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Development of high-fidelity aeroelastic models for wind turbines
▪ Cartesian immersed boundary code
→ For preliminary testing of new methods.
▪ Adaptive octree immersed boundary code
→ For full-scale simulations.
→ Developed during the PhD of Claire Taymans as a collaboration between VALEOL and INRIA.
→ Discretization and parallelisation based on a octree library developed by Optimad (bitpit).
→ Only cell-centered variables are used which is a new approach on octree discretization.
▪ New methods tested with cartesian code for validation before implementation on octree code
▪ Coupling with structural model.
▪ Wall functions.
▪ Rotating frame of reference.
▪ Large Eddy Simulation with Vreman subgrid model.
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Fluid dynamics
Immersed boundary method
▪ Penalized Navier-Stokes equations are solved in both the fluid and the solid domain.
▪ The solid body is described using Lagrangian markers through which a signed distance
function, called level set, is evaluated.
▪ This penalization is part of the discretization as level set is used for wall functions
computation.
▪ Wall modelled Large Eddy Simulations: the solution is corrected in the first fluid points
close to the wall

CFD Code on Octree grids
Solver developed
▪ Natively parallel by using PABLO library (Optimad)
▪ Constraint of the discretization : each cell knows only its closest neighbours

▪ Finite volume solver with fractional step method (Chorin’s algorithm)
▪ Semi-Lagrangian scheme to treat the transport
This work was carried out by VALEOL and INRIA

Figure : Example of Octree grid
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CFD Code on Octree grids
Issues with semi-Lagrangian scheme
▪
▪
▪
▪

This scheme allowed to avoid the computation of the convective term
Numerical instabilities when semi-Lagrangian scheme was implemented.
Mostly at a corner where several level jumps in the grid occurs.
Implementation of an Eulerian scheme solves the problem.

Figure : Simulation of a blade in a rotating frame, y-Velocity at plane z=-5. Case with semi-Lagrangian prediction at right, Eulerian at left
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CFD Code on Octree grids
Validation with literature
Test Case : Flow around a 3D sphere

Test Case : Flow around a cylinder Re 3900

Re

Present work

[1]

[2]

[3]

[4]

[5]

300

0.6268

0.675

-

-

0.657

0.653

500

0.5488

0.52

0.4818

0.476

-

0.555

Table : Comparison of drag coefficients with data from literature at different Reynolds

References :
[1] Campregher (2009)
[2] Fornberg (1988)
[3] Fadlun et al. (2000)
[4] Kim et al.
[5] Correlations found in
Subramanian (2003)
Figure: Wake profile at different positions obtained by averaging
Velocity after a preliminary simulation. Case of cylinder at Re 3900
Figure: Streamwise velocity around a sphere at Re 500

This work was carried out by VALEOL and INRIA

Funded by the
European Union

Comparison between octree and cartesian codes
Test case : cylinder at Re = 140 000
▪ Octree case: 76 millions cells with refinements
▪ Cartesian case: 3.6 billions cells (if same domain)
▪ Around 100 cells on the diameter of the cylinder
▪ Wall functions and LES
▪ Simulation times cannot be compared because the machine
used weren’t the same for both computation
→ Strong numerical dissipation
for octree code (small
structures not captured)
→ Both mean drag coefficients
are validated with literature

Case

Drag coefficient

WMLES, Cartesian

1.084

WMLES, Octree

1.182

DES, Luo et al.

0.84

DES, Travin et al.

1.08

LES, Kim

1.21

Exp., Cantwell et al.

1.237
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Figure: Streamwise velocity; Cartesian (top) vs. Octree (bottom)
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Adaptive Mesh Refinement
▪ With user defined criteria, the grid is automatically refined or coarsened
▪ An interesting compromise between computational time and accuracy can be reached

Movie: Flow around a NACA0012 airfoil at Re = 1000 with AMR based on the L2 Gradient’s norm (normalized by the L2 Velocity Norm)
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Moving bodies
▪ Case of moving bodies on Quadtrees
▪ Grid adaptation process to follow the body
▪ Validation with comparison between 2 cases :
➢ Fixed body with an inflow of 1 m.s-1
➢ Moving body with a velocity of 1 m.s-1 in a fixed flow

Movie: Moving NACA0012 airfoil with a velocity of 1 m.s-1
Figure: Drag coefficient history for a fixed cylinder in a flow and a
moving cylinder with a velocity of 1 m.s-1
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Structural model of the apx48 wind blade
▪ A 6 DOFs per node Finite Element beam model is employed, with:
• Linear axial deformation
• Bending, based on Euler-Bernoulli theory
• Linear torsion, based on Saint-Venant hypothesis
• Anisotropic stress-strain relationship for composite
materials
▪ An unconditionally stable Newmark method is used for the
time semi-discretization
▪ Mass distribution, axial and bending stiffnesses are those of
the apx48 wind blade

Fluid – structure coupling
▪ A partitioned approach has been implemented.
The two solvers act as two separated black boxes
that communicate each other just the necessary
information.
▪ A weak and explicit coupling is done.
This work was carried out by VALEOL and INRIA

Movie: Dynamic bending under uniform transverse load
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Full CFD simulations of a rotating blade with inflow wind
Visualisation of fluid flow

▪ Simulation of rotating blade with fluid-structure coupling in working condition
corresponding exactly to the operating wind turbine
▪ Grid with around 100 million cells

Figure: Streamwise velocity around the wind blade apx48
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Figure: Vorticity around the wind blade apx48
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Full CFD simulations of a rotating blade with inflow wind of 8 m.s-1
Visualisation of blade deformations
▪ Transversal deformations of blade surface
▪ To be done: check of the results with the experimental data
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Development of high-fidelity aero-elastic models for wind turbines
▪ Coupling of octree meshes with wall functions shows promising results

▪ Adaptive mesh refinement allow an interesting compromise between computational time and accuracy.
▪ A fully coupled fluid-structure interaction is considered
▪ This tool will allow to better understand the behavior of blades when submitted to gusts or disturbed incoming
wind (wake from other wind turbine)
→ Lifetime of blades
→ Production performance
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Collection of in-service wind turbine data and analysis
▪ Choice of in-service data
• Very little experimental data available with geometry, structural model and measurements on a blade.
• No existing correlation with upstream gusts coming on to wind turbines.
• Wind tunnel measurements were investigated but the costs were prohibitive.
▪ Interests of the collection of in-service wind turbine data:
• better understand the effects of wind and more precisely of gusts, on wind blades.
• use these experimental data to calibrate our numerical schemes in the high-fidelity CFD code.
▪ A huge amount of data was collected allowing:
• Gain of experience
• Highlight of test-cases for a future comparison with CFD results
• Improvement of gusts characterisation.

▪ A future application could be a further analysis for reflexion on lifetime extension of wind blades
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Specifications for wind data
▪
▪
▪
▪

Wind data is used as an incoming boundary condition for CFD simulations.
50 m height met mast with wind sensors every 5 m from 25 m height (bottom of blade) to 50 m.
Acquisition frequency should be small enough to characterize a gust phenomenon.
Position of met mast should be between 2D and 4D (D = diameter of wind turbine) in front of the wind turbine (in
direction of main wind) according to IEC standards.
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Specifications for blade data
▪ Pressure measures
• In order to compare with simulations
• Several points distributed along one blade profile
▪ Strain measures
• Longitudinal measures equitably distributed along blade length
▪ Position of blade
• In order to correlate a blade measure with a wind data
▪ Sampling of 1s to get enough point for each wind condition
▪ Minimum impact on the blade is required !
→ Installation of 4 optical fibres connected in the hub
of the wind turbine to an inquiry system.
▪ Every sensor is connected to the others in the fibre
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Installation of sensors on the blade
▪ Sensors have been installed from 21 to 23 March 2017
▪ 10 strain gauges, 6 pressure sensors
▪ Several wavelengths are used in the optical fibre which
allow to have several sensors for 1 fibre.

Figure: Pressure sensor
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Figure: Strain gauge

Movie

Figure: Work on the elevating platform
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Analysis of experimental results
Filtering of experimental data
▪ Number of wind speed measurements: 26 939 646 x 5 anemometers
▪ Number of blade measurements: 11 806 822 data x 16 sensors
▪ Common period: 10 996 138 x 21 sensors (wind + blade)
▪ Availability of met mast and sensors on wind blade
→ 88 % for the meteorological mast
→ 43 % for the blade sensors

Filtering:
▪ With a wind direction lined up with the met mast and the wind turbine
→ ± 10 ° around
▪ Blade rotational speed representing a normal behaviour of the turbine
→ between 11 rpm and 25 rpm
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Analysis of experimental results
Methodology
▪ First test: gathering data along time and see if correlation between wind velocity and sensor’s measurements exists

▪ The influence of wind speed intensity can be
seen but no significant correlation exists
▪ An other methodology should be applied to
go further

Figure: Longitudinal deformation from sensors at different locations as a function of wind velocity
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Analysis of experimental results
Methodology

▪ Work on wind data first to identify gust events
▪ “Delta method” = Moving average of wind speed on 10s period
→ Delta 1: 𝑉𝑚𝑎𝑥 – 𝑉𝑚𝑖𝑛 only find gusts with high wind
velocities.
𝑉𝑚𝑎𝑥 – 𝑉𝑚𝑖𝑛
𝑉𝑚𝑖𝑛

→ Delta 2:
velocity is.

keeps high variations whatever the

▪ Method based on IEC standard (61400-1 ed.3.1 p. 31)

Figure: Example of theoretical Extreme Operating Gust

→ Computation of Extreme Operating Gusts (EOG) from 10 min averaged wind speed data.
→ Obtaining a curve with a length of 10 s describing the EOG.
→ Comparison of this theoretical gust to the 1s wind speed data
➢ Test on 1 month of data: correlation coefficient between theoretical gust and data was very low
➢ Choice of delta method 1
This work was carried out by VALEOL
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Analysis of experimental results
Identification of gusts
▪ Extension of “Delta method 1” to the whole period of available data
→ Around 40 gust events have been highlighted
▪ Some characterization of the gusts has been done

Gust events

Example
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Category 1

Category 2

28

10
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Analysis of experimental results
Impacts of gusts on the wind blade
▪ Behaviour differences with weak wind and with
a gust:

▪ Leading and trailing edge sensors are similar
and in a same way with pressure and suction
side sensors.
▪ Variation of the frequency of deformation
around the gust.

▪ Similar results for category 1 and 2 of gusts.
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Analysis of experimental results
To be continued

▪ Difficulty to analyse the effects of gust on the blade.
▪ CFD simulations will help to better understand the structural behaviour of the blade and to better analyse the
experimental results.

▪ The structural beam model of the blade will be checked by using the experimental data
▪ Comparisons of pressure data will be done with results from CFD.
▪ Significant gain of experience:
→ Data treatment ( sampling of 1 s instead of 10 minutes for usual wind assessment studies)
→ Measurement technology on the blade (context of offshore wind turbine)

This work was carried out by VALEOL

Funded by the
European Union

The research leading to this work has received funding from the European Union’s Horizon
2020 research and innovation programme under grant agreement number 636053.

