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Figure VL.4: distribution of measured wind
velocities at 10, 40, 80, 140 and 200 m,
and of 80-m wind velocity extrapolated from
10-m wind velocity (dashed line)

Figure VI.5: distribution of shear exponent
per meteorological season, determined
from 10-m and 80-m wind velocity

Vi.4.2  Shear and ground heat flux

Figure V1.6 shows how the shear exponent depends on the total heat flow to the ground for
two different height ranges: 10 — 80 m in the left panel, 40 — 140 m in the right panel. The
heat flow at Cabauw is determined from temperature measurements at different heights,
independent of wind velocity. Total heat flow is the sum of net radiation, latent and sensible
heat flow, and positive when incoming flow dominates. For heat flows above approximately
200 W/m® the shear exponent m is between 0 and 0.21, corresponding to an unstable
atmosphere, as expected. For low or negative (ground cooling) heat flows the range for m
increases, extending from -1 up to +1.7. These values include conditions with very low wind
velocities. If low wind velocities at 80 m height (Vg < 4 m/s, occurring for 19.7% of the time)
are excluded, with very few exceptions my g varies between 0 and 0.6, and My 140 varies
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Figure VL.6: shear exponent m from wind velocity gradient between 10 and 80 m (left)
and 40 and 140 m (tight) vs. total ground heat flow; grey circles: all data,
black dots: V80 > 4 m/s
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between -0.1 and +0.8. A negative exponent means wind velocity decreases with height. The
data show that below 80 m this occurs in situations with little wind (Vso <4 m/s), but at
greater heights also at higher wind velocities. In fact, V140 was lower than Vg for 7.5% of all
hours in 1987, of which almost half (3.1%) when Vg, was over 4 m/s. Such a decrease of wind
velocity with height occurs at the top of a ‘low level jet’ or nocturnal maximum: it occurs at
night when kinetic energy of low altitude air is transferred to higher altitudes.

For Vg, > 4 m/s both shear exponents (myo 80 and myg 140) are fairly strongly correlated
(correlation coefficient 0.85), showing that generally there is no appreciable change between
[0 m and 140 m. For low wind velocities (Vgo < 4 m/s) both shear exponents are less highly
correlated (c.c. 0.62).

Vi.4.3 Wind direction shear

When stability sets in the decoupling of layers of air also affects wind direction: the higher
altitude wind more readily follows geostrophic wind and therefore changes direction while
lower altitude winds are still influenced by the surface following the earth’s rotation. In the
left panel of figure 7 the change in wind direction at 80 m relative to 10 m is plotted as a
function of the shear exponent as a measure of stability. A positive change means a clockwise
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Figure V1.7: wind direction change between 10 and 80 m (left) and 40 and 140 m (right) vs.
shear exponent between same heights

change (veering wind) at increasing altitude. The left panel shows the wind direction change
from 40 to 140 m as a function of the shear exponent determined from the wind velocities at
these heights. In both cases the average change from m=0 to m=1 is 30° (best least squares
linear fit), but with a considerable variation (correlation coefficients are 0.44 and 0.29,
respectively).

VI.4.4  Prevalence of stability

In figure 8 the percentages are given that the atmosphere is unstable, neutral, stable or very
stable (as defined in table 1) for 1987 as a whole and per meteorological season. Prevalence is
given for heights from 10 and 80 m (upper panel figure 6) and for heights from 40 to 140 m
(lower panel). The upper panel is in fact a summation over the four ranges of the shear
exponent in figure 5. It appears that in autumn the atmosphere is most often stable, and least
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often unstable. In spring the opposite is true: instability occurs more often than stability.
Overall the atmosphere up to 80 m is unstable (m < 0.21) for 47% of the time and stable (m >
0.25) for 43% of the time. At higher altitudes (40 to 140 m) percentages are almost the same:
44% and 47%, respectively. This means that for most of the daytime hours the atmosphere is
unstable, and for most of the night time hours stable. For the rest of the time, 9 to 10% of the
time, the atmosphere is near neutral.

Climatological observations can put the Cabauw data in national perspective. In figure V1.9
the prevalence of Pasquill classes E and F (corresponding to approximately m > 0.33) are
given as observed at 12 meteorological stations all over the Netherlands over the period 1940
- 1970 [14], ordered according to yearly prevalence. Three of the four lowest values are from
coastal stations: Valkenburg is just behind the dunes on the Northsea coast, Vlissingen is at
the Westerschelde estuarium and Den Helder is on a peninsula between the Northsea and the
Waddensea. At Den Helder a stable atmosphere occurs for only 8% of the time per year,
whereas at both other coastal stations this is 13% to 16% and at the other landward stations
[5% to 20% of the time. At Cabauw a value of m > 0.33 occurs for 27% of the time, but this
is based on measurements, not on Pasquill classification.
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VLS. Results: effects on wind turbine performance

VL.5.1 Effect on power production

The effect of atmospheric stability can be investigated by applying the Cabauw data to a
reference wind turbine, the Vestas V80-2MW [Vestas 2003, Jorgensen 2002]. To calculate the
electric power P80 as a function of wind velocity Vy, at hub height the factory ‘105.1dB(A)"
highest power (‘hp’) curve is approximated with a fourth power polynome:
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Ph,hp = 0.0885-V,,' —8.352-V,* + 185.9-V,2 - 1272,5-V,, + 2897 kW (VL)

which is valid for 4 <V, < 14.3 m/s. V80-2.0 MW power curves
In figure V1.10 this fitted curve is

. 2200+
plotted as diamonds on top of the 2000..
manufacturer’s specification [Vestas 1808,

2003]. A fourth power relation is 16004:

convenient to fit to the curvature at 12 | 140p..

m/s where maximum power is 2200,

approached. For lower wind velocities g‘gg"

(Vi <11 m/s) the power curve can be  |5gq"

fitted with a third power (Ph = 400,

1.3-V},’) in agreement with the 20Q. 4

physical relation between wind power Ut . - |

and wind velocity. § 5 10,0 i B, % %
wosmmnen {1160 QB0 Xt ememmene 13000 o440 IR Y
et | [ V110 m— (07 ] 130N

For high wind velocities (>14.3 m/s;
2% of time) electric power is constant
at 2000 kW, for low wind velocities
(< 4 m/s; 20% of time) electric power
is set to zero. Electric power can thus be calculated from real wind velocities as measured
each half hour at 80 m height, or from 80-m wind velocities logarithmically extrapolated from
wind velocity at 10 m height. The result is plotted in figure VI.11 as an average power versus
time of day P80,hp (averages are over all hours in 1987 at each clock hour). Actual power
production appears to be more constant than estimated with extrapolations from 10-m wind
velocities. When using a logarithmic extrapolation, daytime power production is
overestimated, while night time power production is underestimated. The all year average is
plotted with large symbols at the right side of the graph in figure VI.11: 598 kW when based
on measured wind velocity or a 30% annual load factor, 495 kW when based on extrapolated
wind velocity or a 25% load factor.

Figure V1.10: Vestas V80 power curves (lines) vs. hub
height wind speed, and best fit to 105.1dB(A) curve
{(diamonds)

In figure 11 also the wind power is 1000 . ;

plotted when the turbine operates in —oP80,hp
the lowest ‘101.0dB(A)” power = 800 | —P80,Ip
curve (best fit Ph,Ip = 0.089-V,* + 2 P80,log
0.265-Vy, +43.1'Vi? - 3264V, + 5 » z
749 kW). The year average is now § 600 W
569 kW, corresponding to a 28% o '

annual load factor. The 4 dB lower 3 400

sound level setting thus means that fg’>

yearly power production has o 200

decreased to a factor 0.94. P ;

In the calculations it was implicitly ol - -
assumed that the wind velocity 0:00 6:00 12:00 18:00 0:00
gradient over the rotor was the clock time (GMT)

same as at the time the power
production was determined as a
function of hub height wind

Figure VI.11: hourly averaged real and estimated wind
power at 80 m height per clock hour in 1987
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velocity. In stable conditions however, the higher wind gradient causes a non-optimal angle of
attack at the blade tips when the tips travel far below and above the hub. This will involve
some loss, which is not determined here.

VL.5.2  Effect on sound production

Figure VI.12 shows ‘theoretical’ sound power levels for the Vestas turbine [Vestas 2003,
Jorgensen 2002]; in fact for Vi, > 8 m/s measured levels are somewhat less, for Vi, > 8 m/s
somewhat higher [Jorgensen 2002]}. To calculate the sound power level Ly as a function of
hub height wind velocity V), the factory ‘105.1dB(AY power curve is approximated with a
fourth power polynome:

Lw = -0.0023-Vy* + 0.146-V,,* - 2.82-V,2 + 22.6-V,, + 39.5 dB(A) (VL.2)
for 4 <V, < 12 m/s and 107 dB(A) for V,, .

> 12 m/s. In figure V1.13 the result per o Wind/sound -
clock hour is plotted when using actual - —- "
and extrapolated (from 10 m) wind b2 S S
velocities. Averaged over the same hours | - » 7 ol
over all 1987 sound power level in SR o3
daytime is overestimated by appr. 0.5dB, | ™ — "
but at night underestimated by appr. 1.5 : T : E
dB. In the “101.0dB(A)’ low power curve v

setting (with a best fourth power LT .
polynomal fit Ly = -0.022-V,,* + L B E
0.781-Vy’ - 9.98-V? + 553V - 12.3 i e

dB(A)) sound power levels are 3 dB T T e e

lower. .

The year averages do not show the hourly Fllgl;.rg d\g(llf), Z;j::rs c\:lf\(/)esz)c‘ilig?ngﬁ:i‘;e;?g:)pfr
dlffCI:CﬂCC:S between ?Ctual and line) and “105.1dB(A)" power curve (circles), and
logarithmically predicted sound power speed of rotation (lower line) vs. hub height wind
levels. This is shown in figure VI.14 for :

two days each in January and July 1987 (also shown in figure VI.2) where actual and
predicted half-hour sound power levels

, , 108 (- -

are plotted as a function of 10-m wind | —e—lw  105dBA .
velocity. On both winter days and at wind Lwlog 105dBA
o 106 R 101dBA
velocities Vig > 5.5 m/s actual sound " Lw jog 101BA

power agree within 1 dB with the
predicted sound power, but at lower 10-m
wind velocities actual levels are rather
higher for most of the time. On both
summer days 10-m wind velocities are
lower than in winter, but sound power
level is more often higher than predicted
and can reach near maximum levels even 98 ‘
at very low (2.5 m/s) 10-m wind 000 sfoglock ﬁng:?%MT) 18:00 0:00
velocities (when at ground level people :

will probably feel no wind at all). In these
conditions residents in a quiet area will
perceive the highest contrast: hardly or no

|
|

102

100 -

average sound power level dB(A)

i

Figure V1.13: hourly averaged real and estimated
(log) sound power level at “105.1dB(A)’ and
‘101.0dB(A)’ power curve settings
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