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Agenda 
 
• Rotor Aerodynamics 

– Introduction 

– 1D momentum theory and BEM 

– BEM and induction model in HAWC2 

– Tip loss and yawed inflow corrections 

– Dynamic inflow 

 

• 2D Aerodynamics 

– Introduction 

– Aerodynamic forces and profile steady curves 

– Attached flow dynamics (indicial function) 

– Flow separation dynamics (dynamic stall model) 

 

• HAWC2 Aerodynamics; step 1-6 

– Small Exercise: “Power up your turbine” 

Hawc2 
Course:Aerodyna
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Annual yield  

power density 

Capacity factor 

Cp, Ct 

Loads 

Material 

COE 

Certification 

... 

Aerodynamics, why? 

Picture with courtesy of  
Suzlon Wind Energy 
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Diameter: 100m 

Rotor area: 7854m2 

Density: 1.225 Kg/m3 

Wind speed: 14m/s 

Massflow: 135t/s (!) 

Lockheed planes: takeoff weight 130-140 t 
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Structural 
model 

 

Aerodynamic 
blade forces 

 

Unsteady 
wind 

Aeroelastic 
response 

 

Aerodynamic drag forces 
on tower and nacelle 

 

Aerodynamics in different ways 

RESULT! 

Unsteady aero-elastic 

Uniform 
steady wind 

 

RESULT! 
Steady state 

blade element 
momentum 

Steady-state 

Aerodynamic 
blade forces 

 

Unsteady 
wind 

RESULT! 

Unsteady aerodynamics 
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Aerodynamic 
blade forces 

 

Blade 
centerline def. 

- in htc_file 

              

 

Blade  
planform 

- in ae_file 

        

   

 

Airfoil         
data 

- in pc_file 

 

Main user input 

(lesson 3c) 
 

Induction 
modeling 

(lesson 3a) 

 

 Airfoil section 
aerodynamics 
(lesson 3b) 

 

Blade 
dynamics 

 

Wind 
description 

 

Tower 
influence 

 

Aerodynamics in HAWC2 
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Induction modelling 

BEM     
Actuator disc 

CFD     
Actuator disc 

Fixed wake     
vortex codes 

CFD     
Actuator line 

Free wake     
vortex codes 

Full              
3D CFD 

Use of airfoil data 
Increasing 

model 
complexity 

DTU, Department of Wind Energy 

Source: reference turbine 
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Actuator disc Model of ideal turbine 

- Infinitely many blades 

The reaction of the blade forces applied 
on the flow as volume or body forces 

BEM equations (relation between 
induction and load) derived for a 

constant loaded actuator disc 

DTU, Department of Wind Energy 
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The energy conversion – Bernoulli 

pAT 

Bernoulli 
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DTU, Department of Wind Energy 
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The energy conversion – 1D momentum 

VmT







Change in momentum 

001011100 )( VmVAAVuAuVAVT sideCVCV
 

Conservation of mass and insert in momentum equation 

sideCVCV mVAAuAVA  01110 )( )( 101 uVAmside  

11AuuAm  

Combining momentum and Bernoulli 
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)( 10 uVmT  yields 

DTU, Department of Wind Energy 
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1D momentum continued 

0)1( Vau 

Introducing the induction factor a 

01 )21( Vau 

Extracted power for an ideal rotor is difference in power from inlet to outlet 
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DTU, Department of Wind Energy 
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1D momentum continued 

0)1( Vau 

Introducing the induction factor a 

01 )21( Vau 

DTU, Department of Wind Energy 
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The relation between thrust and axial induction 
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DTU, Department of Wind Energy 

Afterwards this equation 
is used locally in a point 
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Rotor plane is discretized into 

independent concentric annular elements 
and azimuthal variation of loading 

on which the 1D assumption is applied 

 

Relative velocity 

Blade Element Momentum theory 
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Induction model in HAWC2 

A non-rotating grid is defined in which induced velocities are 
calculated. Enables modelling of azimuthal variation of induction 
e.g. due to shear in inflow or due to turbulence 

DTU, Department of Wind Energy 
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BEM in HAWC2 formulated locally in grid. 

Axial thrust at given 
radial station on the 
blade 

The local thrust 
coefficient is found 

 V    is the magnitude of the local free wind speed. 
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DTU, Department of Wind Energy 

W   is the relative local velocity (induction, deflec. etc.) 
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BEM in HAWC2 continued 

k(3)=0.0892074 

k(2)=0.0544955 

k(1)=0.251163 

k(0)=-0.0017077 

 

01

2

2
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3 kCTkCTkCTka 

DTU, Department of Wind Energy 
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Tangential wake rotation 
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drrcNCWdQ Bx )(2
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1 

Angular momentum on annular ring 

Tangential blade forces on annular ring 

Above equations solved for the 
tangential induction factor 
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DTU, Department of Wind Energy 
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Sub models to the induction 
modeling 

 tip correction model to account for a finite 
number of blades 

 

 a yaw model to account for skew inflow 

 

 a dynamic induction model to account for 
time lag in update of wake due to load changes 

DTU, Department of Wind Energy 
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Tip loss correction model in HAWC2 
 

DTU, Department of Wind Energy 

The Prandtl tip correction – take into account finite 
number of blades – radial velocity at the blade tip 
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Tip loss correction model in HAWC2 

• The tiploss model used in HAWC2 is based on the modified expression by 
Wilson and Lissaman 
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• F is inserted in the induction calculation  

DTU, Department of Wind Energy 
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Yaw correction model in HAWC2 

Based on model by Glauert 

DTU, Department of Wind Energy 

AXIAL INDUCTION FACTOR a )1(4 aaCT 

for     =0 CT becomes 
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Azimuthal impact on yawed inflow 

 Is the azimuth angle 

In HAWC2 the Coleman method is used with a 
constant of tan(X*0.4) instead of tan(X/2) 

DTU, Department of Wind Energy 
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Yawed inflow 

aKa acor 

Modification of induction 

DTU, Department of Wind Energy 

+1 
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Comparison between HAWC2 and CFD 
actuator disc computations 

30deg 

60deg 

DTU, Department of Wind Energy 

RADIAL POSITION – VERTICAL r/R [-] 

RADIAL POSITION – VERTICAL r/R [-] 

Yaw error: 

Yaw error: 
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Dynamic inflow model in HAWC2 

DTU, Department of Wind Energy 
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Effect of dynamic inflow – numerical actuator 
disc simulations – step change in loading 

DTU, Department of Wind Energy 
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Effect of dynamic inflow – numerical actuator 
disc simulations – step change in loading 

DTU, Department of Wind Energy 
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Dynamic inflow 
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DTU, Department of Wind Energy 
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Dynamic inflow model in HAWC2 

The Dynamic indflow ins handled by two first order 
filters coupled in parallel with weight factors 
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The non-dim time constants was found to approximately 2.0 for the far wake 
contribution and 0.5 for the near wake part 

DTU, Department of Wind Energy 
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BEM procedure 

• For each point in the polar grid 

1. Get the local wsp and use local induced wsp from previous timestep/iteration 

2. Get the local CT calculated at the two neighboring blades if the local wsp and 
induction was used there. 

3. Account for Prandtl tiploss 

4. Interpolate CT based on azimuthal distance between grid point and the two 
blades. Now the local CT is known. 

5. Calculate local induction factor a 

6. Correct mean level of a based on skew inflow angle. 

7. Calculate tangential induction factor am 

8. Calculate induced wind speeds axial (1) and tangential  

9. Correct for azimuthal variations of axial induction u related to skew inflow 
angle incl. axial induction influence.. 

10. Update u and ut in time based on two first order low pass filters. One for near 
wake contribution and one for far wake. 

     

• For each point on the blade 

11. Get the induced velocity based on azimuthal interpolation of the two closest 
grid points at same radius. 

DTU, Department of Wind Energy 
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Validation results 

DTU, Department of Wind Energy 
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Comparison 

DTU, Department of Wind Energy 
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Special shear (1) 

DTU, Department of Wind Energy 
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Special shear (2) 

DTU, Department of Wind Energy 
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Special shear (3) 

DTU, Department of Wind Energy 
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Wake situation 

270 90 

DTU, Department of Wind Energy 
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Examples of limitations of the BEM model 

For such special rotors a user defined a-CT relation can be used if the 
characteristic is known from e.g. CFD actuator disc simulations 

DTU, Department of Wind Energy 

All rotors with the same uniform loading, CT=0.89 
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Tower influence modelling in HAWC2 

 models for both an upstream and a downstream position of the 
rotor is implemented  

DTU, Department of Wind Energy 
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Tower influence modelling - upstream 

Flow model based on the potential flow 
solution around a cylinder 

DTU, Department of Wind Energy 
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Tower influence modelling - downstreamam 

Flow model based on the boundary 
solution for a jet into a flow at rest 

DTU, Department of Wind Energy 


