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Modeling the Structural Dynamic Response of Wind Turbines

Part 1: Detailed finite element modeling of the CX-100 Blade

Part 2: Plant-scale aeroelastically-coupled wind turbine response
from geometrically exact beam theory
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Detailed Finite Element Modeling of the CX-100 Blade

Background CX-100 blade

Purpose of FE modeling effort

Structural FE Analysis Toals

Work completed to date

Future work
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CX-100 Blade — Why are we using it? What is its history?

Sandia National Laboratories (SNL) initiated a blade research program in 2002 to
investigate the use of carbon in subscale 9 m blade 2 servetal, sni;

e (CX-100 (Carbon Experimental — 100 (kW turbine)) wind turbine blade

e Collaboration of SNL, TPl Composites, Inc., Global Energy Concepts, LLC (GEC), and MDZ
Consulting (MDZ)

CX-100 blade is a 9 m blade, designed for a 20-year life per International Electrotechnical
Commission (IEC) Class Il loads with turbulence level “B” > et 3\

This blade has been structurally well-characterized by SNL and NREL through modal,
Stati C. an d fatigu e testing J. Paquette, Todd Griffith, Brian Resor, Daniel Laird, et al. SNL; J. van Dam, S. Hughes, et al., NREL
/4

We have chosen to use the CX-100 blade because it is affordable and of suitable size that
its scale and materials are relevant to present day wind turbine industry practice
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Detailed Finite Element Modeling of the CX-100 Blade

Background CX-100 blade

Purpose of FE modeling effort

Structural FE Analysis Toals

Work completed to date

Future work
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Purpose of Detailed Structural Finite Element Model

Structural Health Monitoring
- sensor placement
- critical flaw size

ANSYS “Workhorse” Structural Finite
Element Model

LO00¢rm)

Lamina/Section (sub-blade) Models
-damaged models of blade sections

WindBlade

/' Reduced Order

Aeroelastic Beam
Element Model

Peint (MPP)

Prognostics,
Validation and Verification




Detailed Finite Element Modeling of the CX-100 Blade

Background CX-100 blade

Purpose of FE modeling effort

Structural FE Analysis Tools

Work completed to date

Future work
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Software Tools for Structural Finite Element Analysis
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* Capability for probabilistic analysis techniques
to determine uncertainty quantification

e Support of parametric variations: geometry
dimensions, material properties, boundary
conditions, derived results

Static Structural (ANSYS)
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CX-100 Blade Madel Using ACF, 2/16/2011

* Projects are represented graphically as
connected systems in a flow-chart like

diagram

¢ Changes can be made to any portion of the
analysis and the Ansys Workbench platform
will manage the execution of the required
applications to update the project
automatically

(5| Show Progress vil Show 55 Messages




Software Tools for Structural Finite Element Analysis

ANSYS Workbench Environment

ANSYS Mechanical

¢ Bi-directional CAD connectivity

¢ Powerful, Integrated Simulation Environment

Meshing, Structural Analysis En
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ANSYS DesignModeler
Bi-directional CAD connectivity
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ANSYS ACP
Composite Prep/Post Tool

™

“fesful Complete Model, Ng

Geometry
B A B -
@B Geometry " 2 G Engineering Data Va2 g Engineery
Copy of Geometry \IS W) Geometry W g—— M3 () Geometr
4 | @ Model v o———m4 @ Model L —— :
5 @ setup v o 5 @l Setup v o
6 % Solution v 4 6 @ Solution 4
7 @ Results v o 7 @ Resdlts v o4
Static Structural (ANSYS) Modal (ANSYS)
- E - F
2 @ Engineering Data v o, 2 | @ Engineering Data v .
3 @) Geometry v 4 3 W) Geometry 4
4§ Model v o, ] Model v o4
5 @ sewp v o Setup p .
6 @ souton v . Smicg - Postprocessing
7 @ Results ' 7 @ Results '

s,Janll, 2011

-100 Blade Model Using Mechanical, 2/16/2011

ACP Madel, January 12, 2011

- G - H

Bl =  static Structural (ANSYS) 1
2 G Engineering Data v o4 2 G Engineering Data v 4
3 @ Geometry . 3 @ Geometry 4
4 @ Model v o, 4 @ model v 4
5 @ setup v ., 5 @ setup v o4
6 Solution v o4 6 Solution v 4
7 @ Results . 7 @ Results 4

C¥-100 Blade Model Using ACP, 2/16/2011




CX-100 Blade Structural Finite Element Modeling Effort

Background CX-100 blade

Purpose of FE modeling effort

Structural FE Analysis Toals

Work completed to date

Future work
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TPl Composites, Inc. - May, 2010

Fabrication of CX-100 Blade at TPI
Composites in Warren, R.I.




TPl Composites, Inc. - May, 2010
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Shear web (bonded to low pressure half of blade) ~
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3 Low Pressure (LP) blade half

High Pressure (HP) blade half




TPl Composites, Inc. - May, 2010
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Balsa Panel

Looking down LP half of CX-100 blade ANSYS finite element model of LP blade half
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ANSYS Structural FE Model
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Balsa core leading edge

Root/blade transition region

ite Shell Element for Mesh
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Balsa core trailing edge panel

Carbon fiber spar
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3D Finite Element Model of CX-100 blade

Uses Layered Compos
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ANSYS Structural FE Model

Different colored regions are associated
with different lay-up schedules
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s in root section of blade

64 layer material stack in root section of blade




ANSYS Structural FE Model — ACP Composite Prep Post

Organization of the composite material lay-up is handled in ACP
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ANSYS Structural FE Model

Have working blade model reflecting:

* proper geometry and all relevant blade features

* accurate section thicknesses

* “smeared” material properties
Have detailed lay-up schedule descriptions with nominal layer thicknesses and material properties
for discrete layers

Using isotropic material
properties to begin numerical
verification of finite element
model and mesh discretization
study




CX-100 Blade Structural Finite Element Modeling Effort

Background CX-100 blade

Purpose of FE modeling effort

Structural FE Analysis Toals

Work completed to date

Future work
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Where are we going from here?

Much work remains...

e Verification and Validation of CX-100 Finite Element Model

elastodynamic beam finite element model to be used in WindBlade

* Provide feedback for SHM activities

- Sensor placement and critical crack size
- Fatigue and field testing data interpretation

* Use finite element model to provide data for the development of a nonlinear
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Verification and Validation (V&V) Activities

Verification and Validation is integral to a Predictive Analysis Capability

Uncertainty quantification/sensitivity analysis

Computational expense/resource allocation

- mesh density
- discrete modeling of composite layers (as opposed to “averaged properties” approximation)
- linear dynamic response vs. nonlinear inertial response calculations

Assess the balance of

Numerical Uncertainty Experimental Variability

e Comparison to published results, field test data, lab test data, etc.
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Summary

We have finite element model of CX-100 blade developed with a high level of fidelity
and parametric capability to support the multiple efforts of our project, including:

e Aero-elasto-dynamic modeling
e Sensor placement, flaw detection, sub-blade scale modeling
* Formal V&YV process to reflect meaningful predictive analysis capability

We’ve used the Ansys Workbench simulation platform as the framework for our
modeling effort to explore its state-of-the-art “workflow technology” capabilities

We have started using a formal V&YV process to address model validity, uncertainty
guantification, sensitivity analysis, computational expense, resource allocation
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