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Simulating low-frequency wind fluctuations

Abdul Haseeb Syed' and Jakob Mann!
'Department of Wind and Energy Systems, Technical University of Denmark, 4000 Roskilde, Denmark
Correspondence: Abdul Haseeb Syed (absy @dtu.dk)

Abstract. Large-scale flow structures are vital in influencing the dynamic response of floating wind turbines and wake me-
andering behind large offshore wind turbines. It is imperative that we develop an inflow wind turbulence model capable of
replicating the large-scale and low-frequency wind fluctuations occurring in the marine atmosphere since the current turbu-
lence models do not account well for this phenomenon. Here, we present a method to simulate low-frequency wind fluctua-
tions. This method employs the two-dimensional spectral tensor for low-frequency, anisotropic wind fluctuations presented by
Syed and Mann (2024) to generate stochastic wind fields. The simulation method generates large-scale 2D spatial wind fields
for the longitudinal u and lateral v wind components, which can be converted into a frequency domain using Taylor’s frozen
turbulence hypothesis. The low-frequency wind turbulence is assumed to be independent of the high-frequency turbulencethus
; thus, a broad spectral representation can be obtained just by superposing the two turbulent wind fields. The method is tested
by comparing the simulated and theoretical spectra and co-coherences of the combined low- and high-frequency fluctuations.
Furthermore, the low-frequency wind fluctuations can also be subjected to anisotropy. The resulting wind fields from this
method can be used to analyze the impact of low-frequency wind fluctuations on wind turbine loads and dynamic response and

forstudying-to study the wake meandering behind large offshore wind farms.

1 Introduction

Several models are available for generating high-frequency wind fluctuations within a three-dimensional space. These mod-
els can generate realistic wind fields that can be used for load estimation on structures such as bridges, wind turbines, and
buildings. For wind turbine design and load calculations, the International Electrotechnical Commission (IEC) standards (IEC,
2019) recommend two commonly used models: the Mann uniform shear model (Mann, 1994, 1998) and Kaimal spectral and
coherence model (Kaimal et al., 1972; Veers, 1988). A notable advantage of these two models is simulating realistic small-scale
turbulence without exorbitant computational time and resources. In contrast, Large Eddy Simulation (LES) or other numerical
solutions of the Navier-Stokes equations have proven to be computationally expensive and unfeasible for the wind turbine
design process.

While high-frequency fluctuations have more influence on the stresses and fatigue loads experienced by the blades and tower
of a wind turbine, low-frequency fluctuations can have-a-significant-effect-on-significantly affect the overall energy production
and capacity factor of a wind farm. In the context of floating offshore wind turbines, low-frequency wind fluctuations may be of

significant importance in terms of dynamic response and loading since these structures can have very low natural frequencies
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(Nybg et al., 2022). Low-frequency fluctuations are also crucial for the-meandering-ef-meandering wakes behind wind farms,
which-affeet-affecting power fluctuations and dynamic loads. The dynamic wake meandering model of Larsen et al. (2008)
uses the low-frequency turbulence to move the wake deficit, but it uses a normal turbulence spectrum that does not take into
account the excess power spectral energy at low frequencies often seen offshore (Sathe et al., 2013; De Maré and Mann, 2014;
Cheynet et al., 2018). Thus, we need a fast method for simulating realistic low-frequency wind fluctuations that are-realistie
and-can be easily integrated with high-frequency wind fields to get a comprehensive spectral range representation.

Here, we present a method for simulating low-frequency wind fluctuations based on the two-dimensional spectral tensor
introduced in Syed and Mann (2024). At low frequencies, only the longitudinal (u) and lateral (v) wind components have
strong fluctuations since, at least close to the ground, the presence of the land or sea blocks the vertical large-scale movements.
Thus, the vertical wind (w) fluctuations at low frequencies attenuate or weaken considerably, rendering the turbulence two-
dimensional (2D). The 2D turbulence model only describes the « and v fluctuations in the low-frequency range and assumes
that these fluctuations do not vary in the vertical direction. The algorithm to generate stochastic wind fields from the 2D
turbulence model is similar to the one described in Mann (1998). The 2D wind field is represented as a discrete Fourier series,
which takes the mean squared amplitude of the Fourier coefficients from the 2D spectral model. These coefficients are then
multiplied by a random Gaussian field. Subsequently, the resulting product’s inverse discrete Fourier transform yields the
stochastic wind field.

Section 2 of this paper describes the low-frequency, 2D turbulence model, along with model validation details. Section 3
outlines the process for simulating 2D wind fields containing 2D turbulence. Section 4 describes the-preeess-ef-combining 2D
and 3D wind fluctuations to create turbulence boxes that represent a wide spectral range. Finally, a discussion regarding the
effect of anisotropy on the 2D turbulence and some basic guidelines to generate 2D wind fields for the wind turbine design

load process is presented in Section 5.

2 Low-frequency turbulence model

The two-dimensional, incompressible, and isotropic turbulence has the spectral tensor form of (Batchelor, 1953)
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where E(k) is the energy spectrum, k is the magnitude of the horizontal wave vector k =jkj =" k% + k3 and djj is the
Kronecker delta. The assumption of incompressibility is an approximation. Alcayaga et al. (2022) observe some divergence in

a horizontal plane at wind turbine relevant heights. We assume that the energy spectrum is given by
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where c is a constant and a scaling parameter, and Lyp is the corresponding length scale of low-frequency fluctuations. This

particular shape of (2) is inspired by the von Kdrman (1948) spectra. The variance of any horizontal velocity component can
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Due to isotropy, the variance is the same for both wind components. Now, let us introduce scale-independent anisotropy in the

Lo P
energy spectrum. We replace the horizontal wave vector k = jkj = k% + k3 with x where
k% =2(k? cos? 1) + k5 sin® 1)) 4)

and 0 < 1 < /2 is the anisotropy parameter. Now, the energy spectrum with anisotropy parameter takes the form of
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When ¢ = /4, k = k and (5) takes the form in (2). By inserting FE'(«) into (1) we can obtain two-point cross spectra Xisz and

one-point spectra F3° using
yAS

Xi (ky, 9) = dij(ka,ka)exp( ke y)dka (6)
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where FﬁD(kl) = Xisz (k1,0) is the one-point cross- or auto-spectrum depending on whether the component indices 7 and j are

different or equal. The anisotropy parameter 1) determines the spectral distortion in the wavenumber domain and the spectrum

magnitudes of longitudinal and transverse wind components. When the 2D turbulence is isotropic (¢ = 7 /4), F2P = %FZZZD in

the k; >=3 range. For the anisotropic cases, the ratio can be found using
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The anisotro arameter can be obtained from measured spectra at frequencies below 10 3 Hz. As observed from the
analysis of real offshore measurements in Syed and Mann (2024), the subrange below f < 10 3 Hz follows a S )/ 5=3

relation, where S is the velocity spectrum in terms of frequency. Thus, ¢ can be evaluated as:
S |
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for f <10 3 Hz, corresponding to fluctuations with a period longer than approximately 16 minutes. The energy spectrum

must be attenuated at the wavenumbers corresponding to small-scale 3D turbulence. This is necessary because we assume that
low-frequency fluctuations are independent of high-frequency fluctuations, and at very high wavenumbers-wavenumber, only
small-scale 3D turbulence is present. This high wavenumbers range is referred to as the inertial subrange. The turbulence is
isotropic in this range and follows a power law (Pope, 2000). For practical reasons, we attenuate the low-frequency turbulence

at wavenumbers higher than 1/z; where zj is the boundary-layer height. This implies that any eddy having-with a length scale
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smaller than the boundary-layer height would selely-be-considered-as-be considered 3D turbulence. The attenuated E'(x) can
be defined as

ek 1
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Here, the attenuation factor 1/(1+ x22?) is an activation function that ensures the energy spectrum smoothly drops to zero for
wavenumbers greater than 1/z;. This drop is accelerated due to an increased negative slope of the spectrum for x > 1/zj, i.e.,
E(k) / & 73, Sigmoid functions such as a hyperbolic tangent or a logistic function can also be used as an attenuation factor.

From (6) we can obtain F3° as following
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where

a=1+2k?L35cos?(1) ,
b=1+2k%27cos?(¢) ,
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is the Gamma function and , F is the hypergeometric function. The two-point cross spectra x32 (k1, %) and X35 (k1, v)
for the attenuated energy spectrum in (9) to our knowledge do not have any analytical solution but can be obtained through

numerical integration techniques. An example of F71 with and without attenuation at high wavenumbers is shown in Fig. 1.

It is important to note that although this model utilizes the wavenumber information to generate a spatial field containin,
large-scale fluctuations, Taylor’s frozen turbulence hypothesis can be used to sweep the spatial field into a frequency domain.
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Figure 1. Effect of attenuation at high wavenumbers on F11 spectrum. Here the model parameters are: Lop = 20 km, z; = 500 m, and
=43

More intricate models, such as those presented by Wilczek et al. (2015) and de Maré and Mann (2016), characterize spatio-temporal
turbulence structures as a function of both wavenumber and frequency. However, for the sake of simplicity, the model presented

here disregards the temporal variation or distortion of eddies.
The 2D turbulence model (Syed and Mann, 2024) combined with the Mann Uniform Shear model for 3D turbulence was

105 validated against measurements from two offshore sites: 10 Hz ultrasonic measurements from FINO1 research platform in the
North Sea and line-of-sight (LOS) wind measurements from a forward-looking nacelle lidar in the Hywind Scotland offshore
wind farm. A good agreement was recorded between observed and predicted auto-spectra, cross-spectra, and co-coherences.
The measured data was classified into different atmospheric stability classes, and it was found that for a 1-hr time series, the
low-frequency fluctuations existed in all stability classes. AlbeitHowever, the relative strength of 2D turbulence, compared

110 to 3D turbulence, was more dominant during stable stratification. For the 1-hr time series, the mesoscale turbulence peak
corresponding to Lop was also not observed. The-At both sites, the low-frequency turbulence was in the F'(k) /Z k; >=3 rangeat
beth-sites. For the FINOI site, the measured value of 1) was close to 45 in the low-frequency range, representing isotropic 2D
turbulence. At Hywind Scotland, we observed ¢ < 40 reflecting the anisotropy in the 2D turbulence.

In summary, the low-frequency turbulence model has four input parameters:
115 1. o35 the variance exhibited by low-frequency fluctuations (excluding the attenuation),
2. Lyp the length scale corresponding to the peak of mesoscale turbulence,

3. 1 the anisotropy parameter, and
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4. z; the attenuation length, which is assumed to be the boundary layer height.

3 2D wind eld simulation

Here, wewill—follow the recipe of Mann (1998) to simulate low-frequency, anisotropic wind elds. The 2D turbulence is
assumed to be statistically homogeneous in horizontal directions and constant in the vertical direction. Taylor's frozen turbu-

wind eld will be simulated on a horizontal grid with; andN, grid points in the longitudinal and transverse directions,
respectively. The length of the grid in two directions wouldlbe= N; dx andL, = N, dy. Following Mann (1998), the

incompressible, homogeneous, two-dimensional velocity eld can be written as a sum of discrete Fourier modes:

X
ui(x)= exp(k x)Cj (k)n;(k); (12)
k
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where | denotes the sum over all wavevectérswherek; = m2 =L ; for m= N;=2;::;N;=2. C; (k) are the Fourier

The solution to (12) is approximately
z
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where , dx is integration over the arda; L. The process of obtaininG; involves multiplying (13) with its complex
conjugate which gives
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where sing  (sinx)=x.Inthe caseit|, L,p wherel =1;2, (14) can be simpli ed to
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The length scalé ,p corresponding to the mesoscale turbulence peak is quite large, usually in the ofd@rtofl0° m.
Simulating a high-resolution wind eld containing the wavenumbers correspondibggavould be costly in terms of com-
putation time. Usuallyl.,  L,p when simulating wind elds for single wind turbine load calculations. So, the simpli ed
relation in (15) no longer holds true. We have observed that if we simplify thé &inction forL ; and replace it witl2 =L ;

but integrate the sifdunction forL ,, we would get simulated spectra much closer to the target spectra.
z
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To speed up the numerical integration, the limits of integratiorkare2 =L , tok, +2 =L ,. A correction factor is multiplied,
compensating the loss in variance due to the limited integration interval. This problem with discretization has been discussed



Figure 2. Simulated and targefi1 andF2, spectra for 2D rectangular grids having dimensions of4@).o 5L2p and (b)L2p
0:125L »p . Solid lines represent the target spectrum, dashed lines represent simulated speca(kgrobtained using (15), and dash-dot
lines represenC; (k) obtained using (16). The simulated spectra are obtained from the mean of 10 realizations. Other parameters are:

222 m?s 2,z =500 m,and =45






