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Introduction
To obtain type certification for a wind turbine generator system (WTGS), it is necessary to show by analysis that the safety level is equal or higher than that specified by relevant standards and guidelines.  Included in this analysis will be strength analysis against ultimate and yield loads, fatigue life by damage accumulation, stability analysis, and deflection analysis. 

The governing document for the design and analysis of a WTGS is IEC 61400-1, “Wind Turbine Generator Systems - Part 1: Safety Requirements” [1].  IEC 61400-1 identifies the load cases and the partial safety factors for loads, materials, and consequences of failure. The partial safety methodology in this document is based on the ISO 2394 [2] approach.

This guideline will clarify the application of the partial factors and provide some guidance in determining partial factors that are design related and not specified in IEC 61400-1.  This document will also identify structural concerns of typical WTGS designs and shows by means of a checklist what the certification is looking for.  This document will not include methodologies for structural dynamic analysis, this is covered in the “Design Loads Analysis Guideline” [3].

This document of analysis guidelines and the accompanying check list may not apply in whole to all designs.  Conversely, every design and application will most likely present unique conditions that are not covered by this guideline.  In the case of unique situations or further clarifications, it will often be beneficial to contact the certification body as early as possible to determine appropriate actions and minimize any concerns during the final approval process.

This document will also list references and software programs that may aid the analyst.  It will also specify the required documentation to be submitted for type certification.  A sample format of a summary analysis report and hand calculation report are presented in appendices A and B.   If finite element analysis is used, the models will have to be submitted for review.  The format for the model input files will be specified.  The requirements for review of spreadsheets will also be listed. 

1. Structural Analysis Concerns

1.1. Design Loads

This guideline will not address the derivation of design loads.  Refer to the “Design Loads Analysis Guideline” [3].  The design load cases to be considered are given in IEC61400-1 which result in ultimate and fatigue loads.  The loads should also be identified as factored design loads or unfactored characteristic loads.  If they are characteristic loads,  the loads engineer should provide the appropriate partial safety factor for each case.  The strength engineer should verify that the partial load factors match those in Table 3 in IEC 61400-1.

The partial load safety factor is defined in IEC 61400-1 to account for uncertainty in the loads derivations and the possibility of unfavorable deviations from characteristic values.  
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Fd
are the design values for loads

f
are the partial load factors

Fk
are the characteristic values for loads

The partial load factors are specified in Table 3 of IEC 61400-1.

1.2. Properties of Materials and Soils

The design value of a material property is defined as the characteristic value divided by a partial material safety factor.  The characteristic value of a material property is that value that has a prescribed probability of not being attained in a hypothetical unlimited test series. 

The partial material factors are applied to account for unfavorable deviations of the material properties from the characteristic values.  They are also applied to account for uncertainties in the strength analysis and in the material behavior.  This includes  errors in analytical models or methods, degradation of material properties due to manufacturing effects, environment, load history, etc.
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fd
are the design values for materials

m
are the partial material factors

fk
are the characteristic values of the material properties

In this guideline, the partial material factor will be further defined as follows:
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m1
is the general material factor.  This factor accounts for the possibility of 
unfavorable deviations from the characteristic value.  Consequently, it is 
dependent on the statistical nature of the characteristic value (survival 
probability, confidence limit, coefficient of variation).  Table 4 of IEC 

61400-1 states the general material factor as a function of the survival probability and coefficient of variation .

m2 to mn are the additional material safety factors to account for other possible material degradations.  Some of these will be identified in the material sections below and appropriate partial factors will be recommended in some instances.  It is the responsibility of the designer and analyst to identify the additional partial material factors based on the selected materials and applications.

1.3. Geometrical Parameters

Following the guidelines in ISO2394, the design values, ad, of geometrical parameters should be obtained from the characteristic (nominal) values ak and the partial geometrical quantity a.
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a
takes account of the possibility of unfavorable deviations of the geometrical parameters from the characteristic values and of the given tolerance limits of ad
For example, a diameter of a shaft on a drawing specifies  
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in.  The diameter used to calculate the area for a shear strength would be 0.99 in.  If a tolerance is not specified with a dimension then the default tolerances specified in the drawing title block should be used.   In the absence of a dimension tolerance or tolerance table, apply a typical tolerance based on the material and the machining practice [6]. 

1.4. Consequences of Failure 

IEC 61400-1 also introduces the consequences of failure factor, n, to distinguish between:

Component class 1: used for “fail-safe” structural components whose failure does not result in the failure of a major part of the WTGS (wind turbine generator system);

Component class 2: used for “non fail-safe” structural components whose failures lead rapidly to the failure of a major part of a WTGS.

The consequences of failure factor depends on the type of analysis being performed.  The factors will be specified in the discussions of the analyses below.

1.5. Ultimate Strength Verification

The peak load or stress must be equal to or less than the ultimate strength allowable.  IEC 61400-1 states:
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S( ) 
Stress or load function with n combined loads

1.5.1. Ultimate Strength Margin of Safety

It is often easier to refer to a  margin of safety.  This is simply the factored allowable load or stress divided by the factored peak load or stress minus one.  Using the above nomenclature the equation is shown below.  Using this equation any margin of safety greater than or equal to zero is a satisfactory condition.
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1.5.2. Ultimate Strength Partial Safety Factors

 Ultimate Strength Partial Load Factor

The partial load factors for ultimate strength analysis are given in Table 3 in IEC 61400-1.

 Ultimate Strength Partial Material Factor

Depending on the type of material, follow the recommendations in section 2.10.

 Ultimate Strength Consequences of Failure Factor

As stated in IEC 61400-1:

Component class 1: n = 1.0

Component class 2: n = 1.0

Yield Strength Verification

For metallic structures, the peak load or stress must be equal to or less than the yield strength allowable.   The yield strength will be defined by the 0.2 % strain offset method.

1.5.3. Yield Strength Margin of Safety

The equation for the yield strength margin of safety is similar to the one of the ultimate calculation.
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1.5.4. Yield Strength Partial Safety Factors

 Yield Strength Partial Load Factor

This guideline recommends using the formula below applied to the unfavorable partial safety factors given in Table 3 of IEC 61400-1.  
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As an example, the yield load factor for an extreme operational load event will be 
[image: image10.wmf]1

25

1

35

1

1

09

+

-

=

.

(

.

)

.

.

 Yield Strength Partial Material Factor

Follow the recommendations in section 2.10.1 below.

 Yield Strength Consequences of Failure Factor

These will be the same as the ultimate strength factor.

Component class 1: n = 1.0

Component class 2: n = 1.0

1.6. Fatigue Damage Accumulation

Due to the operating nature and lifetime of a wind turbine, fatigue failure is usually  a critical design issue.   IEC 61400-1 states that fatigue damage shall be estimated using an appropriate fatigue damage calculation.  It goes on to suggest, as this guideline will, the use of a linear damage accumulation method.  This method is also called the Palmgren - Miner rule.  There are some deficiencies to this method but its simplicity and general industry wide acceptance make it the model of choice.  

1.6.1. Palmgren-Miner Rule

IEC 61400-1 states that when using the Palmgren-Miner rule, the accumulated damage within the lifetime of the turbine shall be less than 1.
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ni
Counted number of fatigue cycles in bin i of the characteristic load spectrum, including all relevant load cases

ski
Stress or strain level associated with the counted cycles in bin i, including 
the effects of both mean and cyclic range

N( )
Number of cycles to failure as a function of the stress or strain indicated by the argument (i.e. the characteristic S-N curve)

S-N or -N Curve

The S-N curves in various material codes may be presented in different forms.  Some will plot maximum stress vs. allowable cycles, others will plot range stress, alternating stress, or any of the above normalized to an allowable stress.  Some of the plots are log-log, some are linear-log.  It is important that the analyst understands the nature of the S-N data in the material codes. 

Here are some definitions and equations that will be helpful in this discussion.
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Stress (load) ratio
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Mean stress
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Alternating stress
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The left side of Figure 1 shows a typical S-N curve that has been adjusted by partial material factors.  
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Figure 1.  Sample S-N Curve and Corresponding Modified Goodman Diagram
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Characteristic ultimate strength

mf

Fatigue partial material factor

mu

Ultimate strength partial material factor

1.6.2. Modified Goodman Diagram

The modified Goodman diagram presents a graphical way to get the allowable number of fatigue cycles for a given mean and alternating stress.   The right side of Figure 1 shows how the Goodman diagram graphically corresponds to the S-N curve.  With additional S-N curves at different stress ratios, the process is continued.  The constant life lines are connected linearly between the data points.  This is shown in Figure 3 for the -N curves in Figure 2.

Figure 2 shows multiple -N plots for a typical uniaxial GFRP.  It shows both tension and compression fatigue.  For metals, the data will only be tensile.  It is important to note in Figure 3 that there is a transition between a tensile fatigue failure and a compressive fatigue failure between R=0.1 and R=-1.  Section 2.10 below will discuss further details of the fatigue data for various materials.  
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Figure 2.  Sample -N Diagram for Uniaxial GFRP [7]
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Figure 3.  Modified Goodman Diagram for Figure 2 -N Data

1.6.3. Fatigue Partial Safety Factors

 Fatigue Partial Load Factor

The partial load factor, f, is 1.0 for all abnormal and normal design conditions.

 Fatigue Partial Material Factor

1.6.3.1.1.  Fatigue General Material Factor

The general material factor, m1, is based on the statistical nature of the characteristic value.  This is a difficult factor to determine given the nature of most S-N curves.  IEC 61400-1 states that a factor of 1.1 is to be applied provided that the S-N curve is based on not less than 95% survival probabilities with 95% confidence limits and a coefficient of variation of 10%.  For other survival probabilities and coefficients of variation, Table 4 in IEC 61400-1 is to be used for the general material factor.

Typically, the S-N curves are presented as best fit curves of the fatigue data.  For these instances, use the general material factor defined in the appropriate materials section of this guideline.

1.6.3.1.2.  Other Fatigue Material Factors

Other material factors may need to be applied to the fatigue properties to account for negative effects like temperature, moisture, manufacturing processes, corrosion, wear, fretting, etc.  Some of these effects will be discussed in more detail in the appropriate material section below.

 Fatigue Consequences of Failure Factor

As stated in IEC 61400-1:

Component class 1: n = 1.0

Component class 2: n = 1.15

1.6.4. Stress Concentrations

Geometry, machined features, and manufacturing methods may create stress risers.  These effects must be included in the fatigue analysis.  Stress concentrations will be discussed in more detail in the appropriate material section below.

1.7. Stability

Parts in compression, and in some cases of torsion or of shear, should be checked for instability failure.

1.7.1. General Instability

General, or primary, instability failures are characterized as those in which the cross section of the structure is translated and/or rotated, but is not distorted in its own plane.  In columns this is often called Euler buckling.  In beams and plates it is governed by the end conditions (fixed, simply supported, elastic, etc.), cross section geometry, lengths, and material stiffness.  Special care must be used in the determination of the effective end conditions.  The effects of combined loading must also be included.  

1.7.2. Local Instability

Local, or secondary, instability failures are characterized as those in which the cross section is distorted in its plane.  This critical load may be much lower than the load to produce a general instability failure.  Examples of this are crippling of a plate or a beam flange.  In a sandwich plate construction, local instabilities include wrinkling, crimping, and dimpling - this will be discussed in more detail in the rotorblade section of this guideline.  The same concerns in 2.8.1 will also apply.

1.7.3. Stability Partial Safety Factors

 Stability Partial Load Factor

The partial load factors for stability analysis are the same as those for the ultimate strength analysis.  The factors are given in Table 3 in IEC 61400-1.

 Stability Partial Material Factor

Depending on the type of material, follow the recommendations in section 2.10 below.  In this case, the material property being factored is stiffness ( i.e. modulus of elasticity or shear).  Extra care must be taken when using stiffness properties.  Most material specifications list the stiffness property as a typical basis property.  A typical property value is an average value and it is associated with no statistical assurance.  If you are calculating a resonant frequency this might be desirable but for stability or critical deflection analyses it is unconservative.  The material sections below will provide more details on this issue.  Also, some materials lose stiffness as a result of load history and environment, so additional material factors may apply.    

 Stability Consequences of Failure Factor

Although not stated in IEC 61400-1, this guideline will recommend the same factors used in ultimate strength analysis.

Component class 1: n = 1.0

Component class 2: n = 1.0

1.8. Deflection

During operation, components will deflect and potentially interfere with adjacent components.  Any region of potential interference will have to be analyzed and shown to have clearance.  One example is any interference between the rotorblade and the tower or tower guys.  This case will be discussed further in the rotorblade section to follow.  In any deflection analysis the stiffness of the supporting structure, geometrical tolerances, backlash or play (e.g. bearings and gears), and hysteresis should be considered.  The stiffness of some materials degrade over time as a function of the environment and load history.  There should be some allowance for this degradation.

1.8.1. Deflection Partial Safety Factors

 Deflection Partial Load Factor

The same load factors specified in the ultimate strength analysis (Table 3 IEC 61400-1) apply here.

 Deflection Partial Material Factor

Depending on the type of material, follow the recommendations in section 2.10 below.  For deflection analysis,  the material property being factored is stiffness ( i.e. modulus of elasticity or shear. As described above in the stability discussion, extra care must be taken when using stiffness properties.  Most material specifications list the stiffness property as a typical basis property.  A typical property value is an average value and it is associated with no statistical assurance.  If you are calculating a resonant frequency this might be desirable but for stability or critical deflection analyses it is unconservative.  The material sections below will provide more details on this issue.  Also, some materials lose stiffness as a result of load history and environment, so additional material factors may apply.

 Deflection Consequences of Failure Factor

As stated in IEC 61400-1,

Components class 1:  n = 1.0

Components class 2:  n = 1.0

1.9. Material Properties

In many cases the strength analyst is responsible for determining the appropriate material properties.  This section of the guideline will provide some references and methodologies for determining characteristic values and partial safety factors for different materials.

The characteristic value in this application is the value for a given survival probability and confidence limit.  Depending on the data statistics, there will be a corresponding general partial material factor to account for the possibility of unfavorable deviations.  To obtain the global material factor, other effects from the environment and the loading history must be included.  These will be outlined in the sections below. 

1.9.1.  Metallic Materials

 Characteristic Values

1.9.1.1.1.  MIL-HDBK-5

The best source for metallic material properties is MIL-HDBK-5, “Metallic Materials and Elements for Aerospace Vehicle Structures” [8].  The strength properties are given as A, B and S basis properties. 

A basis - At least 99 percent of the population is expected to equal or exceed the A basis design property with a confidence of 95 percent.

B basis - At least 90 percent of the population is expected to equal or exceed the B basis design property with a confidence of 95 percent.

S basis - The S value is the minimum value specified by the governing Federal, Military, industry specification ( as issued by industry standardization groups such as  SAE Aerospace Materials Division, ASTM, etc.) for the material.  For certain products heat treated by the user ( for example, steels that are hardened and tempered to a designated Ftu) the S value may reflect a specified quality-control requirement.  The statistical assurance associated with this value is not known.

The stiffness properties are given as typical properties which are average properties.

If the material is unique, A or B basis strength properties can be calculated from test data by following the method described in chapter 9 of MIL-HDBK-5.  This method takes into account the sample size and distribution form (Weibull, normal) of the test data.

1.9.1.1.2.  Directional and Thickness Effects

Most specifications give longitudinal, long transverse and short transverse characteristic values for most metals.  In addition, the strength of parts is often sensitive to the thickness of the stock material. 

For forgings, extrusions, billets and plates, advantage may be taken of directional properties, provided grain orientation can be controlled and guaranteed.  Advantage may also be taken of thickness sensitive properties provided the thickness of the stock material is controlled and guaranteed.

If the thickness of the stock material or the grain orientation of the part is unknown or not controlled, the characteristic value of the thickest section in the weakest direction in MIL-HDBK-5 should be used.

1.9.1.1.3.  Load Bearing Design Properties

MIL-HDBK-5’s bearing allowables are determined from a laboratory unique “dry pin” test method.  The coatings and lubricants used in typical manufactured fastener installations tend to lower these bearing allowables.  Consequently, this guideline recommends that the ultimate bearing allowable be an average of the dry pin ultimate and yield allowable for the same e/D (e=edge distance, which is the distance from the center of the hole to the edge of the material in the stress direction, D= diameter of the hole).   The yield bearing allowable is 85% of the dry pin yield allowable.  For example,
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Italicized variables correspond to MIL-HDBK-5 “dry pin” allowables.

For e/D<1.5, e/D=1.5 values shall not be used.  The bearing values for e/D<1.5 will have to be determined by adequate testing or contact the certification body for special considerations.   For e/D values between 1.5 and 2.0, linear interpolation may be used.

1.9.1.1.4.  General Material Factor for Strength and Stiffness Properties

By using Table 4 in IEC 61400-1, the general material factor can be determined for any characteristic value from any material specification as long as the statistical nature of the value is known (% probability, % confidence limit, coefficient of variation).  If MIL-HDBK-5 properties are used the following general material factors apply.

A basis: 

m1 = 1.0

B basis: 

m1 = 1.20

Typical basis *:
m1 = 1.10
for steel and aluminum alloys




m1 = 1.25
for titanium alloys

* applies to stiffness properties used in stability and critical deflection analyses [6]

1.9.1.1.5.  Other Effects

Some metallic material properties are affected by temperature or the duration of the load.  If these conditions apply, the characteristic values should be appropriately adjusted or a specific partial material factor should be added.  These plots are presented in MIL-HDBK-5 for most alloys.

 Metallic Fatigue Properties and Concerns

There are numerous factors that influence the fatigue performance of a metal component.  The list includes: stress concentrations from machined features or other discontinuities, surface roughness, corrosion, stress corrosion cracking, fretting, residual stresses from fabrication or heat treatment, wear, platings and coatings.  Designers should minimize these effects through proper design and proper selection of materials and fabrication processes.  This guideline will list some of the major degradations and list some references to aid in quantifying the degradation and how to improve the design.  

1.9.1.1.6. Stress Concentrations

Machined notches, grooves, holes, fillets, etc. create stress concentrations.  These features tend to accelerate the initiation and propagation of cracks that lead to a fatigue failure. MIL-HDBK-5 plots S-N curves with the effects of some stress concentrations.  Most often these plots will not directly apply.  In these cases, the stress concentration factor will have to be determined and multiplied to the nominal stress to get the peak stress.  This factored stress is then used in the fatigue analysis.  The best source for stress concentration factors is Peterson’s Stress Concentration Factors [10].

1.9.1.1.7.  Surface Roughness

The surface roughness is a function of the forming process (forged, rolled, machined, ground, polished, etc.) and of the handling and marking practices (nicks, file marks, stamps, etc.)  These variations in the surface are basically small stress concentrations that initiate cracks.  These influences can be severe and can potentially reduce the endurance limit by a factor of 5.   There are several references that list surface finish degradations [6,11].

1.9.1.1.8.  Corrosion Fatigue

Corrosion is the deterioration of a material or its property due to the material’s reaction with its environment.  The deterioration often involves a loss of material.   This alone will reduce the strength but the typical non-uniform loss will result in stress concentrations (pits, ridges, etc.).   There are several mechanisms that cause corrosion.  This guideline will list a few and recommend the designers review some texts on this important issue [12,13]. 

General Oxidation: oxidation from exposure to an electrolyte (water, acids, solvents, petroleum products, marine air, etc.)

Galvanic Corrosion: electrochemical reaction between two dissimilar metals when exposed to an electrolyte.

Stress Corrosion Cracking: combined effects of corrosion and applied stresses.  SCC is significantly sensitive to the direction of applied stress relative to the metallurgical grain orientation.

Intergranular Corrosion:  exposed grain, particularly short transverse grain, can be susceptible to corrosion attack due to localized variations in composition along the grain or between the grains.

There are numerous other corrosion mechanisms that may apply to wind turbine components.  

The material property degradations will depend on the design and the exposed environment.  There are several additional references that provide corrosion fatigue curves and degradations [11, 14-16]. 

1.9.1.1.9.  Fretting and Wear

Fretting is the result of small motions between tightly fitted parts.  Bolted joints, press fit pins or bushings, and bearing-race fits are examples.  The loss of strength in these regions can be significant [17,18]. 

Wear is the loss or redistribution of material from the interaction of any parts moving relative to each other [6].  An example may be a seal on a rotating shaft. 

1.9.1.1.10.  Residual Stresses

Residual stresses may either improve the fatigue properties or degrade them significantly.  Typically, a compressive residual stress on the surface will improve fatigue performance.  This is often done by shot peening.

Tensile residual stresses can be introduced from several fabrication processes including, cold forming, grinding, and welding.  The influence of residual stresses on fatigue properties is shown in several references [11,19]. 

1.9.1.1.11.  Metallic Fatigue Property Material Factors

1.9.1.1.11.1.  Metallic General Fatigue Material Factor

Table 4 in IEC 61400-1 specifies the general material factor based on the statistical nature of the fatigue data.   For example, if the S-N data is presented with curves of 95% probability and 95% confidence, then m1=1.1. If the S-N data is presented as best fit curves, then use the material factor specified below.

m1 = 1.1


for 95/95 limit S-N curve 

m1 = 1.xx


for other survival probabilities, confidence limits, and 




coefficients of variation.  See Table 4 IEC 61400-1.

m1 = 1.20


for best fit data S-N curves or endurance limits [6]

1.9.1.1.11.2.  Other Metallic Fatigue Material Factors

Other influences, like  those outlined in sections 2.10.1.2.1-5, may degrade the fatigue properties of metal parts.  These degradations should be treated with additional partial material factors.

m2 – mn
additional factors to be determined by wind turbine manufacturer with supporting test data or references

 Glass Fiber Reinforced Plastics

This guideline will basically follow the recommended practices outlined in the report titled, “DOE/MSU Composite Material Fatigue Database: Test Methods, Material, Analysis” [7].  This report is about 200 pages so obviously all the details can not be presented in this guideline.   The report includes results from over 4000 coupon tests and over 100 material systems.  Trends and behaviors of static and fatigue properties are reported for various material parameters.  Parameters explored include reinforcement fabric architecture, fiber content, content of fibers oriented in the load direction, matrix material, and load ratios (R).

Summary of the MSU/DOE report and database: 

· Static Test Results

- 
The report gives some curves showing the degradation in ultimate strength for several laminates from sustained or slowly applied loads.

- 
The report also gives some formulas and charts for adjusting lamina elastic constants for varying fiber volumes.  The lamina data can be input into a classical laminate theory (CLT) computer program or finite element analysis model to generate typical stiffness and strength properties for complex laminates. A few of these CLT programs are listed in Appendix D.  The report also confirms that quadratic failure theory gives the best prediction of laminate ultimate strength. 

· Fatigue Trends

-
The database includes a broad spectrum of laminate designs produced in laboratory and industrial environments.  The fatigue performance of this family of laminates is bounded by “best” and “worst” lines as shown in Figure 4.  Formulas for the “best” and “worst” lines are given for different load ratios (R=0.1, -1,10).

-
Woven and stitched fabrics tended to have “worst” behaviors.  This is due to local stress concentrations from matrix cracking at the stitch points.

-
At fiber contents below 42% the data follows the “best” line for tensile fatigue.  At higher fiber contents the data approaches the “worst” line.

-
There was no discernible difference in fatigue properties between vinylester, polyester, and epoxy matrices.

-
Up to 20% loss in stiffness was observed for some laminates due to fatigue load cycles.

-
Transverse direction S-N curves for R=0.1, .5, -1, 10, 2 are shown with corresponding Goodman diagrams.

-
Fatigue knock down factors are given for selected structural details like bonded stiffeners, ply drops, locally high fiber content and surface indentations.

The DOE/MSU report and database does not include statistical and environmental treatments in the December 1997 printing.  This guideline will give some recommendations in these areas if there isn’t extensive test data for the proposed wind turbine laminates.
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Figure 4.  Extremes of Normalized S-N Tensile Fatigue Data (R=0.1) [7]

 GFRP Characteristic Values

The characteristic values for strength and stiffness will have to be determined from test data for the design laminate.  This will take into account the laminate design as well as the material handling and laminate fabrication methods employed.  From this data, A basis strength allowables should be calculated using the methodology described in chapter 9 of MIL-HDBK-5.  The stiffness properties should be calculated for A basis as well as typical basis.  Note, most every glass fiber reinforced plastic shows a loss in stiffness when subjected to cyclic loading.  This loss has been observed to be as little as 5% or as much as 40% - the resulting modulus is sometimes called fatigue or critical modulus.  The principle factor influencing this behavior is the percentage of fibers in the load direction.   The characteristic stiffness properties should be adjusted based on test data.  If test data does not exist, then adjust the stiffness properties based on a comparable laminate in [7,9]. 

1.9.1.1.12.  GFRP General Material Factor

Depending on the statistical nature of the characteristic values, Table 4 of IEC 61400-1 should be used for the general material factor.  If A basis properties are calculated, the general factor is 1.0.  These factors apply for strength and stiffness properties.

m1 = 1.0

for A basis properties

m1 = 1.xx

for other survival probabilities, confidence limits, and 




coefficients of variation.  See Table 4 IEC 61400-1.

 GFRP Static Fatigue

Tensile strengths of glass fiber composites are sensitive to static fatigue.  If the critical load is slowly applied or primarily steady state, the allowable strength must be reduced.  The DOE/MSU database shows that there is a significant drop in ultimate tensile strength as the displacement rate of the static test is decreased.  The reduction in strength is greater for laminates with a higher percentage of 0 degree plies (plies in the load direction).  

1.9.1.1.13.  GFRP Static Fatigue Material Factor

To account for this degradation, this guideline will specify a static fatigue material factor of 1.5.  This is based on DOE/MSU data for a typical laminate used in blade construction.  A lower material factor will be allowed if the analyst can verify that the critical load is dynamic in nature or that the laminate is less sensitive to static fatigue.  These criteria will be closely scrutinized by a certification agent and may require supporting field or test data.  These factors apply for strength properties.

m2 = 1.5

static fatigue material factor for typical blade laminates.

m2 = 1.xx
static fatigue material factor for unique load or laminate to be determined by wind turbine manufacturer with supporting test data or references. 

 GFRP Temperature and Moisture Effects

Exposure to elevated temperatures and moisture degrades the material properties of laminates with glass fibers and polymer matrices (epoxy, polyester).  The polymers are able to absorb moisture which leads to a softening of the resin.   Evidence of the softening can be seen by the lowering of glass transition temperatures.  Consequently, the properties that are more matrix-dominated are more sensitive to moisture content and elevated temperatures than fiber-dominated properties.   

The amount of documented data on this subject is quite limited especially for glass/polymer laminates used in typical wind turbine blades.   A study by Kensche [9] for a glass/epoxy laminate (0 degree with +/- 45 plies) with moisture content between .4 and .5% showed significant losses in tensile strength and larger losses in compressive and inter-laminar shear strength.  There was also a significant drop in the fatigue properties between the dry and wet laminates for R=-1.  An example of moisture absorption is also given. 

1.9.1.1.14.  GFRP Temperature and Moisture Material Factor

To account for the degradation due to the environment, this guideline will specify an environmental material factor of 1.1 on tensile strength properties and 1.30 on compressive and shear strengths.

m3,t = 1.1


for tensile strength environmental material factor

m3,c & m3,s = 1.30

for compressive and shear strength environmental 




material factor

 GFRP Manufacturing Effects

Material properties are often taken from coupon testing.  The coupons are cut from flat plate panels fabricated in a laboratory environment.  These properties typically can’t be expected in the production components even under the strictest of quality control methods.  This is a brief list of possible degradations:

-  fiber orientation errors

-  resin rich areas, often caused by geometry like a sharp radius

-  resin dry areas

-  non-uniform fiber volumes

-  ply drops

-  material handling and surface preparation errors

-  fabric or prepreg wrinkling

1.9.1.1.15.  GFRP Material Factors for Manufacturing Effects

This guideline will not specify a material factor for manufacturing effects.  Any knock down will be dependent on many factors that are design and fabrication specific. It will be the responsibility of the designer and analyst to determine these effects.  They will have to review each critical stress or strain region and determine whether coupon type properties can be maintained.  For example, in a region that is primarily flat with no joints or interfaces, or difficult geometry, a partial factor of 1.15 may be prudent.  In another area with a tight radius , a 1.25 may be more appropriate.  Test data is recommended.  The DOE/MSU report gives some knock down factors for various manufacturing effects.   

 m4 = 1.xx

manufacturing effects to be determined by manufacturer

 GFRP Fatigue Properties

1.9.1.1.16.  GFRP S-N, or -N Curves

If adequate test data exists, generate the 95/95 limit curves.   A method is shown in [9].   Then the Goodman diagram can be generated as shown in Figure 1.

Another acceptable approach will be to follow the recommended guidelines in the DOE/MSU report [7] to design a laminate that will perform close to the “best” line.  Then perform enough static tensile and compressive strength tests and fatigue tests to verify that the laminate is indeed a “best” performer.  Then denormalize the Goodman diagrams in the DOE/MSU report [7] based on measured ultimate strain values.   If this method is used, it is probably simplest to apply the appropriate partial material factors to the characteristic stresses, or strains.  

1.9.1.1.17.  GFRP Stress Concentrations 

Stress concentrations affect fiber reinforced plastics as well as metallics.  The failure mechanism is often different because the fibers tend to resist crack propagations normal to the fiber direction.  Studies have shown that using the stress concentration factors for metallics is acceptable, although slightly conservative, for long fiber reinforced plastics.  This guideline will recommend using metallic stress concentration factors for any cut fiber features, like holes or notches, in the GFRP.  Use the stress concentrations from [10] to determine the peak stress from the nominal stress.  

Also, stiffened webs, ply drops, and manufacturing effects described above can cause stress concentrations that can lead to delaminations and reduced fatigue performance.  The DOE/MSU report gives some fatigue knock-down factors for some of these structural details for a specific laminate.   These can be treated as partial material factors or stress concentration factors.

1.9.1.1.18.  GFRP Fatigue Material Factors

Many of the same material factors described in the strength sections apply here.  The general material factor for a 95/95 limit S-N curve is 1.1.  For other statistical assurances see Table 4 in IEC 61400-1.   The static fatigue factor will not apply in this analysis of dynamic fatigue.       

m1 = 1.1


for 95/95 limit S-N curve 

m1 = 1.xx


for other survival probabilities, confidence limits, and 




coefficients of variation.  See Table 4 IEC 61400-1.

m1 = 1.3
for unfavorable deviations for the DOE/MSU database method described above

m2 = 1.0


static fatigue does not apply for dynamic fatigue
m3,t = 1.1


for tensile fatigue environmental material factor

m3,c & m3,s = 1.30
for compressive and shear fatigue environmental material factor

m4 = 1.xx
manufacturing effects to be determined by manufacturersee 2.10.2.4.1

1.9.2.  Other Fiber Reinforced Plastics

If other fibers (e.g. carbon, aramid, or boron) are used to reinforce plastics, the analysis and derivation of material factors can be handled analogously to those of the GFRP’s.  Strength, stiffness, and fatigue properties should be developed from the proposed laminate’s test data.  Verification of these properties will be necessary during the certification review.

1.9.3.  Wood

Laminated wood rotor blades have been proven to be a viable design.  Wood has a relatively low strength and stiffness but the ratio of stiffness to density and strength to density is comparable to GFRP’s.  They  have proven to be cost effective and have demonstrated good fatigue resistance.  They also appear to be less sensitive to notching and manufacturing effects than GFRP’s.  

Concerns with wood laminates include their sensitivity to moisture and static fatigue performance.  The strength and fatigue performance is determined by the type and grade of wood and the adhesive system.  Also, scarf joints have shown better fatigue performance than butt joints.

This guideline will not specify partial material factors for wood properties.  This is  due to the lack of data and understanding for the various wood veneers for both fatigue and  environmental performance.  If a wood laminate blade is proposed for certification, the appropriate test data will be required to determine the statistical material factors as outlined above for both static and fatigue performance.  Also, an effective moisture barrier is recommended to minimize environmental effects.

References [9,20,21] provide design practices and material properties for wood laminates. 

1.9.4.  Adhesives

The static strength and fatigue properties of adhesives are sensitive to several conditions.  The type of adhesive, the cure cycle, thickness, moisture, temperature, and voids are all important, but the most critical factor is often surface preparation of the adherands.  

This guideline recommends following the procedures outlined by Chamis [22].  This procedure includes the effects of temperature and moisture and cyclic loading.  It also accounts for both shear and peel loads in various bond configurations 

This method can be used in conjunction with finite element methods.  References [23-25] show some examples of 2D and 3D models.  Sawyer [26] also gives fatigue characteristics for a single-lap joint and shows the benefits of performing adherents to minimize peel stresses.  Reference [27] describes fatigue debonding characteristics in composite skin/stringer configurations.

The values used in design and analysis are usually taken from the adhesive manufacturer’s data.  In these tests the specimens are generated and tested with strict procedures.  The resulting allowables are best case and can not be guaranteed in many applications.  Consequently, this guideline will specify a partial material factor of 2.0 when adhesive manufacturer’s allowables are applied.  This is to account for unfavorable deviations and manufacturing effects.  This is also the factor recommended by Chamis [22].

m1 = 2.0

against adhesive manufacturer’s allowables 

Most adhesives are also sensitive to creep from sustained load and some are sensitive to salt atmosphere, so other material factors may apply.

The weak link in many structures is the joints.  The design and analysis of any adhesively bonded joint will be closely scrutinized by the certification body.

1.9.5.  Weldments

Weldments are similar to adhesives in that their performance is a function of the design and type, as well as the workmanship.  This guideline recommends following the “Structural Welding Code: Steel”, by the American Welding Society [28].  The AWS code gives allowable static strengths and S-N curves for different weld types.  It also has a separate discussion and data for tubular joints. 

If the AWS code is followed, no general partial material factor is required.  However, welds are subject to the same environmental degradations as any metal so additional material factors may be required.  Of particular concern is corrosion.  References [11,14,15] discuss various degradations and list S-N curves.

m1 = 1.0 

for strength and fatigue if AWS code is followed.

m2 -mn = 1.xx  
additional factors for environmental degradations to be determined by wind turbine manufacturer with supporting test data or references

1.10. Coordinate Systems

Coordinate systems used in the analysis should match those in the loads document whenever possible.  The recommended coordinate systems for the blade, hub, drive train, and tower are described in the “Design Loads Analysis Guideline” and are shown below.
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Figure 5.  Hub Coordinate System

Figure 6.  Nacelle and Drive Train Coordinate System

Figure 7.  Tower Coordinate System

2. General Design Features
A few common design features will be listed here that appear in typical assemblies.  Several concerns that the analyst should be aware of are listed.

2.1. Bonded Joints

Any area where two structures are adhesively bonded or co-cured must be checked for shear and peel failure.  Hand calculations or finite elements can be used.  See the discussion on adhesive materials above.  Also, if the structures being bonded have different coefficients of thermal expansion, those effects should be evaluated and superimposed on mechanical stresses at temperature extremes.

2.2. Mechanically Fastened Joints

This includes joints in shear and tension using rivets, bolts, screws, pins, blind fasteners, etc.  This discussion will focus on bolts and screws.  The same principles typically apply to almost any fastener system.   A couple good references with discussions on fasteners include Bruhn [19] and Shigley [6,17].

2.2.1. Composite Bolted Joints

The low bearing strength and in-plane shear strength of composite materials present significant problems in mechanically fastened composite joints.  Bearing strengths can be improved with metal shims in the laminate and shear out loads can be increased by using off-axis plies.  Neither of these solutions are very elegant and tend to reduce the efficiency of the laminate.   Also, preloaded bolts put the laminate in compression through its thickness.  The matrix reacts this load and tends to cold flow.  This reduces the bearing cross section, relaxes the bolt preload, and can result in a loose joint.  These are all negative effects for fatigue performance.

A better performing and more reliable joint combines adhesive bonding with mechanical fasteners.  Compression sleeves or bushings can be used to minimize the matrix crushing.   Chamis [29] presents a simplified procedure for designing composite bolted joints.  Bach in [9] discusses the influence of moisture on GFRP bolted joints.

2.2.2. Bolts in Shear

Bolts in shear should be checked for shear and bending failure.  Threads should not be loaded in bearing or carry bending moments.  If threads are loaded in bending, appropriate stress concentrations need to be applied in the fatigue analysis.

2.2.3. Bolts in Tension

Bolts loaded in tension should include the preload effects for both strength and fatigue calculations.  Bolts should be checked for tensile failure, and thread shear out failure.  The tensile failure may actually be limited by the head design rather than the shank area.  Thread shear out also applies to the nuts or to the parent material or insert if the joint is not through bolted.  Stress concentrations should be included for the threads and heads in the fatigue calculations [6,17]. 
Bolts loaded in both tension and shear should include an interaction formula in the margin of safety calculation. 

2.2.4. Lugs Under Oblique and/or Axial Load

Lugs should be checked for tension, shear out, and bearing failures.  This applies to any bushings used as well. [19, 30]

2.3. Gears

For any gear design and analysis, refer to the “Gear Design Guideline” [4].

2.4. Bearings

For yaw and pitch  bearing design and analysis, refer to the “Bearing Design Guideline” [5]. Other bearings should be designed according to the manufacturer’s specifications.

3. Subsystem Design Features
The following sections will discuss typical wind turbine design features and concerns.  

3.1. Rotorblades

This section will identify areas of concern for typical rotorblade designs.  Most of the material concerns have been addressed above.

3.1.1. Sandwich Core Construction

It is very common to save weight and provide some panel bending stiffness by using a lightweight core material between laminated face sheets.  Typical core materials are foam, aluminum or plastic honeycomb, and balsa wood.  Sandwich construction has many advantages but also allows some unique stability failures.  Depending on the materials and the construction, the following possible failures should be checked:

- Face sheet and core strength.  Stresses or strains in the materials can not exceed factored allowables.  This is often more critical at interface features like inserts or bonds.  Combined load effects should be considered.  

- General panel buckling.  Larger unsupported panels are subject to general buckling.  Conservative boundary conditions should be assumed. 

-  Wrinkling.  This includes face sheet buckling into the core based on the flatwise compressive strength of the core, and face sheet buckling away from the core either from tensile failure of the core or adhesive separation.  The wrinkling load also depends on the initial panel eccentricity or waviness.

- Shear crimping.  This failure is a form of general buckling in which the wavelength of failure becomes very small due to the low shear stiffness of the core.  The crimping load is driven by the core shear modulus and the face sheet thickness.

- Intracell buckling.  If the core material is corrugated or honeycomb, the face sheets may buckle or dimple into the spaces between the core walls.  This may not lead to a failure unless the spacing is large enough to lead to a collapse of the core walls and wrinkle the panel.

In many of the stability calculations, the orientation of the core is important if it has orthotropic properties (e.g. honeycomb).  Also, the orthotropic nature of the face sheets must also be included.  The combined effects of biaxial and shear loading is also important.

Sandwich analysis methods are described in Bruhn [19] and MIL-HDBK-23 [31].

3.1.2. Blade/Hub Interface

The blade to hub interface is a critical joint.  It often involves a change in material and section.  The concerns of adhesive bonding and/or bolting described above are important along with possible stress concentrations, bearing loads, preloads, section offsets, material properties mismatches, etc.  The analysis of this interface should be very thorough and the use of a detailed finite element model is recommended.   Discussions on blade roots and fatigue performance are listed in Mayer [9].

3.1.3. Control Surface and Mechanism

There are several types of control strategies with different control surfaces and mechanisms.  The analysis of these systems should include a review of the loads over the full range of motion.  Some control surfaces, like ailerons or flaps, can have a significant stiffening influence on the blade when they are positioned perpendicular to the blade.  This depends on the degrees of freedom at the hinges and the blade and surface stiffnesses.  This effect can generate significant local load increases in the blade, control surface, and control surface mechanism.

3.1.4. Tip Deflection

Clearance must be demonstrated between the blade and tower or tower supports. Some of the concerns to consider for blade tip deflection include: 

Deflection of the blade - worst case loads and load factors, proper material stiffness properties and material factors (must include degraded stiffness properties for GFRP’s due to fatigue loading, moisture and temperature).

Deflection of the remaining load path: rotor, drive train, tower top, tower, foundation.

Geometrical influences: blade position (i.e. teeter design, pitch control design), control surface position (particularly tip brakes or pitchable tips), tolerances in components and assemblies, backlash or play in gears and bearings.

Due to the complexity of this analysis, it is recommended that a system level finite element model be used. 

Drive Train

The loads and load paths throughout the drive train can be difficult to follow in the analysis reports.  The use of free body diagrams is highly recommended.  It may be necessary to perform an assembly analysis to calculate the loads throughout the drive train.  For transmission analysis, follow the gear design guidelines [4].

3.2. Generator and Electrical System

The structural integrity of the generator must be verified.  This includes everything in the load path: shaft, bearings, housing, mountings, etc.   Also, the integrity of any electronic boards mounted on the turbine system should be checked.  Thermal and vibration environments can limit the lifetime of poorly packaged and mounted electronic boards and chassis.  Follow the criteria specified by Steinberg [32].

3.3. Yaw System and Tower Top

Much of the analysis of the yaw system and the bedplate or frame will most likely be coordinated with the drive train analysis.  Load paths that are indeterminate through the frame or nacelle may be best determined by a finite element model.  The yaw bearing analysis should follow bearing design guidelines [5].

3.4. Tower and Foundation

The tower and foundation integrity must be verified for ultimate and fatigue loads, considering both, rotor loads and aerodynamic loads on the tower. Attention should be paid to stress concentration areas.  If the tower is guyed, the nonlinear effects of any slacking guys should be included.  The structural integrity of the base and footings for the guys and tower will also have to be verified.  For concrete footings, follow the criteria specified by the American Concrete Institute [33].

The foundation type will depend on the soil analysis at the installation site.  Local codes may be required for foundation analysis.

4. Structural Analysis Report Requirements
The following sections will identify the required information in the submitted reports.  The better the report, the less time a certification agent will need for review.

4.1. Analysis Summary Report

This report is a summary of the analysis.  The most important feature of this report is a summary table.  The table should list all the structural parts in the wind turbine by drawing number or component manufacturer’s callout.  With each drawing number should be the title, minimum margins of safety that apply (yield, ultimate, stablility), fatigue damage, and description of the critical case.  

Also included in the summary report should be a general discussion of the type of wind turbine and its design history, a reference to the loads report, a reference to test reports, a discussion of material properties and their source or derivation, and a discussion of the analysis methodologies.  This would include how the margins of safety are calculated, how the fatigue life is determined, how the analysis is done, hand calculations or finite elements, and what software programs are used.  

Appendix A gives a sample of a summary report.  The format of this report does not have to be followed.  The sample only shows the level of information expected in this report.

4.2. Component Analysis

This is where the detailed analysis is presented.  Every component used in the WTGS should have a report either by drawing number or by assembly number.  If a part is not structural, then have a one page cover sheet for that part stating how it is used and why it is non-structural.   The following sections will outline what is expected in a component analysis.

4.2.1. Details of Coverage

All the analysis must be clear and complete and should answer the following questions:

A.  What is being analyzed?  Give the drawing number or manufacturer’s part number, identify the material and any conditions (heat treat, size, etc.), show or describe where this part is in the wind turbine system.  A sketch may be useful.

B.  What is the function of this part?  Describe the operation or function of this part and the load cases that are critical.

C.  How the part will be analyzed?  Describe the methods and assumptions if they are not routine.

D.  What are the loads and reactions?  Identify the critical load cases, where they are applied and reacted.  A free body diagram showing balanced applied loads and reactions is highly recommended.

E.  Calculations of load allowables or stresses.  

F.  Final results (margins of safety).

4.2.2. Suggested Report Format

-Cover sheet with document ID and revision number, signitures for author and approval and description of changes between different revisions

- A single page summary of the analysis.  It gives the part number, a description of the part and the analysis, a sketch of the part, critical load case and resulting minimum margins of safety, and any comments.

-Table of Contents

-Introduction

-Summary of all analysis results

-Material and material properties

-Partial safety factors

-Load cases

-Analysis

   -strength

   -deflection

   -stability

   -fatigue

-Conclusion

4.2.3. Report Suggestions

Write the report with the assumption that your audience is “unfamiliar.”  Every formula, number, dimension, etc. should be referenced unless it is easily found on the same page.  You do not need to reference commonly used equations and theorems.  The use of sketches is highly recommended to show load application and reaction points, coordinate systems, and critical dimensions used in the analysis.  

Remain consistent.  If a load or number is referenced from another report or page, use the exact same number.  Keep units consistent.  Don’t change from metric to English or the reverse.  Keep coordinate systems consistent.  Use the global coordinate systems as described in section 2.11.  If local coordinate systems are necessary, identify their relationship with global coordinate systems.  

To minimize time, take advantage of conservative assumptions and similar analysis.  For example, if a part shows a positive margin of safety assuming a conservative boundary condition, then show that analysis.   Also, if there are a family of parts that are similar, then analyze the critical part and reference that report for the others.   This may apply for a tabular drawing of hinge pins, for example. 

4.2.4. Hand Calculation Analysis

The report can be submitted as a hand written report.  The report should be legible and the calculated numbers repeatable.  This guideline recommends the use of a technical software program (e.g. Mathcad, Appendix D) for performing and presenting reports.  Math errors are minimized, it is easier to read and changes or revisions are quicker.  A sample hand calculation report is presented in Appendix B. 

4.2.5. FEM Analysis

Finite element methods are quite common now in wind turbine analysis and that methodology is recommended in regions of complex load paths or geometry.  If results from a finite element model are used in a report then the report should include the following:

A.  Identify the model - usually by model name and date.

B.   Provide a plot of the model showing loads and reactions.

C.   Provide a plot of the deformed shape or stress contours depending on whether it is a deflection or stress analysis.

D.  Identify the critical node or element.  For deflection analysis, give the deflection and corresponding node.  For stress analysis, give the stress and the corresponding node and element.  Note, some finite element programs give averaged stresses at nodes from connecting elements in their stress plots or node stress lists.   This can give unconservative results.  

All the finite element models used in the analysis will have to be submitted to the certification agent.  The format is listed below in section 7.

The certification body will check models for correct dimensions, loads, reactions, and  material properties as well as the model integrity.  All the guidelines for generating an accurate model can not be presented here.  But as a minimum, the correct use of element groups, mesh size, disconnected nodes, ill-conditioned matrices, and element boundary conditions will be checked.

It is recommended to always check FEM results with a hand calculation whenever possible.

4.2.6. Spreadsheet Analysis

The use of spreadsheets is commonly used in wind turbine calculations as well.  If a spreadsheet is used to generate a value then that spreadsheet must be referenced by the file name and location within the spreadsheet (i.e. sheet, cell).  Since spreadsheets have embedded formulas they will also have to be submitted to the certification body for review.  The format for this review is described in section 8 below.

All the criteria for a report described above apply to a spreadsheet.  Any number in a spreadsheet should have a reference if it is an input value or a referenced formula if it is calculated.  The spreadsheet output pages and accompanying formulas should be attached as an appendix to the component report.

5. Material Properties Report
If all the materials used in the WTGS are from a recognized specification then a separate materials report is not required.  If unique laminates and materials are used then a material properties report is required.  

This report should include:

A. Description of material

B. Material application in the WTGS

C. Derivation of characteristic and typical values

D. Derivation of the fatigue curves and modified Goodman diagram

E. Attach supporting test reports as an appendix

6. Finite Element Model Review
Any model used to generate internal or assembly loads, or perform stress analysis will have to be submitted electronically for review.

A simple summary report will be required.  This report lists the models by filename, where they are referenced in the analysis (drawing number, assembly number), and a brief description of the model’s nature (loads, deflection, stress).

The finite element models must be submitted in the format for a NASTRAN or COSMOS input deck.

These can be submitted on a 3.5 inch diskette, 100 MB Zip disk, or recordable compact disc.

7. Spreadsheet Review
Any spreadsheets used to generate loads or perform stress analysis will have to be submitted electronically for review.

A simple summary report will be required.  This report lists the spreadsheets by filename, where they are referenced in the analysis (drawing number, assembly number), and a brief description of the spreadsheet’s nature (loads, deflection, stress).

The spreadsheets must be submitted in the format for Microsoft Excel.

These can be submitted on a 3.5 inch diskette, 100 MB Zip disk, or recordable compact disc.
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9. Appendices

Appendix A: Sample System Level Report

HAWT100 STRESS REPORT
Document Number 210004

Prepared by Joe Analyst

HAWT Company

Windy City, XX USA
Table of Contents:
1.  Introduction

2.  Summary

3.  Load Cases

4.  Structural Analysis


4.1  Margin of Safety Calculations


4.2  Factors of Safety


4.3  Fatigue


4.4  Material Properties

5.  Stress Results

6.  Conclusion / Recommendation
1.0  INTRODUCTION

This report presents the structural analysis of the HAWT100 wind turbine.  The HAWT100 is a 3 bladed horizontal axis upwind turbine on a tubular guyed tower.  This is a unique design with no design history.  The turbine is required to have a 30 year lifetime.  The turbine assembly has a total of 300 drawings broken up into 4 sub-assemblies - rotor assembly, drive train assembly, yaw system assembly, and the tower assembly.  The detailed components and assemblies have been analyzed for yield and ultimate strength margins, stability margin, and fatigue damage.   Also, the complete assembly has been analyzed for blade to tower clearance. 

2.0  SUMMARY
Every component in the HAWT100 satisfies strength, stability, and fatigue requirements.  Table 1 at the end of this report presents the minimum margins of safety and fatigue damage for each drawing.  At the total system level, the clearance of the blade to tower under worst case loads and geometry is 18 inches.  This detailed analysis is presented in the rotor blade drawing analysis (210501).

3.0  LOAD CASES

All the load cases and their derivations are presented in the loads report titled “HAWT100 LOADS REPORT,” document no. 210003.  This report also has the derived loads for all the subsystems.  All the ultimate and fatigue loads are stored electronically as an Excel spreadsheet (LOADS5.XLS  1/20/98).

4.0  STRUCTURAL ANALYSIS

4.1  Strength Margin of Safety Calculations
The following margin of safety calculations apply to ultimate and yield strength and stability calculations.  Margin of safety calculations are as follows:

MS = Fall/(P*FS) - 1

Fall   =   Allowable stress or load

P      =   Calculated limit stress or load

FS    =   Factor of safety

Any margin equal to or greater than zero is satisfactory.

4.2  Factors of Safety

The factors of safety are broken into three categories - load, material, and consequences of failure.  The total factor of safety is the product of these three partial factors as shown below.

FS = f x m x n

f 



partial load factor taken from table 3 IEC 61400-1 for 




applicable load case.

m = m1 xm2 xm3 x .....
partial material factor, m1 is the general material factor 




based on the statistical nature of the properties, m2 and 




above are the additional factors to account for 





environmental degradations, scale effects, etc. 

n



partial factor for consequences of failure.

4.3  Material Properties

Metallic material properties will be taken from MIL-HDBK-5G when applicable.  Properties for fasteners and bearings will be taken from the appropriate specifications or vendor data sheets.

In the initial design phase, fiberglass/epoxy stiffness and strength properties were generated for each laminate using a general laminate theory program called COMPOSITEPRO by Peak Composites Innovations.  Then these properties were adjusted for the detailed analysis following an extensive test program.  The results of this testing are 
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presented in the report “HAWT100 GRP Laminate Test Properties.”    In areas where the fatigue testing was limited due to time and cost restraints, the DOE/MSU database was used to supplement the data.   The characteristic values and fatigue properties (-N curves and modified Goodman diagrams) for the various laminates used in the rotorblade are presented in a separate materials report titled, “HAWT100 Rotorblade Material Properties.”

4.4  Fatigue

The accumulated fatigue damage will be determined by Palmgren-Miner’s rule.  Any design with a total damage less than 1 is satisfactory.
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Any applicable stress concentrations were applied to the stresses and strains. 

5.0  ANALYSIS METHODS AND RESULTS
All the component reports are written with MathCad 8.  Finite element methods are also used extensively (COSMOS Ver. 2.0).  Excel spreadsheet calculations are also used and presented.

All the components satisfy strength, stability, and fatigue requirements.  Table 1 lists each drawing in the assembly in numerical order.  With each drawing number is the title, minimum margins of safety for yield, ultimate, and stability, and the accumulated fatigue damage.  The last column lists the critical load case or criteria.

The system level analysis of the rotorblade deflection is presented in the rotorblade report (210501).  This analysis was done with a system level finite element model (SYS_6A.GFM  2/1/98).  The remaining clearance after applying the appropriate factors of safety is 18 inches.
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6.0 CONCLUSION
All the components in the HAWT100 satisfy all strength, stability, deflection, and fatigue requirements for the configuration on 2/01/98.  Analysis will be updated for critical drawing or configuration changes.  An updated report will be generated prior to first article installation.

7.0  REFERENCES 
1. HAWT100 LOADS REPORT, doc. no. 210003, 3/01/98, HAWT Company

2. HAWT100 GRP Laminate Test Properties, 10/15/97, HAWT Company 

3. HAWT100 Rotorblade Material Properties, doc. no. 210010, 11/23/97, HAWT Co.

…

Table 1.  Component Analysis Summary

	
	
	MARGINS OF SAFETY
	FATIGUE
	

	DWG. NO.
	TITLE
	YLD
	ULT
	STAB
	DAMAGE
	CRITICAL CASE/COMMENTS

	210101
	Outer Hinge, Horizontal, Upper
	2.87
	2.68
	N/A
	0.24
	LC 23, Fastener bearing

	210102
	Outboard Hinge
	5.30
	4.75
	N/A
	0.14
	LC 23, Fastener bearing

	210103
	Outboard Hinge, Lower
	1.26
	1.18
	N/A
	0.22
	LC 23, Fastener bearing

	210104
	Inboard Hinge, Horizontal, Upper
	0.72
	2.55
	N/A
	0.01
	LC 23, Fastener bearing 

	210105
	Inboard Hinge, Vertical, Upper
	0.80
	0.73
	N/A
	0.01
	LC 23, Fastener bending

	210106
	Center Plate
	5.30
	4.75
	N/A
	0.01
	LC 23, Fastener bearing

	210107
	Inboard Hinge, Bushings
	2.16
	N/A
	N/A
	N/A
	LC 23, Bearing yield.  

	210108
	Outboard Hinge, Bushings
	2.16
	N/A
	N/A
	N/A
	LC 23, Bearing yield.  See 210107 analysis.
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	210949
	Mid-Outbd Plate
	5.30
	4.75
	N/A
	0.01
	LC 15, Fastener bearing.  See 210177 analysis.

	210950
	Centerline Hinge, Push Rod
	6.32
	4.82
	5.44
	0.01
	LC 12, Bending in the tangs

	210951
	Aileron Laminate Schedule
	N/A
	2.83
	0.18
	0.45
	LC 24, Wrinkling


Appendix B: Sample Component Hand Calculation Report

Analyst:

J. Analyst

Date:

23 Feb. 1995

Material:
SSTL 17-4 COND H1150

Description of the Part and the Analysis:
This report will present the analysis of the clevis pin used in the mid-outboard hinge and the outboard hinge of the aileron assembly.  The largest loads occur at the mid-outboard hinge. The integrity of the clevis pin  will be checked for two criteria.  The first criteria will be strength.  The critical load is from the overspeed shut down case.  The second criteria will be fatigue.
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Upper Hinge

Dwg 210191

Lower Hinge

Dwg 210192

Clevis Pin

Dwg 210193


Critical Load Case:

Overspeed shut down

Critical Margins of Safety:
MSult = 2.78
MSyld = 2.74

Fatigue Damage = small

MSstability = N/A

Comments:

Clevis pin 210193 satisfies strength and fatigue requirements.

Analyst:

J. Analyst

TABLE OF CONTENTS
  1.  Introduction

  2.  Summary of results

  3.  Material properties

  4.  Factors of safety

  5.  Applied loads

  6.  Strength analysis

  7.  Fatigue analysis

  8.  Stability analysis

  9.  Conclusion

1.0  INTRODUCTION
This report will present the analysis of the clevis pin used in the mid-outboard hinge and the outboard hinge of the aileron assembly.  The largest loads occur at the mid-outboard hinge. The integrity of the clevis pin  will be checked for two criteria.  The first criteria will be strength.  The critical load is from the overspeed shut down case.  The second criteria will be fatigue. 
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2.0  SUMMARY OF RESULTS
STRENGTH:


[image: image25.wmf]s

max

22280

psi

.


Hinge pin bending stress
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FATIGUE:
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Accumulated damage is small since worst case stress is less then endurance strength.

3.0  MATERIAL PROPERTIES
The clevis pin material is 17-4 stainless steel hardened to H1150.
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A basis allowables from MIL-HDBK-5G
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Ratio from S/N curves for other 17-4 heat treats in MIL-HDBK-5G

4.0  PARTIAL SAFETY FACTORS 
LOAD:
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Ref. Table 3 IEC 61400-1
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Ref. SAG 
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MATERIAL STRENGTH:
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Ref. SAG for A-basis allowables from MIL-HDBK-5
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Corrosion from marine air, ref. Boyer, Atlas of Fatigue Curves, ASM
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Strength partial material factor
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MATERIAL ENDURANCE LIMIT:
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Ref. SAG for metallic endurance limit on best fit S-N
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Corrosion from marine air, ref. Boyer, Atlas of Fatigue Curves, ASM
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Surface roughness factor for ground finish, ref. Shigley, Handbook of Machine Design, Mc-Graw Hill
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Fatigue partial material factor
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CONSEQUENCES OF FAILURE:
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Strength consequences of failure for component class 2, ref. SAG
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Fatigue consequences of failure for component class 2, ref. SAG

5.0 APPLIED LOADS

The reaction load at the mid-outboard hinge from aileron pressure will be in the xy-plane.  The resultant load will be used in this analysis.
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Distance between lug centers. Ref. dwgs. 210191 and 210192 and assembly dwg 210100.
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Minimum pin diameter. Ref. dwg.210193 
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Limit reaction loads (does not include load factors). 

Ref. Aileron Loads Report Table 3 and Figure 2.

[image: image51.wmf]Rf

y

678.9

lbf

.


[image: image52.wmf]Rf

z

0

lb

.


6.0 STRENGTH ANALYSIS

Assume conservatively that the lug reaction loads are not distributed but applied at the lug centers.

6.1 Hinge bending stress
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Center lug resultant load
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Maximum moment at hinge center
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Bolt moment of inertia
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Bending stress
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6.2 Shear stress
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Shear area
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Maximum shear stress for round pin
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7.0 FATIGUE ANALYSIS
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There are no machined features in the area of peak stress to add a stress concentration.
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Endurance limit strength, MIL-HDBK-5G
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Allowable endurance limit
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Since this worst case stress is less than the endurance strength, the damage accumulation will be negligible.
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8.0 STABILITY ANALYSIS
This part is not subject to any instability failures.

9.0  CONCLUSION
Clevis pin 210193 satisfies strength and fatigue requirements.

Appendix C: Structural Analysis Checklist

Structural Analysis Checklist

	Deliverable Item
	Comments
	FEM

File Names
	Spreadsheet

File Names

	1. Analysis Summary Report
	Reference section 5.1 and App. A of Structural Analysis Guideline (SAG)
	NA
	NA

	2. Component Analysis Reports
	Detailed component analysis for each structural item in WTGS bill of materials.  Includes blade tip deflection analysis.  Ref. 5.2 and App. B of SAG.
	
	

	    a. Blade laminate and skin analysis
	
	
	

	    b. Blade root analysis
	
	
	

	    c. Blade joints analysis
	
	
	

	    d. Blade/tower clearance analysis
	
	
	

	    e. Drive train analysis
	
	
	

	    f. Generator analysis
	
	
	

	    g. Electrical system and electronic

        packaging analysis
	
	
	

	    h. Yaw system and tower top analysis
	
	
	

	    i. Tower and guy analysis
	
	
	

	    j. Foundation and footings analysis
	
	
	

	3. Material Properties Reports
	Reference section 6 of SAG
	NA
	NA

	    a. Blade laminates report
	
	
	

	    b. Blade sandwich core report
	
	
	

	    c. Adhesives report
	
	
	


Structural Analysis Checklist Continued

	4. Test Reports
	Required if any test results were used for material properties or to supplement detailed analysis
	NA
	NA

	    a. Blade laminates report
	
	
	

	    b. Blade sandwich core report
	
	
	

	    c. Adhesives report
	
	
	

	5. Finite Element Model Report
	Reference section 7.1 of SAG
	NA
	NA

	6. Finite Element Model Files
	Reference section 7.2 of SAG
	NA
	NA

	7. Spreadsheet Report
	Reference section 8.1 of SAG
	NA
	NA

	8. Spreadsheet Files
	Reference section 8.2 of SAG
	NA
	NA


Strength Analysis Checklist

Y – yes

N – no

R – see comments (may be on following pages linked to ID number)

( - when checking cell containing this symbol see also following question(s)

Comments in Table 1 are for short remarks; for longer comments, use Table 2

	ID
	Question
	Y
	N
	R
	Comments

	1
	General
	
	
	
	

	1.1
	Are all the drawings, including top-assembly and sub-assemblies, complete?
	
	
	
	

	1.2
	Is the analyzed configuration defined and documented?
	
	
	
	

	1.3
	Is the load analysis report complete?
	
	
	
	

	1.4
	Have all the component analysis reports been completed in the proper format? 
	
	
	
	

	1.5
	Is the structural analysis summary report complete?
	
	
	
	

	1.6
	Is the material properties report complete?
	
	
	
	

	1.7
	Is the finite element model report complete?
	
	
	
	

	1.8
	Have all the finite element models been submitted in the proper format?
	
	
	
	

	1.9
	Is the spread sheet report complete?
	
	
	
	

	1.10
	Have all the spread sheet files been submitted in the proper format?
	
	
	
	

	
	
	
	
	
	

	2
	Blade
	
	
	
	

	2.1
	Geometry
	
	
	
	

	2.1.1
	Is the analyzed configuration defined and documented?
	
	
	
	

	2.1.2
	Are all the drawings released and complete?
	
	
	
	

	2.1.3
	Do the drawings have sufficient detail (e.g. dimensions, tolerances, materials, part numbers, laminate schedule, etc.)?
	
	
	
	

	2.2
	Loads
	
	
	
	

	2.2.1
	Is the Load Analysis Report complete (e.g. all load cases, proper blade stations, etc.)?
	
	(
	
	

	2.2.2
	If no, are all the additional external load cases properly calculated and documented?
	
	
	
	

	2.2.3
	Have all the internal loads (reaction forces, mechanism loads, dynamic loads, gravity, etc.) been properly calculated and documented?
	
	
	
	

	2.2.4
	Are the partial load factors for all the load cases in compliance with IEC 61400-1, table 3?
	
	
	
	

	2.3
	Material Properties
	
	
	
	

	2.3.1
	Are all the metallic characteristic material properties properly documented?
	
	
	
	

	2.3.2
	Have all the composite (laminate) characteristic material properties been properly calculated (sufficient test data, proper statistical analysis) and documented?
	
	
	
	

	2.3.3
	Are the characteristic values for all adhesives documented?
	
	
	
	

	2.4
	Ultimate and Yield Strength Analysis
	
	
	
	

	2.4.1
	Do all the components satisfy strength requirements?
	
	
	
	

	2.4.2
	Is the general material factor chosen in conformity with IEC 61400-1 or the SAG?
	
	
	
	

	2.4.3
	For metallic materials, are additional material partial safety factors applied to account for degradations (e.g. corrosion, fretting, wear, etc.)?
	
	
	
	

	2.4.4
	For composite laminates, are additional material safety factors applied to account for degradations (e.g. static fatigue, temperature, moisture, manufacturing effects, etc.)?
	
	
	
	

	2.4.5
	For adhesives, are additional material safety factors applied to account for degradations (e.g. creep, temperature, moisture, manufacturing effects, etc.)?
	
	
	
	

	2.4.6
	For weldments, are additional material safety factors applied to account for degradations (e.g. corrosion, residual stresses, etc.)?
	
	
	
	

	2.4.7
	Is the safety factor for consequences of failure applied in compliance with IEC 61400-1?
	
	
	
	

	2.4.8
	Have all the joints been properly analyzed (mechanically fastened, bonded, welded)?
	
	
	
	

	2.4.9
	Have any finite element models been used in the analysis?  If yes, list the model names in the comments column.
	
	
	
	

	2.4.10
	Have any spread sheets been used in the analysis?  If yes, list the file names in the comments column.
	
	
	
	

	2.5
	Fatigue Analysis
	
	
	
	

	2.5.1
	Do all fatigue loaded components satisfy life requirements?
	
	
	
	

	2.5.2
	Have the proper S-N, or -N, curves been applied?
	
	
	
	

	2.5.3
	Is the general material factor chosen in conformity with IEC 61400-1 or the SAG?
	
	
	
	

	2.5.4
	For metallic materials, are additional material partial safety factors applied to account for degradations (e.g. corrosion, surface roughness, fretting, wear, etc.)?
	
	
	
	

	2.5.5
	For composite laminates, are additional material safety factors applied to account for degradations (e.g. temperature, moisture, manufacturing effects, etc.)?
	
	
	
	

	2.5.6
	For adhesives, are additional material safety factors applied to account for degradations (e.g. temperature, moisture, manufacturing effects, etc.)?
	
	
	
	

	2.5.7
	For weldments, are additional material safety factors applied to account for degradations (e.g. corrosion, residual stresses, etc.)?
	
	
	
	

	2.5.8
	Is the safety factor for consequences of failure applied in compliance with IEC 61400-1?
	
	
	
	

	2.5.9
	Are the effects of stress concentrations properly considered?
	
	
	
	

	2.6
	Stability
	
	
	
	

	2.6.1
	Do all the components satisfy general instability (e.g. Euler and panel buckling) requirements?
	
	
	
	

	2.6.2
	Do all the components satisfy local instability (e.g. crippling; sandwich panel wrinkling, crimping and dimpling)?
	
	
	
	

	2.6.3
	Is the general material factor for stiffness properties chosen in conformity with IEC 61400-1 or the SAG?
	
	
	
	

	2.6.4
	For composite laminates, are additional material safety factors applied to account for stiffness degradations (e.g. temperature, moisture, cyclic loading, etc.)?
	
	
	
	

	2.6.5
	Is the safety factor for consequences of failure applied in compliance with IEC 61400-1?
	
	
	
	

	2.7
	Deflection
	
	
	
	

	2.7.1
	Does sufficient clearance remain for any deflecting component – particularly between the blade tip and the tower/tower support structure?
	
	
	
	

	2.7.2
	Is the general material factor for stiffness properties chosen in conformity with IEC 61400-1 or the SAG?
	
	
	
	

	2.7.3
	For composite laminates, are additional material safety factors applied to account for stiffness degradations (e.g. temperature, moisture, cyclic loading, etc.)?
	
	
	
	

	2.7.4
	Is the safety factor for consequences of failure applied in compliance with IEC 61400-1?
	
	
	
	

	2.7.5
	For blade tip deflection, are the deflections in the remaining load path (rotor, drive train, nacelle frame, tower and foundation) properly considered?
	
	
	
	

	2.7.6
	For blade tip deflection, are the blade position (e.g. teeter, pitch), control surface positions, tolerances in components and assemblies, backlash or play in gears and bearings properly considered?
	
	
	
	

	3
	Hub
	
	
	
	

	3.1
	Geometry
	
	
	
	

	3.1.1
	Is the analyzed configuration defined and documented?
	
	
	
	

	3.1.2
	Are all the drawings released and complete?
	
	
	
	

	3.1.3
	Do the drawings have sufficient detail (e.g. dimensions, tolerances, materials, part numbers, laminate schedule, etc.)?
	
	
	
	

	3.2
	Loads
	
	
	
	

	3.2.1
	Is the Load Analysis Report complete (e.g. all load cases, proper blade stations, etc.)?
	
	(
	
	

	3.2.2
	If no, are all the additional external load cases properly calculated and documented?
	
	
	
	

	3.2.3
	Have all the internal loads (reaction forces, mechanism loads, dynamic loads, gravity, etc.) been properly calculated and documented?
	
	
	
	

	3.2.4
	Are the partial load factors for all the load cases in compliance with IEC 61400-1, table 3?
	
	
	
	

	3.3
	Material Properties
	
	
	
	

	3.3.1
	Are all the metallic characteristic material properties properly documented?
	
	
	
	

	3.3.2
	Have all the composite (laminate) characteristic material properties been properly calculated (sufficient test data, proper statistical analysis) and documented?
	
	
	
	

	3.3.3
	Are the characteristic values for all adhesives documented?
	
	
	
	

	3.4
	Ultimate and Yield Strength Analysis
	
	
	
	

	3.4.1
	Do all the components satisfy strength requirements?
	
	
	
	

	3.4.2
	Is the general material factor chosen in conformity with IEC 61400-1 or the SAG?
	
	
	
	

	3.4.3
	For metallic materials, are additional material partial safety factors applied to account for degradations (e.g. corrosion, fretting, wear, etc.)?
	
	
	
	

	3.4.4
	For composite laminates, are additional material safety factors applied to account for degradations (e.g. static fatigue, temperature, moisture, manufacturing effects, etc.)?
	
	
	
	

	3.4.5
	For adhesives, are additional material safety factors applied to account for degradations (e.g. creep, temperature, moisture, manufacturing effects, etc.)?
	
	
	
	

	3.4.6
	For weldments, are additional material safety factors applied to account for degradations (e.g. corrosion, residual stresses, etc.)?
	
	
	
	

	3.4.7
	Is the safety factor for consequences of failure applied in compliance with IEC 61400-1?
	
	
	
	

	3.4.8
	Have all the joints been properly analyzed (mechanically fastened, bonded, welded)?
	
	
	
	

	3.4.9
	Have all the bearings been properly analyzed and show sufficient load capacity?
	
	
	
	

	3.4.10
	Have any finite element models been used in the analysis?  If yes, list the model names in the comments column.
	
	
	
	

	3.4.11
	Have any spread sheets been used in the analysis?  If yes, list the file names in the comments column.
	
	
	
	

	3.5
	Fatigue Analysis
	
	
	
	

	3.5.1
	Do all fatigue loaded components satisfy life requirements?
	
	
	
	

	3.5.2
	Have the proper S-N, or -N, curves been applied?
	
	
	
	

	3.5.3
	Is the general material factor chosen in conformity with IEC 61400-1 or the SAG?
	
	
	
	

	3.5.4
	For metallic materials, are additional material partial safety factors applied to account for degradations (e.g. corrosion, surface roughness, fretting, wear, etc.)?
	
	
	
	

	3.5.5
	For composite laminates, are additional material safety factors applied to account for degradations (e.g. temperature, moisture, manufacturing effects, etc.)?
	
	
	
	

	3.5.6
	For adhesives, are additional material safety factors applied to account for degradations (e.g. temperature, moisture, manufacturing effects, etc.)?
	
	
	
	

	3.5.7
	For weldments, are additional material safety factors applied to account for degradations (e.g. corrosion, residual stresses, etc.)?
	
	
	
	

	3.5.8
	Is the safety factor for consequences of failure applied in compliance with IEC 61400-1?
	
	
	
	

	3.5.9
	Are the effects of stress concentrations properly considered?
	
	
	
	

	3.5.10
	Do all the bearings show sufficient life?
	
	
	
	

	3.6
	Stability
	
	
	
	

	3.6.1
	Do all the components satisfy general instability (e.g. Euler) requirements?
	
	
	
	

	3.6.2
	Do all the components satisfy local instability (e.g. crippling)?
	
	
	
	

	3.6.3
	Is the general material factor for stiffness properties chosen in conformity with IEC 61400-1 or the SAG?
	
	
	
	

	3.6.4
	For composite laminates, are additional material safety factors applied to account for stiffness degradations (e.g. temperature, moisture, cyclic loading, etc.)?
	
	
	
	

	3.6.5
	Is the safety factor for consequences of failure applied in compliance with IEC 61400-1?
	
	
	
	

	3.7
	Deflection
	
	
	
	

	3.7.1
	Does sufficient clearance remain for any deflecting components ?
	
	
	
	

	3.7.2
	Is the general material factor for stiffness properties chosen in conformity with IEC 61400-1 or the SAG?
	
	
	
	

	3.7.3
	For composite laminates, are additional material safety factors applied to account for stiffness degradations (e.g. temperature, moisture, cyclic loading, etc.)?
	
	
	
	

	3.7.4
	Is the safety factor for consequences of failure applied in compliance with IEC 61400-1?
	
	
	
	

	4
	Drive Train and Nacelle
	
	
	
	

	4.1
	Geometry
	
	
	
	

	4.1.1
	Is the analyzed configuration defined and documented?
	
	
	
	

	4.1.2
	Are all the drawings released and complete?
	
	
	
	

	4.1.3
	Do the drawings have sufficient detail (e.g. dimensions, tolerances, materials, part numbers, laminate schedule, etc.)?
	
	
	
	

	4.2
	Loads
	
	
	
	

	4.2.1
	Is the Load Analysis Report complete (e.g. all load cases, main shaft, etc.)?
	
	(
	
	

	4.2.2
	If no, are all the additional external load cases properly calculated and documented?
	
	
	
	

	4.2.3
	Have all the internal loads (reaction forces, mechanism loads, dynamic loads, gravity, etc.) been properly calculated and documented?
	
	
	
	

	4.2.4
	Are the partial load factors for all the load cases in compliance with IEC 61400-1, table 3?
	
	
	
	

	4.3
	Material Properties
	
	
	
	

	4.3.1
	Are all the metallic characteristic material properties properly documented?
	
	
	
	

	4.3.2
	Have all the composite (laminate) characteristic material properties been properly calculated (sufficient test data, proper statistical analysis) and documented?
	
	
	
	

	4.3.3
	Are the characteristic values for all adhesives documented?
	
	
	
	

	4.4
	Ultimate and Yield Strength Analysis
	
	
	
	

	4.4.1
	Do all the components satisfy strength requirements?
	
	
	
	

	4.4.2
	Is the general material factor chosen in conformity with IEC 61400-1 or the SAG?
	
	
	
	

	4.4.3
	For metallic materials, are additional material partial safety factors applied to account for degradations (e.g. corrosion, fretting, wear, etc.)?
	
	
	
	

	4.4.4
	For composite laminates, are additional material safety factors applied to account for degradations (e.g. static fatigue, temperature, moisture, manufacturing effects, etc.)?
	
	
	
	

	4.4.5
	For adhesives, are additional material safety factors applied to account for degradations (e.g. creep, temperature, moisture, manufacturing effects, etc.)?
	
	
	
	

	4.4.6
	For weldments, are additional material safety factors applied to account for degradations (e.g. corrosion, residual stresses, etc.)?
	
	
	
	

	4.4.7
	Is the safety factor for consequences of failure applied in compliance with IEC 61400-1?
	
	
	
	

	4.4.8
	Have all the joints been properly analyzed (mechanically fastened, bonded, welded)?
	
	
	
	

	4.4.9
	Have all the bearings been properly analyzed and show sufficient load capacity?
	
	
	
	

	4.4.10
	Have the gears and gearboxes been properly analyzed and show sufficient load capacity?
	
	
	
	

	4.4.11
	Has the generator been properly analyzed and show sufficient load capacity?
	
	
	
	

	4.4.12
	Have any finite element models been used in the analysis?  If yes, list the model names in the comments column.
	
	
	
	

	4.4.13
	Have any spread sheets been used in the analysis?  If yes, list the file names in the comments column.
	
	
	
	

	4.5
	Fatigue Analysis
	
	
	
	

	4.5.1
	Do all fatigue loaded components satisfy life requirements?
	
	
	
	

	4.5.2
	Have the proper S-N, or -N, curves been applied?
	
	
	
	

	4.5.3
	Is the general material factor chosen in conformity with IEC 61400-1 or the SAG?
	
	
	
	

	4.5.4
	For metallic materials, are additional material partial safety factors applied to account for degradations (e.g. corrosion, surface roughness, fretting, wear, etc.)?
	
	
	
	

	4.5.5
	For composite laminates, are additional material safety factors applied to account for degradations (e.g. temperature, moisture, manufacturing effects, etc.)?
	
	
	
	

	4.5.6
	For adhesives, are additional material safety factors applied to account for degradations (e.g. temperature, moisture, manufacturing effects, etc.)?
	
	
	
	

	4.5.7
	For weldments, are additional material safety factors applied to account for degradations (e.g. corrosion, residual stresses, etc.)?
	
	
	
	

	4.5.8
	Is the safety factor for consequences of failure applied in compliance with IEC 61400-1?
	
	
	
	

	4.5.9
	Are the effects of stress concentrations properly considered?
	
	
	
	

	4.5.9
	Have all the bearings been properly analyzed and show sufficient life?
	
	
	
	

	4.5.10
	Have the gears and gearboxes been properly analyzed and show sufficient life?
	
	
	
	

	4.5.11
	Has the generator been properly analyzed and show sufficient life?
	
	
	
	

	4.5.12
	Have all the electronic boards and boxes been properly analyzed and show sufficient life?
	
	
	
	

	4.6
	Stability
	
	
	
	

	4.6.1
	Do all the components satisfy general instability (e.g. Euler) requirements?
	
	
	
	

	4.6.2
	Do all the components satisfy local instability (e.g. crippling)?
	
	
	
	

	4.6.3
	Is the general material factor for stiffness properties chosen in conformity with IEC 61400-1 or the SAG?
	
	
	
	

	4.6.4
	For composite laminates, are additional material safety factors applied to account for stiffness degradations (e.g. temperature, moisture, cyclic loading, etc.)?
	
	
	
	

	4.6.5
	Is the safety factor for consequences of failure applied in compliance with IEC 61400-1?
	
	
	
	

	4.7
	Deflection
	
	
	
	

	4.7.1
	Does sufficient clearance remain for any deflecting components?
	
	
	
	

	4.7.2
	Is the general material factor for stiffness properties chosen in conformity with IEC 61400-1 or the SAG?
	
	
	
	

	4.7.3
	For composite laminates, are additional material safety factors applied to account for stiffness degradations (e.g. temperature, moisture, cyclic loading, etc.)?
	
	
	
	

	4.7.4
	Is the safety factor for consequences of failure applied in compliance with IEC 61400-1?
	
	
	
	

	5
	Yaw System and Tower Top
	
	
	
	

	5.1
	Geometry
	
	
	
	

	5.1.1
	Is the analyzed configuration defined and documented?
	
	
	
	

	5.1.2
	Are all the drawings released and complete?
	
	
	
	

	5.1.3
	Do the drawings have sufficient detail (e.g. dimensions, tolerances, materials, part numbers, laminate schedule, etc.)?
	
	
	
	

	5.2
	Loads
	
	
	
	

	5.2.1
	Is the Load Analysis Report complete (e.g. all load cases, yaw loads, etc.)?
	
	(
	
	

	5.2.2
	If no, are all the additional external load cases properly calculated and documented?
	
	
	
	

	5.2.3
	Have all the internal loads (reaction forces, mechanism loads, dynamic loads, gravity, etc.) been properly calculated and documented?
	
	
	
	

	5.2.4
	Are the partial load factors for all the load cases in compliance with IEC 61400-1, table 3?
	
	
	
	

	5.3
	Material Properties
	
	
	
	

	5.3.1
	Are all the metallic characteristic material properties properly documented?
	
	
	
	

	5.3.2
	Have all the composite (laminate) characteristic material properties been properly calculated (sufficient test data, proper statistical analysis) and documented?
	
	
	
	

	5.3.3
	Are the characteristic values for all adhesives documented?
	
	
	
	

	5.4
	Ultimate and Yield Strength Analysis
	
	
	
	

	5.4.1
	Do all the components satisfy strength requirements?
	
	
	
	

	5.4.2
	Is the general material factor chosen in conformity with IEC 61400-1 or the SAG?
	
	
	
	

	5.4.3
	For metallic materials, are additional material partial safety factors applied to account for degradations (e.g. corrosion, fretting, wear, etc.)?
	
	
	
	

	5.4.4
	For composite laminates, are additional material safety factors applied to account for degradations (e.g. static fatigue, temperature, moisture, manufacturing effects, etc.)?
	
	
	
	

	5.4.5
	For adhesives, are additional material safety factors applied to account for degradations (e.g. creep, temperature, moisture, manufacturing effects, etc.)?
	
	
	
	

	5.4.6
	For weldments, are additional material safety factors applied to account for degradations (e.g. corrosion, residual stresses, etc.)?
	
	
	
	

	5.4.7
	Is the safety factor for consequences of failure applied in compliance with IEC 61400-1?
	
	
	
	

	5.4.8
	Have all the joints been properly analyzed (mechanically fastened, bonded, welded)?
	
	
	
	

	5.4.9
	Have all the bearings been properly analyzed and show sufficient load capacity?
	
	
	
	

	5.4.10
	Have the gears and gearboxes been properly analyzed and show sufficient load capacity?
	
	
	
	

	5.4.11
	Have any finite element models been used in the analysis?  If yes, list the model names in the comments column.
	
	
	
	

	5.4.12
	Have any spread sheets been used in the analysis?  If yes, list the file names in the comments column.
	
	
	
	

	5.5
	Fatigue Analysis
	
	
	
	

	5.5.1
	Do all fatigue loaded components satisfy life requirements?
	
	
	
	

	5.5.2
	Have the proper S-N, or -N, curves been applied?
	
	
	
	


	5.5.3
	Is the general material factor chosen in conformity with IEC 61400-1 or the SAG?
	
	
	
	

	5.5.4
	For metallic materials, are additional material partial safety factors applied to account for degradations (e.g. corrosion, surface roughness, fretting, wear, etc.)?
	
	
	
	

	5.5.5
	For composite laminates, are additional material safety factors applied to account for degradations (e.g. temperature, moisture, manufacturing effects, etc.)?
	
	
	
	

	5.5.6
	For adhesives, are additional material safety factors applied to account for degradations (e.g. temperature, moisture, manufacturing effects, etc.)?
	
	
	
	

	5.5.7
	For weldments, are additional material safety factors applied to account for degradations (e.g. corrosion, residual stresses, etc.)?
	
	
	
	

	5.5.8
	Is the safety factor for consequences of failure applied in compliance with IEC 61400-1?
	
	
	
	

	5.5.9
	Are the effects of stress concentrations properly considered?
	
	
	
	

	4.5.9
	Have all the bearings been properly analyzed and show sufficient life?
	
	
	
	

	4.5.10
	Have the gears and gearboxes been properly analyzed and show sufficient life?
	
	
	
	

	4.5.11
	Have all the electronic boards and boxes been properly analyzed and show sufficient life?
	
	
	
	

	5.6
	Stability
	
	
	
	

	5.6.1
	Do all the components satisfy general instability (e.g. Euler) requirements?
	
	
	
	

	5.6.2
	Do all the components satisfy local instability (e.g. crippling)?
	
	
	
	

	5.6.3
	Is the general material factor for stiffness properties chosen in conformity with IEC 61400-1 or the SAG?
	
	
	
	

	5.6.4
	For composite laminates, are additional material safety factors applied to account for stiffness degradations (e.g. temperature, moisture, cyclic loading, etc.)?
	
	
	
	

	5.6.5
	Is the safety factor for consequences of failure applied in compliance with IEC 61400-1?
	
	
	
	

	5.7
	Deflection
	
	
	
	

	5.7.1
	Does sufficient clearance remain for any deflecting components?
	
	
	
	

	5.7.2
	Is the general material factor for stiffness properties chosen in conformity with IEC 61400-1 or the SAG?
	
	
	
	

	5.7.3
	For composite laminates, are additional material safety factors applied to account for stiffness degradations (e.g. temperature, moisture, cyclic loading, etc.)?
	
	
	
	

	5.7.4
	Is the safety factor for consequences of failure applied in compliance with IEC 61400-1?
	
	
	
	

	6
	Tower and Foundation
	
	
	
	

	6.1
	Geometry
	
	
	
	

	6.1.1
	Is the analyzed configuration defined and documented?
	
	
	
	

	6.1.2
	Are all the drawings released and complete?
	
	
	
	

	6.1.3
	Do the drawings have sufficient detail (e.g. dimensions, tolerances, materials, part numbers, laminate schedule, etc.)?
	
	
	
	

	6.2
	Loads
	
	
	
	

	6.2.1
	Is the Load Analysis Report complete (e.g. all load cases, tower loads, etc.)?
	
	(
	
	

	6.2.2
	If no, are all the additional external load cases properly calculated and documented?
	
	
	
	

	6.2.3
	Have all the internal loads (reaction forces, mechanism loads, dynamic loads, gravity, etc.) been properly calculated and documented?
	
	
	
	

	6.2.4
	Are the partial load factors for all the load cases in compliance with IEC 61400-1, table 3?
	
	
	
	

	6.3
	Material Properties
	
	
	
	

	6.3.1
	Are all the metallic characteristic material properties properly documented?
	
	
	
	

	6.3.2
	Have all the composite (laminate) characteristic material properties been properly calculated (sufficient test data, proper statistical analysis) and documented?
	
	
	
	

	6.3.3
	Are the characteristic values for all adhesives documented?
	
	
	
	

	6.4
	Ultimate and Yield Strength Analysis
	
	
	
	

	6.4.1
	Do all the components satisfy strength requirements?
	
	
	
	

	6.4.2
	Is the general material factor chosen in conformity with IEC 61400-1 or the SAG?
	
	
	
	

	6.4.3
	For metallic materials, are additional material partial safety factors applied to account for degradations (e.g. corrosion, fretting, wear, etc.)?
	
	
	
	

	6.4.4
	For composite laminates, are additional material safety factors applied to account for degradations (e.g. static fatigue, temperature, moisture, manufacturing effects, etc.)?
	
	
	
	

	6.4.5
	For adhesives, are additional material safety factors applied to account for degradations (e.g. creep, temperature, moisture, manufacturing effects, etc.)?
	
	
	
	

	6.4.6
	For weldments, are additional material safety factors applied to account for degradations (e.g. corrosion, residual stresses, etc.)?
	
	
	
	

	6.4.7
	Is the safety factor for consequences of failure applied in compliance with IEC 61400-1?
	
	
	
	

	6.4.8
	Have all the joints been properly analyzed (mechanically fastened, bonded, welded)?
	
	
	
	

	6.4.9
	Have any guys been properly analyzed including nonlinear effects (i.e. slacking) and show sufficient capacity?
	
	
	
	

	6.4.10
	Have the footings been properly analyzed and show sufficient capacity?
	
	
	
	

	6.4.11
	Have any finite element models been used in the analysis?  If yes, list the model names in the comments column.
	
	
	
	

	6.4.12
	Have any spread sheets been used in the analysis?  If yes, list the file names in the comments column.
	
	
	
	

	6.5
	Fatigue Analysis
	
	
	
	

	6.5.1
	Do all fatigue loaded components satisfy life requirements?
	
	
	
	

	6.5.2
	Have the proper S-N, or -N, curves been applied?
	
	
	
	

	6.5.3
	Is the general material factor chosen in conformity with IEC 61400-1 or the SAG?
	
	
	
	

	6.5.4
	For metallic materials, are additional material partial safety factors applied to account for degradations (e.g. corrosion, surface roughness, fretting, wear, etc.)?
	
	
	
	

	6.5.5
	For composite laminates, are additional material safety factors applied to account for degradations (e.g. temperature, moisture, manufacturing effects, etc.)?
	
	
	
	

	6.5.6
	For adhesives, are additional material safety factors applied to account for degradations (e.g. temperature, moisture, manufacturing effects, etc.)?
	
	
	
	

	6.5.7
	For weldments, are additional material safety factors applied to account for degradations (e.g. corrosion, residual stresses, etc.)?
	
	
	
	

	6.5.8
	Is the safety factor for consequences of failure applied in compliance with IEC 61400-1?
	
	
	
	

	6.5.9
	Are the effects of stress concentrations properly considered?
	
	
	
	

	6.6
	Stability
	
	
	
	

	6.6.1
	Do all the components satisfy general instability (e.g. Euler) requirements?
	
	
	
	

	6.6.2
	Do all the components satisfy local instability (e.g. crippling)?
	
	
	
	

	6.6.3
	Is the general material factor for stiffness properties chosen in conformity with IEC 61400-1 or the SAG?
	
	
	
	

	6.6.4
	For composite laminates, are additional material safety factors applied to account for stiffness degradations (e.g. temperature, moisture, cyclic loading, etc.)?
	
	
	
	

	6.6.5
	Is the safety factor for consequences of failure applied in compliance with IEC 61400-1?
	
	
	
	

	6.7
	Deflection
	
	
	
	

	6.7.1
	Does sufficient clearance remain for any deflecting component – particularly between the blade tip and the tower/tower support structure?
	
	
	
	

	6.7.2
	Is the general material factor for stiffness properties chosen in conformity with IEC 61400-1 or the SAG?
	
	
	
	

	6.7.3
	For composite laminates, are additional material safety factors applied to account for stiffness degradations (e.g. temperature, moisture, cyclic loading, etc.)?
	
	
	
	

	6.7.4
	Is the safety factor for consequences of failure applied in compliance with IEC 61400-1?
	
	
	
	


Appendix D: Software Programs

Classical Laminate Theory Programs:

These programs can calculate laminate stiffness, strength, thermal expansion, and mass properties.  The user inputs individual ply properties and then builds a laminate by stacking plies with an associated orientation.  These programs will also analyze structural members (e.g. beams, tubes, plates, sandwich panels) with simple loads and boundary conditions. 

· CompositePro, Peak Composite Innovations, Inc., http://www.compositepro.com

- 
Think Composites, Think Composites, 101 Alma Street, #703, Palo Alto, CA 94301, http://think.iuta.u-bordeaux.fr

Math Calculation Software:

Windows based technical calculation program.

· Mathcad, MathSoft Inc, http://www.mathsoft.com

Finite Element Software:

There are numerous finite element programs.  Select a program with a software history and a large user group.  The program must also write an export file for either NASTRAN or COSMOS.  This is a short list of some of the established finite element programs.

· ANSYS, Ansys, Inc., http://www.ansys.com

· COSMOS/M, Structural Research and Analysis Corp., http://www.cosmosm.com

· NASTRAN

· There are numerous independent versions:

· Computerized Structural Analysis and Research Corp., http://www.csar.com 

· Mac Neal-Schwendler Corp., http://www.macsch.com 

· Noran Engineering, http://www.noraneng.com







zb axis	coaxial with pitching axis.


yb axis	parallel to the zero pitch line at the blade root and pointing toward the trailing edge.  If this line is non-existent, then the yb axis is parallel to the chord line at 70 per cent of the blade span, passing through the blade root, and pointing toward the trailing edge.


xb axis	defined to complete the right hand system.
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xh axis	parallel to the main shaft axis of rotation and positive (nominally) downwind.


zh axis	parallel to the rotor disk plane through the reference blade origin.


yh axis	defined to complete the right hand coordinate system.
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xn-s axis	identical to the xh axis – i.e., parallel to the main shaft axis of rotation and positive (nominally) downwind.


yn-s axis	in the horizontal plane, directed such that zn-s is pointing (nominally) up.


zn-s axis	defined to complete the right hand coordinate system.
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zt axis	along the tower axis or centerline with positive direction upwards.


xt, yt axes	fixed in the (nominally) horizontal tower base plane to form a right hand coordinate system.
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