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– Wind speed distributions
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LN 3.2
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Airstream Deflection by Airfoils 
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Deflecting airstream→Newton’s Law

Lift depends on asymmetric shape 
(camber) and incline (angle of 
attack ) of air foil relative to air 
flow. Airstream is deflected 
downwards.

Low lift camber generates lift at 
high speeds relative to airmass.
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Airstream Pressure Differential by Airfoils 

W. Udo Schröder, 2024

W
in

d
 P

ow
e
r 

2
4

4

( )

( )

( )

1

21

2

)

( )

:

(





 
=   



= = =

⊥




= 


L m

L

Lift

C coefficient of lift A A total

L

airfoil wing

area faci

d
L

ng win

e

d w

w

it

d

h

o

r

s

e

c

l

p

a

e

t

u

i

C

v

n

e

s

s

n

p

t

e

e

e

p

d

f

u

d
if r e F

re

n

al

d

i e

ly

o

u

A

Additional (lesser) lift & drag source: 

Difference in Bernoulli dynamic pressures 
between above and below airfoil.
Depends on curvature of the “camber”
 → force differential

Reduced static pressure on top 
Bernoulli’s Principle → partial lift

Lift depends on shape 
(camber) and incline 
(angle of attack ) of 
air foil relative to air 
flow. Air stream 
deflected downwards.
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Aerodynamic Power Transfer
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A
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At turbine (obstacle), uwind slows, 
stream-lines diverge, wind speed 
decreases, u2 =uwake< u1= uwind
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At turbine (obstacle), u slows, 
stream-lines diverge, wind speed 
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Turbine Generation Potential & Challenges 
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Specific aerodynamic design of rotor blades: with increasing r, taper 
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Compromise: Efficiency vs. mechanical stability (vibrations) 
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Operational range: Blade tip speed/wind speed  = u(R)/uwind ≈ 3-7.
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Rotor Blade Aerodynamics
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Aerodynamics along blade profile : 
1) Lift is low close to hub (root), high 

at tip.
Use larger chord close to root.

2) Effective angle of attack decreases 
with r → loss of lift @v =const.  
efficiency.
Twist blade by 100 -200 from root to 
tip. 

3) Blade shape adjusted to fit hub & 
nacelle.

Velocity uBlade –r· of blade relative to air 

increases with radial distance r from hub → 
lift increases with r for a given angle of 
attack → mechanical strain. 
→ Design twist angle  = (r)

Wind relative to moving rotor blade
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Apparent Wind Velocity Vector
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What counts is the relative wind speed 
and direction. 

Blade velocity changes both, speed and 
effective angle of attack  → =  (r) 
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Operational Turbine Power Limits
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After: Fay & Golomb, Energy and the Environment, 
Oxford U. Press, New York, 2012

Operational range of turbines

       ucut-in≤ uWind ≤ ucut-out

Large range is not economical: electric generator has 
rotational (power output, frequency) requirements 
and limitations.
→  Rated (nominal) wind speed urated ≈ ucut-out/2
→  Blades pitch (feather) if uwind  > 2·urated.

Capacity factor CF:=<Power>time/Powerrated.

Typical: CF ≈ 0.2-0.4
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Angular Momentum and Wake Turbulence 
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Angular momentum conservation
→ Wake acquires swirl (vortex)

0 Wind Rotor WakeL L L= = +

Distance between 2 turbines in column D ≥ (8-10) rotor diameters

Image Credit: Vattenfall
http://www.noaanews.noaa.gov/stories2011/20110426_windwakes.html

../assets/VIDEOS/Kattegat-WIndfarm SHOW.mp4
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Layout of Wind Farm
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Collector/Inverter Station for Alpha Ventus
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From turbine 30 kV → 110 kV, 75 MVA 
transformer (AREVA). 
Position: N 54°00', E 6°37.40'
Constructed in September 2008

30 m: elevation of helipad
25 m: elevation of main deck with crane, 
substation control and protection (I&C)/switch-
gear plant/neutral earthing transformer, fire 
extinguishing system, MV and LV 
systems, emergency generator,
 
MVAr throttle / 110 kV GIS (gasinsulated 
switchgear) system (AREVA)

21 m: cable deck with workshop, 
equipment room, lounge, diesel 
tanks, emergency generator, cable bench and oil 
sump

Cable deck and main deck: 
Jacket foundation height: approx. 46 m
Jacket weight: approx. 650 t

Foundation piles: 30 m long, 2.7 m
diameter, 100 t apiece

To get the power from off-shore wind 
farms to land, submarine cables (18cm 
dia, 110 kV HVDC) are used . 

Distances are between 10 and 200 km.

Delays in developing technology and 
manufacturing equipment needed to get 
the power to shore.



Construction of Alpha Ventus
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North Sea, depth= 30 m, 45km 
north of Borkum/Germany. 

EWE AG, E.ON Climate & 
Renewables, and Vattenfall 
Europe Windkraft.

Tripods/towers (45m, 700 t steel) 
for mounting (12) off-shore 
AREVA/REpower wind turbines. 

Hub+blade height 148/185 m.

 

Installation of 12 towers=7 months (2009). 

Limited number of specialized barges.

Weight of 1 tower: 1,000 t

Tip speed (rated) 320 km/h



Installing Tower Foundations
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Construction of Alpha Ventus
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Construction of Alpha Ventus
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AREVA Wind Towers for Alpha Ventus
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12 turbines @ 5 MW rated,
produced 265 MWh in 2011.

Rotor diameter: 116 m 
Hub height: 90 m 

Total height above seabed: 178 m 
Total above sea surface: 148 m 

Rated output: 5 MW 
Rotation speed: 5.9 - 14.8 rpm 

Cut-in wind speed: 3.5 m/s (force 3) 
Rated speed: 12.5 m/s (force 6) 
Cut-out speed: 25 m/s (force 10) 

Blade tip speed: 90 m/s (324 km/h) 

Nacelle w/o rotor & hub: 200 t 
with rotor and hub: 309 t 

Weight of steel in tripod, tower, 
nacelle: 1,000 t 

Tripod - weight of steel: 700 t; 

Height: 45 m; Pile length: 35-45 m 



Windfarms: Useful Lifetime
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From: Gordon Hughes, The Performance of Wind Farms in the 
United Kingdom and Denmark

Limited experience from US, Danish and 
German wind farms.

Onshore wind farms have low-capacity 
factors but also low maintenance & 
operational costs and long (30+ year) 
useful life expectancy.

Off-shore wind farms have higher 
capacity factors but high operational 
costs, limited useful life expectancy, due 
to harsh environment.

Early Danish experiences with off-shore 
wind farms: 80 turbines needed 
replacement in one year.

Danish off-shore wind farms
Life



U.S. Electrical Power Plants (Wind)
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High rate of installations 2011-2020,
Recent global slow-down.
US 2020: total installed 123 GW. US 
2022: total installed 143 GW.



Annual U.S. Electricity Production
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TWh

US 2024 GWh Source

453.5E+03 Wind

219.8E+03 Solar

242.9E+03 Hydroelectric

781.9E+03 Nuclear

1,869.9E+03 Nat. Gas

652.2E+03 Coal

3,771.2E+03 Total

Annual Energy Outlook  AEO2024 
U.S. Energy Information Administration 
https://www.eia.gov/electricity/data/browser/



Wind Power: Strategic Issues
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• Intermittency, lacking effective energy storage @scale, CF≈0.3. 
Mis-matched to demand & e-grids, over and under production.
Need continuous idle backup (baseload) power (> 100% nominal). 

• Scalability: Low power density of wind energy resources, ≈3W/m2
→ eco 

footprint ~(102 -103)km2/GW soil/arable land.

• Environmental effects:  Habitat degradation/destruction. Visual & audio 
pollution (stroboscopic flicker, audio effects), ice throw. Endangering/ 
degrading biomass: bird/bat kill 2-3/(turbine & year). Insects (Germany: 
Mt/a), relatively unknown habitat effects.

• Efficiency of generation & transmission: operations/maintenance, limited 
life (<30a). Distance generation-consumption centers, transmission power 
losses, land for power lines.
 

• Dependence on critical minerals, metals
Large amounts of cement/steel, other resources.          

• Lack of domestic manufacturing basis for scaling x(5-10) deployment, lack 
of skilled manpower, special equipment for off-shore.

• Economics: High cost of financing, long time to license & build. Special 
barges for off-shore installation, expensive maintenance.

• Public attitudes mixed. NIMBY, high power transmission lines.
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