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Wind auf See in der Deutschen Bucht

REF (0 WECs, 0 GW)  SC1 (12/2015, 688 WECs, 2.9 GW)  SC2 (12/2017, 1930 WECs, 9.3 GW)
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Fluktuierende Windfelder

•Mesoscale modelling strategy allows to look at time instances as 
well

•Coriolis force (and even the change of the Coriolis force) have a 
strong impact on the wind field in these large scales

•Engineering models for the simulation of large scale wind farm 
cluster wakes do need to account for this!

Instantaneous wind field at hub height (SC1) on 28.10.2011 – 03:00 UTC during southwesterly winds
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Reduzierung der mittleren Windgeschwindigkeit durch Windparks
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Limitierungen in der Genauigkeit
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Windparkregelung durch Schubanpassung?

 
 
 
 
 
 

3.3.  Distance effect of Heat and Flux results 
The in-row distance of an array has a large effect on the benefit of the Heat and Flux concept. To 
investigate this effect, the results of configurations 30000 and 00000 are compared for different 
spacing between the turbines. The Weibull probability function is used to average the results for all 
wind speeds. 
 

 
Figure 4: Heat and Flux effect on different row lengths and turbulence intensities 

     
     The profitable range of the Heat and Flux concept is limited to a maximum turbine spacing of 7D 
and a maximum ambient turbulence intensity of 13%. 
 
3.4.  Array length effect 
The array length (the number of turbines in a row) has an influence on the effect of the Heat and Flux 
concept, as confirmed in the work of C. van Gestel (2010). The reason is obviously due to the change 
in the wind profile that passes the most upwind turbine in the row because of the pitched blades. 
Hence all the successive downwind turbines are exposed to higher wind speeds and thus produce more 
power. Beneath, the results of the computations ran in FarmFlow are presented to visualize this 
influence. The free stream turbulence intensity is 9%, as in the previous simulations for the EWTW 
test farm. 
 

 
Figure 5: Average power productions of the turbines in a row of ten units with NO and Heat and Flux 

settings 
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of the statistical meandering wake model. Its application to the yaw-angle optimisation of
wind-farm power is presented in Section 3. An outlook is given in Section 4.

!
Figure 1. Narrow SMWM meandering
wake (dark blue) and broad time-averaged
JWM wake (light blue).

2. Statistical meandering wake model
The Jensen wake model [1]uses a linear expansion Rwake(x) = R + kx of the wake produced
by an upwind turbine with radius R. The wake parameter k represents the cone opening. We
adopt the standard value k = 0.04 for the description of offshore wind farms. A downwind
turbine, which is placed at the downwind distance x with a lateral displacement D from the
wake centreline (see Figure 2), experiences an effective wind speed v(x,D) corresponding to the
relative deficit

δ(x,D) =
u− v(x,D)

u
=

2/3
(

1 + kx
R

)2

Aoverlap

πR2
(1)

with respect to the free wind speed u, where Aoverlap represents the overlap area between the
wake disc and the rotor disc. The downwind turbine generates the power

Pdownwind(x,D) =
ρπR2

2
Cpv(x,D)3 . (2)

Its dependence on the downwind distance is illustrated as the grey curve in Figure 3; the Betz
optimum Cp = 16/27 is used for the power coefficient.

Due to the observed wake meandering [2], the rather broad Jensen wake profile should
be interpreted as an ensemble (or time) average over randomly displaced very narrow wakes.
See again Figures 1 and 2. The meandering wakes are assumed to be very narrow and are
described by a wake parameter kmeander = 0.0001, which is much smaller than the Jensen
wake parameter. Larger, maybe more physical values of kmeander are not discussed in this
contribution. The displacement is described by a random azimutal angle ζ, which is drawn
from a uniform distribution, and a random radial distance r = x tanϕ. The second angle is
drawn from a Gaussian-mixture distribution p(ϕ ≥ 0) = N(µ,σ)+N(−µ,σ), with µ = arctan k
being identical to the opening angle of the broad Jensen wake and σ = 1.65µ. These parameter
settings have been found to best describe the average power generation of the downwind turbine.
The downwind turbine’s power generation is at first determined analogously to Equations (1)
and (2) for each random displacement described by ζ and ϕ, and then averaged over all possible
displacements. Figure 3 compares the outcome with the power generation calculated from the
standard Jensen model. The agreement holds over an extended range of downwind distances.

So far the Statistical Meandering Wake Model has been tested and calibrated for a two-
turbine configuration. A further and more stringent test is to examine its performance for a
large wind farm without a parameter recalibration. The Nysted wind farm is chosen as example.
Its layout is illustrated in Figure 4. The wind turbines are facing multiple wake interactions.
These are described by the Katic wake superposition [3]

δ2i (θ) =
∑

i ̸=j

δ2ij(θ) , (3)
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Figure 2. Overlaps between the rotor disc
of the downwind turbine (red), the broad
Jensen wake (light blue) and the narrow
meandering wake (dark blue).
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Figure 3. Dependence of the downwind
turbine’s power generation as a function
of the downwind distance according to the
Jensen wake model (grey) and the aver-
aged Statistical Meandering Wake Model
(black, denoted as NMW). The lateral dis-
placement, the rotor-disc radius and the free
upwind speed have been set to D = 0m,
R = 41.2m and u = 7m/s.

where δi is the resulting overall velocity deficit at turbine i and δij is the velocity deficit as if only
turbine j is present in the wind stream upwind from turbine j. The velocity deficit δi depends on
the wind direction and, in case of the Statistical Meandering Wake Model, also on the random
displacement angles ζj and ϕj of the respective upwind turbines. Insertion of Equation (3) into
(2) and summing over all turbines results in the total wind farm power Pfarm(u, θ). In case of
the SMWM the total wind farm power also needs to be averaged over all possible sets of random
displacements, which are assumed to be statistically independent from each other. The wind
farm efficiency

ηfarm(θ) =
Pfarm(u, θ)

N ρπR2

2
16
27
u3

=
1

N

N
∑

i=1

(1− δi(θ))
3 (4)

compares the total wind farm power to the total power of N single wind turbines standing in
free wind. Figure 5 illustrates the wind farm efficiency obtained from the standard Jensen wake
model and from the Statistical Meandering Wake Model. For all wind directions the agreement
is good. This result is quite remarkable since the SMWM parameters have not been recalibrated.

3. Application to yaw-angle optimisation of wind farms
The yaw-angle optimisation of wind farms is a recent topic of interest [4]. With a variable non-
zero yaw angle a wind turbine will on the one hand loose some power, but on the other hand
it is then able to deflect its wake away from the downwind turbines [5], so that those will be
able to face stronger intra-farm winds and to generate more power. The reduced power (2) of a
yawed turbine is described by a modified power coefficient

Cp(γ) =
16

27
cosη γ , (5)

where γ represents the yaw angle. We adopt the exponent η = 1.88 from [4], but other values
like η = 2 and η = 3 have also been discussed in the literature. Further following [4], the lateral
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where δi is the resulting overall velocity deficit at turbine i and δij is the velocity deficit as if only
turbine j is present in the wind stream upwind from turbine j. The velocity deficit δi depends on
the wind direction and, in case of the Statistical Meandering Wake Model, also on the random
displacement angles ζj and ϕj of the respective upwind turbines. Insertion of Equation (3) into
(2) and summing over all turbines results in the total wind farm power Pfarm(u, θ). In case of
the SMWM the total wind farm power also needs to be averaged over all possible sets of random
displacements, which are assumed to be statistically independent from each other. The wind
farm efficiency

ηfarm(θ) =
Pfarm(u, θ)

N ρπR2

2
16
27
u3

=
1

N

N
∑

i=1

(1− δi(θ))
3 (4)

compares the total wind farm power to the total power of N single wind turbines standing in
free wind. Figure 5 illustrates the wind farm efficiency obtained from the standard Jensen wake
model and from the Statistical Meandering Wake Model. For all wind directions the agreement
is good. This result is quite remarkable since the SMWM parameters have not been recalibrated.

3. Application to yaw-angle optimisation of wind farms
The yaw-angle optimisation of wind farms is a recent topic of interest [4]. With a variable non-
zero yaw angle a wind turbine will on the one hand loose some power, but on the other hand
it is then able to deflect its wake away from the downwind turbines [5], so that those will be
able to face stronger intra-farm winds and to generate more power. The reduced power (2) of a
yawed turbine is described by a modified power coefficient

Cp(γ) =
16

27
cosη γ , (5)

where γ represents the yaw angle. We adopt the exponent η = 1.88 from [4], but other values
like η = 2 and η = 3 have also been discussed in the literature. Further following [4], the lateral
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of the statistical meandering wake model. Its application to the yaw-angle optimisation of
wind-farm power is presented in Section 3. An outlook is given in Section 4.
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Figure 1. Narrow SMWM meandering
wake (dark blue) and broad time-averaged
JWM wake (light blue).

2. Statistical meandering wake model
The Jensen wake model [1]uses a linear expansion Rwake(x) = R + kx of the wake produced
by an upwind turbine with radius R. The wake parameter k represents the cone opening. We
adopt the standard value k = 0.04 for the description of offshore wind farms. A downwind
turbine, which is placed at the downwind distance x with a lateral displacement D from the
wake centreline (see Figure 2), experiences an effective wind speed v(x,D) corresponding to the
relative deficit

δ(x,D) =
u− v(x,D)

u
=

2/3
(

1 + kx
R

)2

Aoverlap

πR2
(1)

with respect to the free wind speed u, where Aoverlap represents the overlap area between the
wake disc and the rotor disc. The downwind turbine generates the power

Pdownwind(x,D) =
ρπR2

2
Cpv(x,D)3 . (2)

Its dependence on the downwind distance is illustrated as the grey curve in Figure 3; the Betz
optimum Cp = 16/27 is used for the power coefficient.

Due to the observed wake meandering [2], the rather broad Jensen wake profile should
be interpreted as an ensemble (or time) average over randomly displaced very narrow wakes.
See again Figures 1 and 2. The meandering wakes are assumed to be very narrow and are
described by a wake parameter kmeander = 0.0001, which is much smaller than the Jensen
wake parameter. Larger, maybe more physical values of kmeander are not discussed in this
contribution. The displacement is described by a random azimutal angle ζ, which is drawn
from a uniform distribution, and a random radial distance r = x tanϕ. The second angle is
drawn from a Gaussian-mixture distribution p(ϕ ≥ 0) = N(µ,σ)+N(−µ,σ), with µ = arctan k
being identical to the opening angle of the broad Jensen wake and σ = 1.65µ. These parameter
settings have been found to best describe the average power generation of the downwind turbine.
The downwind turbine’s power generation is at first determined analogously to Equations (1)
and (2) for each random displacement described by ζ and ϕ, and then averaged over all possible
displacements. Figure 3 compares the outcome with the power generation calculated from the
standard Jensen model. The agreement holds over an extended range of downwind distances.

So far the Statistical Meandering Wake Model has been tested and calibrated for a two-
turbine configuration. A further and more stringent test is to examine its performance for a
large wind farm without a parameter recalibration. The Nysted wind farm is chosen as example.
Its layout is illustrated in Figure 4. The wind turbines are facing multiple wake interactions.
These are described by the Katic wake superposition [3]

δ2i (θ) =
∑

i ̸=j

δ2ij(θ) , (3)
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Figure 3. Dependence of the downwind
turbine’s power generation as a function
of the downwind distance according to the
Jensen wake model (grey) and the aver-
aged Statistical Meandering Wake Model
(black, denoted as NMW). The lateral dis-
placement, the rotor-disc radius and the free
upwind speed have been set to D = 0m,
R = 41.2m and u = 7m/s.

where δi is the resulting overall velocity deficit at turbine i and δij is the velocity deficit as if only
turbine j is present in the wind stream upwind from turbine j. The velocity deficit δi depends on
the wind direction and, in case of the Statistical Meandering Wake Model, also on the random
displacement angles ζj and ϕj of the respective upwind turbines. Insertion of Equation (3) into
(2) and summing over all turbines results in the total wind farm power Pfarm(u, θ). In case of
the SMWM the total wind farm power also needs to be averaged over all possible sets of random
displacements, which are assumed to be statistically independent from each other. The wind
farm efficiency

ηfarm(θ) =
Pfarm(u, θ)

N ρπR2

2
16
27
u3

=
1

N

N
∑

i=1

(1− δi(θ))
3 (4)

compares the total wind farm power to the total power of N single wind turbines standing in
free wind. Figure 5 illustrates the wind farm efficiency obtained from the standard Jensen wake
model and from the Statistical Meandering Wake Model. For all wind directions the agreement
is good. This result is quite remarkable since the SMWM parameters have not been recalibrated.

3. Application to yaw-angle optimisation of wind farms
The yaw-angle optimisation of wind farms is a recent topic of interest [4]. With a variable non-
zero yaw angle a wind turbine will on the one hand loose some power, but on the other hand
it is then able to deflect its wake away from the downwind turbines [5], so that those will be
able to face stronger intra-farm winds and to generate more power. The reduced power (2) of a
yawed turbine is described by a modified power coefficient

Cp(γ) =
16

27
cosη γ , (5)

where γ represents the yaw angle. We adopt the exponent η = 1.88 from [4], but other values
like η = 2 and η = 3 have also been discussed in the literature. Further following [4], the lateral
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where δi is the resulting overall velocity deficit at turbine i and δij is the velocity deficit as if only
turbine j is present in the wind stream upwind from turbine j. The velocity deficit δi depends on
the wind direction and, in case of the Statistical Meandering Wake Model, also on the random
displacement angles ζj and ϕj of the respective upwind turbines. Insertion of Equation (3) into
(2) and summing over all turbines results in the total wind farm power Pfarm(u, θ). In case of
the SMWM the total wind farm power also needs to be averaged over all possible sets of random
displacements, which are assumed to be statistically independent from each other. The wind
farm efficiency

ηfarm(θ) =
Pfarm(u, θ)

N ρπR2

2
16
27
u3

=
1

N

N
∑

i=1

(1− δi(θ))
3 (4)

compares the total wind farm power to the total power of N single wind turbines standing in
free wind. Figure 5 illustrates the wind farm efficiency obtained from the standard Jensen wake
model and from the Statistical Meandering Wake Model. For all wind directions the agreement
is good. This result is quite remarkable since the SMWM parameters have not been recalibrated.

3. Application to yaw-angle optimisation of wind farms
The yaw-angle optimisation of wind farms is a recent topic of interest [4]. With a variable non-
zero yaw angle a wind turbine will on the one hand loose some power, but on the other hand
it is then able to deflect its wake away from the downwind turbines [5], so that those will be
able to face stronger intra-farm winds and to generate more power. The reduced power (2) of a
yawed turbine is described by a modified power coefficient

Cp(γ) =
16

27
cosη γ , (5)

where γ represents the yaw angle. We adopt the exponent η = 1.88 from [4], but other values
like η = 2 and η = 3 have also been discussed in the literature. Further following [4], the lateral
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of the statistical meandering wake model. Its application to the yaw-angle optimisation of
wind-farm power is presented in Section 3. An outlook is given in Section 4.
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Figure 1. Narrow SMWM meandering
wake (dark blue) and broad time-averaged
JWM wake (light blue).

2. Statistical meandering wake model
The Jensen wake model [1]uses a linear expansion Rwake(x) = R + kx of the wake produced
by an upwind turbine with radius R. The wake parameter k represents the cone opening. We
adopt the standard value k = 0.04 for the description of offshore wind farms. A downwind
turbine, which is placed at the downwind distance x with a lateral displacement D from the
wake centreline (see Figure 2), experiences an effective wind speed v(x,D) corresponding to the
relative deficit

δ(x,D) =
u− v(x,D)

u
=

2/3
(

1 + kx
R

)2

Aoverlap

πR2
(1)

with respect to the free wind speed u, where Aoverlap represents the overlap area between the
wake disc and the rotor disc. The downwind turbine generates the power

Pdownwind(x,D) =
ρπR2

2
Cpv(x,D)3 . (2)

Its dependence on the downwind distance is illustrated as the grey curve in Figure 3; the Betz
optimum Cp = 16/27 is used for the power coefficient.

Due to the observed wake meandering [2], the rather broad Jensen wake profile should
be interpreted as an ensemble (or time) average over randomly displaced very narrow wakes.
See again Figures 1 and 2. The meandering wakes are assumed to be very narrow and are
described by a wake parameter kmeander = 0.0001, which is much smaller than the Jensen
wake parameter. Larger, maybe more physical values of kmeander are not discussed in this
contribution. The displacement is described by a random azimutal angle ζ, which is drawn
from a uniform distribution, and a random radial distance r = x tanϕ. The second angle is
drawn from a Gaussian-mixture distribution p(ϕ ≥ 0) = N(µ,σ)+N(−µ,σ), with µ = arctan k
being identical to the opening angle of the broad Jensen wake and σ = 1.65µ. These parameter
settings have been found to best describe the average power generation of the downwind turbine.
The downwind turbine’s power generation is at first determined analogously to Equations (1)
and (2) for each random displacement described by ζ and ϕ, and then averaged over all possible
displacements. Figure 3 compares the outcome with the power generation calculated from the
standard Jensen model. The agreement holds over an extended range of downwind distances.

So far the Statistical Meandering Wake Model has been tested and calibrated for a two-
turbine configuration. A further and more stringent test is to examine its performance for a
large wind farm without a parameter recalibration. The Nysted wind farm is chosen as example.
Its layout is illustrated in Figure 4. The wind turbines are facing multiple wake interactions.
These are described by the Katic wake superposition [3]

δ2i (θ) =
∑

i ̸=j

δ2ij(θ) , (3)
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where δi is the resulting overall velocity deficit at turbine i and δij is the velocity deficit as if only
turbine j is present in the wind stream upwind from turbine j. The velocity deficit δi depends on
the wind direction and, in case of the Statistical Meandering Wake Model, also on the random
displacement angles ζj and ϕj of the respective upwind turbines. Insertion of Equation (3) into
(2) and summing over all turbines results in the total wind farm power Pfarm(u, θ). In case of
the SMWM the total wind farm power also needs to be averaged over all possible sets of random
displacements, which are assumed to be statistically independent from each other. The wind
farm efficiency

ηfarm(θ) =
Pfarm(u, θ)

N ρπR2

2
16
27
u3

=
1

N

N
∑

i=1

(1− δi(θ))
3 (4)

compares the total wind farm power to the total power of N single wind turbines standing in
free wind. Figure 5 illustrates the wind farm efficiency obtained from the standard Jensen wake
model and from the Statistical Meandering Wake Model. For all wind directions the agreement
is good. This result is quite remarkable since the SMWM parameters have not been recalibrated.

3. Application to yaw-angle optimisation of wind farms
The yaw-angle optimisation of wind farms is a recent topic of interest [4]. With a variable non-
zero yaw angle a wind turbine will on the one hand loose some power, but on the other hand
it is then able to deflect its wake away from the downwind turbines [5], so that those will be
able to face stronger intra-farm winds and to generate more power. The reduced power (2) of a
yawed turbine is described by a modified power coefficient

Cp(γ) =
16

27
cosη γ , (5)

where γ represents the yaw angle. We adopt the exponent η = 1.88 from [4], but other values
like η = 2 and η = 3 have also been discussed in the literature. Further following [4], the lateral
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where δi is the resulting overall velocity deficit at turbine i and δij is the velocity deficit as if only
turbine j is present in the wind stream upwind from turbine j. The velocity deficit δi depends on
the wind direction and, in case of the Statistical Meandering Wake Model, also on the random
displacement angles ζj and ϕj of the respective upwind turbines. Insertion of Equation (3) into
(2) and summing over all turbines results in the total wind farm power Pfarm(u, θ). In case of
the SMWM the total wind farm power also needs to be averaged over all possible sets of random
displacements, which are assumed to be statistically independent from each other. The wind
farm efficiency

ηfarm(θ) =
Pfarm(u, θ)

N ρπR2

2
16
27
u3

=
1

N

N
∑

i=1

(1− δi(θ))
3 (4)

compares the total wind farm power to the total power of N single wind turbines standing in
free wind. Figure 5 illustrates the wind farm efficiency obtained from the standard Jensen wake
model and from the Statistical Meandering Wake Model. For all wind directions the agreement
is good. This result is quite remarkable since the SMWM parameters have not been recalibrated.

3. Application to yaw-angle optimisation of wind farms
The yaw-angle optimisation of wind farms is a recent topic of interest [4]. With a variable non-
zero yaw angle a wind turbine will on the one hand loose some power, but on the other hand
it is then able to deflect its wake away from the downwind turbines [5], so that those will be
able to face stronger intra-farm winds and to generate more power. The reduced power (2) of a
yawed turbine is described by a modified power coefficient

Cp(γ) =
16

27
cosη γ , (5)

where γ represents the yaw angle. We adopt the exponent η = 1.88 from [4], but other values
like η = 2 and η = 3 have also been discussed in the literature. Further following [4], the lateral
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Ablenkung des Nachlaufs durch Schiefstellung



© ForWind

Nachlaufablenkung in der Anwendung

245°



© ForWind

Nachlaufablenkung in der Anwendung

260°



© ForWind

Nachlaufablenkung in der Anwendung

267°



© ForWind

Nachlaufablenkung in der Anwendung

272°



© ForWind

Ertragssteigerung ohne Nachteile auf der Lastenseite

272°



© ForWind

 

Robuste Optimierung

272°

 



© ForWind

Anwendung auf einen 3 x 3 Windpark

 

 



© ForWind

Aber: Die Schichtung der unteren Atmosphäre hat einen erheblichen Einfluss
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