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Abstract. Wind turbine wake models are essential tools for predicting power losses and structural loads in wind farms. Among
themthese, the dynamic wake meandering (DWM) model, included as a recommended approach in the International Elec-
trotechnical Commission design standard, is a widely used engineering-fidelity method that balances accuracy and computa-
tional cost. This study compares the performance of three DWM-based wake model implementations (from the Technical Uni-
versity of Denmark, the National Renewable Energy Laboratory, and the Institute for Energy Technology) under below-rated
wind speed conditions. Model predictions of wake flow, power output, and structural loads for a four-turbine row are evaluated
across different ambient turbulence levels and wind-direction misalignments, and compared against high-fidelity large-eddy
simulation results. All three models captured the overall wake evolution and mean turbine performance with reasonable accu-
racy; their predicted time-averaged thrust and power were typically within 5—3+0-5-10 % of the large-eddy simulation bench-
mark. However, notable differences emerged in wake structure and unsteady load predictions, with discrepancies increasing for
turbines further downstream. These differences highlight the importance of modelling choices such as wake summation and
turbulence treatment, which strongly influence power-deficit and fatigue-load predictions. Comparison with large-eddy sim-
ulations reveals the-each approach’s strengths and weaknessesof-each-approach, indicating where improvements are needed.

f-generalQverall, the findings suggestdirections-forrefining DWM-moedels-and-improving-point to specific refinements for
DWM models to improve their fidelity, ultimately enabling more robust wake predictions for wind farm design and operation.

1 Introduction

The wind energy industry has undergone significant development in-reeent-deeadessince its beginning, evolving from isolated,
low-efficiency turbines to large-scale, modern wind farms. In these farms, spatial constraints and the need to minimize in-
frastructure and maintenance costs often lead to farm layouts with tightly spaced turbines. This evolution has increased the
focus on turbine—turbine interactions, as wake effects have been identified as a major contributor to energy losses and elevated

structural loads throughout the farm.
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To maximise-maximize energy yield, the industry commonly employs simplified engineering models for steady-state wake
prediction during design and operational planning. However, wakes from upstream turbines not only reduce wind speeds but
also generate unsteady turbulence, which impacts the performance and fatigue-toading-fatigue loading of downstream ma-
chines. Because steady-state models are inherently unable to capture these unsteady flow phenomena, they are not suitable
for load assessments. Instead, the industry commonly relies on the effective turbulence model (International Electrotechnical
Commision, 2019) for structural load calculations, which does not simulate individual wakes explicitly but approximates
their impact by artificially increasing the ambient turbulence intensity. The alternative approach to consider wake effects
on turbine loads according to international wind turbine design standards is the dynamic wake meandering (DWM) model
(Earsen-et-al52008)(Larsen et al., 2008; Madsen et al., 2010; Larsen et al., 2013). This approach explicitly simulates individ-
ual wakes as convecting, meandering flow fields, where the veloeity-defieit-velocity deficit is advected downstream with
stochastic lateral and vertical motion driven by ambient large-scale turbulence, superimposed on an ambient wind field. By
capturing key unsteady wake dynamics such as meandering and advection, DWM-based models include physical phenom-
ena that are absent from simpler steady-state models, yet remain orders of magnitude more computationally efficient than
high-fidelity large-eddy simulations (LES). Recent work by Doubrawa et al. (2023) showed that even though en-average-the
effective turbulence model and the DWM model predict similar intra-farm flow characteristics and, when coupled with aeroe-
lastic solvers, turbine structural loads on average, much more insight and direetion-vartability-arises-directional variability arise
from the DWM model that the effective turbulence model cannot resolve. DWM models enable realistic load predictions under
wake-conditions—waked conditions — an essential capability for wind farm design and certification.

Since its introduction in the early 2000s, the DWM model has undergone continuous refinement. Several research groups

have proposed enhancements or modifications to the original formulation, including alternative meandering algorithms, varia-

tions in wake-deficit shapes (Peubrawa-et-al; 2017 Branlard-et-al-2023)(Doubrawa et al., 2017; Branlard et al., 2023; Bernard et al., 202

, improved wake superposition techniques (Machefaux et al., 2016; de Vaal and Muskulus, 2021), and more advanced treat-
ments of wake-added turbulence (Madsen et al., 2005; Keck et al., 2015; Branlard et al., 2024). These efforts have led to
a range of DWM-based implementations, such as the original model integrated with DTU’s aeroelastic software HAWC?2,
NREL’s FAST.Farm tool (Jonkman et al., 2017), and the more recent WIFET wake model (Hanssen-Bauer et al., 2020; de Vaal
and Muskulus, 2021), each incorporating unique sub-models. While grounded in the same core physical principles, their pre-
dictions can differ substantially due to implementation choices.

DWM-based models have been calibrated and compared with high-fidelity large-eddy simulations coupled with LES actuator-
line turbine models (LES-ALM) (Madsen et al., 2010; Jonkman et al., 2018; Doubrawa et al., 2018; Shaler and Jonkman,
2021; Hanssen-Bauer et al., 2020) and also validated with full-scale field measurements (Madsen et al., 2010; Larsen et al.,
2013, 2015, 2017). Yet-direet-Direct intercomparisons between different DWM implementations remain limited—A-—notable
exeeption-is-the, with a few notable exceptions. The benchmarking study by Asmuth et al. (2022) s-which-compared six nu-
merical models—ineluding-models — including DWM implementations from DTU and NREL, and the LES-ALM software
EHipsys3B—with-Ellipsys3D — with full-scale measurements from the DanAero experiment. That study focused on a two-
turbine setup under below-rated wind conditions, analysing-analyzing one full-wake and one partial-wake case. However, the
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scope was limited to the response of two turbines and the wake flow behind only the upstream rotor, leaving the effects of

multiple interacting wakes unexamined. In another benchmarking study, Bernard et al. (2024) compared three different DWM
implementations, together with the effective turbulence model and LES, against measurement data from an offshore wind farm
with 6 MW turbines located in the North Sea. This comparison presented the response of one turbine in the second row of
the wind farm for below-rated wind speeds and different inflow directions, resulting in both free inflow and inflow partially
affected by the wake of a single upstream turbine.

Our recent comparison of DWM-based models extended the benchmarking to an above-rated wind speed case, involving
a four-turbine row aligned with the incoming wind and a single ambient turbulence condition (Hanssen-Bauer et al., 2023).
That study revealed substantial discrepancies between the model implementations. While time-averaged wake-deficits-wake
deficits and power outputs were generally consistent across models and in reasonable agreement with LES, fatigue-load pre-
dictions diverged significantly further downstream, with differences reaching up to 25 % of reference values. These results
underscore how implementation details, such as wake-merging methods and turbulence modelling, can critically affect load
predictions, even under otherwise comparable conditions. They also highlight the need for continued evaluation and improve-
ment of engineering-fidelity wake models before they can be fully relied upon in design and certification workflows.

In the present study, we extend the earlier above-rated comparison to systematically evaluate three DWM-based wake models
under below-rated wind speed conditions, while introducing two further variables: ambient turbulence intensity and wind-
direction misalignment. Specifically, we analyse-analyze three inflow conditions representative of low to moderately high
turbulence environments and two wind alignment scenarios —— one with flow aligned with the turbine row, resulting in a
full-wake configuration, and another with a small offset angle introducing a partial-wake condition. A high-fidelity LES-ALM
is used as the reference benchmark, following the methodology of our previous study (Hanssen-Bauer et al., 2023). This setup
enables an in-depth assessment of wake evolution, power production, and structural load indicators along a row of turbines for
each DWM model, across all combinations of wind speed, turbulence, and alignment.

The primary objectives of this study are twofold: (1) to evaluate each DWM model’s accuracy relative to LES predictions,
identifying the-deviations in wake behaviour and turbine fatigue response; and (2) to investigate how differences in sub-
modelling strategies —— such as wake meandering formulations, velocity-deficit profiles, multi-wake superposition methods,
and wake-added turbulence treatments —— affect model performance. By isolating and anabysing-analyzing these factors,
we aim to explain the observed differences and identify the most influential modelling assumptions, thereby informing future

development of accurate, robust engineering-fidelity wake models for wind farm applications.

2 Methodology

In this study, we compare three different DWM-based wake models with high-fidelity LES-ALM. The original DWM model
developed at the Technical University of Denmark (DTU) is referred to as DWMpTy. The second DWM model uses the
National Renewable Energy Laboratory (NREL) DWM implementation in FAST.Farm, named DWMnRrgL in this study. The
third model, named DWM,gg, uses the DWM implementation WIFET Farm from the Institute for Energy Technology (IFE).
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This model is newly developed in the NEXTFARM project (RCN, 2025) and is an extension to the aeroelastic tool 3DFloat
(Nygaard et al., 2016). The LES-ALM simulations were performed by Uppsala University and are hereafter called LESyy.

2.1 Test cases

In this study, we consider the same simple farm layout as in Hanssen-Bauer et al. (2023), a row of four NREL 5-5 MW
reference turbines (Jonkman et al., 2009) spaced 7.5 diameters (7-5D7:5D) apart. The NREL 5-5 MW turbine has a rotor
diameter of B-=-126-D = 126 m, a hub height of 90 m, a rated speed of 11.4 ms 1, and a rated aerodynamic power of 5.3
MW. All numerical models, both DWM and LES, use the same incoming wind field, the LES-generated precursor described in
Sect. 2.3. In that-waythis way, we exclude the effect of different inflow models -and-enable-to-and can investigate the differences
in the wake models and their isolated impact on power and fatigue-loadsfatigue loads. However, an important exception is the
computation of the meandering in the DWMpTy model, which is derived from a Mann turbulence box with a grid size of one
diameter (Madsen et al., 2008, 2010). As this approach is an integrated part of the model and its calibrated medel-parameters;
itwasfound-parameters, we found it necessary not to deviate from this setup.

Three wind fields with varying ambient turbulence intensity (TI;) were generated, representing low, medium, and high
turbulence inflow conditions. Table 1 gives-provides details about the flow at hub height for the different cases. While the aim
was to have three wind bexes-fields with identical below-rated mean wind speed at hub height, we-see-thatinfaet-in practice
the mean wind speed-variesspeeds differ slightly. For the highest TI, case, the mean wind speed is close to, but still below,

the rated wind speed. The inflow data provided to the DWM models was-were sampled in a separate precursor run of the

main LES without turbines, in a plane HD-1D upstream of the position of the most upstream turbine ;—(hereafter referred to
as turbine +—Fhis-wayitis-ensured-1). This approach ensures that the inflows seen by the turbines are as similar as possible.
For the DWM simulations, the LES-generated wind field was then-impesed—1D-imposed 1D upstream of turbine 1, and the
simulations were run for 52.5 min. To exclude any-transient effects at the beginning of the simulations, the first 7.5 min
were excludedfrom-the-resultsdiscarded, resulting in an effective simulation length of tsjm = 45 min. This corresponds to
6:7Lx=U1  tsim 8Lx=U2 for the different cases, where Ly is the longitudinal length of the flow regimedomain, and U4

is the mean undisturbed ambient wind speed.

In total, four simulation cases were run in this study.

of turbines Three cases had the mean wind direction aligned with turbine row but with varying inflow eonditiensturbulence
conditions, yielding fully waked configurations. Here, the turbines downstream of turbine 1 were operating in fully waked
conditions. The fourth case was run with medium ambient turbulence conditions -but with an offset angle of 5 between the
mean wind-direetion-wind direction and the turbine row, resulting in a ease-scenario where turbines 2—4 operated under partially
waked conditions. Hewever—asfor-alt-easesin-thisstady-In all cases, the rotors were aligned with the mean wind-direetion;
wind direction (i.e. no yaw-misalignmentrelative-to-the-mean-wind-oeeurredintentional yaw misalignment). Due to an error in
the setup of the LES-ALM simulation ef-for the first case, the rotor was run with 0 tilt angle;-and-netrather than the correct
5 tilt angle of the NREL 5-5 MW turbine. As the LES-ALM simulations are rather-computationally expensive, it was decided
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Table 1.1n ow conditions at hub height, resulting pre-de ned RPM values, and rotor tilt angle for the simulation cases

Unub Tlhw  RPMturbinel RPMturbine2 RPMturbine3 RPM turbine4 Rotor tilt

[ms 11 [%] [min 1] [min 1] [min 1 [min 1 [1]
Low Tla 8.86 4.6 10.23 8.43 8.36 8.35 0
Medium Tl 8.98 8.8 10.51 8.76 8.57 8.54 5
High Tl 10.63 12.0 11.86 10.76 10.44 10.38 5
Medium TL/

8.98 8.8 10.36 9.40 9.32 9.27 5

Skewed in ow

to keep a Ottilt angle for the rst case and adjust the DWM simulations accordingly, while for the remagmingiatienscases
the tilt angle wasdjustecsetto 5 (see table 1).

As in Hanssen-Bauer et al. (2023), the turbines were forced to operate at xed rotor speeds and blade pitch angles in all
simulations. These prede ned values were set by rst running the QWNnd DWMyre. models with variable rotospeeds

of turbine 4veresimutated, turbines 1 to@ereareset to the rotospeedspeedyiven for turbine 1 in table 1, while turbine 4
wasis set to the RPM speci ed for that turbine.
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wherethe material-speci cWaéhlercoef cient m.in Eq. (1) is settom = 3 for calculationsonthetowerandtom = 10 for the

DTU, NREL, and IFE. An overview of the differences between these three DWM model implementatéigsgiven in
Hanssen-Bauer et al. (2023). What follows is a summary of the most important differences needed to understand the discrep-

ancies in the results.

2.2.1 Initial wake velocity pre-te-de cit

DWMpry and DWMreL oObtain the initial velocity pro le behind the turbine from the blade element momentum (BEM)
model (Madsen et al., 2008, 2010), but the wake pro le is adjusted by including a simple closed-form moditeédiem

2.2.2 Thin shear-layer approximation and eddy viscosity model

All thethree DWM implementations build on the same assumption of an axisymmetric wake with a thin shear-layer approx-

equatiens, an eddy viscosity model consisting of two termsapplied. The rst term models the contribution related to the
ambient wind shear and scales with the turbulence intensity, while the second term is related to the wake shear. The model in-

cludes lIter functions to adjust the model in the near-wake region where the assumption of negligible pressure variations is not

2021).
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2.2.3 Wake transport velocity

conditions (Larsen et al., 2015):

8

2 i fyeyeo) -
max; Uy  ul,(x;y;z) ; U U
Us(y;i2)= Ui _p - r )
(U uy(xyiz)); U >Uq

Here,U; is the undisturbed free-stream velocmk, is the wake velocity induced by turbineandU, is the turbine's rated
wind speed. In this study the wind speed is always below ratedefereso the upper expression is uséhe This maximum

S o
A . .
Uw (X;y;2) = Uy (Up U (xy;2))? ®)
i
Here,U; is again the undisturbed free-stream veloaity,is the local incoming wind velocitgf-at turbinei, andul, is the
wake velocity induced by turbinie

Radial velocity-de cit elds are superimposed using a linear summation methdebrethe wakeofeachindividuatturbine



205

210

215

220

225

weightsbasedon the ratio ofthe-gachindividual wake'smean convection

velocity Ug(x):

Xy .
vz = b _EJZ((i))(Ul Uy (6Y32)); "
where
‘ooe RRuiW(éi%’;z) (uh Ui, (xy;2))dydz. .
: {up Ul (xy;2))dydz ’
and

RR
Uex)= — JwBRi2) (U Uu(xiy;z))dydz o

(U1 Uw(xy;2z))dydz

accountgor tilt and yaw misalignmentseaccountedorandaffeet,

2.2.6 Ground effects

DWMnreL does not yet have a model to account for ground effects on the ow fetetbetiBoth DWMpry and DWMge
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2.2.7 Wake-added turbulence and turbulence build-up

Wake-added turbulence is the self-generated small-scale turbuletieevilake of the turbinesa turbine'swakedue to wake

shear and the breakdown of the wake tip vortices, and comes in addition to the conventional atmospheric boundary layer

added turbulence model in the simulations perforieidr this studyAt-anearlystagen-theln the early development of the

DWM model at DTU, jit-becamelearfromthecomparisorof-modelsimulationswith-detailed in ow measurements on a full-

scale turbingith-, including angle of attack and relative velocityat a blade sectiopwereusedfor validation.Comparisons

betweenmodelsimulationsandthesemeasurementsadeit clearthat additional turbulence-whatis-generatedrom-wake

turbulence eld by a scaling factde, varyingthatvariesradially based on the wake-de cit strength and the wake shear-layer

velocity gradient:

Uw (1) Quw(r)=U; ) .
U, Km1 — ar Km2:

Herekn1 =0:6 andky,» = 0:35 are empirical factors tuned by comparison with in ow and load measurementéudinsaale

Kmt = )

full-scaleturbine (Madsen et al., 2008) and with actuator-line simulations (Madsen et al., 2010). Later, an improvement to the

an improved wake-added turbulence model has recently been implemented in FAST.Farm (Branlard et al., 2024).

DWM e does notinclude a wake-added turbulence model for load calculations analogous toftveraretecin the orig-

1L = D=8, whereL is the length scale of the spectral velocity tensor Bnis the turbine diametegs opposed tb =33:6 m, which is recommended
for atmospheric turbulence above B0(International Electrotechnical Commision, 2019).
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2.2.8 Aeroelastic solvers

All DWM models are coupled to an aeroelastic solver for calculating blade forces. B\WNt coupled to HAWC?2 (Madsen
etal., 2020), DWMgrgeL to OpenFAST (NREL, 2025), and DWM: to 3DFloat (Nygaard et al., 2016). In all these aeroelastic
solvers the blade forces are obtained from BEM, although in different implementations, with Prandtl blade tip correction

2.3 Large-eddy simulations

The LES-ALM reference case(LESyy —ane) aswell asthe three in ow wind elds used by altre-numerical models

The three in ow wind elds are generated using a bi-periodic precursor simulation of a pressure-driven isothermal boundary

layer. The computational domain exterids= 1280 #-m in the vertical directionl.y = 6L, in the streamwise direction, and

z=10m. A symmetry boundary condition is imposed at the domain top. At the surface, shear stress is prescridéée using
Monin-Obukhov similarity theory (Monin, 1954) and the local instantaneous velocity sampled at the rst grid point above the
boundary. In ow data for the main LES-ALM simulation, which are atsepteyedused by the DWM models, are extracted
after a spin-up time of 30 00&.

The domain of the LE§, simulation {eincluding wind turbines) has the same dimensibrs., as the precursesld:
The inlet is located®D upstream of turbine 1. In the turbine and wake region, the grid is uniform with a resolutior ef

y= z=D=32=3:9375 m starting3D upstream of turbine 1 and extendiB@D in the streamwise direction, add in
both the lateral and vertical directions. Outside this inner region, the grid is smoothly stretched towards the boundaries. The
turbine rotors are represented using ALMs (Sgrensen and Shen, 2002), with each blade discretized into 32 elements. The ALV
body forces are projected onto the grid with a three-dimensional Gaussian smearing function ofs2dthx. To mitigate
spurious induction effects arising from the nitere-sizecoresizeof root and tip vortices, the smearing correction proposed
by Meyer Forsting et al. (2019) is applied. Following a spin-up ofi8, the main simulation is run for 4&in.

2.4 Wake tracking

Fromthe ow eld generated by LES, , thewake centre positions were tracked usingpythenteelbexSAMWIChdeveleped

10



290 area was limited to 1:25D efaterally from the turbine locatiolaterally, and between 0:5D andD relativete-the-hub

295 1. Edge Detection Removal: wake centres detected asthetareaedgeedgeof thesearchareawere discarded and lled
baekin-with-in by linear interpolation.

2. Spike Removal 1. a median Iter withkernel size of 15ecends was applied to remove spurious spikes in the wake

centre time series.

300 averagevasappliedto segments starting 2&cends before the rst-and 20secends after the last consecutive points

305 Despite the improvementsenafter post-processing the raw wake centres SheMICh-SAMWICh-derivedcentres did

310 inow cases,ﬁemd@:nd]forz both lateral and vertical wake centre coordinates.

3 Results
3.1 Fully waked cases with varying ambient turbulence

In this section, we present a detailed comparison of the three DWM-based models under fully waked conditions for a row of

four turbines exposed to aligned in ow. Three cases corresponding to low, medium, and high ambient turbulence conditions
315 are considered, while maintaining below-rated wind speeds. We assess time-averaged ow elds, wake centre positions, power

production, thrust forces, blade loads, and fatigue to identify key differences between the models and examine the in uence of

sub-modelling strategies.

11
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Figure 1. Time-averaged velocity pro les for the aligned incoming wind case with low ambient turbulenge @.6%). Horizontal dashed
lines indicate the rotor swept area.

3.1.1 Mean velocity pro les

turbineretors-swept's rotor-sweptarea. In thenear-wakenearwake of turbine L-at x;=; =2:5D, all the-models except

12
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asymmetryfor-in LESyy, which becomes more pronounced ﬂaemgher ambient turbulence cases, will be discussed in
Sect. 3.1.Mhereplo%serhowingwhen wake centre positions are presented. At the wake centre, PWM-generaltends

te-with LESUU at the wake centre at=5D andx = D, while DWMpry tends to slightlyever-predictthe-wakeeentre

wakes, leading to faster wake recovery through enhanced mixing and momentum entrainment from the ambient ow.
Figures 2 and 3 show time-averaged velocity pro les for #aseswith-medium (Tl = 8.8 %) and high (Th = 12 %)
ambient turbulenceases, respectively. The wake development behind each turbine is similargeethedstow-turbutent

13
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Figure 2. Time-averaged velocity pro les for the aligned incoming wind case with medium ambient turbulence 818 %). Horizontal
dashed lines indicate the rotor swept area.

low-turbulencecase, buttdete-higher turbulence levels and thus stronger meandetiveggiakesshewfasterreceveryand

14
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Figure 3. Time-averaged velocity pro les for the aligned incoming wind case with high ambient turbulence [®%). Horizontal dashed
lines indicate the rotor swept area.

thenear-wake ax = 2:5D is-ef-has minor importance.

More relevant are the pro les at=5D downstream angd = D just upstream the next turbine in the row. Here, D\MM

DWMee is the only DWM modekapturingtheinereasedhatcapturegheincreasen de cit outside the rotor spafer-in the

15



DWMprty and DWMygeL showonly minor development in the ow along the turbine row, when comparing the wakes of

turbine 1 and turbine 2and especially when comparing the wakes of turbines 2—4.

380 mentioned, the asymmetry abgut O getshecomes more pronounced for higher ambient turbulenceg stndng acceleration

16



%). Horizontal dashed lines indicate the rotor swept area.

385 calculating the ow. Even thoughhe-an upward wake de ection is not evident for DWieL in the velocity pro les, it

becomes visible in the wake centre position plots in Sect. 3.1.2.
Figures 4-6 show pro les of axial velocity standard deviatiom,, for the threadifferentambient turbulence leveisrestigated.

390 mcludesawake addedhrbulenceﬂodel showscomparable levels te&HdMgheHeveLs%ha&LESUU feHheatTla =8. 8%and

17



Horizontal dashed lines indicate the rotor swept area.

exceptelosetenear the surfacen+hrs+eg+meaﬂdatseat*fr-59—%heThls deviation from LESU Mkelyne%dae{e%he
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increase is noteerpbservedn Figs. 56, possible

3.1.2 Wake centre positions

Figures 7-and 8 show distributions of horizontal and vertical wake centre positions relative to the hub positions, at axial posi-

19



420

425

430

20



435

440

445

450

455

460

465

21



470 themedelsintermsof, the modelsagreewell on the meandering level. Howevehereis-atendeneythatDWMge  shows

turbulence. According to Keck et al. (2013), a lower wake transport vel@eitgaseshelevetgadsto increasedevels of

475 DWMpnrer andDWMngeL ;s

480 models. While the wake of LEfg showsa 50 %increase irspreadingvakespread from turbine 1 to Zhereisnesigni-cant

485 from

all upstreamturbines;fer-wakes;for exampleat turbine 4thismeanst identi es the sum of the wakes from turbine 1 to 4.

490 levetof-the combinedwakesfarther, might contributeadditionalmeanderingo the combinedwake trackeddownstream of

turbines 2—4rackedby SAMWICh. In fact, DIWMnreL ;s Shows asmafltslightincrease in meanderirgjongthe row for both

Tla=4.6%and Th = 12% binerow: W - we-seein-thatjs

495 wake-centredenti cation methods.

3.1.3 Power and thrust

Figures 9 and 10 show time-averaged thifaste-and aerodynamic power for the three levels of ambient turbulence investi-

500 showa signi cant drop in both thrust and powésr-at-medelsfrom turbine 1 to turbines 2-dperating(which operate under

22
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Figure 9. Mean thrust force for the aligned incoming wind case with (a) low, @ 4.6 %), (b) medium (T4 = 8.8%), and (c) high (T4 =
12 %) ambient turbulence.

Figure 10. Mean power for the aligned incoming wind case with (a) lowa(¥14.6 %), (b) medium (T = 8.8%), and (c) high (T4 = 12

%) ambient turbulence. For legend, see Fig. 9.

deereasgitial dropin thrustandpower from turbine 1 to 2rbeththrustandpewercompared to the two other DWM models

A similar effect has beeseenin-arew-of turbinesfrom-gbservedn full-scale measurementige-e-g--atthe Lillgrund wind

23
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Figure 11. Time-averaged blade force as function of blade radius for the aligned incoming wind case with low ambient turbuleace (Tl
4.6%).

recovery deeper into the farm.

3.1.4 Blade forces

24



Figure 12. Relative difference between mean normal blade force per azimuth&l,bend total normal forc&, , for the aligned incoming

wind case with low ambient turbulence (T# 4.6 %).

Figure 13. Relative difference between mean normal blade force per azimuth&l,bend total normal forc&, , for the aligned incoming

wind case with high ambient turbulence {H 12%). For legend, see Fig. 12.

subtracted from the azimuthally varying force, andliy-theresultnormalized by~ to show only the relative force variation

thebladeexperieneesverthegvera rotationF, is azimuthally binneevith-by =12 everusingall blade rotationstiuring

25



minimum blade force occurs around= 180 . As mentionedhoted in Sect. 2.1, the tower is not modeltethe simulations,
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swep{mtor swept area, a;yp{eahtyseenfePseenm LESUU atxi=3 = D andxi=z4 = D in Figs. 2 and 3meansaless
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Figure 15. Energy spectra diladereethlade-rootapwise bending moment for the aligned incoming wind case with ambient turbulence of

(@) Tla = 4.6%, (b) Tla = 8.8%, and () Tk = 12%.

cut-off frequency, and loads associatedvith wake meandering are expected to appear bélofl.arsen et al., 2008; Larsen
and Lio, 2025). urbine-1; however,seesthe undisturbedwind without a meanderingvake, sofo is-turbi g

595 canbeseenasthebaselinewitheutanyrepresenta baselinewithout wakemeandering energy. Surprisinglyly-DWMpry
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he-ambient turbulence (Madsen et al., 20189)eHs
i i 42_contributego increased
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Tl. =8.8%, and () Th = 12%.

decreasingnergyat 1P frequencyforin LESyy eausesreductionof-BEL-causeDELSs to reducealong the turbine row. For

these case§WMyre. and DWMee fettowsfollow the same trendand are closest to L& .

Figures 16 and 1presentshow 45-min DELs ef-for the tower-top yaw moment and tower-base fore-aft bending mo-
ment, respectivelyA-, usinga Wohler coef cient of 3is-appliedfor the tower. For all cases, the models show good agree-

developmenbf-oneto reproducea similar developmentn DELs along the turbine row. At higher ambient turbulelegets,



645

650

655

660

665

670

675

3.2 Partially waked case

This section extends the analysis to a more complex in ow scepd@#gantroducing a small misalignment between the mean
wine-direetionwind directionand the turbine row. The resulting partial-wake con guration better re ects typical operational

conditions in wind farms, where turbines are rarely aligned perfectly with the wind. The same ambient conditions as the

medium ambient turbulence case in Sect. 3.1 are Usedyith a 5 efisetanglebetweenthe meanwind-directionandthe

row-efturbinesandwith ambient turbulence FI= 8.8%. The upper row shows horizontal pro les at hub height and the lower
row shows vertical pro les at the turbine's lateral centre. Horizontal dashed lines indicate the range of thedtsbirsvept
's_rotor-sweptarea of theelesestnearestupstream turbine, and horizontal dash-dot liresicate at- which-tateralposition
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Figure 19. Time-averaged velocity pro les for the partially waked case ifbow angle) with medium ambient turbulence @TE 8.8 %).
Horizontal dashed lines indicate the rotor swept area of the closest upstream turbine, and horizontal dash-dot lines indicate at which lateral

position the corresponding vertical pro les are plotted.

andin the vertical pro leshevwiargerdifferences.

3.2.2 Wake centre positions

models-the wake centre positions are taken directly from the meandering algorithm in the DWM simulation.
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