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ABSTRACT Complex terrain can concentrate the wind at a wind turbine. The concentration will
depend on the wind direction. As a consequence a turbine (pitch- or stall regulated) is expected to
have multiple power levels depending on the wind direction under such circumstances. These multiple
power levels are expected in particular below rated wind speed.

Introduction
About 15 years ago the first observations were made that wind turbines could have more than one
power level in apparently the same wind. The first publication on the phenomenon was made by
Madsen [1].
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At several turbine parks in
California one noticed different
power levels, of which the lowest
was about half the design-level, see
figure 1. The phenomenon, often
referred to as ‘Double Stall’ or
‘Multiple Stall’ demonstrates the
production losses (up to 25%) that
may be involved. Several initiatives
were taken to understand and solve
the problem, see for example the
paper of Dyrmose and Hansen [2],
the Joule project on Multiple Stall
[3] and the publication from Risœ
[4].
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figure 1 This figure shows an example of the power
Since the cause remained uncertain,
levels measured by Oak Creek Energy on a NEG Micon
we studied a 44m HAT at a
700/44. The cause of this behaviour was unknown.
Californian site as well. Here we
made an inventory of the hypotheses, yielding a list of 10 [5]. Our working hypothesis was ‘the Tip
Commands’[6], a model that seemed to give a good description of what might happen - but at the end
of the project we came up with the ‘the Insect Hypothesis’ [7], which was confirmed by three crucial
experiments.
At different sites and at different moment there can be different causes for multiple power levels. On
September 3rd 2000 we formulated the first possible cause not related to stall, it is described by the
Terrain Concentration Hypothesis. The Terrain Concentration Hypothesis is a possible cause of
multiple power levels, with the characteristic that the power is affected especially below rated wind
speed. The expected effect on the power curve (simulated in figure 2) is much different from the
observations in California. At this moment, we have no experimental confirmation for such
behaviour, we only have theoretical arguments that such curves may exist.
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The hypothesis assumes that in hilly
terrain, the surrounding of the
turbine can act as a concentrator,
and that this can lead to a nonunique relation between the wind
speed and the power.
To explain the hypothesis, we start
with a brief overview of the
principles of concentration as
described by de Vries 1979 [8]. A
concentrator is a static device (we
exclude tip vane like concentrators)
that influences the distribution of
hydrostatic and kinetic energy in the
flow. If the static pressure decreases
from p0 to p-, it follows with the
Bernoulli equation, that the speed at
the rotor increases with U+ relative
to the undisturbed speed U0.
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figure 2 In the terrain concentration model the
power is affected especially below rated power.

p0 + 12 ρU 02 = p − + 12 ρ (U 0 + U + ) 2 ,

(1)

where ρ is the density of air. So, when a wind turbine it located in the low pressure area, the wind
speed increases with respect to the undisturbed speed with U+. One may think that the turbine
therefore can extract a factor ((U0+U+)/U0)3 more energy, but then one forgets that the flow still has to
move away from the turbine. By doing so, it will slow down by opposing the pressure gradient. In fact
the increase of the kinetic energy per unit air mass, moving into the concentrator corresponds
precisely to the static pressure drop,
so also precisely this energy is
p,U
required to let the flow move out of
the low pressure area induced by the
U0
p
concentrator, see figure 3. In other
words, the increase of the kinetic
p0
p0
energy per unit air mass cannot be
UW
extracted, but more energy can be
extracted simply because the mass
1/2ρU 2
p0 ,U0
p + 1/2ρU 2
flow increased with a factor
p0 ,U0
(U0+U+)/U0.

p

x

Now we return to the Terrain
Concentrator hypothesis. When the
terrain around a turbine has such a
figure 3 The lapse of pressure and speed for a wind turbine
shape that it can act as a
and a concentrator.
concentrator, and, since the turbine
will turn with the wind and the
terrain will not, the concentration will depend on the wind direction. So at one wind direction the
terrain increases the mass flow and at another wind direction it won’t, see figure 4. An anemometer
nearby the turbine or on the nacelle cannot make a difference between those situations. And we, as
observers, not aware of the terrain concentration, do expect that the power P corresponds to (assuming
a power coefficient cp, and a swept area A) the wind speed indicated by the anemometer speed Ua, via
the relation
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P = c p 12 ρ AU a3 ,

U0

(2)

U+

U0

however the wind speed at the
anemometer
consisted
of
an
undisturbed wind speed and a
concentrator induced speed, Ua = U0
+U+, so the power that can be extracted
is in fact

Pc = c p 12 ρ AU 03

U0 + U+
and not
U0

P = c p 12 ρ A(U 0 + U + )3 .

(3)

Furthermore, the turbine is not designed
for the case of concentrated flow, it will
therefore operate (below rated) at a too
high induction. So it extracts too much
energy per unit air mass and may come
into the less efficient turbulent wake
state and as a consequence, extract even
less power.

figure 4 The terrain concentration hypothesis. The
wind speed measured on the nacelles of both turbines
are equal, but the turbine on the left-hand side can
extract less energy.

Estimate of the Effect
For an efficient ring-shaped concentrator U+ can be almost 2U0, for a terrain with concentrator
properties we expect a maximum of U+= ½U0. In that case the our turbine produces power
proportional to U03(U0+U+)/U0 =3/2U03, while we expect (3/2U0)3=27/8U03, which is a factor 2¼
higher. Or the obtained power can be about half the expected power. The situation in figure 2
corresponds to this ‘worst’ case. This mechanism is not restricted to stall turbines but will affect pitch
regulated turbines as well.
The geometric scale of pressure field induced by the concentrator relative to that induced by the
turbine is also important. When they are of the same scale the above analysis holds, when the
concentrator is of a much larger scale, so that entire pressure lapse induced by the turbine takes place
in the low pressure zone of the concentrator, then the power at the turbine increases with a third power
of (U0+U+). So the Terrain-Concentration hypothesis can have large influence on the power, but this
depends much on the relative size of the turbine compared to that of the concentrator and on the
efficiency of the terrain concerning its concentration properties.
Site Calibration
It is common practice (IEC 61400-12) to calibrate a future wind turbine site in complex terrain. The
procedure means that one measures both the wind speed at the locus of a fictive turbine and on a
metmast some distance away. Then one tries to find the function that predicts the first wind speed by
using the second. When this function is known for all wind directions, the site calibration is complete.
Subsequently the turbine is erected and the power is measured. This power is referred to an estimate
for the undisturbed wind speed at the locus of the turbine. This estimate is calculated with the function
obtained above together with the wind speed from the metmast.
In this procedure the possible effect of concentration is ignored, while it can be large. The estimate for
the undisturbed wind speed exists in general of a part that contributes to the power, proportional to a
third power and a part that contributes only in a linear sense. The partition depends again on the
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relative scales of the natural concentrator and the turbine and on the efficiency of concentration. Both
parameters are difficult to estimate in practice.
Measurement of the Effect
There may be options to measure the effect of concentration, for example by measuring the power as
a function of the wind speed with a ‘calibrated’ wind turbine, which we define as one with a known
power curve determined in flat terrain. The measurement of the static pressure drop is not a simple
option. If the undisturbed wind speed U is 10 m/s for example and concentration adds U+ = 5 m/s,
then the static pressure decreases with 80 Pa, which is less then 0.1% of atmospheric pressure.

Conclusions
The T errain–Concentration hypothesis, predicts multiple power levels even below rated power and
for both stall regulated and pitch regulated wind turbines. It predicts that the site calibration
procedures have no valid physical basis. The effect of concentration cannot be measured in a simple
manner, so measurement of a reliable power curve may demand flat terrain.
References
[1] Madsen, H.A., 'Aerodynamics of a Horizontal Axis Wind Turbine in Natural Conditions', Riso
M 2903 1991.
[2] Dyrmose, S.Z., Hansen, P.,'The Double Stall Phenomenon and how to avoid it', IEA Joint
Action Aerodynamics of Wind Turbines, Lyngby, December 3-4 1998.
[3] Snel, H.; Corten, G.P.; Dekker, J.W.M.; Boer, J.de; Chaviaropoulos, P.K., Voutsinas, S.,
'Progress in the Joule Project: Multiple Stall Levels', presented at the EUWEC conference,
March 1999, Nice, France.
[4] Bak, C., Madsen, H.A., Fuglsang, P., Rasmussen, F.,’Observations and Hypothesis of Double
Stall’, Wind Energy, Wiley, Vol 2, No 4 Oct-Dec 1999.
[5] Corten, G.P., ‘Insects Cause Double Stall’, ECN-CX—00-018, February 2000.
[6] Corten, G.P., 'The Tip Commands', ECN-RX--99-029, September 1999, presented at the
BWEA 21, 1-3 September 99, Cambridge, UK.
[7] Corten, G.P., 'Insects Cause Double Stall', 13th IEA symposion Nov. 29-30 1999, Stockholm.
[8] Vries, O. de ' Fluid Dynamic Aspects of Wind Energy Conversion' AGARD -AG-243, ISBN
92-835-1326-6, July 1979.
[9] Corten, G.P., ‘Terrain Concentration, a hypothesis for double stall’, September 19, 2000, ECNWind Memo –00-021.
Acknowledgement
The wishes to express his gratitude to prof. dr. ir, C.D. Andriesse of the University Utrecht for his
detailed checks of this analysis.

14th IEA symposion Dec. 4-5, 2000, NREL

Energy Extraction

