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Introduction

Wind energy market (EWEA)
Installed capacity

Offshore WE market (EWEA)



Aim of the thesis & thesis outline

The aim of the thesis is to analyze the fluid dynamic 
models of wind energy conversion systems, pointing 
out the limitations of current engineering models and 
proposing innovative solutions from the design point 
of view

The research activities have been divided in two main 
parts, following the different rotor – flow 
interaction characteristics:

1. Horizontal axis wind turbines - HAWT;
2. Crossflow wind turbines, as vertical axis wind 

turbines - VAWT.



Part I : HAWT analysis
HAWT fluid dynamics

HAWT fluid dynamics is mainly based on the actuator disk concept



HAWT fluid dynamics
Actuator disk concept

The turbine generates mechanical work from the kinetic energy of the 
fluid flow

The work exchange between 
the fluid and the shaft is done 
by is done by the rotor, which 
can be modelled as an 
actuator disk

The bladed rotor can be 
represented with equivalent 
forces distribuited over a 
permeable, immaterial disk

Infinite number of blades
Infinite rotational velocity



HAWT fluid dynamics
Actuator disk – momentum theory
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Froude applied for the first time the actuator disk concept to a 
rotor in open flow.
He applied it with the 1D momentum balance in axial direction

Momentum equation Energy conservation

Froude result!

Mass conservation
, ,3 3z m m zV A V A=



Actuator disk 
Blade element – momentum theory
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Drzewiecki first applied Froude result 
dividing the rotor in different annular 
streamtubes :
Non uniform loading

With the blade element airfoil theory 
rotor performances can be easily 
calculated

The annuli interaction is neglected
No swirl flow, (wake expansion?)
Ok lightly loaded rotors
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HAWT fluid dynamics
General momentum theory
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The general momentum theory should overcome the issues of 
the swirl flow modelling

Momentum equation :   axial tangential
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Solutions:
• De Vries
• Differential

• GM theory is an 
integral formulation 
• It needs the wake 
solution
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Actuator disk – momentum theory 
limitations

Actuator strip

Wake states

Conway exact 
solution



HAWT fluid dynamics
Vortex theory

Vortex theory calculates the flow 
field of the rotor wake by using the 
fluid dynamic laws of vorticity (Biot-
Savart law, Kelvin’s theorem, 
Helmholtz’s laws)
Introduced by Joukowski – Betz –
Prandtl

• Prescribed vortex wake
• Free vortex wake

Most widespread for propeller analysis 
and design (both for aerodynamic and 
marine propellers) and for helicopter 
rotor performance prediction 



Vortex theory
Prescribed vortex wake
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Part I : HAWT analysis
A turbomachinery approach

0
1 r z

r z

V rV V Vp
F V

r r r z r

θ θ

ρ

∂ ∂ ∂∂  
= + − − 

∂ ∂ ∂ ∂ 

r
z

V rVV
V F

z r r

θ θ
θ

∂ ∂
+ =

∂ ∂

0
1 r z

z r

VV Vp
F V V

z z r z

θ
θ

ρ

∂∂ ∂∂  
= + − + 

∂ ∂ ∂ ∂ 

0r zrV rV

r z

∂ ∂
+ =

∂ ∂



A turbomachinery approach
Stoke’s stream function
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A turbomachinery approach
Motion in region II
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The flow is determined by

Euler equation

Wu equation

Free vortex distribution
The angular momentum 
distribution can be assigned



The radial equilibrium theory applied 
to wind turbines
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Wu hypothesis on a streamline
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The radial equilibrium theory 
results and comments

Radial equilibrium solution for a uniformly loaded disk

λ = 8 λ = 2
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The radial equilibrium theory 
results and comments

Mikkelsen actuator disk – CFD 
solution for a uniformly highly 
loaded disk (wind turbine state)

Conway actuator disk – vortex 
theory exact solution for a (almost) 
parabolic highly loaded disk 
(propeller state) CT = 3.1472
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The radial equilibrium theory 
results and comments

Conway velocity at the centre of 
the disk for a propeller

Power and thrust coefficients for 
the different flow field solution 
models with a constant work 
extraction



The radial equilibrium theory 
on a streamline
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Denton / Cumpsty approach

Coning / yaw effects
Turbulence wake state / stall

Tip effects
Unsteady dynamics



Considerations on the 
turbomachinery approach

• The theory handles an expanding and rotating wake.
• Only the disk station has to be solved to obtain the information 
needed to compute CP and CT.
• The method is simple and robust also for low tip speed ratios
• Arbitrary disk loading can be analyzed.
• The mathematics involved are comparable with those of the 
usual actuator disk approaches.
• The actual velocities distribution are qualitatively assessed even 
though more work has to be carried out to better understand the 
fluid flow in the neighborhood of the disk and in the wake.
• The radial velocity gradients along the streamlines at the disk
have to be better described to reduce the axial velocity 
overestimation at the disk inner portion.



Inverse design and direct design methods

Part I : HAWT analysis
Inverse Design



The blade architecture

The turbine close field structure
The blade architecture
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Gaia turbine

Inverse Design
Results and discussion



Flow characteristics

The blade architecture and 
loads

Inverse Design
Results and discussion
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Inverse Design
Results and discussion

λ = 6 , Z = 3



Inverse Design
Results and discussion

λ = 1.5 , Z = 3



Part II : VAWT analysis
VAWT fluid dynamics

Darrieus eggbeater – Darrieus H/V 
– Gorlov type
Building environment
Offshore multi Mega Watt



VAWT fluid dynamics
The double disk BEM for VAWT

Blade element forces
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VAWT fluid dynamics
The double disk BEM for VAWT
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The double disk BEM for VAWT
Corrections

Glauert correction ( )TH

26 4
C  = 1

15 15
α− +

Tip losses

Post stall airfoil performance 
correction

Flow curvature

Dynamic stall

Streamtubes expansion



VAWT fluid dynamics
Validation and results

Sandia 5m 
Darrieus
3blades
NACA0015

Four geometric characteristics 



VAWT fluid dynamics
Validation and results

Blade tangential and normal 
force coefficients

Shaft forces and torque
Mean value and fluctuations



VAWT fluid dynamics
Validation and results

Shaft torque and forces diagrams

2-bladed presents the best power performance
3-bladed presents lower forces fluctuations
3-bladed Gorlov type presents the lowest fatigue loads (complex geometry)
2-bladed a 90° reduces the loads fluctuations but needs rotor balancig



VAWT fluid dynamics
Limitations of VAWT BEM codes

• The circular path is simplified in two actuator disks
• The momentum equilibrium is applied only in axial direction
• The axial expansion is generally neglected or not 
correctly/completely implemented
• The turbulent wake state correction is taken from HAWT 
corrections
• No (or weak) interaction between streamtubes
• Tip losses correction is of doubtful application for VAWT
• Complex geometry not resolvable from a fluid dynamic point of 
view
• Unsteady fluid dynamic effects are of difficult implementation



Part II : VAWT analysis
VAWT experimental analysis

VAWT experiments in controlled conditions

The Politecnico di Milano Large Wind 
Tunnel

High speed test section: 4x3.84m
Wind speed up to 55m/s
Possibility to work in open/close test 
section

2 different rotor prototypes designed by 
Tozzi Nord Wind Turbines:
PDF1 – research purpose
PDF3 – commercial turbine



The turbines layout and the 
instrumentations

PDF1
3 Blades
H = 1.46m
D = 1.03m
NACA0021
Solidity 0.25
Rotor position
Torque
Support loads

PDF3
3 Blades - Gorlov
H = 2.5m
D = 1.78m
P = 1.5kW
H(tower) = 3.5m
Rotor position
Torque (electric)
Support loads

Aerodynamics

Directional pneumatic 
5 holes probe

Single sensor hot wire 
anemometer



VAWT experimental analysis
PDF1 rotor - Performance

Blockage : 0.097 close test section
Blockage effects up to 20-30% for 
CP and 10-20% for CT

Reynolds numbers very important 
on power performance for 
Re < 200000



VAWT experimental analysis
PDF1 rotor - Aerodynamics

λ = 1.6 λ = 2.6

Wake non symmetric and deformed 
turnwise (in particular at low tip 
speed ratios)

In closed wind tunnel there is an 
higher velocity due to blockage 
effectsλ = 1.6



VAWT experimental analysis
PDF1 rotor - Aerodynamics
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Wind tunnel blockage

1D momentum theory doesn’t seem 

the best model for blockage effects



VAWT experimental analysis
PDF1 rotor - Aerodynamics

Unsteady flow field

λ = 2.5



VAWT experimental analysis
PDF3 rotor - Dynamics

Dynamic analysis and modelling



Part II : VAWT analysis
2D Free vortex wake
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VAWT 2D Free vortex wake
Validation and results

• Flow characteristics are 

qualitatively well assessed

• Viscosity is quite important

Comparison with Shen et al. actuator 

surface – CFD computations of a 2-

bladed rotor



VAWT 2D Free vortex wake
Validation and results

• The angle of attack is well 

reproduced

• Airfoil database are very 

important

• Normal force coefficient peak not 

well reproduced: dynamic stall 

model to be improved



Validation and results
Ferreira panel model

The angle of attack is 

reproduced sufficiently well

The efficiency seems 

slightly lower than HAWT
Drag!



Conclusions - HAWT

• HAWT analysis : actuator disk – momentum theory

• Shortcomings : swirl flow, wake expansion, tip effects

• General momentum theory can’t overcome these issues

• Turbomachinery approach

• Radial equilibrium 

• Radial equilibrium in meridional flow

• Turbomachinery approach + inverse design

• Innovative dsign should be found



Conclusions - VAWT

• VAWT complex 3D geometry, working in his own wake 

• VAWT analysis : double moultiple streamtubes – BEM model

• DMS-BEM limitations

• 2D free vortex wake 

• Airfoil database + DS + tip correction 

• Slightly lower efficiency

• Blockage effects and Reynolds numbers

• 1D momentum theory is not suited for VAWT - unsteady

• Structural dynamics : aeroelastic codes + free wake codes
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