components, and through broader adoption of condition
monitoring systems and maintenance. [1.4]”

In order to achieve this goal, increased inspection capabilities, beyond just surface-
level visual inspection, are required. Nondestructive inspection (NDI) of subsurface
defects is crucial to understanding the full extent of underlying damage. However,
NDI of wind blades is typically limited to minimal inspections (e.g., spar cap to shear
web bond line) at the OEMs during Quality Assurance, and there is virtually no in-
service NDI being performed, in part due to the accessibility issues. Most blade
access is currently performed by humans rappelling down blades or performing work
on raised platforms, which is expensive and involves inherent risks. These repair
personnel typically respond to severe damage that has propagated to the surface and
subsequently identified by visual inspections. Nevertheless, these inspections are
often not good indicators of flaw size. Therefore, while up-tower, personnel typically
use a combination of tap testing and material removal to size the repairs. They relay
this information to the ground team who help pass materials up-tower to perform the
repair. Using NDI data to identify the type and severity/size of damage before
deploying up-tower workers could greatly optimize this process by allowing the
people to plan the repair ahead of time on the ground. Additionally, identifying
damage before it propagates to the surface also allows proper planning of scheduled
maintenance rather than lengthier and more expensive unplanned maintenance and
catastrophic failure.

As the wind industry market share grows and the need for advanced maintenance
capabilities increases, rapid and effective inspections of both surface and subsurface
damage will be required. The combination of the effectiveness of advanced NDI and
flexibility of drone-deployed inspection systems have an opportunity to fulfill this
market need. By combining these technologies, drone-deployed NDI can help wind
blades reach their design life and efficiently provide the necessary life management
tasks that maximizes wind farm operations.

Introduction to Sandia’s Blade Reliability Collaborative NDI Initiatives

As the application of wind turbines continues to expand, there is an increased
emphasis on ensuring the quality, and thus the reliability, of wind turbine blades.
Blade reliability is rapidly becoming one of the highest cost elements of plant
operations because blade failure can cause extensive down time and lead to expensive
repairs. In addition, blades are being delivered to the site in a condition that
occasionally requires additional treatment of quality issues before they can be
installed. Blade repair contractors for US wind plant developers and operators report
that a significant percentage of the blades they repair have never been operated. Blade
reliability issues need early attention because of the lost production and cost of
significant failures. A reliability effort, centered around nondestructive inspection
(NDI), was initiated at Sandia Labs to address these important reliability issues as they
impact development and operations costs. This effort recognizes and is addressing the
need to improve the quality of blades as they are delivered to the field through
enhanced inspection capabilities and associated quality metrics.
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Nondestructive inspection requirements, methods and practices vary widely within the
wind industry and different blade manufacturers utilize different levels of rigor and
different inspection methods on their product before it leaves the factory. As the
length of blades increase and more advanced materials are being used to manufacture
blades, it has become increasingly important to detect fabrication defects during blade
production. In addition, small defects can propagate to levels of concern during blade
use while fatigue loading, impact, lightning strike and other in-service conditions can
lead to new damage in the blades. Operational environments produce high stress
levels in the blades, it has become increasingly important to detect the onset of
damage or the propagation of fabrication defects during blade operation. The need for
in-service NDI of blades at wind farms is growing. One aspect of this program is to
determine how advanced NDI methods can be gracefully integrated into wind farm
operations. These include both up-tower NDI deployment and equipment for
inspecting blades that have been removed from the wind turbine. The first task is to
determine the inspection requirements as they exist now, as well as those that are
expected to exist in the near-future.

The goals of this study are to determine what Nondestructive Inspection (NDI) is
being performed on blades during and after the manufacturing process, determine the
level of inspection requirements and standardization within the industry, develop new
and customized NDI methods to meet the inspection needs of the industry and work
with blade inspectors to test and apply state of the art inspection techniques in
manufacturing environments. This includes the possible introduction of automated
inspections, a comprehensive assessment of various conventional and advanced NDI
techniques in manufacturing environments, close interface with blade original
equipment manufacturers (OEMs) to determine inspection requirements, and the
completion of NDI technology transfer activities with the wind turbine blade industry.

The purpose of the “Non-Destructive Inspection for Wind Turbine Blades” effort
within the Blade Reliability Collaborative (BRC) is to develop, evaluate and validate
the potential nondestructive inspection methods that could be deployed to effectively
detect flaws in composite wind turbine blades. This effort has also allowed Sandia
Labs to establish a national capability — including a physical presence and
methodology - to comprehensively evaluate blade inspection techniques. The primary
benefit to the wind industry is the optimum deployment of automated or semi-
automated NDI to detect undesirable flaws in blades before the blades enter service
while minimizing the time and cost required to complete the inspections.

Figure 1-6 shows various operating wind turbines along with a blade in production.
Figure 1-7 shows the main components of a wind turbine blade and Figure 1-8 shows
several different cross sections of blades highlighting some variations in blade design.
Such variations give rise to unique inspection needs and challenges. Typical flaws
encountered during production include: disbonds, interply delaminations, dry or resin-
starved regions, porosity, voids, wrinkles, ply waviness, and snowflaking. In addition
to these flaws, wind turbine blades operating in the field may also sustain damage
stemming from transportation, installation, stress, erosion, impact, lightning strike,
and fluid ingress.
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A completed SAND report has already presented the details of the BRC NDI program
and the infrastructure that was established to conduct the development and evaluation
of advanced NDI methods for wind turbine blades reference [1.5]. It also describes
the development of a highly-sensitive NDI method that is capable of inspecting
through the thick composite sections and attenuative bond lines in blades to meet the
inspection requirements of blade manufacturers. Preliminary testing was completed in
this first phase of the BRC program to assess some NDI methods on actual wind blade
test specimens. This first SAND report was intended to describe the promising NDI
methods but not to assign any quantitative performance metric with respect to the
inspection of wind turbine blades.

The report contained in this SAND document takes the next step of providing
quantitative NDI validation through the implementation of a Probability of Flaw
Detection (POD) experiment. This report describes the design and implementation of
the Wind Blade Flaw Detection Experiment (WBFDE). WBFDE was deployed to
quantitatively assess the performance of the best and most viable NDI methods as
determined in the preliminary testing described in reference [1.5]. This report
describes the top nondestructive inspection (NDI) techniques that might possibly be
applied to address the fabrication quality assurance and in-service inspection of wind
turbine blades. It provides an overview description of the various methods while
introducing specific instruments that are available to implement each method. A
series of Probability of Detection (POD) curves are presented to clearly show the
ability of both conventional inspection methods — as deployed by current wind blade
inspectors — and advanced inspections methods. Such comparisons are used to
provide insights into the advantages, limitations, optimized deployment and training
needs associated with each technology along with results from the application of these
NDI methods to the set of WBFDE POD test specimens. Insights gained during the
WBEFDE testing are being used to develop both NDI reference standards, formal
inspection procedures and an inspector training regimen to further improve the
inspection performance on wind blades.
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Figure 1-7: Components of a Wind Turbine Blade Construction
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Figure 1-8: Sample Wind Turbine Blade Cross Sections Showing

Different Design and Construction Scenarios

Objectives

The overall objectives of this NDI activity are:

Plan and implement a national capability — including a physical presence and
methodology - to comprehensively evaluate blade inspection techniques.

Develop, evaluate and validate the array of potential nondestructive inspection
methods for the detection of flaws in composite wind turbine blades. Transfer
this NDI technology to wind blade production facilities.

Produce optimum deployment of automated or semi-automated NDI to reliably
detect undesirable flaws in blades (major criteria are time, cost and sensitivity).

Create the ability for manufacturers to determine the quality of their product
before it leaves the factory. Develop an array of inspection tools to
comprehensively assess blade integrity (determine needs, challenges, and NDI
limitations).

Possibly use successful NDI to extend blade operational life.

Inspections must address all field deployment issues:

Vertical and horizontal inspection surfaces

Hand scan vs. attachable scanner
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. Signal coupling into part

o Wide range of thicknesses
o Quantitative information
. Ease and rate of inspection

Inspections must overcome all inspection impediments

o Some methods may need access to both sides of blade
. Wide area inspection method needed (scanners)
o Porosity/attenuation levels of blades are high

o Depth of penetration and sensitivity at depth is needed

» Inspections must accommodate surface curvature and complex geometries

The BRC NDI initiative is addressing multiple methods to improve performance:

° Evolve existing NDI
° Introduce advanced NDI

o Assess NDI performance — conventional baseline and advanced NDI
improvements
o Improve and/or add training

o Develop NDI standards

. Training — including feedback on experiment
. Process optimization
o Inspector certification

Figure 1-9 depicts the approach used to arrive at the desired NDI performance levels.
Structural analysis and testing, which include a damage tolerance assessment, are used
to determine the level of damage that can be sustained by the blade such that it can
still achieve its desired function and lifetime. Inspection methods must then be
developed and validated to ensure that all flaws can be detected prior to reaching a
critical size. Damage tolerance assessments (DTA) are difficult to complete in
composite materials, especially those produced with the VARTM process, and are
exceptionally challenging in structures as large as wind turbine blades. Wide
variations in operational environments and sources of damage onset also exacerbate a
damage tolerance assessment. As a result, this NDI effort uses a conservative
approach and includes flaw sizes that are expected to be below the DTA levels. This
ensures that the results from the NDI evolution work will produce NDI methods that
perform at or above the desired performance levels. DTA analysis and testing
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conducted to date has confirmed that the flaw sizes used in the NDI test specimens are
conservative.
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Figure 1-9: Required Relationship Between Structural Integrity and
Inspection Sensitivity

Figure 1-10 shows the five key pieces of an NDI system that include the method, the
equipment, inspection procedures and training needed to produce the optimum results
in a repeatable manner. They include:

o Use of NDI reference standards to form a sound basis of comparison and ensure
proper equipment set-up.

o Use of material property and calibration curves (e.g. attenuation, velocity) to
guide NDI deployment and signal interpretation and to set proper accept-reject
thresholds.

» Human factors — use of extensive NDI deployment testing to adjust procedures

and minimize human factors concerns.
* Improved flaw detection via:
o Advanced NDI

o Hybrid inspection approach - stack multiple methods which address array of
flaw types (data fusion)
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1.1.2.
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Figure 1-10: Depiction of the Critical Elements Contained in an

Blade Reliability Collaborative Task Descriptions

One of the primary, early, activities conducted by Sandia Labs was the development
and evaluation of ultrasonic (UT) inspection methods to improve the current state of
blade inspection capabilities. These methods, categorized into single-element pulse-
echo UT and phased array UT, were then used to accurately characterize the wind
blade test specimens that were fabricated with engineered flaws and to propose an
advanced NDI method for improving wind turbine blade inspections. The flaws
include an array of interply delaminations, spar-to-shear web disbonds,
contamination/FOD, laminate waves, porosity and dry regions. The Sandia-evolved
ultrasonic NDI methods were demonstrated to produce some of the best sensitivity
(highest contrast C-scan images) on wind turbine blades to date. A series of tasks
developed deployment devices to: 1) allow the UT techniques to be conducted on
rough surfaces at any orientation, and 2) produce reliable and optimized signal
coupling to produce the strongest and most sensitive signal possible. The use of
multiple gates, along with customized time-corrected gain, was explored in order to
detect the full set of flaws through the assembly thickness. The combined use of A-
scan (raw UT signal), B-scan (section view), C-scan (2-D planform view) data was
also evaluated to enhance flaw detection and characterization. In order to better
explain the subsequent NDI performance evaluations that were completed as part of
the WBFDE, some of the NDI developments — primarily hardware and data
acquisition improvements — are also briefly described in this report.

Activities from the completed portion of the BRC NDI initiative produced an initial
screening of NDI methods; to identify the methods that show the greatest promise for
flaw detection and potential deployment on wind turbine blade geometry reference
[1.5]. A series of NDI Reference Standards and NDI Feedback Specimens were
designed and fabricated to facilitate initial assessments of candidate NDI methods.
Blade design and fabrication information from multiple manufacturers was digested
into general construction scenarios so that this NDI effort could address the wind
industry as a whole. The specimen designs, and associated fabrication processes, were
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reviewed by several wind energy experts to insure specimen realism. The NDI
specimens were applied in a “feedback” mode where the inspector was aware of the
flaw profile in each specimen (i.e. not blind mode inspections). Inspection systems at
NDI vendors, research labs including Sandia Labs, and universities were evaluated
using the representative test standards. The results were compiled in a structured
manner to arrive at preliminary rankings of performance. The candidate array of flaws
that were studied include: snowflaking, porosity, resin-starved regions, adhesive voids,
interply delaminations, spar and shear web disbonds, and wrinkles. Discussions with
blade manufacturers coupled with operational history were used to identify the most
representative flaw types to be used in this study. The flaw sizes deemed necessary to
be detected were determined by a complimentary BRC “Effects of Defects” study.
Custom test panels with engineered flaws were supplemented by full-scale blades and
blade sections that contain natural flaws found in the field along with engineered
flaws. Candidate NDI methods are presented in Chapter 6.

Major tasks included:

o Acquire retired blade sections and add engineered flaws

® Understand blade designs and define blade NDI issues (design, inspection
requirements, NDI impediments, desired deployment)

. Inspect retired blades using various NDI methods to understand challenges and
characterize flaws

o Choose flaw types to include and the optimum methods to produce these flaws

o Perform trials to consistently reproduce realistic flaws

o Complete final design of NDI Reference Standards and NDI Feedback
Specimens

. Complete fabrication of NDI Feedback Specimen set

o Identify NDI methods to be included in the WINDIE screening effort
o Develop WINDIE experiment protocols and invite participants

o Complete flaw characterization of NDI Feedback specimens

o Implement WINDIE - conduct round-robin testing on NDI Feedback specimens
with “advanced” NDI methods

J Complete analysis of inspection results with NDI comparisons (sensitivity,
repeatability, coverage, adaptability, deployment, cost, etc.)

. Assess NDI in the field - deploy NDI methods to allow for routine use of
validated NDI method(s) in blade production environments (technology
transfer)

1. Develop, then evaluate technology in full-scale factory testing
environment and obtain inspector feedback
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1.2.

2. Conduct training and develop inspection procedures aimed at
manufacturer needs using advanced NDI

3. Carry out technology transfer to industry
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WIND BLADE FLAW DETECTION NEEDS

Post-Production Inspection of New Blades

While there are a wide array of blade designs and customized production processes,
there are common flaws that can be produced in composite wind blade structures.
Typical flaws encountered during production include: disbonds, interply
delaminations, dry or resin-starved regions, porosity, adhesive voids, wrinkles, ply
waviness, and snowflaking. In addition to these flaws, wind turbine blades operating
in the field may also sustain damage stemming from stress, erosion, impact, lightning
strike, fluid ingress and other stress risers that may occur during shipping and
installation. Figure 2-1 shows a cross section of a blade highlighting some primary
inspection regions. Blade design variations give rise to unique inspection needs and
challenges. Sample flaws found in the thick, fiberglass and carbon blades are shown
in Figure 2-2 through Figure 2-5.

The most general list of flaws, damage and non-standard production items that the
industry would like to detect are:

e Thickness variations

Disbonds, including kissing (intimate contact) disbonds
e Presence of adhesive (ensuring proper bond line width)
e Missing adhesive (voids)

e Width and placement of adhesive

e Interply delaminations

e Dry regions (incomplete resin transfer)

e Gelcoat disbands

e Snowflaking

e Porosity

e In-plane and out-of-plane waves

e Composite fiber fracture (cracks)

e In-service damage such as erosion, overstress, impact, lightning strike and
fluid ingress.
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Figure 2-1: Inspection Areas of Interest — 1) Leading Edge Bond, 2) Spar
Cap, 3) Spar Cap-to-Shear Web Flange Bond Line and 4) Trailing Edge

Figure 2-2: Flaw Types That Are Desirable to Detect with NDI Including
Ply Wrinkles and Delaminations, Adhesive Voids and Joint Disbonds
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Figure 2-3: “Snowflaking” Flaws in Spar Cap Created by Entrapped Air
During Cure

Figure 2-4: Figure Comparing Pristine Blades with Cracks,
Delaminations and Other Laminate Fractures that Can Occur in Wind
Blades
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The inspections must address all deployment issues including: a) vertical and
horizontal inspection surfaces, b) hand scan vs. attachable scanner, c¢) signal coupling
via water flow or other signal couplant, d) wide range of thicknesses which may
require equipment adjustments such as transducer selection and gate adjustments in
ultrasonic inspections, €) need for quantitative information, f) ease of equipment use to
minimize human factors concerns and performance variations, and g) rate of
inspection to produce necessary coverage.

Some inspection considerations and impediments that must be overcome in order to
produce the desired NDI performance include: a) some methods may need access to
both sides of blade, b) wide area inspection methods may be needed (scanners), c)
porosity/attenuation levels of blades are high, d) depth of penetration and sensitivity at
depth is needed, and e) inspections must accommodate surface curvature and complex
geometries.
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Figure 2-5: In-Plane (top) and Out-of-Plane (bottom) Wave Flaws in Wind
Blade Composite Laminate
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In-Service Inspection of Operating Blades

Background on In-Service NDI Needs

Small defects can propagate to levels of concern during blade use while fatigue
loading, impact, lightning strike and other in-service conditions can lead to new
damage in the blades. As the length of blades increase and operational environments
produce high stress levels in the blades, it has become increasingly important to detect
the onset of damage or the propagation of fabrication defects during blade operation.
The need for in-service NDI of blades at wind farms is growing. Additional NDI
fidelity beyond what can be provided by visual methods is required to identify and
repair defects before they reach a critical size. In addition, the use of larger and more
expensive blades means that it will be necessary to install more invasive repairs and
repairs to primary blade structure in order to avoid the cost of blade removal and
replacement. These more extensive repairs will require close scrutiny from NDI
methods to ensure the long-term viability of the repair.

One aspect of this program is to determine how advanced NDI methods can be
gracefully integrated into wind farm operations. These include both up-tower NDI
deployment and equipment for inspecting blades that have been removed from the
wind turbine. The first task is to determine the inspection requirements as they exist
now, as well as those that are expected to exist in the near-future. This includes the
identification of current inspection practices at wind farms, the level of standardization
across the industry and the ability of operators to deploy NDI methods in the field.
This information will allow us to focus our activities on developing new and
customized NDI methods to meet these inspection needs while ensuring the ability of
wind farm operators to avail themselves of such inspections. The latter item could
involve the use of wind service companies to provide skilled inspectors with proven
equipment and procedures.

Thus, this project includes close interactions with wind farm operators to test and
apply state of the art inspection techniques in in-service environments. This project
also includes NDI technology transfer activities with both wind service companies and
wind farm operators. The benefit will be optimum deployment of automated or semi-
automated NDI to detect undesirable flaws and damage in blades in order to help the
blades reach their design lifetime or beyond.

Application of NDI technology in the field, and specifically up-tower has the same
challenges associated with deployment as factory inspections, with the addition of
many more. Wind farms are typically located in rural, rugged areas of the country
with high winds, elevated work areas, and dangerous conditions. Nondestructive
inspection technology being proposed for field use needs to be portable, battery
powered and durable so that inspectors can bring the equipment to different locations
on the blade including areas that may only accommodate rope access. The most
common use of NDI applied up-tower has been to inspect specific, critical regions of a
blade that have been identified as having a high probability of containing a serial
manufacturing defect that was not detected at the plant on a large number of blades.
These have been very specialized and confined to a particular set of blades. The
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2.2.2.

operator typically identifies the issue over time because the defect manifests itself as
early damage onset and eventually failure in more than one blade. Often when an
issue like this is identified the first question is: “How many of the blades are affected
and can the blades be repaired before the defect grows?” In-service NDI is critical to
assess and detect defects, even those that were not seeded by manufacturing problems.

In-Service Blade Damage

The most common operational damage is from surface impact and rain/dust erosion.
Other damage stems from bird strikes, lightning strikes, other object strikes, the
propagation of manufacturing anomalies and the origination of new damage stemming
from normal fatigue stress loads, off-design overloads or other environmental
conditions. Figure 2-6 to Figure 2-8 show various types of wind blade damage. Note
that all photos feature damage that is extreme or that has propagated to the point of
blade failure. The goal of this effort to conduct nondestructive inspections before
minor damage can grow to levels of concern. Figure 2-9 shows several images of
subsurface damage that can be detected via NDI methods.

Lightning Strike Damage

Impact Damage

Figure 2-6: Types of Damage to Wind Blades Experienced During
Operation (1)
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Erosion and Impact Damage Damage from Shipping and Installation Handling

Figure 2-7: Types of Damage to Wind Blades Experienced During
Operation (2)

Severe Growth of Fiber Fracture Delamination and Subsequent
Laminate Fracture

Erosion Damage

Figure 2-8: Types of Damage to Wind Blades Experienced During
Operation (3)
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Skin Laminate Fracture Interply Delamination in Skin and Spar Cap

Figure 2-9: Subsurface Wind Blade Damage Detectable Using NDI
Methods in the Field

In-Service Blade Repairs

The same techniques used to detect damage may also be used to determine the
integrity of a structural repair to a blade. Enhanced NDI techniques could open up
new opportunities for more invasive and complete spar cap and root repairs. The
integrity of the structural repair could be verified through inspection, giving repair
designers and engineers added confidence that the blade can be recertified for use,
which would lead to significant cost savings. In order to assess these challenges,
collaborative relationships with blade maintenance and inspection companies has been
pursued by Sandia Labs. Increased damage detection sensitivity in the field will
improve blade reliability and minimize blade downtime.

Most turbine blade damage from erosion or impact is repaired with primary near-
surface type of repairs using epoxy or polyurethane filler material or with the addition
of a ply or two of material using an ambient bond adhesive. Repairs to core structure
are common and can extend to double-sided repairs of through-thickness damage.
While core structure is not considered primary structure, extensive damage to the core
region can affect the overall stability and structural integrity of the blade. As the wind
blades have become larger and more expensive, there is a corresponding desire to
install more extensive repairs that reach many layers in depth and are placed on and
around primary structure such as spar caps and root sections. The criticality of these
repairs will then require the use of through-thickness depth inspection methods to
ensure the quality of the repair. Periodic up-tower inspections may also be required,
depending on the repair analysis conducted by the wind farm operator in concert with
the original blade manufacturer. The repair, the post-repair inspection and subsequent
in-service inspection could be carried out in a centralized fashion by a third-party wind
service company. This allows for a centralized location of expertise, repeatable
inspection methods and reliable results. Blade repairs require consideration of both
aerodynamic and aeroelastic loads to the structure. The repair design is adjusted to
meet the zone requirements as shown in Figure 2-10. Repairs conducted in Zones (1)
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and (4) involve primary structure (blade root or spar cap) and must be designed and
installed for structural purposes.

Figure 2-10: Repair Zones on Wind Blades that Identify Criticality and
Limits on Level of Repair Allowed

A typical repair process is shown in Figure 2-11 where a tapered sanding process is
used to remove the damaged region. Then, replacement plies of similar material and
orientation are placed into the repair region and cured using in-situ vacuum and
heating equipment (if elevated cure temperatures are needed). An example of a blade
tip repair is shown in Figure 2-12. The success of a repair can be affected by
numerous factors including: surface preparation, the ambient temperature and
humidity conditions during curing, proper mixing and uniform application of the resin,
improper curing profiles and improper placement/orientation of the plies. Most of the
problems associated with improper repairs will result in damage within the repair that
can be detected by NDI methods. Normally, the damage could be detectable during a
post-installation inspection or within 6-12 months of operation.

Figure 2-11: Tapered Scarf Angle, Replacement of Plies and Resulting
Shear Stress Distribution in the Scarfed Repair Joint
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Manual tap testing is the most common method of NDI used to evaluate damaged
arcas of a blade in the field. This method involves the use of a coin or other small,
hard item such as hammer/tool to tap on the structure while the inspector or repairman
listens to audible changes in the sound of the tapping. This is a fairly effective method
to size damage in core materials (moisture ingress and skin delamination), but not
effective in the critical, thicker structures such as solid laminate spar caps and thick
bond lines in the trailing edge.

Figure 2-12: Picture of a Lightning Strike Tip Repair

Repairmen also use a method of visual inspection and evaluation of wind blade
structure during the repair process. Once a repairable damage is identified and the
mechanic begins to remove damaged material, they visually determine how much
material needs to be removed and replaced. In this case, in-field NDI to assess
damage in sandwich structure, leading and trailing edges, and other aero shell
components may be needed to identify the initial damage and subsequently ensure the
success of the repair.

In-Service Repair Inspections

Manufacturers perform repairs on blades quite often in the manufacturing plant.
Repairs can range from the simple addition of adhesive to a joint that was
insufficiently wide, to multi-ply depth scarfed repairs on spar caps and root laminates.
The type of repairs a company will perform depends on the original construction
process (e.g. shear web to spar or box beam configurations) and their tolerance for
invasive repairs on primary structure. Repairs in the manufacturing plant are not
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typically inspected with NDI after they are performed, but they are visually inspected
by quality personnel.

Repairs performed in the manufacturing plant can be much larger than repairs made
up-tower. This is because manufacturers have much better access to resources - such
as engineering support, materials, and larger work spaces — and can maintain the
proper control over the repair process. Wind blades that have been significantly
damaged in the field are typically taken down and replaced with a new blade. Typical
service repair companies will not repair spar cap-to-shear web adhesive bond lines due
to warranty issues, structural criticality of the area, and the extensive amount of work
it requires up-tower. Although this scenario is rare, if the damage is extensive and
non-repairable up-tower, then the blade can be taken down, repaired in the field, and
put back on the tower.

Enhanced NDI techniques could open up new opportunities for spar cap and root
repairs in the field. The integrity of the structural repair could be verified through
inspection, giving repair designers and engineers added confidence that the blade can
be recertified for use. This would lead to significant cost savings.

Up-Tower Blade Access

With a growing number of blades now in service - many well outside their warranty
periods - rotor blade maintenance is becoming a major issue. One of the most
challenging aspects of wind farm operations is the means to conduct periodic
maintenance of the blades while they are still installed on the rotor hub (i.e. up-tower
maintenance). Access to the blades and deployment of equipment severely hinders
both the ability of workers to conduct their tasks but also limits the amount and type of
work that can be carried out up-tower. Up until recently, the excellent reputation of
composite materials for high durability has induced wind farm operators to defer
general blade maintenance and oversight tasks. The increasing knowledge of wind
blade aging issues has produced an increase in demand for blade inspection,
maintenance and repair. In response, several wind service companies have been
formed to supply a new breed of worker called skyworkers. These workers combine
skills in the inspection and repair of wind blades with climbing skills. The technicians
themselves are normally suspended from the rotor hub, working on the subject blade —
which is stopped in the down position as shown in Figure 2-13. Anchor lines may be
deployed to the tower or around the blade.

Almost all of the inspections are confined to visual assessments. Erosion, surface
fracture and, to a lesser extent, impact damage can be identified with visual
inspections. However, many of the more aggressive and destructive types of damage
that can severely reduce blade life do not manifest themselves as surface
demarcations. Such subsurface damage must be detected via high-penetration,
inspections methods such as ultrasonics.

Currently most repairs are of the ‘cut out and fill’ type or, in the case of laminate
repairs, wet lay-up. However, a smaller number of technicians can also handle
infusion and prepreg repairs, along with restitution of gel-coats and surface finishes.
Vacuum bagging and heat curing up-tower is a challenge and workers must execute
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everything from small surface repairs to medium structural repairs, dealing with a
wide range of materials including polyester, vinyl ester and epoxy resins, along with
glass, carbon, aramid and biocomposite fibers. A technician's visit can encompass
anything from a close visual inspection with report, through blade cleaning, to a
modest structural repair — a damaged tip or edge for example. Because a skyworker
has either to take everything required for a job with him (or her), or have it hoisted up
or lowered down to the working position, repair procedures have to be carefully pre-
planned and managed, with adequate back-up from other team members.

Figure 2-13: Use of Skyworkers to Access Blades Via Climbing Ropes

A variation on this theme involves the use of adaptive platforms to provide an
enhanced work area with the ability to provide more controlled use of extensive
equipment in an up-tower environment. Figure 2-14 shows several different types of
work platforms that can accommodate more extensive blade maintenance activities.

Deployment of NDI Methods

The platforms highlighted in Figure 2-14 allow for the direct application of proven
NDI methods [2.1]. These could be deployed manually or in a scan mode. However,
the use of these platforms is very rare at this time and quite expensive. Thus, there is a
need for more frequent, rapid inspections means that other NDI deployment options
should be pursued for use in the absence of such expensive work platform
deployments.
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2.2.5.2,

Remote Visual Inspections

The use of Unmanned Aerial Systems (UAS) or ground-based telescopic devices to
inspect wind blades has received a lot of attention in the last 2-3 years. Such devices,
such as the ones shown in Figure 2-15, utilize high resolution optics to produce
excellent visual inspections of the surface of the blade. While these are quite useful
for identifying surface-based damage such as erosion, these inspections are not useful
for detecting the more extensive subsurface damage that can be present in wind
blades. This damage, such as delaminations, disbonds and fracture in the composite
fibers, represent damage that can reduce blade life and even result in catastrophic
failure in-service. This critical damage must be detected using NDI methods that can
interrogate the entire thickness of the blade (e.g. spar cap and shear web bond line,
thick laminate root and transition sections).

Figure 2-14: Use of Adaptive Platforms to Provide Larger Work Space
for Blade Maintenance Activities

Remote and Semi-Automated Access to Blades

In order to obtain a more accurate picture of the overall health of wind turbine blades
in operation, it is important to consider independent deployment of up-tower
inspection devices without the aid of work platforms or other personnel present along
the blade. Several different scanning systems have been developed to accommodate
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automated inspections and even more are in the concept stage. The scanners shown in
Figure 2-16 can produce C-scan images which Sandia has shown to be very beneficial
in improving flaw detection accuracy. Such scanning systems, that utilize X-Y motion
carriages to move a transducer across a wide area of the blade, do require some level
of access to the area of interest. Sandia’s scanning system (Figure 2-16, right side)
was successfully deployed in a factory setting and could be adapted for up-tower
inspections. A true, remotely controlled inspection could be performed using a robotic
crawler device that can scale a wind tower (see Figure 2-17 for concept crawlers and
those used in other industries).

1

i

Figure 2-15: Unmanned Aerial Systems and Ground-Based Devices
Used to Conduct Visual Inspection of Wind Blades
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Figure 2-16: X-Y Scanning Systems Can Temporarily Adhere to the
Surface of Interest to Produce High-Quality, Through-Thickness Flaw
Detection Images Over Wide Areas
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Figure 2-17: Remotely Controlled Auto Crawler Devices for Possible
Deployment of NDI Equipment

These are concept devices that could be adapted to allow for ground-based, easy
access to remote portions of the blade. This would allow wind farm operators to
quickly inspect their blades if they need to respond to unanticipated overload
conditions. Such inspections are necessary to make GO — NO GO decisions and to
determine the need for any immediate repairs. This will minimize the risk of failure or
forced down-time of the turbine. Power and data connection requirements may
require a tether to be added to the concept crawler. Another option for remote
inspections might be accomplished by adapting NDI methods onto UAS vehicles.
Experienced gained from expanding visual assessments via UAS vehicles could be
leveraged to provide more detailed inspection data. Integration of minimal NDI
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hardware (i.e. weight) would be stressed as would on-board power and data logging
capabilities. Problem spots, such as high stress regions or areas thought to contain
systemic manufacturing flaws, could be routinely and quickly inspected with such an
NDI vehicle.
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3.1.1.

VISUAL INSPECTION OF WIND BLADE FLAWS

Current State-of-the-Art

The current state-of-the-art for wind blade inspections is primarily ground based visual
inspections. These inspections are performed using a high resolution camera on a
tripod to inspect the blades on stopped turbines. Typically, the turbine needs to be
repositioned (i.e., rotor rotated, blades pitched) multiple times to complete the full set
of inspections. SkySpecs is disrupting this industry by performing much faster and
more repeatable autonomous drone-deployed visual inspections. Moving forward,
there is increased value to the customer in adding nondestructive inspection techniques
to monitor blades for subsurface damage.

Overview of Existing SkySpecs Drone Platform

The SkySpecs drone platform is designed to perform autonomous inspections of wind
turbine blades. The novel attribute of the drone is the sophisticated sensor rig. The
sensor rig and its accompanying software enable the drone to autonomously position
itself at predetermined waypoints with a high level of accuracy. This positioning is
critical for relating the position of flaw indications to a specific location on the blade
with accuracy and repeatability.

LiDAR and GPS Sensors &
Computer for Automated Drone
Controls

Digital Camera

LiPo Batteries

Figure 3-1: Overview of SkySpecs Drone Platform
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Figure 3-1 shows an overview of the key features of the drone platform. The
SkySpecs inspection platform employs two primary systems: (1) a commercial-oft-
the-shelf (COTS) Freefly Alta 6 drone (Figure 3-2) and (2) a custom-built rig with a
variety of integrated sensors, software, and systems that is mounted to the top of the
airframe (Figure 3-3). The sensor rig’s computer, outfitted with SkySpecs’ proprietary
automation software, interfaces with the drone’s embedded flight control system to
achieve autonomous aerial inspections of wind turbine blades. The Alta 6 drone is
largely unmodified from its COTS configuration, whereas the sensor rig is custom-
fabricated from a combination of carbon fiber plates and tubes, aluminum standoffs,
custom hardware mounts and interface parts, and other COTS sensors. The advanced
positioning capabilities of the sensor rig are performed using a combination of these
COTS sensors, including an inertial measurement unit (IMU), global navigation
satellite system (GNSS) receivers, Velodyne VLP-16 light detection and ranging
(LiDAR) puck, and data transmitting radio, combined with a CPU and motherboard.

Figure 3-2: Alta Freefly 6 in COTS Configuration

The current visual inspection equipment consists of a Sony UMC-R10C 20 megapixel
lens-style camera (Figure 3-4) mounted on a HD AirStudio Infinity MR-S Very Lite
two-axis gimbal (Figure 3-5). This setup allows the drone to orient the camera, as
needed, to take high resolution photos of the wind blade surface. The most efficient
way to add subsurface damage detection capabilities to the drone is to integrate a
sensor or inspection transducer with similar form factor, power, and weight
specifications as the Sony UMC-R10C onto this existing gimbal, either alongside the
camera or adding the ability to swap out the camera. Additionally, SkySpecs’
engineering personnel should be able to rapidly model and 3D print any interface
mounts required to fit a new sensor onto the integrated, 2-axis gimbal.
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Figure 3-4: Sony UMC-R10C 20 Megapixel Camera

51



Figure 3-5: HD AirStudio Infinity MR-S Very Lite Gimbal

For the purposes of this project and the associated sensor down-select and integration
process discussed in Section 5, the guidelines noted below were used when evaluating
potential sensor options. In some cases, it is possible to exceed a particular constraint
if a trade study deems one sensor far superior to other options.

Weight: <450g

Power: 5-12 VDC, 120 W max, preferably <20 W max (N/A for internal
battery-powered sensors)

Max Dimensions: 4” width, 2.75” height, 2.5 depth

Drone Positional (Relative Displacement) Accuracy: < 1 cm

Drone Distance from Blade: 4-8 m

Drone Speed: Approx. 1-2 m/s

Battery Life: Currently approx. 20 minutes but under continuous improvement

Data Storage: Multi-terabyte (TB) solid state hard drive

Once a list of sensor down-selects was made using these specification guidelines,
SkySpecs and Sandia collaborated to evaluate each option.
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3.1.1.1. Current SkySpecs Inspection and Damage Detection Strategy

The current SkySpecs inspection strategy consists of the following approach:

Stop the wind turbine in any orientation.
Position the drone near the base of the tower.
Direct the drone to begin autonomous flight.

The drone autonomously inspects all four sides of each blade, stopping briefly
to take a photo at each waypoint, and then moving on to the next waypoint.

The drone autonomously lands.

The drone reports to the pilot whether the flight successfully captured 100%
of the required images.

If no additional inspections are required, the turbine is restarted.

This flight strategy is extremely efficient and enables the SkySpecs team to inspect a
tower in approximately 15 minutes. Figure 3-6 shows an image of this process in

action.

Ideally, an additional NDI method would be integrated directly into this

approach or only require minor modifications.

Once the inspections are completed, the images are downloaded from the onboard
solid state hard drive. Currently, these images are then manually reviewed offsite to
identify damage based on type, location, and severity. A summary of this approach to
damage classification in provided in the following sections. These images are also
tied to the blade location using the position locating features of the custom-built rig.
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3.2.1.

Figure 3-6: SkySpecs Drone Inspecting a Wind Blade

Damage Classification

An important part of the inspection value that SkySpecs provides to their wind farm
operator customers is damage classification. Identifying the type, severity, and
location of damage in summary reports is important to enable the customer to make
informed decisions about their turbines. The following sections provide information
on how this classification is currently performed.

Manual Damage Classification of Severity

Because wind farms typically consist of dozens of turbines and each wind blade
contains a large surface area, it’s important to summarize the inspection results in a
format that limits the data to the subset of critical information. SkySpecs satisfies this
requirement by reviewing the inspection data and condensing the data to highlight
visual inspection flaw indications. These flaw indications are characterized by flaw
type and severity.

A proactive approach to wind blade inspections is recommended to minimize total
lifecycle costs. Wind farm operators should monitor for damage at an early stage
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before such damage can propagate from a lower cost repair situation to a full
replacement requirement.  The goal is to inspect a subset of the turbine population
each inspection cycle so that the full fleet is covered by the N inspection cycle.
Ultimately, the goal is to catch damage while it is still cost-effectively repairable, and
to compile a list of turbines that need to be monitored and revisited to ensure that
damage has not progressed. Additionally, while leading edge erosion does not
typically cause wind blade failures, moderate levels of erosion can negatively affect
Annual Energy Production (AEP) and should be monitored for potential repair. Figure
3-6 shows the results of a Sandia survey of wind farm operators and 3" party
inspection companies on the frequency of damage types. Note that currently, no
subsurface nondestructive inspection is conducted in-service, so the subsurface
damage statistics shown here may be less than actual occurrence.

Damage Types
M Erosion
m Grease or Oil
W Lightning Damage
m Cracking
W Debond/Splitting (TE)
m Delamination

M No Damage

Figure 3-7: Results of Sandia Survey on the Frequency of
Various Damage Types

With large turbine populations, full site inspections may be impractical, so a
combination of targeted proactive and sampling periodic inspections is useful in
capturing damage and avoiding larger repair/replacement costs. Based on these
considerations and experience, visually detectable flaw types can be classified by the
following groups:

e Erosion

e Shell Contamination

e C(Cracks

e Gelcoat/Top Coat Damage
e Chips
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e Waves/Discontinuity in Base Laminate
e [aminate Damage

e Lightning Damage

e Leading Edge Damage

e Trailing Edge Damage

e Other

To date, these inspection considerations have been focusing on damage that can be
identified with visual inspection. Based on the addition of additional nondestructive
inspection sensors, as described in subsequent sections, these flaw types should
updated in the future to include subsurface flaws such as disbonds, delaminations, ply
waves, and fiber fracture.

In addition to classifying the damage type, damage categorization is important in
standardizing and executing reinspection and repair work scheduling. Figure 3-8
shows an example of how these damage categories can affect the maintenance interval
on a set of turbines. Figure 3-9 summarizes the criteria for each of the categories on a
scale of 1 — 5, with 5 being the most severe. These categories provide the wind farm
operators with the necessary quasi-quantitative information to make informed
decisions on repairs and inspection intervals. The following sections provide
examples of the damage categories for a sample of damage types.

@ Decreasing intervals of re-inspection for damage progression @
No Damage » WTG Taken Offline for
Identified r Repair/Replacement
|
|
Re-inspectin 6 Re-inspectin 3 Re-inspectin 1
months months month
OK Re-inspect
i Re-inspect
3-months Repair
Blade A

I Y

Figure 3-8: Damage Severity Affects Maintenance Interval
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Category Repair Description
Priority

2 None |Early signs of wear or damage. [No immediate action
required. Inspect within
12 months.
3 Low [Minor structural defects. Inspect & re-categorize
Noticeable wear or damage. in 6 months.

Figure 3-9: Overview of Damage Severity Categories

3.2.1.1. Erosion

Erosion is predominantly found on the leading edge and is typically a result of
environmental conditions, such as dust/sand, rain, and ice. Due to the high speed of
the wind blade tips, these environmental conditions can cause significant erosion over
time. As shown in Figure 3-10, the downward velocity of rain also causes a non-
negligible change in rain drop impact velocity with respect to blade position [3.2].
Based on Sandia aerodynamics models, Figure 3-11 shows that the surface roughness
caused by erosion can decrease the AEP by approximately 2.5% at a moderate wind
speed site and 5% at a low wind speed site [3.2].
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Figure 3-10: Rain Drop Impact Velocity vs. Blade Position
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Figure 3-11: Decrease in Annual Energy Production vs.
Mean Wind Speed
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Category 3

LE erosion has removed
the protective gelcoat

LE erosion has and begun to penetrate LE erosion has LE erosion hasbegun | | The leading edge shows
penstratedinto the into the bond and had removedthe and appears to be beginning signs of LE
blade structure exposed the underlying protective gelcoat superficially limited erosion andis limited to
exposingthe laminate of the leading and begun to to the outer the outermost,
underiymgA laminate edge. minimally penetrate protective gelcoat. superficial layers of

of the leading edge. into the bond. protective gelcoat.

Figure 3-12: Leading Edge Erosion — Damage Severity Examples

Leading edge erosion can range from Category 1-5. Examples of these categories are
provided in Figure 3-12. Category 2 might be erosion limited to the coating, whereas
Category 3-4 might be contained within the bond paste securing both sides of the
blade shell along the leading edge. Finally, Category 5 would penetrate the structure
almost into the inner cavity of the blade.

Shell Contamination

Shell Contamination includes contaminants such as bugs, dirt, hydraulic oil or blade
bearing grease that may negatively impact blade structure and/or turbine performance.
Figure 3-13 provides examples of Category 1-3 damage. Note, a Category 4 or 5
rating for contamination is not likely to occur since there will generally be more
severe issues that lead to taking a turbine offline ahead of contamination (e.g.,
hydraulic pump burst).

59



3.21.3.

3.2.1.4.

Category 3

)

laminate and bonds.

Hydraulic fluid leaking and penetrating
through blade surface. Can lead to
degradation of composite structure
including reduction in strength of the

_

Bat carcass impact
on leading edge of
blade as well as bug
contamination.

Blade bearing
grease leak onto
blade root.

Figure 3-13: Shell Contamination — Damage Severity Examples

Cracks

Cracks may penetrate through the blade gel coat or even the primary blade structure.
Cracks can possibly occur during manufacturing, object impact, or blade loads that
exceed the design intent and cause the blade to bend and shell to crack. A coating
crack is typically narrow and does not appear to have much depth. Whereas, a crack
penetrating the coating into the structure may appear wider with greater depth. Figure
3-14 shows examples of cracks with varying severity.

Known as ‘transverse
cracking’ specific to the LM
blades made for GE, this is a
chord- and span-wise crack
occurring near the max
chord.

Category 4

Span-wise crack near the
trailing edge. May be a
result of a failed repair as
the tip appears to have
been repaired. Although it
does not penetrate the TE
bond, the crack could
propagate into the bond
line and result in
catastrophic failure.

Category 3

“L”-shaped crack at the
tip, may be a result of
lightning strike or blade
impact. Although damage
is not structural, it is
subject to moisture
intrusion and can
progress into further
damage.

Spider or stress
cracking at the blade tip.
Could be a result of
impact of an object with
the blade while
operating. Not an
immediate concern for
blade form or function,
but should be monitored
for progression.

Figure 3-14: Cracks — Damage Severity Examples

Gel Coat/Top Coat Damage

Gel coat/top coat damage contains a chipped, dented, and/or irregular surface
compared to new blade condition. Fiberglass is possibly exposed and can lead to
moisture intrusion, progressed damage, and affect turbine performance. The gel coat
is the protective skin of the blade and damage is typically due to object impact, ice
shedding, poor prior repairs, or blade loads which exceed design intent and cause the
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3.2.1.6.

blade to bend and shell to buckle.

gel coat/top coat damage.

Figure 3-15 illustrates varying severity levels of

LE erosion has removed

Category 3

Concave/sunken in feature
on shell is aresult of a
failed repair after addition

BB

The trailing edge
gelcoatis
flaking/peeling

LE erosion has the:j;:,rotecnve gelcoat of balancing mass. The The gelcoat has eroded exposing the
penetrated into the an t: g:n “:’ po':::m damage does not affect from the copper tip LPS underlying laminate.
blade structure into the d ‘;_l" ar; a function of blade, but can Iea\{lng it exp_o:sed_, Although this does not
exposing the exposed { fe: n ar_lxmg allow moisture intrusion subject to oxidization, and affectthe form or
underlying | ¢ of the 9 VeI tiiTe. potential for moisture function of the blade, it
of the leading edge. edge. intrusion. could progress and

require repair.

Figure 3-15: Gel Coat/Top Coat — Damage Severity Examples

Laminate Damage

Fiberglass delamination is the separation of fiberglass ply layers of the blade laminate
that can greatly lower blade strength depending on location and severity. Possible
causes can be poor manufacturing, structural impact, blade loads which exceed design
intent and cause the blade to bend and shell to buckle, temperature fluctuations, or
water/fluid intrusion which expands either when struck by lightning or as it freezes
causing ply delamination. Examples of laminate damage are shown in Figure 3-16.

Delamination damage
due to lightning. The
carbon fiber spar is
inherently conductive
and prone to lightning.
When struck directly, it
results in severe
damage to the laminate.
Due to complications of
carbon repair, often
damage is not
repairable; if it is, it will
result in a down-tower
repair to better control
the environment.

Category 3

The blade shell has

Trailing edge damage due to been struck by
lightning strike which resulted in lightning which is
delamination of shell fiberglass evident from the
plies. characteristic 45deg-

biased delamination.
The damage could
progress and allows
for moisture intrusion
which could result in
further structural

failure.

Subsurface delamination
which appears as a
bubble at the root.
Likely occurred during
blade installation and is
non-critical at this point
since it is superficial and
minor in size in
comparison to the
thickness and strength
of the blade root.

Figure 3-16: Laminate Damage — Damage Severity Examples

Lightning Damage

Because the LPS provides no remote indication of a strike occurring and the
manufacturer has little incentive to monitor for damage that is outside the scope of the
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warranty, the owner is placed in the position of monitoring for damage at an early
stage before it moves from a lower cost repair situation, to a full replacement
requirement. Damage types include, but are not limited to, gel coat damage, cracks,
delamination, disbonding, and trailing edge separation. For example, a lightning strike
to the lightning cable through the blade shell can result in trailing edge delamination
due to high pressure inside the blade. Typical locations of lightning damage are at the
tip of the blade near the lightning receptor. Scorching is also likely and may include
holes or delaminations where lightning entered or exited the blade at a location other
than receptor. Figure 3-17 and Figure 3-18 show various categories of lightning
damage.

Figure 3-17: Lightning — Damage Severity Examples
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The trailing edge has
split through its bond

lightning which can
cause the rapid

line resulting in failure.
Likely occurred due to

Category 4

07.27.2011 (

The blade shell has been
struck by lightning which
is evident from the
characteristic 45deg-
biased delamination. The
location of damage
appears to be above the

The blade LPS has been
struck by lightning which
resulted in the bending of
the connection plate
between the tip receptor
and the mesh forming an
angle of about 90 deg with

expansion of
air/moisture inside the
blade resulting in the TE
blowing out at the tip.

blade spar cap which
could result in further
structural failure.

the surface of the blade.
The most likely cause of
the damage is the
electromechanical forces.

Category 3

The blade shell has been
struck by lightning which
is evident from the
characteristic 45deg-
biased delamination. The
damage could progress
and allows for moisture
intrusion which could
result in further structural
failure.

Category 2

The inboard LPS
receptor has been
struck by lightning
resulting in smeared
charring on the blade.
This indicates proper
conduction thru the LPS
and is thus considered

contamination not
lightning damage.

The blade tip
lightning receptor
has been struck by
lightning resulting in
light charring. This
indicates proper
conduction thru the
LPS.

Figure 3-18: Lightning — Damage Severity Examples

Leading Edge Damage

Leading edge damage includes but is not limited to erosion, cracks, and de-bonding of
the leading edge bonded joint. Damage on the leading edge can progress quickly due
to the high speed wind inflow experienced and because it is most susceptible to impact
Figure 3-19 summarizes different types of leading edge

(e.g., rain, dirt, bugs).
damage.
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LE bond line has

split resulting in
shutdown of the

damage to the blade.

Category 4

LE bond line has

split at the blade

tip and due to the
high speeds and

wind inflow can

progression.

Category 3 |

Chord-wise fracture penetrating from
the inside surface to the outside
surface of the blade on the leading

edge.

Category 3

The cracked coating
at the LE bond line
indicated that it has
begun to fail requiring
monitoring for

propagate quickly ion.
turbine to a_void total reql‘:iring repair progrsmn
catastrophic prior to

Figure 3-19: Leading Edge — Damage Severity Examples

Trailing Edge Damage

Trailing edge disbonding and fracture/splitting includes but is not limited to trailing
edge structural damage and adhesive joint de-bonding (i.e., trailing edge split). The
damage typically occurs near the tip where higher velocity is experienced. Due to the
narrow profile of the trailing edge near the tip, damage occurring there can easily
progress depending on location and severity. Trailing edge splitting can occur due to
water/fluid ingress which expands either when struck by lightning or as it freezes
causing failure at the trailing edge bond. Examples of trailing edge damage are given
in Figure 3-20.

64



3.2.2.

The trailing edge has
split through its bond
line resulting in
failure. Likely
occurred due to
lightning which can
cause the rapid
expansion of
air/moisture inside the
blade resulting in the
TE blowing out at the

Category 4

The trailing edge
has been damaged
likely due to impact.
Due to the thin
profile of the TE, itis
prone to quick
progression of
damage during
operational cyclic
loading.

The trailing edge has
been damaged likely
due to impact or
handling during
construction. Due to
the thin profile of the
TE, it is prone to
quick progression of
damage during
operational cyclic

The trailing edge
gelcoat is
flaking/peeling
exposing the
underlying laminate.
Although this does
not affect the form or
function of the blade,
it could progress and
require repair.

tip. loading.

Figure 3-20: Trailing Edge Disbond and Fracture — Damage Severity
Examples

Considerations for Automated Damage Classification

An automated damage classification process would ideally include data fusion of flaw
indications from multiple inspection techniques. Figure 3-21 displays a notional
example of the data fusion of two inspection techniques — visual inspection and
thermography; however, this approach could be extended to additional inspection
techniques. In this example, the user is able to switch between multiple views that
show the unaltered visual inspection data as well as the flaw indications from the data
classification engine. These flaw indications are projected onto a 3D model of the
blade, based on drone position and gimbal orientation data. This location data is
critical for correlating the test results from multiple inspection techniques and
recurring inspections of the same turbine.

The data fusion example also provides information on the type of damage and
severity. The user is able to compare and contrast the results of the different
techniques. In this case, the thermography data compliments the visual inspection
data by corroborating the existence of the lightning damage and providing
supplemental information on the slightly larger extent of the subsurface damage. This
information would allow the wind farm operator to make an informed decision on the
size of the damage and whether it should be repaired. Additionally, the thermography
results identified a small impact that wasn’t detectable with only visual inspection.
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Figure 3-21: Example Automated Data Classification of a
Lightning Strike
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While the benefits of this type of analysis are obvious, the implementation comes with
multiple challenges. Building a robust solution will require complex, multi-
disciplinary work to develop the model, pair it with SkySpecs inspection data, and
train the model to make accurate damage classification.

3.2.3. Development of Wind Blade Visual Test Specimens
In order to aid the transition to automated damage detection, visual inspection
specimens were built to increase the number of training and validation images. These
specimens focused on the types of damage and severity categories previously
described.
The first specimen, CB-V1, is a 30 inch section of blade that was cut from a 9 meter
carbon-fiberglass hybrid TX-100 Blade. The TX-100 blade was designed by Sandia
and manufactured by TPI to demonstrate the use of bend-twist coupled behavior for
fatigue loads alleviation in a wind turbine blade [3.1]. Table 3-1 provides a
description of all the representative flaws that were engineered into this blade section.
Figures 3-22 to 3-29 provide images of each of the defects.
Table 3-1: Wind Blade Visual Test Specimen: CB-V1
(Carbon Fiber Skin — Balsa Core) Flaw Descriptions
Flaw ID Blade Location Flaw Description
HP1 High Pressure Side | Pitting/Chipping (-)
HP2 High Pressure Side | Contamination (+), Simulates Insect Accumulation
HP3 High Pressure Side | Slight Lightning Burn
HP4 High Pressure Side | Shell Impact Depression & Gelcoat cracks (Scuff
Mark)
HP5 High Pressure Side | Trailing Edge Impact Gelcoat (Scuff Mark)
HP6 High Pressure Side | Lightning Burn & Shell Damage
HP7 High Pressure Side | Shell Impact Depression & Gelcoat cracks (No Scuff
Mark)
HPS Delaminations Under Skin - See Below:
HP8-A | High Pressure Side Delamination Under Skin (IR Flaw), ~0.50" Wide
HP8-B | High Pressure Side Delamination Under Skin (IR Flaw), ~0.75" Wide
HP8-C | High Pressure Side Delamination Under Skin (IR Flaw), ~1.00" Wide
LP1 Low Pressure Side | Lightning Burn
LP2 Low Pressure Side | Gelcoat cracking
LP3 Low Pressure Side | Lightning Burn & Shell Damage
LP4 Flat Bottomed Holes (FBH) - See Below:
LP4-1 Low Pressure Side FBH, Diameter = 0.365", Average Depth = 0.0239"
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LP4-2

Low Pressure Side

FBH, Diameter = 0.365", Average Depth = 0.0640"

LP4-3 | Low Pressure Side FBH, Diameter = 0.365", Average Depth = 0.1095"
LP4-4 | Low Pressure Side FBH, Diameter = 0.365", Average Depth = 0.1440"
LP4-5 | Low Pressure Side FBH, Diameter = 0.125", Average Depth = 0.0379"
LP4-6 | Low Pressure Side FBH, Diameter = 0.125", Average Depth = 0.0946"
LP4-7 | Low Pressure Side FBH, Diameter = 0.125", Average Depth = 0.1438"
LP4-8 | Low Pressure Side FBH, Diameter = 0.125", Average Depth = 0.1795"
LP4-9 | Low Pressure Side FBH, Diameter = 0.250", Average Depth = 0.0368"
LP4-10 | Low Pressure Side FBH, Diameter = 0.250", Average Depth = 0.0800"
LP4-11 | Low Pressure Side FBH, Diameter = 0.250", Average Depth = 0.1250"
LP4-12 | Low Pressure Side FBH, Diameter = 0.250", Average Depth = 0.1636"

LP5 Low Pressure Side | Transverse Cracking

LP6 Low Pressure Side | Sharpie Marks (Surface Only)

LP7 Low Pressure Side | Deep Scratch Marks (Through Gelcoat)

LE1 Leading Edge Extreme Leading Edge Erosion

LE2 Leading Edge Mild Leading Edge Erosion

TE1 Trailing Edge Trailing Edge Split, ~11.5" Long

TE2 Trailing Edge Trailing Sharpie Mark (No Depth), ~3.0" Long

TE3 Trailing Edge Chipping (Impacts) - See Below:
TE3-A | Trailing Edge Trailing Edge Chipping
TE3-B | Trailing Edge Trailing Edge Chipping
TE3-C | Trailing Edge Trailing Edge Chipping
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Low Pressure Side

Figure 3-22: Wind Blade Visual Test Specimen CB-V1
(Carbon Skin — Balsa Core)
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Figure 3-23: Wind Blade Visual Test Specimen CB-V1
High Pressure Side Flaws

~1.00

.

Delamination
Under Skin

— 3X, ~.75

Figure 3-24: Wind Blade Visual Test Specimen CB-V1
HP8 Flaws Used to Assess the Subsurface Damage Detection of
IR Inspections
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Figure 3-25: Wind Blade Visual Test Specimen CB-V1
Low Pressure Side Flaws

LP4-1 Thru LP4-12

Figure 3-26: Wind Blade Visual Test Specimen CB-V1
LP4 Detailed Image
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Figure 3-27: Wind Blade Visual Test Specimen CB-V1
Other Low Pressure Side Flaws

Figure 3-28: Wind Blade Visual Test Specimen CB-V1
Trailing Edge Flaws
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Typical Roughness

Figure 3-29: Wind Blade Visual Test Specimen CB-V1
Leading Edge Flaws

The second specimen, FF-V2, is a 30 inch section of blade that was cut from a 39 meter
fiberglass foam core GE blade, manufactured by Tecsis. The cut was performed approximately
15 feet from the tip of the blade by the Sandia Composites Department (see Figure 3-30).
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Table 3-2 summarizes all of the representative flaws that were engineered into this
blade section. Images of each of the flaws are shown in Figures 3-31 to 3-37.

The inspection of these specimens were outside the scope of this project. Plans for the
future use of these specimens is provided in Section 0.

Figure 3-30: Wind Blade Visual Test Specimen FF-V2
Cut From 39m GE Blade, Manufactured by Tecsis
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Table 3-2: Wind Blade Visual Test Specimen FF-V2
(Fiberglass Skin — Balsa Core) Flaw Descriptions

Wind Blade Visual Test Specimen: FF-V2 ( Fiberglass Skin — Foam Core)

Flaw ID | Blade Location Flaw Description

HP1 High Pressure Side | Major Delamination (Foam Split)

HP2 High Pressure Side | Ultrasonic/IR Flaws: Foam-Spar Cap, ~1.50" Wide

HP3 High Pressure Side | Ultrasonic/IR Flaws: Bond Line-Spar Cap Interface, ~1.50"
Wide

HP4 High Pressure Side | Ultrasonic/IR Flaws: Bond Line-Web Flange Interface,
~1.50" Wide

LP1 Low Pressure Side | Lightning Burn & Shell Damage

LP2 Low Pressure Side | Gouge (1.25” X 0.1”") ~0.03” Deep

LP3 Low Pressure Side | Pitting/Chipping

LP4 Low Pressure Side | Shell Impact Depression (Scuff Mark)

LP5 Low Pressure Side | Scuff, No Damage

LP6 Low Pressure Side | Shell Impact, Slight Marks & Depression

LP7 Low Pressure Side | Shell Impact, Slight Marks & Depression

LP8 Low Pressure Side | Shell Impact & Depression (No Scuft Mark)

LP9 Low Pressure Side | Transverse Cracking

LP10 Low Pressure Side | Shell Impact, Slight Marks & Depression

LPI1 Low Pressure Side | Impact & Depression (Scuff Mark)

LP12 Low Pressure Side | Impact & Depression (Slight Scuff Mark)

LP13 Low Pressure Side | Delamination Under Skin (IR Flaw), ~0.85" Wide, ~1.00"
Deep

LP14 Low Pressure Side | Delamination Under Skin (IR Flaw), ~1.25" Wide, ~1.00"
Deep

LP15 Low Pressure Side | Delamination Under Skin (IR Flaw), ~1.85" Wide, ~1.00"
Deep

LE1 Leading Edge Mild Leading Edge Erosion

LE2 Leading Edge Medium Leading Edge Erosion

TE1 Trailing Edge Trailing Edge Split, ~4.0” Long

TE2 Trailing Edge Trailing Edge Split, ~2.0” Long

TE3 Trailing Edge Trailing Edge Split, ~1.0” Long
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TE4 Trailing Edge Ultrasonic/IR Flaws: Bond Line-Skin Interface, ~1.00" Wide,
~1.70" Deep

TES Trailing Edge Ultrasonic/IR Flaws: Bond Line, ~1.50" Wide, ~1.25" Deep

Bond1 Low Pressure Side | Ultrasonic/IR Flaws: Bond Line-Spar Cap Interface, ~0
0.25", ~1.50" Deep

Bond2 Low Pressure Side | Ultrasonic/IR Flaws: Bond Line-Spar Cap Interface, ~0
0.25", ~1.50" Deep

Sparl Low Pressure Side | Ultrasonic/IR Flaws: Skin-Spar Cap Interface, ~@ 0.40",
~1.50" Deep

Spar2 Low Pressure Side | Ultrasonic/IR Flaws: Spar Cap, ~@ 0.40", ~0.20 From Skin,
~1.50" Deep

Spar3 Low Pressure Side | Ultrasonic/IR Flaws: Spar Cap, ~@ 0.40", ~0.40 From Skin,
~1.50" Deep

High Pressure Side

Low Pressure Side

Figure 3-31: Wind Blade Visual Test Specimen FF-V2
(Fiberglass Skin — Foam Core)
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Figure 3-32: Wind Blade Visual Test Specimen FF-V2
High Pressure Side & Leading Edge Flaws
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Figure 3-33: Wind Blade Visual Test Specimen FF-V2
Low Pressure Side Flaws
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3X, ~1.00

Figure 3-34: Wind Blade Visual Test Specimen FF-V2
Low Pressure Side Flaws Used to Assess the Subsurface Damage
Detection of IR Inspections

2%, ~1.00

5X, Hole Depths ~ 1.5”

Figure 3-35: Wind Blade Visual Test Specimen FF-V2
Low Pressure Side UT & IR Flaws
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Figure 3-36: Wind Blade Visual Test Specimen FF-V2
High Pressure Side UT & IR Flaws
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Figure 3-37: Wind Blade Visual Test Specimen FF-V2
Trailing Edge Flaws
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41.
4.1.1.

DESCRIPTION OF THE NONDESTRUCTIVE INSPECTION METHODS
EVALUATED FOR DRONE-DEPLOYED INSPECTIONS

As part of Sandia’s Blade Reliability Collaborative work for the DOE, Sandia
determined which NDI methods are currently best suited for wind blade inspections
[4.1]. The following sections provide a brief technical overview of each of these
inspection techniques. In addition to the NDI methods that were previously assessed
by Sandia, acoustic beamforming was reviewed based on promising work performed
by UMASS Lowell [4.19]. The overviews of these NDI methods provide a
background for the trade study conducted in Section 5.

Additionally, a number of up-and-coming NDI techniques were identified in Sandia’s
previous work (i.e., Lock-In Thermography, Millimeter Wave Inspection, Oblique
Incident Ultrasonics, and Terahertz Imaging). Due to the time constraints of this
project and the need to select a NDI method with a high level of technology readiness,
these methods are not included in this report. However, SkySpecs should continue to
monitor these NDI methods for potential future applications.

Ultrasonics

Pulse-Echo Single-Element and Phased/Linear Array Ultrasonics

Conventional ultrasonic transducers for NDI commonly consists of either a single
active element that both generates and receives high frequency sound waves, or two
paired elements, one for transmitting and one for receiving. Phased array probes, on
the other hand, typically consist of a transducer assembly with 16 to as many as 256
small individual elements that can each be pulsed separately. A phased array system
will also include a sophisticated computer-based instrument that is capable of driving
the multi-element probe, receiving and digitizing the returning echoes, and plotting
that echo information in various standard formats. Unlike conventional flaw detectors,
phased array systems can sweep a sound beam through a range of refracted angles or
along a linear path, or dynamically focus at a number of different depths, thus
increasing both flexibility and capability in inspection setups.

In Pulse-Echo Ultrasonic (PE UT) inspections, short bursts of high frequency sound
waves are introduced into materials for the detection of surface and subsurface flaws
in the material. Ultrasonic test equipment usually operates in the range of 200KHz to
25 MHz. The speed with which the sound waves travel through a material is
dependent on the composition and density of the material. The sound waves travel
through the material with some attendant loss of energy (attenuation) and are reflected
at interfaces. The reflected beam is displayed and then analyzed to define the presence
and location of flaws. Ultrasonic inspection methods currently provide the best option
for inspecting wind blades due to its exceptional depth of penetration, signal resolution
and wide variation in deployment options. This section describes the customized UT
inspection methods and hardware that were developed and deployed by Sandia Labs to
optimize wind blade NDI.

A-Scan Mode - Ultrasonic testing involves one or more of the following
measurements: time of wave transit (or delay), path length, frequency, phase angle,
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amplitude, impedance, and angle of wave deflection (reflection and refraction). In
conventional Pulse-Echo Ultrasonics (PE UT), pulses of high frequency sound waves
are introduced into a structure being inspected. A-Scan signals represent the response
of the stress waves, in amplitude and time, as they travel through the material. As the
waves interact with defects or flaw interfaces within the solid and portions of the
pulse's energy are reflected back to the transducer, the flaws are detected, amplified
and displayed. The interaction of the ultrasonic waves with defects and the resulting
time vs. amplitude signal produced depends on the wave mode, its frequency and the
material properties of the structure. Flaw size can be estimated by comparing the
amplitude of a discontinuity signal with that of a signal from a discontinuity of known
size and shape. Flaw location (depth) is determined from the position of the flaw echo
along a calibrated time base. In the pitch-catch UT method, one transducer introduces
a pressure wave into the specimen and a second transducer detects the transmitted
wave. A complex wave front is generated internally in the material as a result of
velocity characteristics, acoustical impedance, and thickness. The time and amount of
energy is affected by the changes in material properties, such as thickness, disbonds,
and discontinuities. The mechanical vibration (ultrasound) is introduced into the
specimen through a couplant and travels by wave motion through the specimen at the
velocity of sound. If the pulses encounter a reflecting surface, some or all of the
energy is reflected and monitored by the transducer. The reflected beam, or echo, can
be created by any normal or abnormal (flaw) interface. Complete reflection, partial
reflection, scattering, or other detectable effects on the ultrasonic waves can be used as
the basis of flaw detection.

In most pulse-echo systems, a single transducer acts alternately as the sending and
receiving transducer. If the pulses encounter a reflecting surface, some or all of the
energy is reflected and monitored by the transducer. Figure 4-1 shows a schematic of
the pulse-echo technique. It shows the interaction of UT waves with various
interfaces within a structure and the corresponding A-scan waveforms that are
displayed on an ultrasonic inspection instrument. Complete reflection, partial
reflection, scattering, or other detectable effect on the ultrasonic waves can be used as
the basis of flaw detection. In addition to wave reflection, other variations in the wave
that can be monitored include: time of transit through the test piece, attenuation, and
features of the spectral response [4.7, 4.8]. The degree of reflection depends largely
on the physical state of the materials forming the interface. Cracks, delaminations,
shrinkage cavities, pores, disbonds, and other discontinuities that produce reflective
interfaces can be detected.
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Figure 4-1: Schematic of Pulse-Echo Ultrasonic Inspection and A-Scan
Signal Showing Reflection of UT Waves at Assorted Interfaces

C-Scan Mode: Use of UT Scanning Technology - It is sometimes difficult to clearly
identify flaws using ultrasonic A-Scan signals alone. Small porosity pockets
commonly found in composites, coupled with signal fluctuations caused by material
nonuniformities can create signal interpretation difficulties. Significant improvements
in disbond and delamination detection can be achieved by taking the A-scan signals
and transforming them into a single C-scan image of the part being inspected. C-scans
are two-dimensional images (area maps) produced by digitizing the point-by-point
signal variations of an interrogating sensor while it is scanned over a surface. A
computer converts the point-by-point data into a color representation and displays it at
the appropriate point in an image. Specific “gates” can be set within the data
acquisition software to focus on response signals from particular regions within the
structure. C-scan area views provide the inspector with easier-to-use and more
reliable data with which to recognize flaw patterns. This format provides a
quantitative display of signal amplitudes or time-of-flight data obtained over an area.
The X-Y position of flaws can be mapped and time-of-flight data can be converted
and displayed by image processing-equipment to provide an indication of flaw depth.
A variety of PC-based manual and automated scanning devices can provide position
information with digitized ultrasonic signals [4.9].

84



In the basic C-scan system, shown schematically in Figure 4-2, the scanning unit
containing the transducer is moved over the surface of the test piece using a search
pattern of closely spaced parallel lines. A mechanical linkage connects the scanning
unit to X-axis and Y-axis position indicators which feed position data to the computer.
The echo signal is recorded, versus its X-Y position on the test piece, and a color
coded image is produced from the relative characteristics of the sum total of signals
received. A photograph of an automated (motorized) scanner, the Boeing MAUS
system, inspecting an aircraft fuselage section is shown in Figure 4-3. The entire
ultrasonic C-Scan device is attached to the structure using suction cups connected to a
vacuum pump. The unit is tethered to a remotely located computer for control and
data acquisition. Figure 4-4 shows a comparison of A-scan signals, from damaged
and undamaged portions of a composite structure that were produced by the pulse-
echo ultrasonic inspection method. Note the clear reflection peak produced by
uninterrupted signal travel to the back wall in the “undamaged” A-scan signal.
Compare this to the A-scan signal from the “damaged” region where the amplitude of
the back wall signal is decreased and a new intermediate peak (reflection) is observed.
Both of these A-scan changes indicate the presence of damage or other anomaly.

Pulser Circuit |=4— Clock

Depth Gate

- | Scanner Control &
Transducer Motion

Echo Intensity

B¥ e ':_ha[j ical e Receiver-Amplifier
Linkage - Circuit

H-Axis andY-Axis
¥ ™

| | Position Indicator

Composite Doubler UT Transducer

UT Coupling to

Aluminum Substrate #
C-Zcan Display Compiled
Flaw Anomaly from Pulse-Echo Responses
at Discrete X-Y Locations
on Test Specimen

Figure 4-2: Schematic of C-Scan Setup for Pulse-Echo Ultrasonic
Inspection
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Figure 4-3: MAUS Automated Ultrasonic Scanning System
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Figure 4-4: Sample Ultrasonic Signals Generated from: a) Structure
Without Damage and b) Structure With Damage

Figure 4-5 shows a sample C-scan image (based on amplitude) from a pulse-echo UT
inspection of a composite fuselage structure containing stringers and frame shear ties.
Dark spots and irregularly-shaped regions of nonuniform color indicate the presence
of impact damage in this panel. The value of using two-dimensional color coding,
stemming from the sum total of the A-scan signals, to identify and size composite
flaws is evident in this C-scan image. The discussion below describes the use of both
A-scan and C-scan data to inspect wind turbine blades.
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Figure 4-5: Sample C-Scan produced by an Automated Ultrasonic
Scanning Device

Phased Array Ultrasonics (PA-UT) involves the use of multiple signals from a
contained series of transducers (phased arrays) to produce diagnostic images in the
form of ultrasonic C-scans. Conventional ultrasonic transducers for NDI commonly
consist of either a single active element that both generates and receives high
frequency sound waves, or two paired elements, one for transmitting and one for
receiving. Phased array probes, on the other hand, typically consist of a transducer
assembly with 16 to as many as 256 small individual elements that can each be pulsed
separately. A phased array system will also include a sophisticated computer-based
instrument that is capable of driving the multi-element probe, receiving and digitizing
the returning echoes, and plotting that echo information in various formats. Unlike
conventional flaw detectors, phased array systems can sweep a sound beam through a
range of refracted angles or along a linear path, or dynamically focus at a number of
different depths, thus increasing both flexibility and capability in inspection setups.

PA-UT operation is similar to single-element UT transducers, however, the
simultaneous use of multiple sensors allows for rapid coverage and two-dimensional
images from which to assess structural integrity. A linear array of ultrasonic sensors is
placed within a single, scanning probe. The width of the linear probe array determines
the swath of the inspection “scan” as the probe is moved along the surface. A
compression wave beam is electronically scanned along the array at pulse repetition
frequencies in excess of 10 KHz. The response of each individual sensor is monitored
and assessed using the ultrasonic wave analysis approaches described above. High
speed pulsing combined with rapid data capture permits the array to be quickly moved

87



over the structure. The individual responses from each UT sensor are integrated to
produce a real-time, C-scan image of the covered area. An example of a linear array
UT inspection device deployed by Sonatest in a rolling wheel arrangement is shown in
Figure 4-6. The physics of how the ultrasonic array works is depicted in Figure 4-7.
By carefully controlling the generation of UT signals and data acquisition from select
elements in a phased array, it is possible to produce customized focusing of the array
to improve the sensitivity of the inspection. Electronic focusing permits optimizing
the beam shape and size at the expected defect location, thus further optimizing
probability of flaw detection. The ability to focus at multiple depths also improves
flaw sizing of critical defects in volumetric inspections. Focusing can significantly
improve signal-to-noise ratio in challenging applications, and electronic scanning
across many groups of elements allows for C-Scan images to be produced very
rapidly. The main difference between a phased array and a linear array is that linear
arrays aren’t capable of steering the sound beam at different angles or focusing the
beam. Thus, the sound waves stay parallel to each other regardless of the depth.

Figure 4-6: Phased Array UT Deployed in Rolling Wheel Mechanism (left)
and Contained in a Single Probe Housing (right)

Associated with this effort, a series of new and unique phased array probe housings
were designed and fabricated to improve field deployment. The custom probe housing
facilitates phased array inspections through a wide range of material thicknesses,
adjusts for slight contours, maximizes UT signal strength and makes deploying a
phased array probe on blades more effective than conventional housings. Various
probe offset designs (water column heights) were studied in order to eliminate the
confounding effects of signal harmonics which are prevalent in thick composite
structures.

To provide a baseline understanding of the current ultrasonic inspection method used
in wind blades, Figure 4-8 and Figure 4-9 present some of the basic, building-block
UT signals that are used to conduct the wind blade inspections. Figure 4-8 is a
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schematic of a bonded joint between a spar cap and a shear web flange. This
particular bonded joint has some adhesive squeeze-out. Figure 4-8 also shows an
ultrasonic transducer moving over four different construction regions in a typical blade
which includes: 1) the spar cap laminate alone, 2) the adhesive squeeze out adjacent to
the near side of the bonded shear web joint, 3) the adhesive thickness at the spar cap-
to-shear web joint, and 4) the adhesive squeeze out adjacent to the far side of the
bonded shear web joint.

Multiple sensors are used to
transmit and receive UT waves

Array tranceducer

shoe

Liquid couplant

64 Channel X 5 MHz —— L

Focused Sensor
) Reflected wave can
be ived b
[0 . L i sensors
iiilif~ Transmitted wave

Reflected wave

defect

Figure 4-7: Schematic Showing the Operation of an Ultrasonic Array —
Contains Multiple UT Elements in a Single Transducer Which Allows for
the Generation and Acquisition of Multiple UT Signals

Figure 4-8 also depicts a scenario where the adhesive paste bulges out and can be
detected using ultrasonics. It also shows the UT A-scan signals that are produced
when a transducer is placed over various regions of the bond line. These distinct
signals can be used to detect the presence of the desired adhesive bond width. The
resulting, expected A-scan signals that are generated at each of these points are also
shown to demonstrate critical signal interpretation needs. In addition, gate settings
can be selected based on these desired signals such that deviations from the norm can
be detected and imaged in UT C-scans. Many of the existing, routine inspections tend
to focus on the upper and lower portions of the bond line and use the presence of
adhesive squeeze-out to infer a successful bonded joint. Figure 4-9 provides another
example of UT signals generated from different depths of penetration in the blade
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structure. Several different phased array UT devices will now be described in order to
introduce some different deployment approaches which may lend themselves quite
well to wind blade inspections.

Olympus OmniScan Phased Array UT System - The OmniScan device, shown in
Figure 4-10, is manufactured by Olympus. The one-line scan capability of the
OmniScan allows inspectors to collect data in one axis and visualize it using the top
view. This feature is easy to set up and allows the data to be played back after the
acquisition for offline analysis and reporting. Data can be encoder- or time-based and
phased array images can be displayed in real time. Transducers are available with up
to 128 elements. The OmniScan device can be operated in manual mode or can be
connected to an X-Y scanner to automate the inspection of large areas. The hardware
and equipment set-up used for the OmniScan phased array UT inspections were:

e 1.5 MHz, 42 and 64 element phased array probes

e Custom ABWX1935 water fed housing (multiple housing used for full
experiment)

e  OmniScan MX2 unit (module 16/128)

e Software MXU 3.0R2

e Mini-wheel encoder and X-Y glider (manual X-Y scanner)
e CFU-05 water pump

e Probes/Wedges: Three probe and wedge combinations were used with the
majority of the tests performed with the two large aperture combinations. The
25 mm water column (WC) shoe used a contained water column to provide
the UT coupling between the probe and the part. The contact wedge used a
solid block of an impedance-matching plastic material with a thin film of base
water to provide the offset and coupling to the part. The Aqualene wedge
used a delay line block made from Aqualene along with a wetted surface to
provide the offset and coupling to the part. The details of these shoe designs
are discussed in Chapter 4.

Figure 4-11 and Figure 4-12 show the OmniScan equipment set-up and deployment
for phased array UT inspections of wind blade specimens while Figure 4-12 and
Figure 4-13 highlight the various features of the UT transducers and the shoes or
wedges used to optimize the NDI signals. Ultrasonic phased array technology, along
with the widely adaptable range of probe housings and deployment options were
shown to have strong flaw detection capabilities in multiple wind turbine blade
structures. These include both thin and thick fiberglass spar cap laminates and bond
line interfaces. Figure 4-14 and Figure 4-15 show sample results produced by the
OmniScan from the inspection of carbon laminate test specimens that contain
engineered flaws. Damage in the parts are shown in the photos and schematics while
the accompanying C-scan images show the ability of the inspection method and
equipment to detect the flaws.
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Figure 4-9: Schematic of Two Different Depth of Penetration Regions in
a Blade and the Resulting A-scan Signals Generated for Each Thickness

Figure 4-10: Olympus OmniScan Device with a 16:128 Phased Array

Module
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Figure 4-11: Phased Array Ultrasonics Inspection with OmniScan
System

Figure 4-12: Phased Array Probes and OmniScan Deployment on Wind
Blade NDI Specimens
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Configuration 1

Configuration 2

Configuration 3

Large aperture Large Aperture Small Aperture
Probe 1.5L42 1.5L42 1.5L64-14
(XAAB-10011) (XAAB-10118)
Wedge 25mm water column Contact wedge Aqualene wedge
(ABWX1875) (ABWX1935) (SNW1-0L-AQ25)
Configuration 1 Configuration 2 Configuration 3
Probe Name 1.5L42 1.5L42 1.5L64-14
Part # XAAB-10118 XAAB-10011 1.5L64-14
Housing Custom Custom
Frequency 1.5MHz
Number of elements 42
Pitch 2.8mm
Elevation

26mm

Figure 4-13: Summary of Prototype Phased Array Probes and Wedges
Used with the OmniScan Device to Conduct the Phased Array UT
Inspections
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Figure 4-14: Amplitude (right) and Time of Flight (left) Data Produced by
OmniScan Inspection of Composite Laminate Aircraft Panel with Flaw
Profile as Shown
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Figure 4-15: C-Scan Images Produced by OmniScan Phased Array UT
Inspection of 20 Ply Composite Laminate Feedback Panel with the Flaw
Profile as Shown

Sample Inspection Results Demonstrating Capabilities of Phased Array UT —
This section presents results from OmniScan PA-UT inspections conducted on several
Sandia specimens from the Wind Blade Test Specimen Library. Figure 4-16 and
Figure 4-17 show the details of an adhesive step wedge that includes a section with
adhesive of different thicknesses and a section where the stepped adhesive is bonded
to a composite laminate (spar cap). This is an example of a specimen produced to
study specific capabilities of NDI methods. Inspections of this specimen allow for the
assessment of the ability of NDI to quantify adhesive thickness which would allow it
to determine if an adhesive layer is outside of a required thickness range (i.e. too thick
or too thin). Figure 4-18 shows two different characterizations of this NDI test
specimen. The upper graph plots the UT velocity of the material. It is fairly
consistent across the various thicknesses which ensures that the adhesive properties
are consistent. The lower graph plots the signal attenuation through the various
thicknesses. As expected, the relationship between the bond line thickness and the
associated attenuation level is linear.
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Adhesive Step Wedge Velocity Characterization
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Figure 4-18: Pulse-Echo Ultrasonic Wave Velocity and Attenuation
Results Showing Consistency of Adhesive Step Wedge and Linear
Relationship Between Bond Line Thickness and Attenuation

Figure 4-19 and Figure 4-20 show a phased array UT inspection deployment and the
resulting C-scan image of the various specimen thicknesses. The results show that this
inspection method is able to differentiate the various adhesive thicknesses even when
inspecting through a thick spar cap laminate. Each bond line thickness is assigned a
color code that can then be calibrated to a specific thickness or tight thickness range.
Figure 4-21 shows the results from a single element UT inspection of this same
specimen. Again, it was possible to differentiate the various adhesive thicknesses and
each bond line thickness is assigned a color code in the C-scan that is related to an
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adhesive tight thickness range. Figure 4-22 shows the set of A-scan signals generated
at each thickness step and the associated shift in the back wall peaks which allow the
thickness to be determined.

Bond Line Specimen Using 1.5 MHz, 16 Element Array and a 40 mm
Thick Open Water Box Shoe

(1.01) (1.07) (1.18) (1.26) (1.37)  (1.48)

Figure 4-20: Color Coded Time-of Flight C-scan Generated by Phased
Array PE-UT Inspection of Fiberglass Step Wedge Bond (OmniScan
system with 1.5 MHz phased array probe and 40 mm thick shoe) — Shows
Ability of UT to Differentiate the Various Bond Line Thicknesses Beneath
the Laminate (labelled below each color segment)
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(1.01) (1.07) (1.18) (1.26) (1.37) (1.48)
Thin Thick

Figure 4-21: Color Coded Time-of Flight C-scan Generated by Pulse
Echo UT (MAUS V system with 1 MHz contact probe) — Shows Ability of
UT to Differentiate the Various Bond Line Thicknesses Beneath the
Laminate (labelled below each color segment)

o1 3 4 9 B 7 8 910 | 3*4 A BT 8 910
(1.01) (1.07) (1.18)

o1 2 3M 5 6 7 8 910 012385678810 01 22 4% 6 7 8 410
1.26) 1 1.37] (148)

Figure 4-22: A-scan Amplitude Plots Generated by Pulse-Echo UT
(MAUS V system with 1 MHz contact probe) — Shows Amplitude
Decrease and Time to Back Wall Increase (indicated by red arrow) as
Bond Line Thickness Increases

As part of the WBFDE, the OmniScan completed inspections on the NDI Feedback
Specimens. Figure 4-23 through Figure 4-25 show the PA-UT results for wind
specimen REF-STD-2-127-173-SNL-1 (see [4.19] Figure 3-43 for design drawing).
The 25 mm water column on the OmniScan PA-UT device (1.5L42 probe) provided
good coupling to the specimen and the needed offset (delay line) to avoid the
interference of the harmonic signals. Thus, the 25 mm water column allows for
inspecting the adhesive joint on this specimen (between the spar and adhesive and
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between adhesive and shear web). Flat bottom holes in spar cap laminate were
detected at the various depths and the flat bottom holes in the bonded shear web joint
were also detected. It appears that all sizes of the flat bottom holes were detected
(difficult to see 75% FBH — 1.0” diameter in bonded shear web joint). Pull tab flaws
in laminate at 25% depth and at 75% depth were detected. The pull tabs in the shear
web bonded joint, both at the upper and lower adhesive interface, were detected.
Figure 4-23 shows the amplitude and B-scan (flaw depth) images produced by a back
wall gate ranging from 0.4” to 1.6 in depth. Figure 4-25 shows how the various gate
settings can focus the inspections to detect flaws at various depths. The back wall
gating worked well for inspecting the laminate for delamination flaws. Alternative
gating can be used to specifically look at the adhesive joint. Most indications within
the laminate showed up relatively well including the 0.50” diameter FBHs and pillow
inserts, especially when gating the off of the back wall of the laminate.
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Figure 4-23: OmniScan PA-UT C-Scan of REF-STD-2-127-173-SNL-1
Produced by the 25 mm Water Column Shoe

]

Figure 4-24: Overlay of Flaw profile with PA-UT Image Showing the Two
Small Flaws Not Detected by the OmniScan Inspection (Water Column
Shoe)

Lo/ o 2 = N As

Figure 4-25: OmniScan PA-UT C-Scans of REF-STD-2-127-173-SNL-1 —
Gate Set on Back Wall Only (top left), Gate Set Between Back Wall (1.3”)
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and Wedge Reflection Echo (1.7” depth) (top right) and Time-of-Flight
Image (bottom)

The OmniScan PA-UT system was also applied to wind specimen REF-STD-5-154-
SNL-1. Specimen REF-STD-5-154-SNL-1 is a sample dedicated to inspecting the
adhesive joint between the spar cap and the adhesive. All of the flaws are located at
this junction. Figure 7-58 shows the PA-UT inspection results. All flaw types —
Pillow Inserts, microballoons and Pull Tabs — were detected. Only the smallest flaws
of each type (0.5” or smaller) along the left hand side were not adequately detected. It
is assumed that this is due to the very large probe elevation that is not optimal for
these flaws.

Figure 4-26: OmniScan PA-UT C-Scan of REF-STD-5-154-SNL-1
Produced by the 25 mm Water Column Shoe

Sonatest RapidScan 2 - The RapidScan rolling array WheelProbe was developed by
Sonatest and provides a capability for A, B and C-scan inspections. It uses a novel,
rubber-coupled sensor array that provides rapid, wide area C-scan data in the field.
Powerful gating and evaluation tools are used to ensure proper analysis of the
ultrasonic signals. RapidScan 2, shown in Figure 4-27, operates in a pulse-echo mode
suitable for inspecting medium to large areas. A water film coupling that can be
sprayed onto the inspection surface is used to transmit the UT pulse and return signals
from the rolling wheel and back to the linear array transducer housed within the wheel.
Multiple scan strips can be assembled to produce images of entire structures such as
the horizontal stabilizer image shown in Figure 4-28. The high resolution C-scans,
such as those in the examples of Figure 4-29 through Figure 4-31, show time of flight
and amplitude data. Both A and B-scans can be simultaneously displayed. The
system includes a 128-channel multiplexing pulser/receiver module; data capture
electronics and a standard PC laptop, housed in a low-profile plastic enclosure for easy
portability. Array WheelProbes incorporate a 64 element linear array (50mm) or 128
element linear array (100mm) with 0.8mm resolution, and a high resolution position
encoder. The array WheelProbe provides high quality, high resolution data. Current
array probes are available in 1, 2, 5, and 10 MHz to provide a range of resolutions and
depth of penetration in thick and highly-attenuative structures.
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Figure 4-28: Carbon Composite Panel with Stringers, Ribs and
Engineered Flaws Three Stringer-to-Skin Disbonds (yellow) Two Rib to-
Skin-Partial Disbonds (blue)
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Figure 4-29: Inspection Scans of Composite Panel Produced by the
RapidScan UT Array Device

[}

Figure 4-30: Scan of Composite Horizontal Stabilizer with Ultrasonic
Rapidscan Array Probe
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Figure 4-31: C-Scan Images Produced by Rapidscan Array WheelProbe
on a20 Ply Composite Laminate Feedback Panel with the Flaw Profile as
Shown
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4.1.2.

Air Coupled Ultrasonics

In Pulse-Echo Ultrasonic (PE-UT) inspections, short bursts of high frequency sound
waves are introduced into materials for the detection of surface and subsurface flaws
in the material. The sound waves travel through the material with some attendant loss
of energy (attenuation) and are reflected at interfaces. The reflected beam is displayed
and then analyzed to define the presence and location of flaws. Ultrasonic testing
involves one or more of the following measurements: time of wave transit (or delay),
path length, frequency, phase angle, amplitude, impedance, and angle of wave
deflection (reflection and refraction). In most pulse-echo systems, a single transducer
acts alternately as the sending and receiving transducer. If the pulses encounter a
reflecting surface, some or all of the energy is reflected and monitored by the
transducer. The reflected beam, or echo, can be created by any normal (e.g. in multi-
layered structures) or abnormal (flaw) interface. = Complete reflection, partial
reflection, scattering, or other detectable effect on the ultrasonic waves can be used as
the basis of flaw detection. In addition to wave reflection, other variations in the wave
that can be monitored include: time of transit through the test piece, attenuation, and
features of the spectral response.

Traditionally, UT inspections involve the use of a couplant material between the
transducer and the inspection surface, use of a water immersion tank, or use of a water
squirter system to properly transmit the ultrasonic wave from the transducer into the
part being inspected. Sometimes ultrasonic inspection by immersion or squirter
systems cannot be conveniently applied in the field. Although, water-coupled systems
have been developed for field use, water-coupled ultrasonic inspection is sometimes
not desirable due to contamination and property alteration concerns. Examples
include composite structures and honeycomb sandwiches that cannot tolerate water
ingress. For these practical and operational reasons, non-contact, air-coupled
ultrasonic testing (ACUT) has the distinct advantage of being couplant-free. It is
therefore an attractive alternative for certain applications, even if ACUT also suffers
from several disadvantages, the most significant of which is the attenuation and loss of
signal that accompanies air transmission of the UT signals. Air coupled ultrasonics
testing is able to transmit the interrogating ultrasonic wave into the test article without
the use of a liquid couplant [4.3]. Inspections can be made in through-transmission
mode as shown in Figure 4-32. In this case, there are separate sending and receiving
transducers. Results from ACUT applied in in through-transmission mode correspond
to the capabilities of this inspection method when: a) both sides of the structure are
accessible, and b) it is possible to fixture the probes such that they are in proper
alignment. Cracks, delaminations, shrinkage cavities, pores, disbonds, and other
discontinuities that produce reflective interfaces can be detected. The yoke system
that keeps the two transducers in proper alignment is often connected to a position
controller/encoding device, as shown in Figure 4-33 so that C-scan images can be
produced from an ACUT scan of a component.
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Figure 4-32: Schematic of Air Coupled Ultrasonic Inspection of Panel in
Through-Transmission Mode

Figure 4-33: Set-Up of Transducers in Air Coupled UT Inspections and
Sample Data Produced by Method on Honeycomb Test Specimen

When sound passes across an interface between two materials only a portion of the
sound is transmitted, the rest of the sound is reflected. The proportion of the sound
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that is transmitted depends on how close the acoustic impedance of the two materials
matches. Water is a fairly good match for most commonly used materials - for
example typically around half the sound energy is transmitted at the interface between
water and a carbon laminate. After four solid- liquid interfaces (from the probe, to the
couplant, to the test piece, and then back again) there is still a few percent of the
original energy left so accurate measurement is possible. Conversely if the sound has
to move between the test piece and air (which has very low acoustic impedance) only
a small percentage of the sound energy is transmitted. Typically the overall path loss
may be 100 dB higher using air as a couplant, than when water is used [4.4-4.5].

The main limitation of Air Coupled UT is the large reflection loss at the air-solid
interface and the large attenuation of high frequency ultrasound in air. The latter
consideration has limited the application of ACUT to frequencies mainly below 1MHz
or so. It is therefore necessary to minimize losses at every stage in order to achieve
acceptable signal-to-noise levels for ACUT for the inspection. Despite the enormous
reflection loss at an air-solid interface due to their acoustic impedance difference, the
advances in transducer technology and electronics are gradually making air-coupled
ultrasound a viable NDI technique for composite structures in the field [4.6]. There
are two types of air-coupled transducers, piezoceramic based (disk or composite) and
capacitive transducers. Most of the field applications use piezoceramic type
transducers. Because of the tremendous difference in transmitted and received signal
amplitudes, and the inherent difficulties in achieving adequate transducer/amplifier
isolation and recovery, no current air-coupled NDT systems work in single probe
mode. Separate transmit and receive transducers are always used. To date, air-
coupled ultrasonic NDI has been implemented in the through-transmission mode, with
the transducers mounted on a yoke for components that allow for two-sided access,
and pitch/catch mode where the two transducers are located on the same side of the
component. Figures 4-34 and 4-35 show the through-transmission and one-sided
pitch/catch mode of ACUT operation, respectively.
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4.1.3.
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Figure 4-34: Air Coupled UT Through Transmission Setup on Wind
Blade Test Specimen
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Figure 4-35: Air Coupled UT One-Sided Pitch/Catch Setup on Blade Test
Specimen

Through-Transmission Ultrasonics

Through-transmission ultrasonic testing (TTU) is used in various applications to
include verification of flaws, sizing defects on a C-Scan Display, and monitoring flaw
growth rates. Through-transmission UT can be applied by contact testing, immersion,
and squirter applications in a tank like system (See Figure 4-36). The approach uses
two transducers in a pitch-catch type of arrangement with one ultrasonic transmitter
placed on one side of the material and the receiver (detector) located on the other side
of the material. The two transducers must be very closely aligned so some fashion of
a yoke mechanism, as shown in Figure 4-36, is used to accurately position the
transducers. Thus, access to both sides of the part is necessary to deploy the TTU
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inspection method. TTU is highly utilized to inspect multi-layered materials and
materials that are highly attenuated. Through-transmission UT is most widely known
as a method of inspection in automated immersion testing for detection of disbonding
in composite/fiberglass materials where two opposite and parallel surfaces can be used
for scanning. A sample C-scan image generated by TTU is shown in Figure 4-37. It
demonstrates that TTU inspections can locate defects on an X-Y plane, but cannot
locate the depth of the flaw within the part.

Figure 4-36: Automated Through-Transmission Ultrasonic Immersion
Tank System

Good Part Bad Part Showing Impacts

Figure 4-37: C-Scan of an 8 ply Carbon Fiber Panel in an X-Y Plane

Through-transmission testing allows sound travel from the transmitting transducer
through the inspection medium (water) and into the part with the sound being received
by the receiving transducer. Any void, inclusion, or disbond will act like an interface
and hinder or prevent the sound from making it to the receiving transducer. With
through-transmission testing, the receiving transducer diameter determines what flaw
size you will be able to detect. Figure 4-38 depicts the UT wave travel through a part
and shows the change in received signal created by the presence of a flaw within the
part.
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Figure 4-38: Through-Transmission UT in Immersion Tank Showing

Good vs. Bad Areas — Damage Creates a 40% Reduction in Amplitude of
the Received Signal

Active Thermography

Thermography is a nondestructive inspection method that uses thermal gradients to
analyze the physical characteristics of a structure such as internal defects. This is done
by converting a thermal gradient into a visible image by using a thermally sensitive
detector such as an infrared (IR) camera [4.10 to 4.12]. Flash thermography relies on
the heat absorption characteristics of the structure to indicate the presence of defects.
In Thermographic NDI (TNDI), part of the IR band of the electromagnetic spectrum is
used to map the surface temperature of an inspected item. The temperature
distribution on a structure can be measured optically by the radiation that it produces
at infrared wavelengths. Many defects affect the thermal properties of materials.
Examples are corrosion, disbonds, cracks, impact damage, panel thinning, fluid
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ingress or contamination, foreign objects and damaged or broken structural assemblies
in composite or metallic materials. In general, a source of energy is used to create a
temperature difference between the specimen and the surrounding environment.
Variations in the structure or material properties result in variations in heat flow and
surface temperature which are recorded by the IR camera. Figure 4-39 shows a
schematic of a thermographic inspection system and highlights the physics of flaw
detection.

IR camera PC ! b TR
Lamp j;f g Bestns
IR Image
light *  Pulze or step heating applied to
surface
— flash larmp
emitted IR I' T ] ” T T T I — heat lamp
— warm air
heat — contact source
— ' l ' l l — EM induction
tonduction dEfE‘Et - maying ling source

Figure 4-39: Principle of Active Pulsed Thermography

In TNDI, an IR camera is used to measure the surface temperature of a test piece as it
responds to externally applied stimulation. The collected IR image sequence is
processed using a PC to detect subsurface flaws such as voids, delamination or
inclusions in metals, composites and ceramics. Applications range from simple
qualitative inspections that require only a handheld IR camera (e.g. detection of
trapped water in a composite aircraft control structure) to advanced material
characterization using flash ther<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>