OTC 20656

Inspection Guidance for Offshore Wind Turbine Facilities
Robert E. Sheppard, Energo Engineering; Frank J. Puskar, Energo Engineering;
Chris Waldhart Energo Engineering.

Copyright 2010, Offshore Technology Conference
This paper was prepared for presentation at the 2010 Offshore Technology Conference held in Houston, Texas, USA, 3-6 May 2010.

This paper was selected for presentation by an OTC program committee following review of information contained in an abstract submitted by the author(s). Contents of the paper have not been
reviewed by the Offshore Technology Conference and are subject to correction by the author(s). The material does not necessarily reflect any position of the Offshore Technology Conference, its
officers, or members. Electronic reproduction, distribution, or storage of any part of this paper without the written consent of the Offshore Technology Conference is prohibited. Permission to
reproduce in print is restricted to an abstract of not more than 300 words; illustrations may not be copied. The abstract must contain conspicuous acknowledgment of OTC copyright.

Abstract

With the expected introduction of wind turbine facilities for the generation of electricity to the US Outer Continental Shelf
(OCS) waters, there is a need to evaluate how the long term operations of these facilities can be ensured through Integrity
Management (IM) activities, particularly inspections. There is a long operational history of IM in the Gulf of Mexico,
offshore California and Alaska, and around the world for fixed and floating oil and gas platforms. Both prescriptive and Risk-
Based Inspection (RBI) methodologies have been established and implemented. This experience provides a foundation for
implementing similar integrity management programs for offshore wind turbine facilities. This paper describes a guidance
document developed to assist operators and regulators in developing IM programs for offshore wind farms, the incorporation
of existing guidance for subsea structures, above-water structures and access systems, along with guidance from subject
matter experts regarding critical inspection areas, inspection techniques, and inspection intervals that are unique to wind
turbine facilities. This work was funded by the US Department of the Interior, Minerals Management Service (MMS).

Development Approach

An integrity management program is designed to ensure the safe and efficient operations of a facility over its service life. It is
comprised of three primary activities:

1) Inspection activities
2) Continuous monitoring activities
3) Engineering evaluation and data management

This basic framework has been used extensively with offshore oil and gas platforms worldwide. Coupling this with
inspection and monitoring practices unique to wind turbine facilities (both onshore and offshore) provides a basis for
developing guidelines for an offshore wind turbine integrity management program.

These guidelines and the approach used in their development are documented in MMS TA&R Project 627,
“Inspection Methodologies for Offshore Wind Turbine Facilities” [1]. Information from regulatory standards, industry
recommended practices, and subject matter experts was used to divide a typical offshore wind turbine facility into specific
systems and structures with similar inspection scope, frequency and approach. The highlighted critical inspection locations
were coupled with practical inspection realities (e.g., what can be accessed and how can areas be inspected) important to
developing a successful integrity management program.

This paper provides an overview of the MMS TA&R Project 627 [1] including:
o Description of a typical offshore wind turbine facility
o Potential failure modes and inspection techniques

o Recommended integrity management guidelines
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Wind Turbine Facility Description

A typical offshore wind turbine facility has been partitioned into areas around which inspection priorities, frequencies and
techniques could be built. Figures 1 and 2 show how the typical offshore wind turbine facility has been divided for structural
integrity management purposes:
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The subsea structure supports the tower, turbine, blades and other equipment. The most common structural system
for this substructure is a monopile driven into the sea floor, largely due to the shallow waters (typically less than 30 m)
typical of offshore wind farms. However, jacket-type structures more similar to offshore oil and gas facilities could be used
as shown in Figure 3. Concrete gravity-based structures and various floating structures are also potential alternatives. The
current designs for subsea structures are similar to designs used for offshore oil and gas platforms, and experience from that
industry is directly applicable.

Figure 37 Jacket Structure (OWEC Tower AS Jacket Quattropod Design) with Installed Turbine

Subsea equipment generally consists of components related to the transmission of power from the facility and
pertinent controls:

Cables connected to the side of the substructure

Other umbilicals and their attachment to the structure

Risers, j-tubes or other structures to protect the cables

Cables between facilities or to the shore buried or laid on the sea floor
Junction boxes and other equipment

The above water structure consists of the tower structure mounted on the subsea structure, the nacelle houses the
turbine and other equipment, access systems such as ladders, platforms, stairs, etc., as well as the cables, risers, and J-tubes
that are attached to the tower along the way to the nacelle. In some cases there may be a helideck or more likely a helicopter
abseil platform (used to lower personnel onto the facility) on the nacelle.

The blades are attached to the turbine equipment outboard of the nacelle. In order to improve operating efficiencies,
lightweight construction materials such as fiberglass are utilized to create blades 50 m long (or longer). As blade length
increases in the future to accommodate the needs of larger capacity turbines, the use of alternative composites such as carbon
fibers may increase.

For multiple unit wind farms it is expected that there will be an Electric Service Platform (ESP) to which all the
turbines will send their generated electricity. From there, equipment and cables will send the power to shore-based
equipment. These ESPs will be similar to existing offshore oil and gas platforms and their inspection requirements will likely
be addressed via the same guidelines used for those facilities such as the American Petroleum Institute Recommended
Practice 2A (API RP 2A) [2] and also the pending API RP 2SIM (Structural Integrity Management) document [3].
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System Failure Modes and Critical Inspection Areas

In order to develop a coherent IM program for offshore wind turbine facilities, it is necessary to identify structural failure
modes, degradation mechanisms and the associated critical inspection areas for these structures. With this information
captured, the next step is to determine the alternatives for inspecting and monitoring the wind turbine structural condition
while in service. A more detailed presentation of the potential damage mechanisms and associated inspection and monitoring
techniques is presented in the final report for MMS TA&R Project 650, “Offshore Wind Turbine Inspection Refinements.”

[4]

Subsea Structure.

Experience from operating oil and gas offshore structures is directly applicable to subsea portion of offshore wind
turbine facilities based on similarities of design and materials. For example, issues such as corrosion, fatigue, mechanical
damage (e.g., from dropped objects and vessel impact), and structural response to extreme events (e.g., hurricanes) is fairly
well understood. IM guidance found in APl RP 2A [2] and the pending API RP 2SIM [3] are directly applicable for the
supporting structures of wind turbine facilities.

Typical damage and degradation mechanisms associated with steel subsea structures are shown in Figures 4, 5 and 6
[5,6,7]. The strength of environmental forces is demonstrated by the buckled braces and separated leg in Figure 4. Figure 5
shows the kind of cracking that can occur due to fatigue damage. In Figure 6, a hole caused by corrosion damage to the
structure in the splash zone can be seen.

Image B

Figure 47 Damage to Subsea Structure: (A) Buckled Brace and (B) Separated Brace

"'z‘u

Figure 57 Typical Fatigue Crack at Welded Connection
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Figure 61 Typical Splash Zone Corrosion Damage

Inspections of subsea structure are intended to identify these and other issues so that remedial action can be taken
before the structural strength is further compromised. Based on the current wind facilities being situated in shallow water, it
is anticipated that the inspections will be done by divers with minimal utilization of remotely operated vehicles (ROVs).

As with existing oil and gas facilities, typical subsea inspections will cover the entire substructure with enhanced
focus on areas identified as critical inspection areas: circumferential welds on monopiles, welded connections on braced
structures, major vertical members (e.g., legs, braces), splash zone members, Cathodic Protection (CP) systems, and areas of
previous repair or damage.

The inspections will be a combination of general visual and close visual examination to determine the presence and
extent of damage. Other inspection techniques utilized may include as applicable established methods such as flooded
member detection, magnetic particle inspection (MPI), and cathodic protection measurements. Some of these methods will
only be implemented after the general and close visual inspections have identified anomalies or on a targeted basis.

Subsea Equipmet.

The primary structural concerns associated with the subsea equipment are the attachment of risers and j-tubes
protecting the cables, the attachment of umbilicals and cables to the substructure, and the integrity of cables and conduit
running between an individual wind turbine and adjacent facilities, an ESP, or to shore. Similar to the substructure,
degradation mechanisms include corrosion and cracking, and may also involve loose clamps, unsupported conduits or cables
caused by scour, and related issues.

The inspections of the structural condition will be done by using general and close visual inspection with focus on
structural connections, seabed stability, and areas of previous damage or repair.

Above Water Structure and Access Systems.

The above water structure critical areas are associated with the primary structural connections (tower to the subsea
structure and nacelle to the tower) and the secondary structural equipment (e.g., ladders, platforms, and stairs). As with the
subsea structure, the tower may be exposed to harsh corrosion environments induced by wave and spray action. General
atmospheric corrosion may also play a role in the above water structure. Also all the primary connections may be exposed to
significant strength and fatigue loading induced by the turbine structure and its interaction with the environment.

The primary means for inspecting the above water structure and its coating will be visual inspection. Close visual
inspection of the primary connections may advisable given their critical role in the overall facility integrity. It is anticipated
that standard nondestructive test methods will be utilized to assess material thickness (e.g., ultrasonic testing) and identify
any potential cracks (e.g., MPI or eddy current inspection).
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Blades.

Several damage mechanisms exist for composite wind turbine blades including: degradation of the rotor hub
attachment points, blade fatigue damage, and environmental damage such as lightning strikes to the blade exterior. The rotor
blades are typically bolted to the central hub and these are a critical inspection area. The bonds between different parts of the
blade structure are likely locations of damage propagation and where they exist at the leading or trailing edge of the blade
they are considered a critical inspection area.

A variety of scenarios may affect the blade strength and fatigue, primarily issues related to the degradation of the
composite material and the manufacture of the blade. These degradations may include delaminations and debonding. The
blades are also susceptible to environmental damage such as leading edge erosion and lightning strikes. Various blade
degradations and damage are shown in Figures 7, 8 and 9.

Debonding

(Knight & Carver)

Figure 77 Severe Blade Damage and Debonding

Knight & Carver

Figure 81 Leading Edge Erosion



OTC 20624 7

(Knight & Carver)

Figure 971 Lightning Damage to Blade

Several challenges exist for developing an inspection program for the blades. In addition to access issues, there is
limited ability to detect underlying degradations such as delamination and debonding. Access to the blades is a challenge for
two reasons. First, the height of the blades necessitates the use of rope access personnel or some other means of safely
placing an inspector close to the blades along their length. Second, there is limited access to the blade interior (skin interior
and spar). These concerns are amplified offshore where no easy and stable access is available such as truck-mounted aerial
lifts utilized onshore. Means to address this would be desireable and may require development of a purpose-built lift boat for
the wind farm to provide an aerial lift platform to inspect and repair the blades.

Degradation detection is limited because, unlike the above and below water structure, the blades are composite
materials. While the aerospace industry has pioneered many non-destructive inspection techniques for large composite
structures, the aforementioned access issues may limit their adoption directly to the offshore wind turbine blade inspection. A
typical visual inspection of the blade from below with binoculars will identify surface defects (leading or trailing edge
damage, lightning strikes, coating failures, etc.), but will not capture any interior anomalies. Tap tests [8] and ultrasonic
testing [8,9] may identify internal anomalies such as voids, delaminations, and debonding, however they are not well suited
for capturing full-field inspection results. More advanced techniques such as thermography [9,10] or shearography [11] may
provide improved blade coverage however their portability and application in-service may make them unattractive
alternatives. Any of these techniques must be applied to a long structure with a large surface area and many potential
locations of degradation.

One method to overcome some of the challenges for composite inspection currently being developed by the
aerospace industry is structural health monitoring (SHM) [12,13]. SHM utilizes active sensors ranging from traditional strain
sensing (foil gages or fiber Bragg gratings) to real-time damage detection sensors (acoustic emissions) to provide continual
feedback on the blade condition and highlighting potential damaging events. Once identified, the monitoring results would be
used to target more detailed inspection activities to the area of interest and provide information pertinent to an analytical
assessment. Note that while an SHM program would be used in conjunction with a typical inspection program, it is not
currently practical to implement in service.

Recommended Integrity Management Guidelines

The recommended inspection guidelines presented in MMS TA&R Project 627 [1] were developed based on existing
industry guidelines (APl [2, 3] and the International Elextrotechnical Commision [17]), classification societies
(Germanischer Lloyd [14, 15, 16] and Det Norske Veritas [18, 19]) regulatory standards, and input from subject matter
experts. The guidance is intended to provide an operator with the framework to develop an inspection program for offshore
wind turbine assets from the standpoint of structural integrity. It also provides guidance on overall integrity management
including data collection and interpretation, and response to anomalous conditions and environmental events (e.g.,
hurricanes). The guidelines do not address functional or maintenance requirements of the mechanical and electrical systems.
These aspects of the facility are addressed through maintenance and monitoring programs developed by the operator and
equipment manufacturers.

The guideline is divided into sections identifying pertinent standards, inspection frequency highlighting potential
activities, and engineering evaluation and data management for the specific areas of the structure shown in Figures 1 and 2.
These sections describe the critical inspection areas for that portion of the facility, and describe the activities to be performed
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for each of the inspections described in Table 1. These critical areas identified are not the only ones to be inspected, but they
are areas of known heightened degradation, are particularly subject to damage, or are important to structural integrity.

Facility Area Annual Intermediate Extended Post-Event
Subsea Structure 1 3-5 6-10 As needed
Subsea Equipment n/a 3-5 n/a As needed
Above Water Structure 1 3-5 n/a As needed

Above Water Systems” n/a n/a n/a n/a
Blades 1 3-5 n/a As needed

Above water mechanical and electrical system inspections are driven by maintenance cycles determined by
equipment manufacturers.

Table 17 Recommended Inspection Cycles (Years)

Inspection Activities.

Based on the review of existing guides and standards as well as input from subject matter experts surveyed, a series
of inspections were defined: annual, intermediate, extended and post-event.

Table 1 shows the recommended inspection frequency ranges for various inspections of the different target areas
within an offshore turbine facility. Frequencies are based on successful experience in the offshore industry with fixed
platforms. When within a given range, the inspections should be conducted should be based on:

. Facility condition including past damage and repairs, modifications to the original design, and the results of
past inspections including those of similar facilities
. Consequence of failure considering such things as shipping hazards, fishing, etc.

Additional inspections are carried out based on the results of the defined inspection cycles and are to include
activities defined by the responsible engineer. For large wind farms with many units it may not be possible to perform all
required Intermediate or Extended Inspections within a given year. In these cases, inspections can be completed over time so
that at the end of the selected cycle (e.g., 3 years) all units have been inspected.

Though specific frequency guidance is provided, this does not exclude the option of developing RBI plans for a
facility or a wind farm. Risk-based approaches have been successfully implemented for fixed and floating offshore structures,
and wind farms with a number of similarly designed and equipped facilities in close proximity makes them well-suited to the
application of RBI techniques.

Annual Inspection Activities.

The annual inspection targets primarily above water activities. The subsea structure condition is assessed by
performing cathodic protection measurements to determine the effectiveness of the corrosion protection. A visual survey of
the structure in the splash zone is made to ensure the coatings are intact. The visual inspection is continued throughout the
remaining above water structure and access systems as well as the blades. The above water structures (including the nacelle)
are examined to evaluate the general condition noting features such as coating breakdowns, corrosion, and any physical
damage present. It is assumed that the blade inspection could be achieved remotely from a position such as the nacelle using
binoculars and would not require rope access for closer inspection. Additional close visual inspections would be performed as
justified by the general visual observations performed.

Intermediate Inspection Activities.

The intermediate inspections occur every 3 to 5 years and represents activities to be performed in addition to the
annual inspection. These activities are typically a higher level of effort and focus on less accessible areas of the facility. A
diver or ROV would be utilized to assess the condition of the subsea structure and equipment including the general condition,
physical damage, and marine growth present. A close visual inspection of the connection of the tower to the substructure will
be made with the technique selected based on the connection type (e.g., bolted or welded). Non-destructive testing of the
blade connections to the turbine rotor will be performed.

Extended Inspection Activities.

The extended inspection activities occur between 6 and 10 years (twice that of the intermediate inspection) and are
focused on the subsea structure. The critical subsea structural connections will be cleaned of marine growth and inspected to
assess the general condition, identify cracks or damage to welds, identify deterioration of concrete surfaces, and enable
definition of potential anomalies.
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PostEvent Inspection Activities.

An inspection should be performed following a design-level event for the facility (e.g., earthquake or hurricane). It
is important that this be a pre-planned inspection with specific areas targeted so that the response can be timely and so that
inspection resources are focused on areas of need. These pre-selected areas should be based on the condition of the asset and
those areas shown by analysis to be most highly stressed during design-level events. These inspections should include both
above and below water portions of the facility. In addition, they should highlight any facility inclination that may affect
performance. [4]

Continuous Monitoring Activities.

The above water equipment and blades lend themselves well to continual monitoring as a means to assess
performance. As previously mentioned, direct structural assessment via a SHM program is not a currently viable alternative
for wind turbine facilities. However by tracking information such as the power curve, it is possible to assess the performance
of the wind turbine and identify potential issues in advance of regularly scheduled maintenance or inspection. It is envisioned
that continuous monitoring activities would be conducted as part of the overall integrity management program. The
monitoring activities are not intended to replace the previously mentioned inspection activities.

Engineering Evaluation and Data Management.

It is not sufficient to simply execute the inspections according to the defined frequencies and put the results on the
shelf. An engineer should review the inspection and monitoring results so that timely responses can be made to any
anomalies found, future inspection priorities and frequencies can be modified as necessary based on the results, and the
integrity management cycle is continued.

Future evaluations, inspection planning and data trending are facilitated through data management techniques.
Whether simple spreadsheets or complex integrity management software are used, it is important that some kind of organized
data capture and storage, and evaluation take place to maximize the benefits of performing these inspections.

IM Approaches Unique to Wind Turbines

Because it is typical for a number of turbines to be installed in close proximity and be of the same structural system and
design, wind farms present a unique opportunity for offshore an offshore IM program to use the inspection results from a one
unit to project the condition of a group of units. If one unit exhibits a defect or degradation, it is likely that others in the field
will have similar anomalies and steps can be taken to resolve or monitor the issue accordingly.

This means that IM of offshore wind farms can take advantage of a fleet management approach, as opposed to the
single facility approach typical of offshore oil and gas structures. While each wind turbine facility has its integrity managed
individually, the fleet as a whole can take advantage of

. Statistical data to project condition data from a sample of structures across the entire field

. Anomalies identified at one location can be checked at others to proactively address potential issues fleet-
wide

. Similarity of design, fabrication, construction and environment enhances inspection repeatability and

improves the basis for projecting results over many facilities

This approach is enhanced by various condition monitoring systems that are used on these facilities. As previously mentioned
the power curve provides a key indication of the wind turbine’s performance. By monitoring the power curve, an engineer is
able to remotely assess the integrity of the facility. Data from one facility is useful, but data from 100 allows greater ability to
identify truly anomalous conditions and track performance over time. While the assessment may not capture damage at its
earliest stage, it can detect a reduction in power generation that may be caused by damage modes that directly impact
performance, such as debonding of a blade leading edge or blade pitch control. This information can lead directly to proactive
measures to prevent the condition from degrading or a repair implemented before either the next scheduled inspection or
catastrophic failure occurs.

Conclusions

With the expected deployment of wind turbine facilities in offshore US waters, effective integrity management programs will
need to be developed. The use of existing approaches for offshore oil and gas facilities provides a basis for these tools, both
from the standpoint of understanding how similar facilities respond to degradation mechanisms and environmental loads, and
because the existing inspection resources for oil and gas facilities will likely be called upon for similar inspections on wind
turbine facilities. The combination of these existing approaches with the techniques necessary for assessing the condition of
blades, nacelles and towers results in an integrity management program for these facilities.
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