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Abstract

Current global analysis tools for floating wind turbines (FWTs) do not account for the

combined effects of atmospheric stability and wakes from neighboring turbines. This

work uses the mid-fidelity dynamic wake meandering model, together with turbulent

wind fields generated based on stable, neutral, and unstable atmospheric conditions,

to study the low-frequency content of the global responses of two semisubmersible

FWTs separated by eight rotor diameters. Incoming wind fields based on the Kaimal

spectrum and exponential coherence model, the Mann spectral tensor model, and a

time-series input-based turbulence model are used. The respective input parameters

for these models are fitted to high-fidelity large eddy simulation data.

In unstable, below-rated conditions, meandering leads to an increase in the yaw stan-

dard deviation of the downwind turbine of almost three times larger than the upwind

turbine. Deficit and the upwards wake deflection affect the mean pitch and yaw,

especially for the below-rated wind speed scenario. The mean pitch of the downwind

turbine is reduced up to half the mean pitch value of the upwind turbine, whereas

the mean yaw changes direction due to the enhanced effect of shear. The effect of

meandering on the structural loading is highest on the standard deviation of the

tower-top yaw moment of the downstream turbine, which increases more than 2.2

times compared to the upwind turbine value. Based on these findings, atmospheric

stability affects wake deficit and meandering which in turn have a profound effect on

the low-frequency global motions and structural response of floating wind turbines.

K E YWORD S

atmospheric stability, dynamic wake meandering, floating wind turbines, Kaimal, Mann,
TIMESR

1 | INTRODUCTION

A substantial percentage of the world's offshore wind resource potential is found in deeper waters, where floating wind turbines (FWTs) are nec-

essary. Since the wind field that a wind turbine encounters is directly affected by the neighboring turbines, the need to understand the effects of
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wakes on FWTs is paramount. Wakes imply a decrease in mean wind speed, an increase in turbulence intensity and, as first observed by Ainslie,1

they oscillate, or meander, both horizontally and vertically as they propagate. The characteristic meandering frequencies are low enough to be in

the same frequency range as the natural frequencies of FWT rigid body motions. Several studies based on field data observations have reported

non-neutral atmospheric conditions in the marine atmospheric boundary layer.2–5 Ainslie1 observed that wake meandering increased with

decreasing atmospheric stability, which has been also reported by Churchfield et al.,6 Keck et al,7 or Abkar and Porté-Agel8 in more recent studies.

Furthermore, incoming wind fields in unstable atmospheric conditions are characterized by weak wind shear, high turbulence intensity, large

coherent structures, and higher turbulence kinetic energy in the wake, while stable conditions are strongly sheared with very small coherent struc-

tures and lower turbulence intensity and kinetic energy and therefore slower recovery of wake. Consequently, not only does atmospheric stability

affect the wake meandering but also the wind speed that a downwind turbine experiences.

The dynamic wake meandering (DWM) model was first proposed by Larsen et al9 in 2008. Since 2019, the model has been included in the

revised IEC 61400-1 standard10 as a recommended practice to account for wake effects from neighboring turbines in a wind farm. This model is

based on the hypothesis that the wake acts as a passive tracer driven by the large-scale turbulence structures in the atmospheric boundary layer.

It has been developed for engineering applications and coupled to aero-hydro-servo-elastic tools such as HAWC2,11 developed at DTU Wind and

Energy Systems Department, and OpenFAST, developed by the National Renewable Energy Laboratory (NREL). The latter implements the DWM

model as proposed by Larsen,9 but with some differences, in FAST.Farm.12 The DWM model9 represents a compromise between accuracy and

efficiency, and several works have aimed to validate it against experimental data or high-fidelity large-eddy simulation. Madsen et al13 and Larsen

et al14 have validated the DWM model against operational wind farm measurement data, and Jonkman et al15 and Doubrawa et al16 have vali-

dated FAST.Farm against large eddy simulation, which have also been used to calibrate a number of wake dynamics parameters.17 Kretschmer

et al18 validated the DWM model as implemented in FAST.Farm for the prediction of power output and structural loading in a single wake against

measurements from the Alpha Ventus offshore wind farm. Wise and Bachynski19 used the DWM model within FAST.Farm to study the effect of

wake meandering on a semisubmersible, a spar and a TLP under neutral atmospheric conditions.

There are several studies on the response of floating wind turbines that either account for dynamic wake meandering or the effect of stability.

In Rivera-Arreba et al,20 the latter was studied for a single semisubmersible structure, the INO WINDMOOR 12 MW floating wind turbine.21 To

account for atmospheric stability, two sets of data were separately used: point measurements based on FINO-122 and LES data. For one single

turbine, the structural responses are directly related to turbulence intensity and coherence, which are affected by atmospheric stability. However,

wind turbines rarely stand alone, and the combined effect of dynamic wake meandering including atmospheric stability on the global motions and

the structural response of a FWT has not previously been studied. In the current work, the effect of dynamic wake meandering, accounting for

atmospheric stability, on the response of the INO WINDMOOR 12 MW semisubmersible floating wind turbine21 placed eight rotor diameters

(D) downstream in the wake is studied. To carry out the analyses, two semisubmersibles are modeled in OpenFAST 3.023 and FAST.Farm12; more

details on the model set-up in FAST.Farm are included in Section 3. The incoming wind fields are realized using two different turbulence genera-

tors, TurbSim24 and the Mann Turbulence generator,25 based on the Kaimal and Mann synthetic turbulence models, respectively. The parameters

of the synthetic models in which the previous wind generating methods are based depend on atmospheric stability.26,27 These parameters are

fitted to LES data, which are generated by the Weather Research and Forecasting (WRF) model's28 LES capability under stable, neutral, and unsta-

ble atmospheric conditions. Additionally, the TIMESR model within TurbSim is used to generate the wind fields based on the time-series of the

same set of high-fidelity LES data. Nine cases are studied, comprised of three stability conditions and three mean wind speeds at hub height,

which cover a close-to-rated scenario, as well as a below-rated and an above-rated scenario in which the turbine operates with similar thrust

levels. Six 3600 s realizations are performed for each case, accounting for a 1000 s transient, based on the findings of Kvittem et al,29 where the

convergence of fatigue estimates for different simulation length and number of simulations is investigated.

The current work is divided into the input wind field characteristics and the resulting wake deficit and meandering and the subsequent com-

parison of the structural response of the INO WINDMOOR 12 MW in the wake, with the same structure in free wind. Section 2 gives an over-

view of the DWM model and the wind turbulence methods used for the input of wind fields. Section 3 describes the set-up in FAST.Farm for the

two INO WINDMOOR 12 MW semisubmersibles. Sections 4 and 5 analyze the wake meandering and deficit and their effects on the structural

response of the floater under the conditions examined in this study.

2 | METHODOLOGY

2.1 | Environmental conditions

The significant wave height Hs and peak period Tp used in this work are consistent with the three chosen mean wind speeds (below-, close-to-, and

above-rated) at hub height (HH). These conditions are determined based on the work of Li et al,30 who defined a long-term joint distribution based

on 10-year environmental hindcast data for a site in the Norwegian Sea with 200m water depth (Site 14 in Li et al.30). The most likely significant wave

height and peak period for the given and mean wind speeds Uw are retrieved in Table 1. Each environmental condition is studied for stable, neutral

and unstable atmospheric stratification. To generate the ambient turbulent wind fields, the Kaimal, Mann, and TIMESR methods are used.

1236 RIVERA-ARREBA ET AL.
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2.2 | Dynamic wake meandering (DWM) model

The fundamental idea of the mid-fidelity DWM model is the splitting of turbulence scales based on a cut-off eddy size: Turbulent eddies smaller

than this parameter influence the wake deficit evolution, whereas those larger than this size affect the wake meandering. This parameter is usually

taken as 2 rotor diameters. Accordingly, the original model as proposed by Larsen et al9 consists of three submodels:

1. wake (or velocity) deficit, described in the meandering frame of reference,

2. a stochastic model of the downstream wake meandering process and

3. the added-wake turbulence (or self-induced wake turbulence), described in the meandering frame of reference. The wake-added turbulence is

not yet part of FAST.Farm.

The wake deficit evolution described in the meandering frame of reference is based on the thin shear-layer approximation of the Reynolds-

averaged Navier-Stokes equations under quasi-steady-state conditions in axisymmetric coordinates, in the far-wake region, as

U
∂U
∂x

þVr
∂U
∂r

¼ νT
r

∂

∂r
r
∂U
∂r

� �
, ð1Þ

where U is the axial velocity component, Vr the radial velocity component, r the radial coordinate, and νT the eddy viscosity. The turbulence clo-

sure is modeled by an eddy-viscosity formulation. This approximation assumes that the velocity gradients are higher in the radial direction as com-

pared to those in the axial direction. Furthermore, the pressure term is neglected. The eddy viscosity is modeled by the x dependent filter

parameters Famb and Fshear , described and calibrated by Madsen et al13 and extended by Larsen et al9 and Keck.31 The eddy-viscosity νTðx,rÞ
dependent on x and the radial position r as implemented in FAST.Farm is

νTðx, rÞ ¼ νambðxÞ þ νshearðx, rÞ ¼

¼ FambðxÞkambTIambVx
Dwake

2
þ FshearðxÞkshearmax

Dwake

2

� �2 ∂Vx

∂r

����
����,Dwake

2
Vx,min

( )
,

ð2Þ

where kamb and kshear are parameters that weigh the ambient and shear turbulence influence on the eddy-viscosity, Vx is the time-filtered disk

average wind velocity normal to the actuator disk, TIamb is the ambient turbulence intensity at each rotor, and Dwake is the wake diameter. In this

work, the wake diameter is equal to the rotor diameter. The filter functions Famb and Fshear depend on user-specified calibrated parameters. The

ones used in this work are based on the work of Doubrawa et al.16 The cut-off frequency of the low-pass time-filter for the wake advection,

deflection, and meandering model is 0.2Hz, based on the work by Branlard et al.32 The DWM model as implemented in FAST.Farm does not

include the added-wake model, which may impact the response of the wind turbine especially in low-ambient-turbulent conditions.13 Further-

more, the mean and standard deviation of the wake deflection, as computed by the DWM model, are sensitive to the size of the polar grid,

defined by the Cmeand parameter used to calculate the spatial-averaged velocity with which the wake planes meander. In this work, the value for

this parameter is the default one as defined in the FAST.Farm user manual, that is, Cmeand ¼1:9.

2.3 | Fit of the incoming wind fields to LES data

In this work, we use the LES capability of the WRF model28 in its idealized configuration (where the initial conditions in terms of wind speed and

temperature profiles are specified) to simulate the marine atmospheric boundary layer. This tool is a non-hydrostatic, fully compressible solver of

the Euler equations including the Coriolis term. The base code is from WRF version 4.2.2, and modifications to the source code include a surface

layer parameterization.33 The LES data used to fit the synthetic wind field models and the TIMESR models extend over 1384 m and 232 m, in the

y- and z-directions, respectively, and have 8.0 m resolution in both directions. This entire wind field is divided in six smaller wind fields in

TABLE 1 Environmental conditions (EC) used in this work for the three mean wind speed scenarios.

Uw (m/s) Hs (m) Tp (s)

EC1 7.5 2.3 8.3

EC2 12 2.9 8.4

EC3 16 3.5 8.6

RIVERA-ARREBA ET AL. 1237
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the y-direction, which comprise the six seeds used to fit the synthetic and TIMESR models. This means that 6 two-dimensional planes are

extracted from the LES, each with 29 points in the transverse direction and 30 points in the vertical direction. With a grid resolution of 8.0 m, this

results in six 232 m � 240m planes spanning the entire rotor swept area. The details on the LES set-up can be found in previous work.20

For each scenario and model, the six turbulent wind fields extracted from LES data are 1-h duration, as so are the wind fields generated by

the Kaimal, Mann and TIMESR models. These 1-h wind fields are used to fit turbulence intensity, wind shear, spectral density, and coherence,

described in the following.

Turbulence intensity TI is defined as

TI¼ σu
�uhub

, ð3Þ

where �uhub is the mean wind speed longitudinal component at hub height and σu the standard deviation of the same component.

Coherence gives information about the spatial variation of turbulence in the frequency space. Coherence γ of two spatially separated pro-

cesses i and j, as a function of frequency, is defined as

γi,j ¼
Ci,jffiffiffiffiffiffiffiffi
PiPj

p , ð4Þ

where Pi and Pj are the power spectra of the two time-series separated by a specific lateral or vertical distance and Ci,j is the cross spectrum

between these two time-series. The real part of the coherence, Re[γi,j], is known as co-coherence, whereas the imaginary is the quad-coherence.

The mean wind shear profile used in this work is based on the power-law equation, which defines the mean wind speed �u at a certain height

z as

�uðzÞ¼ �uref
z
zref

� �α

, ð5Þ

where �uref is the wind speed at a reference height zref and α is the power-law exponent. The α exponent is defined as a bulk parameter that

includes both the effect of surface roughness z0 and atmospheric stability.34,35 This exponent is computed as the average of the fit at every point

in y to the LES data. The shear exponents, which increase with increasing stability, are shown in Table 4.

2.3.1 | Kaimal spectrum and exponential coherence model (Kaimal)

The Kaimal spectrum with exponential coherence model36 is based on the Kaimal spectrum in the three components. The IEC 61400-1 standard10

accounts for coherence in the longitudinal direction. To include coherence in the three components, a model based on Davenport's coherence

model,37 based on an empirically fitted exponential decay, is usually applied:

γi,jðδ, fÞ¼ exp �aK

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
fδ
�uhub

� �2

þðδbKÞ2
s0

@
1
A

2
4

3
52

, ð6Þ

where δ is the separation distance between time-series i and j of the K component, f is the frequency in Hertz, aK the coherence decrement

parameter, and bK the coherent offset parameter. In the current work, the coherence parameters for the Kaimal model are obtained by fitting

Equation (6) to the LES data, where δ is 24m. The choice of δ is based on previous work.20 Table 4, the top part, shows the coherence parameters

aK and bK for the nine scenarios. The mean value for every parameter of the six realizations for each condition is used as input to TurbSim.24

The Kaimal model in TurbSim produces time-dependent wind in 2D planes and uses Taylor's hypothesis of frozen turbulence38 to extend it

into a third dimension. The height of the turbulence box is 600 m, and the width is 1304 m; there are 76 grid points in z and 164 grid points in y,

and the resolution in z and y is 8 m. The time step is 0.1 s, and for every condition, six turbulent wind fields of 3600 s duration are generated. The

IEC 61400-1 standard,10 based on neutral atmospheric conditions, suggests that the standard deviation of the lateral wind speed component σv is

0.8 times the standard deviation of the longitudinal one σu , whereas the vertical one σw is suggested to be 0:5σu. However, the relationship

between the standard deviation of the three components in this work was found to vary depending on the atmospheric stability condition in the

LES, as shown in Table 2. To account for these relationships, the corresponding line of TurbSim source code was modified.

1238 RIVERA-ARREBA ET AL.
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2.3.2 | Mann spectral tensor model (Mann)

The three-dimensional spectral tensor model developed by Mann39 requires three input parameters, which account for a certain degree of turbu-

lence and a specific turbulence spectrum. The length scale L describes the size of the energy-containing eddies, and therefore, it decreases with

atmospheric stability. The shear distortion parameter Γ defines the eddy-lifetime and the turbulent kinetic energy parameter αϵ2=3 accounts for

the viscous dissipation rate. The model is based on mass and momentum conservation and uniform mean shear and is applicable for homogeneous

turbulence under neutral atmospheric stability conditions. Since the model assumes shear generated turbulence, it does not include turbulence

generated by buoyancy. The IEC 61400-1 standard recommends specific values for the three input parameters under neutral atmospheric condi-

tions, which are derived from a fit to the Kaimal spectrum. However, since this work investigates the effect of atmospheric stability, the Mann

model parameters are fitted to the LES data generated under stable, neutral, and unstable atmospheric conditions. To fit the parameters, the

Matlab function fitMann from E. Cheynet40 is used. The spectra of the 870 points generated in LES are estimated using Welch's algorithm41 with

a Hamming window, six segments, and 50% overlapping, following previous works.2,42 Further, the spectra are bin averaged before the fitting is

performed. Figure 1 shows the mean of L, Γ, and αϵ2=3 (A, B, and C, respectively) parameters at every height available from the LES data, that is,

from 8 to 248m, plus-minus one standard deviation for every height, indicated by the shaded area. These results correspond to the above-rated

wind speed scenario. The horizontal black solid line represents the hub height, at 131.7m, and the dashed lines the upper and lower bounds of

the rotor. It is seen from Figure 1 that L increases with decreasing stability, as expected. The shear distortion parameter Γ increases with stability,

as reported by Chougule et al,43 based on measurements at Høvsøre. The trend of energy dissipation rate parameter αϵ2=3 depends on height.

The derivative of the energy dissipation parameter with respect to height increases with decreasing stability. Coherence is intrinsic to the Mann

model, since it is given by the integral of the spectral tensor itself.

In this work, the Mann model parameters are fitted at hub height; since there is not a grid point exactly at hub height, the parameters are line-

arly interpolated from the obtained parameters at the neighboring points above and below the hub height. The three-dimensional static wind

boxes based on the Mann model are generated in the Mann 64-bit turbulence generator.25 To move the respective wind boxes along the

domains, Taylor's hypothesis of frozen turbulence is applied. The wind fields have 128 points in z, 256 points in y, and 16,384 points in

x-direction, with a resolution in z and y of 8 m; in the x-direction, the spatial resolution depends on the mean wind speed at the reference height

of the grid, which is defined at half the grid. In the current case, the reference height lies at 513 m. For the three wind speed scenarios analyzed

in this work, dx varies from 1.875 m to 4 m, which yields a time step of 0.25 s, for every condition, based on Taylor's hypothesis. Six turbulent

wind fields of 4096 s duration are generated for each scenario. Prior to applying the generated wind fields in FAST.Farm, the Mann turbulence

TABLE 2 Relationship between the standard deviation of the wind speed longitudinal, lateral, and vertical components, σu, σv , and σw , based
on LES.

Stable conditions σv ¼0:7σu; σw ¼0:5σu

Neutral conditions σv ¼0:8σu; σw ¼0:6σu

Unstable conditions σv ¼1:1σu; σw ¼0:9σu

F IGURE 1 Mann model parameters fitted to LES data for the above-rated wind speed scenario in stable, neutral, and unstable atmospheric
conditions, as a function of height. The colored solid lines show the average at every height, plus-minus one standard deviation, represented by
the shaded area. (A) Length-scale parameter L, (B) shear distortion parameter Γ, and (C) energy dissipation rate parameter αϵ2=3. The solid
horizontal line outlines the hub height, whereas the dashed lines represent the rotor limits.

RIVERA-ARREBA ET AL. 1239
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wind boxes are scaled to match the standard deviation for each scenario based on the high-fidelity data. A summary of the spatial and temporal

resolution of the turbulent wind fields is presented in Table 3.

2.3.3 | TIMESR

The third method used in the current work to generate the input turbulent wind fields is the TIMESR model, a capability within TurbSim. This

method uses directly the spectral amplitudes of an input time-series, which are linearly interpolated in the specific domain if no points from the

input time-series are available. In the current case, the time-series input is the six realizations of LES data for each environmental condition and

atmospheric stability; these data cover 870 points distributed over the rotor area. Therefore, the output of this wind field generating method cor-

responds to the closest one to the LES data, if compared to Mann and Kaimal. Coherence is included by modifying the phases of the generated

time-series, based on Veers' method.44 Davenport's coherence model, based on an exponential function with a decay parameter CK , is used as

γiðδ, fÞ¼ exp �CK
fδ
�uhub

� �
: ð7Þ

To obtain the decay parameters for the three wind speed components, Cu, Cv , and Cw , the exponential function is fitted to the LES data. The

fitted parameters are presented in Table 4. Similar to the characteristics of the Kaimal wind boxes, the height and width of the turbulent wind

fields are 600m and 1304m, with 76 and 164 points, respectively. The resolution in z and y is 8m, and the time step is of 0.1 s, as presented in

Table 3.

2.4 | Spectral density and coherence of the generated wind fields

Figure 2 shows the standard deviation at the grid point closest to the hub, for the three mean wind speeds, the three stability conditions, and the

three models. The solid markers represent the mean value of the six realizations for every scenario and wind model, whereas the transparent

markers correspond to the different realizations. The black triangles show the target values, based on the mean of the six seeds of the LES data

TABLE 3 Spatial and temporal discretization of the turbulent wind fields generated by Kaimal, Mann, and TIMESR.

dy (m) Ny dz (m) Nz dt (s) T (s)

Kaimal 8 164 8 76 0.10 3600

Mann 8 256 8 128 0.25 4096

TIMESR 8 164 8 76 0.10 3600

TABLE 4 Coherence parameters aK and bK of the Kaimal model and Davenport coherence model parameters CK .

Stable Neutral Unstable

7.5 m/s 12 m/s 16 m/s 7.5 m/s 12 m/s 16 m/s 7.5 m/s 12 m/s 16 m/s

au 1.90 3.32 4.15 1.27 2.64 4.15 1.47 2.55 3.15

bu �2.09 �10�3 �1.39 �10�4 7.02 �10�4 �1.06 �10�3 5.61 �10�4 3.63 �10�5 2.49 �10�6 7.37 �10�7 3.59 �10�4

av 0.46 1.58 1.99 0.97 1.64 2.32 1.10 1.65 2.24

bv 0.04 0.02 0.01 7.74 �10�3 3.71 �10�3 2.98 �10�3 �1.80 �10�3 2.02 �10�3 7.64 �10�4

aw 0.75 1.31 1.44 0.56 0.92 1.18 0.46 0.82 1.00

bw 0.01 7.99 �10�3 7.64 �10�4 3.87 �10�4 5.23 �10�3 3.39 �10�3 �1.8 �10�3 �1.4 �10�3 2.03 �10�3

Cu 4.95 10.00 12.49 3.43 6.47 9.41 3.14 5.74 7.46

Cv 7.66 17.22 18.83 2.76 4.75 7.30 2.40 4.00 6.35

Cw 2.23 4.58 6.16 1.25 2.40 3.46 0.95 1.77 2.36

α [-] 0.146 0.183 0.144 0.070 0.076 0.075 0.019 0.024 0.028

Note: The bottom-most row indicates the α shear exponent parameter from the power-law shear model.

1240 RIVERA-ARREBA ET AL.
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for each scenario, computed as the average over the rotor span, that is, the 29 points along the y-direction over the rotor. These target values fol-

low the relationship shown in Table 2. The wind field generated based on the TIMESR method coincides with that of the LES data, at the points

where data are available. The Mann model standard deviation is scaled to match the target value. The Kaimal and TIMESR models are seen to

have very close values to the target ones, except for specific cases in stable and neutral conditions, for which the Kaimal model overestimates the

standard deviation with respect to the TIMESR model. The reason for this overestimation is the higher energy content at higher frequencies that

the Kaimal method implies, compared to the TIMESR model.

Figure 3 presents the power spectral density (PSD) of the three wind speed components for the three stability conditions, for the below-rated

wind speed scenario, for the three models (Kaimal, Mann, and TIMESR), in colored lines, and for the LES data, outlined by a solid black line. The

PSD for Mann, Kaimal, and TIMESR is computed as the average of the six seeds at seven points distributed over y, at hub height. The seven points

are at y = 0, 4, �4, 60, �60, 108, and �108 m, and they are indicated in Figure 4 by white solid lines, along the entire domain; the average at

these seven points is the result presented here. For the LES data, the black line shows the average of the PSD at the seven points. The energy

content of the TIMESR and LES models decreases for frequencies above approximately 0.1 to 0.2 Hz due to the grid resolution in the LES data,

whereas Mann and Kaimal continue to cascade at the �5/3 power-law. This decrease in energy content for the TIMESR model above approxi-

mately 0.2 Hz, together with the lower energy content at lower wind speeds, yields the decrease in standard deviation that is seen for stable and

neutral conditions, compared to the Kaimal model. In unstable conditions, for the lateral and vertical wind speed components, the energy content

at the lower frequencies in the case of TIMESR is higher. Furthermore, the longitudinal component shows a higher energy content at 0.003 Hz,

which is related to a characteristic size of �uhub=f¼ 2500m for the convective cellular structures resolved in the LES data,45 for a mean wind speed

of 7.5m/s. Figure 4 shows the instantaneous, undisturbed, flow of the u-component at hub height, at t¼0, for Kaimal, Mann, TIMESR, and the

LES data, for unstable conditions, and one seed. For the TIMESR and LES models, the structures, or eddies, corresponding to the 0.003Hz fre-

quency, are present. The characteristic sizes of the convective cellular structures are rooted in physics but can depend on numerics. Cellular struc-

tures are common in unstable or convective atmospheric boundary layers. These structures are qualitatively evident in multi-kilometer radar

observations (see fig. 2d from Hirth et al.46) and satellite images (fig. 1 from Göcmen et al.47).

Figure 5 shows the average lateral co-coherence (over six seeds) for the three wind speed components, for the below-rated scenario, top

row, and the above-rated scenario, bottom row, for a distance δy of 1D, as a function of the reduced frequency (fr ¼ fδy=Uw ). In general, coher-

ence tends to zero as frequency increases. The generally higher coherence under unstable conditions for the lowest frequencies, or wave num-

bers, is consistent with the larger eddy size. The TIMESR model based on the LES data input and the Kaimal model show the highest coherence.

The Mann model has the lowest coherence for the longitudinal and vertical wind speed components. For the transverse wind speed component,

for the stable and neutral conditions, coherence of the Mann model is higher than the one for Kaimal. The trends seen for the rated wind speed

scenario, or for a separation of 0.5D, are similar to those described here. The results are based on two points within the rotor area, chosen to be

representative when analyzing the global motions and structural responses. From Figure 4, the higher lateral coherence for the longitudinal com-

ponent of the wind speed in unstable conditions is qualitatively very clear, as well as the higher coherence for the TIMESR model, and the lowest

one for the Mann model.

F IGURE 2 One-hour averaged standard deviation of the u- (A), v- (B), and w- (C) components at hub height, for the three stability conditions,
models and wind speed scenarios. In this figure, and in other subsequent ones with the same x-axis, the results are separated slightly in the
x-direction for better readability.
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F IGURE 3 Averaged PSD over seven points along y at hub height, and six seeds for the Kaimal, Mann, and TIMESR models, of the u-, v-, and
w-components for the below-rated wind speed scenario, for the three wind models and stable (A), neutral (B), and unstable (C) conditions. The
black solid lines represent the LES data: It overlaps in general the average of the seeds for the TIMESR model, which is outlined by the colored
solid line, respectively for each stability condition.

F IGURE 4 Top-view of the instantaneous flow visualization at t=0 of the u-component in unstable conditions for the Kaimal (A), Mann (B),
TIMESR (C), and LES (D) models, for the below-rated wind speed scenario. The dashed black lines indicate the borders of the transverse wake
meandering, and the white solid lines indicate the seven points used to compute the PSD of the wind speed at hub-height.

1242 RIVERA-ARREBA ET AL.
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3 | NUMERICAL SET-UP

The INO WINDMOOR 12 MW semisubmersible FWT, shown to the right in Figure 6, is used to study the effect of atmospheric stability on the

FWT under wake effects. The semisubmersible has three columns connected by three upper and three lower pontoons. The tower is installed on

top of one of the columns. The mooring system consists of three hybrid (chain and polyester) catenary mooring lines. A more comprehensive

description of the INO WINDMOOR 12 MW and its mooring system are provided by Silva de Souza et al.21 Table 5 presents the main character-

istics of the wind turbine. The natural frequencies of the six rigid modes of the platform, together with the 1P rotating frequency at rated wind

speed and the first tower fore-aft bending frequency, are given in Table 6. A controller with motion compensation is used, based on the work of

Silva de Souza and Bachynski-Poli�c,48 where the specific details on the control system can be found.

FAST.Farm is used to study the effect of atmospheric stability on the structural response of the INO WINDMOOR 12 MW in the wake. The

numerical domain, sketched in Figure 6A, is almost 10 km long, 1272 m wide, and 600 m high. Within this volume, two sub-domains are specified:

the low-resolution domain, whose dimensions coincide with the entire domain, and the high-resolution one. Turbine 1 (indicated as T1) is placed

at x = 240 m, and turbine 2 (T2) at x = 1975.2 m. The rectangular areas over T1 and T2, which are 250 m wide and high and 525 m long,

expressed in rotor diameters in Figure 6A, represent the high-resolution domains. The resolution of each domain is presented in Table 7, where

dSLow is the resolution in both y- and z-directions in the low-resolution domain, and dSHigh the corresponding one in the high-resolution

domain. The time steps for both domains, DtLow and DtHigh, are indicated in Table 7, which includes the recommended values based on the

F IGURE 5 Lateral co-coherence of the u- (A), v- (B), and w- (C) components, for two points at a separation distance of 1D for the below-
rated (top row) and the above-rated (bottom row) wind speed scenarios.

F IGURE 6 (A) FAST.Farm high- and low-resolution domains, with the former truncated, and (B) geometry of the INO WINDMOOR 12 MW
model.

RIVERA-ARREBA ET AL. 1243
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FAST.Farm manual49 (Recommended) and the ones used in this work (Applied). The slightly higher value of dSLow for the below-rated wind speed

scenario, compared to the recommended value to be lower than 21 m, is justified by the combination of aiming for a dSLow being a multiple of

the high-resolution domain, that is, 8 m, and the following statement in the FAST.Farm manual: It was found that the mean horizontal and vertical

wake trajectories have negligible dependence of DtLow or DSLow. The dSHigh value applied is also higher than the maximum blade chord length

cmax, that is, 6.5m; however, the focus of this study is not on the blade structure response itself, and the LES data available had a resolution of

8m, and therefore, a slightly lower resolution was acceptable.

4 | RESULTS ON DEFICIT AND MEANDERING

Figure 7 shows the time-averaged wake deficit over the last 3600 s for one realization (or seed), for the TIMESR model, at a YZ-plane of the high-

resolution domain, placed at 7.5 D downstream T1, that is, right in front of T2, which is at 8 D. The spatial dimensions are in rotor diameters, and

the hub height is subtracted from the vertical position. Here, the deficit is defined as the ratio between the mean wind speed at 7.5 D, u1ðy,zÞ,
and the undisturbed wind speed that encounters T1, u0ðy,zÞ. The columns show the deficit for stable, neutral, and unstable conditions (A, B,

and C, respectively), whereas the rows, from top to bottom, correspond to the 7.5m/s, 12m/s, and 16m/s wind speed scenarios. The initial posi-

tion of the rotor under the different conditions is outlined by the black circles.

There are several ways of defining the wake center location, as described by Quon et al.50 In this work, the center of the wake is computed

as the weight center of the velocity deficit. From Figure 7, for the below-rated wind speed scenario, this center is half a diameter higher than the

hub height, which implies that the wake deflects upwards. This phenomenon has been previously observed by Wise and Bachynski,19 Doubrawa

et al,51 and Nanos et al,52 for below-rated wind speeds. The reason behind this deflection is the non-zero vertical component of the thrust that

the incoming flow experiences when encountering a rotor with a specific tilt with respect to the ground. This vertical component induces a verti-

cal force in the wake, which results in an increased vertical component of the wind speed in the wake. Consequently, the wake deflects upwards

for the below-rated wind speed scenario. The mean vertical deflection shown in this case is for a grid size meandering parameter, Cmeand, based

on the findings of Larsen et al,9 that is, the recommended value in the FAST.Farm manual. However, this value needs to be adjusted on a case-

to-case basis, as reported by Rivera-Arreba et al,53 accounting for both lateral and vertical meandering. For the close-to-rated and above-rated

wind speed scenarios, there is a smaller ratio between the vertical and longitudinal components of the wind speed. As wind speed increases, so

does the longitudinal component of the wind speed. However, the induced vertical component remains the same, which results in a smaller

w-to-u ratio. This smaller ratio prevents the center of the wake from moving upwards. For the unstable case, at 7.5m/s, Figure 7 shows that the

TABLE 5 INO WINDMOOR 12 MW wind turbine main characteristics.

Rotor diameter Cut-in, rated, cut-out wind speed Cut-in, rated rotor speed

216.9 m 4 m/s, 10.6 m/s, 25 m/s 5.5 rpm, 7.8 rpm

TABLE 6 Platform natural frequencies in OpenFAST.

Degree of freedom Surge Sway Heave Roll Pitch Yaw 1P 1st FAB

Frequency (Hz) 0.011 0.011 0.062 0.035 0.033 0.013 0.130 0.641

Abbreviations: 1P, rated rotor frequency; FAB, tower fore-aft bending frequency.

TABLE 7 Recommended and applied values for the spatial and time resolution in the FAST.Farm set-up.

Recommended

Applied (Recommended)

7.5 m/s 12 m/s 16 m/s

dSLow (m) < CmeanderDwUw

150m=s
24 (<21) 32 (<33) 40 (<44)

dxHigh (m) - 0.75 1.2 1.6

dSHigh (m) < cmax 8 8 8

DtLow (s) < CmeanderDw
10Uw

2.5 (<5.5) 2.5 (<3.4) 2.5 (<2.6)

DtHigh (s) - 0.025 0.025 0.025

Cmeander ¼1:9.

Dw ¼Drotor .
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wake deflects towards a positive y-direction. The non-zero mean of the transverse deflection is due to a higher meandering in unstable condi-

tions. The direction and magnitude of this deflection varies from seed to seed, but its range is small, i.e. the mean deflection in y does not exceed

0.1D. Furthermore, the deficit at the center of the wake is seen to be smaller under unstable conditions. This higher rate of recovery for unstable

conditions is expected, since turbulence is higher for these conditions. The same argument can be applied to stable and neutral conditions, since

neutral conditions are characteristic to present higher turbulence in comparison. However, the deficit under these conditions is slightly larger than

for stable conditions. The reason for the smaller deficit for stable conditions is related to the shear profile: for stable conditions shear is higher,

and consequently, the difference in wind speeds with height is larger. This effect is enhanced for the below-rated scenario, under which the wake

deflects upwards. The upward deflection of the wake results in the wake experiencing faster wind speeds for stable conditions compared to neu-

tral ones, leading to a faster recovery of the wake. The wake recovery is quicker as the mean wind speed increases due to lower induction factors.

The trends described here are seen for every model and realization.

Figure 8 shows the statistics of the lateral (yc) and vertical center (zc) position of the wake, measured at 7.5 D for the three models, in rotor

diameters, for neutral and stable conditions. In the case of the vertical position of the wake, the hub height is subtracted. The reason for not pre-

senting the statistics for the unstable conditions is that the mean value is equivalent to the stable and neutral conditions, and the standard devia-

tion is sensitive to the method of tracking the wake center, that is, by computing the weight center of the velocity deficit. Instead, Figure 9 shows

the PSD of the vertical and horizontal meandering in unstable conditions, for the three models and mean wind speed scenarios. The middle of the

rectangles represents the average of the mean of the vertical or lateral meandering of the wake center, for the six realizations; the height of the

rectangles is equal to two standard deviations, computed as the average of the standard deviations of the six realizations. The points over and

below the box show the six maxima and minima, respectively, for each realization. For the stable and neutral conditions, the meandering for the

three models shows a similar mean and standard deviation of the wake center position, both laterally and vertically. The slightly larger lateral

meandering for TIMESR can be explained by the lower lateral co-coherence, as seen from Figure 4; even though the vertical co-coherence is not

shown, the same reasoning applies to the larger vertical meandering in unstable conditions for TIMESR.

The lateral and vertical positions of the wake center meander the most in unstable conditions, due to larger coherent structures. Furthermore,

meandering is the largest for the below-rated wind speed scenario. For this scenario, a few non-physical spikes (below sea level) in the wake cen-

ter output were removed of the time series, and replaced by a linear interpolation from the immediately previous and following values. The PSD

of the wake center meandering in unstable conditions presented in Figure 9 shows a lower energy content as the mean wind speed increases,

which is explained by the larger longitudinal component of the wind speed compared to the vertical or lateral one, with which the meandering of

F IGURE 7 Time-averaged deficit at 7.5 D downwind T1, for the TIMESR model, and the 7.5 m/s (top), 12 m/s (middle), and 16 m/s (bottom)
scenarios. Column (A) shows stable conditions, column (B) neutral conditions and column (C) unstable conditions.
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the wake is highly correlated. Due to a larger u-component of the flow parallel to the wake longitudinal advection, the wake cannot meander lat-

erally and vertically as easily as when smaller longitudinal components are present. The TIMESR model presents a higher energy content for both

lateral and horizontal wake meandering, which is consistent with the larger coherent structures, and with the higher energy content of the lateral

and transverse components of the wind speed in unstable conditions for this model, compared to Mann and Kaimal.

F IGURE 8 Statistics of the lateral (top) and vertical (bottom) position of the wake center for the six seeds, for neutral and stable atmospheric
stability conditions and the three models: (A) Kaimal, (B) Mann, and (C) TIMESR. The mid-point of the rectangles is the mean and its height two
standard deviations. The points represent the maxima and minima for the six seeds for each condition.

F IGURE 9 Average of the PSD over the six seeds for the lateral yc (top) and vertical zc (bottom) wake center at 7.5 D, for unstable conditions,
for 7.5 m/s (A), 12 m/s (B), and 16 m/s (C), for the three models.
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5 | RESULTS ON GLOBAL MOTIONS AND STRUCTURAL RESPONSE

The most representative global motions, based on the conditions of the current work, are surge, pitch and yaw; heave, sway and roll are relatively

small. Furthermore, due to the strong correlation between surge and pitch with thrust, the former is not presented in this work. In this section, the

mean and standard deviation of platform pitch and yaw motions for both the turbine in the free wind (T1) and the turbine in the wake (T2) are pres-

ented, for the three turbulence models, the three stability conditions and the three mean wind speeds. Regarding the loading on the structure, the

focus is on the mean and standard deviation of the tower base fore-aft bending moment (TBFABM), the tower top torsional moment at the yaw bear-

ing (TTYM), the blade root out-of-plane moment (BROoPM) and the tension at fairlead 1 (FL1T). The position of fairlead 1 is indicated in Figure 6B.

5.1 | Global motions: pitch and yaw

Figure 10 presents the average of the mean values from each of the six realizations for the platform pitch (top row) and yaw (bottom row), repre-

sented by stars and triangles, plus-minus the average of the standard deviations for the six realizations, represented by the error bars, for each

mean wind speed and stability condition, and for T1 and T2. Column (A) is for the Kaimal model, column (B) for the Mann model, and column

(C) for the TIMESR model.

Compared to T1, T2 has a smaller mean pitch for the below-rated wind speed scenario due to a decrease in the wind speed, which yields a

lower rotor thrust. For the 12 m/s wind speed scenario, that is, slightly above rated, the opposite occurs: The reduced wind speed at T2 implies

an increase in thrust. For the above-rated wind speed, the wake recovery is higher, and therefore, the wind speed at T2 is very close to the mean

undisturbed incoming wind speed that T1 encounters. Consequently, the thrust that T1 and T2 experience is very similar. The influence of the

wind turbulence models and atmospheric stability on the mean pitch is minor, with a maximum difference of 1.3� between T2 and T1, for

the below-rated wind scenario and neutral and stable conditions, and an increase of 15% for neutral and stable conditions, for the close-to-rated

scenario. It can thus be inferred that the mean pitch of the turbine in the wake is mainly affected by the wake deficit. The difference between T1

and T2 pitch standard deviations is negligible for the above-rated wind speed scenario, for any condition and wind turbulence model. For the

F IGURE 10 Average of the mean of the six realizations for pitch (top row) and yaw (bottom row), plus-minus the average of the standard
deviation for the six realizations, for each mean wind speed and stability condition, and for T1 (triangle markers) and T2 (star markers). Column
(A) is for the Kaimal model, column (B) for the Mann model, and column (C) for the TIMESR model.

RIVERA-ARREBA ET AL. 1247

 10991824, 2023, 12, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/w

e.2867 by N
orw

egian Institute O
f Public H

ealt Invoice R
eceipt D

FO
, W

iley O
nline L

ibrary on [10/01/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



below-rated scenario, the maximum difference in standard deviation is seen for the Kaimal and TIMESR models, in unstable conditions: in this

case the standard deviation for T2 is 1.2 and 1.4 times the standard deviation of T1, respectively. This difference is lower for the Mann model.

For stable and neutral conditions, the maximum difference in standard deviation is approximately a 30% decrease for the close-to-rated case, in

both conditions, for TIMESR and Kaimal. The standard deviation in pitch is mostly affected by turbulence intensity and wake meandering, which

is highest in unstable conditions, for the below-rated wind speed scenario, and the TIMESR model.

The difference in the mean yaw between T1 and T2 is more pronounced for the below-rated wind speed scenario and for neutral and stable

conditions. The mean yaw for T1 shows a different behavior in stable compared to unstable conditions. In stable conditions, it increases positively

with increasing wind speed, whereas for unstable conditions it increases in the negative direction with increasing wind speed. This difference is

caused by the increased shear for stable conditions, as shown in Figure 11. The higher shear in stable conditions results in a more pronounced

asymmetric loading on the blades. This asymmetry yields an increased aerodynamic moment around the y- and z-axes, which causes the structure

to rotate in yaw and displace in sway in the positive direction. Figure 11 illustrates the cause of this phenomenon by showing the mean yaw and

sway of T1 for constant wind, for different shear levels. The respective shear exponents α used in this case for stable, neutral and unstable, are

0.14, 0.07 and 0.02. For a shear exponent typical for stable conditions (in blue), yaw increases with mean wind speed, whereas for no shear at all

(black), which would be close-to unstable conditions, the mean yaw decreases as wind speed increases. Figure 10 shows that the difference in

absolute value between the mean yaw for T1 and T2 for the below-rated wind speed scenario is relatively small, with a maximum value of approx-

imately 0.4� in stable conditions, and the three models. The mean yaw for T2 has a different direction than T1 in stable and neutral conditions for

the below-rated wind speed scenario, due to the wake deflection upwards. This deflection results in the lower part of the rotor experiencing

larger wind speeds than the upper part, as depicted in the top, left (A), in Figure 7. As a result of this inverse shear, the direction of the mean yaw

angle for T2 differs from that of T1. For unstable conditions, below-rated, the difference between T1 and T2 is negligible. For the above-rated

wind speed scenario, the mean values for T1 and T2 are almost equal, due to a smaller deficit. For the cases shown here, the mean yaw of T1 is

sufficiently small to not show any influence on the transverse deflection of the wake.

Shear stable, Shear neutral, Shear unstable, No shear
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F IGURE 11 Effect of shear on the mean yaw and sway for T1 for below-, close-to-, and above-rated constant wind conditions.

F IGURE 12 (A) PSD of the average of the six seeds for the wake center lateral meandering yc, for the below-rated scenario. (B, C, and D)
PSD of the yaw for T1 and T2, for (B) Kaimal, (C) Mann, and (D) TIMESR. All the PSDs are for unstable conditions.
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The maximum absolute difference in the standard deviation in yaw between T1 and T2 is almost 1� and occurs for the below-rated wind speed

scenario for unstable conditions, for the TIMESR model. Although the absolute values are small, for the below-rated scenario, the standard deviation

in yaw for T2, for unstable and neutral conditions, reaches between almost two and three times the one of T1, for both the Kaimal and TIMESR

models. The cause for a generally larger standard deviation in yaw for the turbine in the wake, T2, in unstable conditions, is the increased meandering,

as seen from Figure 12, where the PSD of the lateral meandering of the wake center is presented (A), together with the spectra for the three models

(B, Kaimal; C, Mann; and D, TIMESR), for unstable conditions, and the below-rated wind speed scenario. The vertical lines correspond to the natural

frequencies in surge (f1) and yaw (f6). The PSD of the Kaimal and TIMESR models, for T2, shows, in general, a quasi-static response; however, there is

some response around the natural frequency in yaw, which is not seen for T1, for these two models. This resonant response is related to the non-zero

energy content in the PSD of the yc close to these frequencies. The Mann model shows a generally higher response for T1 compared to the other

models, due to a lower coherence; however, the yaw response for T2 is lower than for the TIMESR and Kaimal models, due to the previously men-

tioned reasons. The trends described based on Figure 12, for unstable conditions, apply to stable and neutral conditions. Jacobsen and Godvik54 ana-

lyzed the influence of wakes and atmospheric stability on the pitch and yaw of the Hywind spar and the results are broadly consistent. It can thus be

concluded that the mean yaw of the turbine in the wake is mainly affected by shear and wake deficit, whereas the standard deviation is strongly

affected by coherence, which directly affects wake meandering and depends on atmospheric stability.

5.2 | Structural response at the tower base, the blade root and the upwind mooring line fairlead

Figure 13 presents the average of the mean of the six realizations for the tower base fore-aft bending moment (TBFABM), top row, and the ten-

sion at fairlead 1 (FL1T), bottom row, plus-minus the average of the standard deviations for the six seeds, for every condition. To compute the

standard deviation, a transient of 1000 s is removed, so the results presented are based on 1-h long time-series, and the entire frequency-range is

F IGURE 13 Average of the mean of the six realizations for the TBFABM (top row) and the FL1T (bottom row), plus-minus the average of the
standard deviation for the six realizations, for each mean wind speed and stability condition, and for T1 (triangles) and T2 (stars). Column (A) is for
the Kaimal model, column (B) for the Mann model, and column (C) for the TIMESR model.
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included. The difference in mean values for both the TBFABM and FL1T is affected by the thrust that T1 and T2 experience. The trends observed

are the same as the ones for the difference in the mean pitch. The lowest difference is seen in unstable conditions, due to a higher wake recovery

rate. The standard deviation of the TBFABM and FL1T for both turbines is the highest for the TIMESR model in unstable conditions, and the dif-

ference between T1 and T2 follows the same trend as for pitch. For the above-rated wind speed scenario, the differences in the FL1T and

TBFABM standard deviation between the two turbines are small, i.e. less than 5%. For the below-rated scenario, the standard deviation of the

FL1T decreases for T2, except in unstable conditions, for which it increases up to 25% for the TIMESR model. The reason for this increase for

the TIMESR model, and the relatively smaller decrease for this model and for Kaimal for stable and neutral conditions, compared to the Mann

model, is the higher meandering due to a larger coherence for TIMESR and Kaimal. This reasoning is also the cause for the difference in the

TBFABM standard deviations. The difference between T1 and T2 for the below-rated wind speed scenario reaches 33% for the unstable case, for

the TIMESR model.

Figure 14 presents the average of the mean of the six realizations for the tower top yaw moment (TTYM), top row, and the blade-root out-

of-plane moment (BROoPM), bottom row, for every condition. Both the difference in mean and standard deviation of the TTYM are reduced with

the increase in mean wind speed. They are both highly correlated to the structure yaw, and therefore the same effect as reported before related

to shear applies to the analysis on the mean TTYM. Even though the highest absolute values of the TTYM standard deviation are seen in unstable

conditions for both T1 and T2, the largest difference in percentage between T1 and T2 is seen for neutral and stable conditions, for the below-

rated wind speed scenario, for which T2 experiences a TTYM of more than twice the one of T1. For the close-to-rated wind speed scenario, in

unstable conditions, the standard deviation of TTYM for T2 is 1.5 to 2 times the value for T1. In neutral conditions the difference lies between

35%, for the Mann model, and 70%, for the Kaimal model. The small difference for the Mann model is consistent with the smaller difference in

yaw standard deviation for this model, compared to Kaimal and TIMESR, for the same reasons. The standard deviation of the TTYM is correlated

to shear and wake meandering, which intrinsically depends on coherence. The trends seen here are lower than, but consistent with, the ones

reported by Ning et al,55 who used LES to study the effect of wake meandering in unstable and neutral conditions for the NREL 5MW, for rated

wind speed. They found that in neutral conditions, the standard deviation of the TTYM of T2, placed 7 D downwind, was more than double the

one of T1, and in unstable conditions, it was more than three times that of T1.

The mean values of the BROoPM for T1 and T2 follow the same trend as the mean values for pitch or the tower base fore-aft bending

moment. The difference between T1 and T2 for the standard deviation depends mainly on the stability condition and mean wind speed. For the

F IGURE 14 Average of the mean of the six realizations for the TTYM (top) and the BROoPM (bottom), plus-minus the average of the
standard deviation for the six realizations, for each mean wind speed and stability condition, and for T1 and T2. Column (A) is for Kaimal, column
(B) for the Mann model, and column (C) for the TIMESR model.
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below-rated scenario, the highest difference is seen in unstable and neutral conditions, for which up to 35% increase is seen for T2. For the close-

to-rated wind speed scenario, the difference is smaller. In stable conditions, the standard deviation for T2 is approximately 30% smaller than for

T1, regardless of the model, whereas in unstable conditions the difference between T1 and T2 is negligible. For the above-rated wind speed sce-

nario, the standard deviation is very similar between models or stability conditions. The standard deviation of the BROoPM is mainly affected by

shear and wake deficit. The differences found in this work are smaller compared to the ones reported by Ning et al55 regarding the standard devi-

ation of the BROoPM. They found that for T2 the BROoPM standard deviation was 44% higher than the one of T1 in neutral conditions, and two

times higher in unstable conditions.

6 | CONCLUSIONS

Since 2019, the dynamic wake meandering model has been included in the revised IEC 61400-1 standard10 as a recommended practice to

account for wake effects from neighboring turbines in a wind farm. This model represents a good compromise between the higher computational

cost that high-fidelity models imply, and the lower accuracy of analytical wake models. Furthermore, IEC guidelines recommend two wind turbu-

lence models for the design and analysis of FWTs. These turbulence models are based on neutral atmospheric conditions and do not account for

the effects of non-neutral atmospheric conditions on coherence, turbulence intensity and mean shear on the wind profile. In this work, the com-

bined effect of dynamic wake meandering and atmospheric stability, is studied on the response of the INO WINDMOOR 12 MW semisubmers-

ible floating wind turbine21 placed 8 D downwind in the wake. To account for atmospheric stability in the Kaimal and Mann methods, their input

parameters are fitted to LES data. A third method, TIMESR, which allows the generation of the turbulent wind fields based on input time-series

from LES, is used. The turbulent wind fields are input to FAST.Farm (which has the DWM model implemented), and OpenFAST 3.0 is used to

study the low-frequency motions and structural response of the two INO WINDMOOR 12 MW FWTs, for stable, neutral, and unstable atmo-

spheric conditions.

The wake deficit and meandering, influenced by atmospheric stability, play an important role in the motions and structural response of the

FWT in the wake, T2. Four main conclusions can be drawn based on the current work:

• Wake recovery is greater for higher wind speeds and unstable conditions, and the effect of this greater recovery is clear in the mean pitch and

in the mean tower base fore-aft bending moment, the upwind fairlead tension and the blade root out-of-plane moment signals, all of which are

related to the increased or reduced thrust.

• The yaw motion and the tower top yaw moment mean values are mainly affected by shear, which is highest in stable conditions. The standard

deviation in every motion and structural response is mostly influenced by meandering, which is highly correlated with lateral coherence.

• The largest difference between T1 and T2 for the responses related to yaw, where significant effects of wake deficit and meandering are seen,

occurs for the TIMESR and Kaimal models. These differences are exacerbated because the yaw-related responses for T1 are low compared

with Mann, which is consistent with literature,19,56–58 compounded with the fact that there is increased meandering due to the higher coher-

ence for Kaimal and TIMESR. This effect takes place especially for the below-rated wind speed scenario and unstable conditions, when

meandering is highest, due to lower longitudinal wind speed components compared to the close-to-rated and above-rated cases.

• The effect of the wind turbulence model on the mean value of the turbine in the wake motions and structural response analyzed in this work

is negligible. The standard deviation of T2 motions and structural response is affected by the wind turbulence model, especially in unstable

conditions, due to the difference in coherence, and therefore wake meandering, of the three models studied here.

Both wake deficit and meandering, combined with the effect of atmospheric stability and the wind turbulence model play an important role

at the lower-frequency range, where semisubmersible structures have their natural periods for rigid body motions. More specifically, coherence,

directly affected by atmospheric stability, is one of the most important parameters influencing the wake meandering and FWTs response, both in

the wake and in free wind. However, there is a lack of data regarding coherence, especially offshore and in the lateral direction, and regarding

wake meandering. Accordingly, there are two main recommendations derived from the current work, and supported by other authors59,60:

• There is the need to overcome the scarcity of data regarding the spatial variation of the wind fields, especially in the areas where FWTs are

likely to operate.

• Further validation of the mid-fidelity DWM model for floating wind turbines, with increasing rotor sizes, against higher fidelity models is

needed.
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