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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 DWMpry. The second DWM model uses the
National Renewable Energy Laboratory (NREL) DWM implementation in FAST.Farm, named DWMyggy, in this study. The
third model, named DWM;ipg, 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-=+26-D = 126 m, a hub height of 90 m, a rated speed of 11.4 ms™!, 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 DWMpy 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—+D-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 Zg,, = 45 min. This corresponds to
6.7Ly/Uso < tsim < 8L, /U for the different cases, where L, is the longitudinal length of the flow regimedomain, and Uy

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



Table 1. Inflow conditions at hub height, resulting pre-defined RPM values, and rotor tilt angle for the simulation cases

Unub Tlhwy RPMturbine 1 RPM turbine 2 RPM turbine 3 RPM turbine 4  Rotor tilt

ms™'1  [%] [min~'] [min~1] [min~!] [min~ %] [°]

Low TIL, 8.86 4.6 10.23 8.43 8.36 8.35 0

Medium TI, 8.98 8.8 10.51 8.76 8.57 8.54 5

High TI, 10.63 12.0 11.86 10.76 10.44 10.38 5
Medium TI./

8.98 8.8 10.36 9.40 932 9.27 5

Skewed inflow

to keep a 0° tilt angle for the first case and adjust the DWM simulations accordingly, while for the remaining simulations-cases
the tilt angle was adjusted-set to 5° (see table 1).

125 As in Hanssen-Bauer et al. (2023), the turbines were forced to operate at fixed rotor speeds and blade pitch angles in all
simulations. These predefined values were set by first running the DWMipr and DWMnrEr, models with variable rotor speeds
speed and blade pitch with-using the same inflowand-subseguentty-tsing-, then taking the mean of the time-averaged values
from the-tweo-those runs for the final simulations. The resulting rotor speeds are given in table 1, while the blade pitch angles

were 0° for all turbines, as expected for below-rated conditions. The-approachfer-As described in Sect. 2.2.4, DWMpruyis
130 te—run—s approach for multiple-wake situations is to consider the meandered wake deficit from each upstream turbine as if

running all upstream wake-generating turbines at free-inflow-conditions—exeept-free-stream velocity, except for the turbine
whose loads are being calculated. For example, when computing the turbine-where-theloads-are-simulated—So-when-the-loads

of turbine 4were-simulated, turbines 1 to 3 were-are set to the rotor speeds-speed given for turbine 1 in table 1, while turbine 4
135 wvasis set to the RPM specified for that turbine.

To getresultscomparable-to-the AEM-inEESyuit-was-deeided-te-runensure comparability with the LES-ALM, we ran the
aeroelastic solvers coupled to the DWM wake models with rigid rotors and exclude-all-the-effectsfrom-the-tower-excluded all

tower effects. Aerodynamic forces, including gravity forces, along the radial-span-of-the-blade-werereported-blade span were
output from all simulations, and power and loads were calculated from these forces using the-same-identical algorithms. This
140 is the same procedure used in Hanssen-Bauer et al. (2023).
To compare fatigue-damage calculations usingfor the different wake models, 45-45 min damage-equivalentloads(DEELdamage-equivale;
loads (DELs) were calculated. Based on the Palmgren—Miner damage-summation rule with Goodman’s correction, a DEL is a
load that, at a chosen equivalent number of eyeles—herecycles — here N, = 45-60 = 2700 (i.e. a load at 1 Hz for 45 min)
—will-give-the-same— produces the same fatigue damage as the summation of the-k-eyeles-damage from the K different load
145 ranges Sj with IV}, effead-ranges-S7*cycles, determined using rainflow counting (Rychlik, 1987):
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where the material-specific Wohler coefficient m in E

. (1) is set to m = 3 for calculations on the tower and to m = 10 for the

blade.
2.2 The DWM models

The original DWM model is based on the assumption that the quasi-steady wake-defieitwake deficit, obtained from a thin
shear-layer approximation of the Navier-Stokes-Navier—Stokes equations, meanders in a stochastic manner due to the large-
scale turbulent structures in the wind, and that the self-generated turbulence field in the wake can be superimposed onto the
wake-defiei-wake deficit and exposed to the same dynamics. In this study, we compare three DWM-based wake models from
DTU, NREL, and IFE. An overview of the differences between these three DWM model implementations are-is_given 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 profiledeficit

DWMpry and DWMnRggL obtain the initial velocity profile behind the turbine from the blade element momentum (BEM)
model (Madsen et al., 2008, 2010), but the wake profile is adjusted by including a simple closed-form modification taking
eare-of-the-to account for pressure recovery in the wake-nearfieldnear-wake region. DWMirg on the other hand, assumes a
Gaussian wake-deficit profile for-all-pesitions-dewnstream-of-the-turbineat all downstream positions, and the initial wake-centre

wake-centre deficit is obtained from Cr(U) tables with-of thrust coefficient as function of wind speed for the specific turbine.
2.2.2 Thin shear-layer approximation and eddy viscosity model

All the-three DWM implementations build on the same assumption of an axisymmetric wake with a thin shear-layer approx-
imation of the Navier-Stokes-Navier—Stokes equations, where the pressure term is neglected. As a turbulence closureef-the
equations, an eddy viscosity model consisting of two terms +-is applied. The first 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 filter functions to adjust the model in the near-wake region where the assumption of negligible pressure variations is not
valid. The details of the eddy viscosity model, with-the-along with its associated filter functions and calibration constants, vary
between-among the DWM implementations (for details, see Madsen et al., 2010; Jonkman et al., 2017; de Vaal and Muskulus,
2021).
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2.2.3 Wake transport velocity

The wake-defieit-wake deficit is transported downstream by the wind, but since the free-stream—vetoeityis-distarbed-by-this
defieititselffree-stream velocity is itself disturbed by the deficit, the choice of wake transport velocity is not trivial. While
DWMpry applies a transport velocity of U,,, DWMpg uses the approximation ef-0.8U ., estimated by Keck et al. (2013).
DWMnrEL, on the other hand, is-eatenlating—calculates the local velocity at the position of each wake slice, which varies in
both time and space; therefore, the wake accelerates from near-wake to far-wake, because the wake-defieits-wake deficits are

stronger in the near-wake and weaken further downwind.

2.2.4 Wake summation

For multiple-wake-situations-situations with multiple wakes, where a turbine’s incoming flow field is affected by more than one

wake-of-upstream-turbinesupstream wake, DWMpry distinguish-distinguishes between below- and above-rated wind speed
conditions (Larsen et al., 2015):

max; (Uso — uly(2,,2)), Uso < Uy
Uw(z,y,2) = Uso — (2)

> (Uso —uly(z,y,2)), Uso > U,

Here, U, is the undisturbed free-stream velocity, uﬁu is the wake velocity induced by turbine 7, and U, is the turbine’s rated
wind speed. In this study the wind speed is always below rated, therefore-so the upper expression is used. The-This maximum
deficit operator looks at the meandered wake-defieit-wake deficit from each upstream turbine when-operating in isolation (i.e.
—experiencing-under free-stream veloeityconditions), and assumes that the total incoming wake-defieit-wake deficit can be
approximated to-be-the-maximum-single-wake-defieitby the maximum single-wake deficit, evaluated at each radial position of
the turbine of interest.

In-DWMnrEL the-superimposes axial velocity-deficits are-superimposed-using a local root-sum-square method, where the
wake of each individual-turbine is calculated using the-that turbine’s local incoming wind velocityef-that-turbine; meaning-that,
In other words, the wakes are calculated in-a-sequential-way-sequentially from upstream to downstream (Jonkman et al., 2017):

Un,2) = Use — \/Zwa — il (2,9,2)? ©)

Here, Uy, is again the undisturbed free-stream velocity, u}) is the local incoming wind velocity ef-at turbine 4, and u?, is the
wake velocity induced by turbine <.

Radial velocity-deficit fields are superimposed using a linear summation method ;where-the-wake-of-each-individual-turbine
is-eatetlated-in the same sequential way-as-formanner as the axial component.

DWMirg uses the momentum—eonserving-momentum-conserving summation method derived by Zong and Porté-Agel
(2020a) for wake superposition. This is an iterative method ;-where-the-velocity-defieits-in which the velocity deficits from



200

205

210

215

220

225

the upstream turbines are summed weighted-with weights based on the ratio of the-each individual wake’s mean convection

velocity of the-individual-wake;ul () -and-the conveetionveloeity-of the combined-wakes:to the combined wakes’ convection
velocity Ue(x):

Uw(xayaz) :UOO_ZZ%:E:;)) (Um_uzu(xvyvz))v (4)

where

z(x> ffu r,Y,z uo_u (:C,yﬁ))dydz

U, ff uo — ul ($7y7 ))dydz ) (5)
and
Uu(z) = [[Uy(z,y,2 (U — Uy (x,y,z))dydz. .

JI (2,y,2))dydz

The integrals in Egs. (5) and (6) are solved numerically over a cross-section with 64 grid points in each dimension, spaced

Ay = Az = 10 m apart and centred on the wake centre.

2.2.5 Tilt and yaw misalignment

The implementationsby-DWMpry and DWMrg implementations used in this study do not take-inte-aceount-any-impact-on
the-flow-account for any flow effects due to tilt and-or yaw misalignment between the rotor and the flow. However, i-the latest

version of DWMpry a-medetto-aceount-includes a model for flow effects due to yaw mlsallgnmentﬁsmg—&HfH& JLSVIB&,%

Hill’s vortex analogy (Larsen et al., 2020) he-+m

. By contrast, DWMNRgEL »
accounts for tilt and yaw misalignmentsare-aceounted-for-and-atfect, which thereby influence wake deflection (Jonkman et al.,

2017). The wake planes in the DWMnggr, model are oriented by the rotor centreline and-not-the-wind-directionrather than
the wind direction, causing the wake to deflect based on tilt and yaw misalignment because the-wake-defieit-a wake deficit
normal to the tilted/yawed rotor introduces a velocity component that is not parallel to the incoming flow. DWMyREgr, has-in
additton-also has a newly implemented curled-wake model with improved accuracy for large rotor misalignments (Branlard

et al., 2023), but this medel-extension is not used in this-the present study.
2.2.6 Ground effects

DWMnreL does not yet have a model to account for ground effects on the flow field. Fer-both-Both DWMpTy and DWMirg

such-a-medelis-implemented; but-do include ground-effect models, but these were not used for the simulations in this study.

ForIn the case of DWMirg s-part;-the-mirroring-model-to-handle-ground-effeets—, a mirror-based ground effect model was
used in the simulations in Hanssen-Bauer et al. (2023), but it was later seen-that-this—gave-found to produce unrealistically

high deficits elose-to-the-ground;-and-near the ground. DWMipg performed-better-when-turning-off-this-medel-showed better
agreement when this model was turned off.
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2.2.7 Wake-added turbulence and turbulence build-up

Wake-added turbulence is the self-generated small-scale turbulence in the-wake-of-the-turbines-a turbine’s wake due to wake
shear and the breakdown of the wake tip vortices, and comes in addition to the conventional atmospheric boundary layer

turbulence. BPWMOT the three DWM implementations, DWMpry is the only BPWM-implementation-one including a wake-
added turbulence model in the simulations performed ir-for this study. Atan-earty-stage-in-the-In the early development of the

DWM model at DTU, it-became-clear from-the-comparison-of model simulations-with-detailed inflow measurements on a full-
scale turbinewith-, including angle of attack and relative velocity to-at a blade section -were used for validation. Comparisons
between model simulations and these measurements made it clear that additional turbulence to-what-is-generated-fromwake
meandering-was-necessary—to-model-beyond that generated by wake meandering had to be modelled (Madsen et al., 2005).
In practicethe-wake-, the wake’s self-generated turbulence, which-is-of partieularimpertanee-in-ease-of-particularly important

under stable stratification of the atmospheric boundary layer, is modelled based on an isotropic Mann turbulence box with
smaller length scale ' than the conventional-inflow-turbulence—ambient turbulence and transformed into an inhomogeneous
turbulence field by a scaling factor £,,,; varying-that varies radially based on the wake-deficit strength and the wake shear-layer
velocity gradient:

U (1)

U

O(uw(1)/Uss)
or

kmt -

. ‘ ‘ b, %)

Here k,,,; = 0.6 and k,,,2 = 0.35 are empirical factors tuned by comparison with inflow and load measurements on a full-seale
full-scale turbine (Madsen et al., 2008) and with actuator-line simulations (Madsen et al., 2010). Later, an improvement to the
original model to account for the-turbulence build-up ef-turbulence-inside a wind farm was suggested (Keck et al., 2015), but
this is not included in the current DWMpTy model.

The resultsby-DWMnNREL are-rotinecludingresults do not include any wake-added turbulence model in this study. However,
an improved wake-added turbulence model has recently been implemented in FAST.Farm (Branlard et al., 2024).

DWM;irg does not include a wake-added turbulence model for load calculations analogous to the one fermulated-in the orig-
inal DWM model. However, the increased Ft-turbulence intensity in the wake due to the turbulence-generating wake-defieit
wake deficit shear is modelled based-on-the-eddy-viseosity-through the eddy-viscosity formulation in the wake-deficit model,
and the total contribution of increased Fi-turbulence from all upstream wakes is estimated by a root-sum-square summation
(de Vaal and Muskulus, 2021). Thus, the increased effective Tifelt-turbulence intensity experienced by a turbine operating un-
der waked conditions is taken into account and affects the development of its own wake downstream. Note that this summation

of turbulence contributions from upstream wakes differs from the momentum-conserving method in Eq. (4) used for summation

of the velocity deficits.

1. = D/8, where L is the length scale of the spectral velocity tensor and D is the turbine diameter, as opposed to L = 33.6 m, which is recommended

for atmospheric turbulence above 60 m (International Electrotechnical Commision, 2019).
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2.2.8 Aeceroelastic solvers

All DWM models are coupled to an aeroelastic solver for calculating blade forces. DWMpry is coupled to HAWC2 (Madsen
et al., 2020), DWMnRgEr, to OpenFAST (NREL, 2025), and DWM;ipg 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

(Glauert, 1935). DWMnRgEiL’s OpenFAST has-in-addition-a-blade-reot-additionally includes a blade-root correction.
2.3 Large-eddy simulations

The LES-ALM reference case s(LESyys—and-) as well as the three inflow wind fields used by all the-numerical models

in this study, is-are_computed using the numericalframework—EHipSys3D-EllipSys3D numerical framework (Michelsen,
1994a, b; Sgrensen, 1995), and is identical to the solver used in our recent-ecomparison—at-above-rated wind-conditions
Hanssen-Baueretal;2023)—The solver-was-also-participating in-the men toned-comparison (Hanssen-Bauer et al., 2023).
This solver also participated in the aforementioned benchmarking study against full-scale measurements (Asmuth et al., 2022),
heweveralthough under the name LES-EllipSys3D or LESpty.

The three inflow wind fields are generated using a bi-periodic precursor simulation of a pressure-driven isothermal boundary
layer. The computational domain extends L, = 1280 m-m in the vertical direction, L, = 6L, in the streamwise direction, and
Ly =4L, in the lateral direction. The grid is uniform in all coordinate direetiondirections, with Az =20 m-m and Ay =
Az =10 m. A symmetry boundary condition is imposed at the domain top. At the surface, shear stress is prescribed using the
Monin-Obukhov similarity theory (Monin, 1954) and the local instantaneous velocity sampled at the first grid point above the
boundary. Inflow data for the main LES-ALM simulation, which are also employed-used by the DWM models, are extracted
after a spin-up time of 30 000 ss.

The domain of the LESyy simulation (i-e=-including wind turbines) has the same dimensions L, , . as the precursorfield.
The inlet is located 6D upstream of turbine 1. In the turbine and wake region, the grid is uniform with a resolution of Az =
Ay = Az=D/32=3.9375 m, starting 3D upstream of turbine 1 and extending 33D in the streamwise direction, and 4D 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 ALM
body forces are projected onto the grid with a three-dimensional Gaussian smearing function of width € = 2Az. To mitigate
spurious induction effects arising from the finite eere-size-core size of root and tip vortices, the smearing correction proposed

by Meyer Forsting et al. (2019) is applied. Following a spin-up of 30 min, the main simulation is run for 45 min.

2.4 Wake tracking

From the flow field generated by LESyy, the-wake centre positions were tracked using thepython-toolbox SAMWIChdeveloped

at-NREENREL'’s Python toolbox SAMWICh. The wake centres were identified in-the-plane-5D-for each time step in a plane
5D downstream of each turbine (normal to the wind-direction;fer-each-time-step-) using the two-dimensional Gaussian fit

method (Trujillo et al., 2011) as implemented in the-SAMWIChtootboxSAMWICh. To minimize algorithm error, the search

10
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area was limited to £1.25D ef-laterally from the turbine locationtaterally, and between —0.5D and D relative-to-the-hub
heightvertically—Adfter-vertically relative to hub height. After obtaining the wake centre time series were-ebtained-for each tur-

bine and downstream location, four post-processing steps were applied to reduce error in the wake centre estimates. These post
proeessing-post-processing steps were determined based on a separate analysis eondueted-on-of DWMygEgL simulation results,

where SAMWICh wake centre detections were compared to actual wake centre values output directly from DWMnNgrEL—_

1. Edge Detection Removal: wake centres detected at the seareh-areaedge-edge of the search area were discarded and filled
baek-in-with-in by linear interpolation.

2. Spike Removal 1: a median filter with a kernel size of 15 seeconds-s was applied to remove spurious spikes in the wake

centre time series.

3. Jump removal: Fo-to remove remaining jumps in the wake centre time series, a roling-mean-was-applied-on-moving
average was applied to segments starting 20 seeends-s before the first -and 20 secondss after the last consecutive points

rexeeeding the-exceeding a maximum allowable gradient of 0.25/sD s 1.

4. Spike Removal 2: A-final-step-a final median filter (identical to step 2) ensured that any spikes introduced by previous

stepsstep 3, primarily due to the arbitrary length-ofsegmentselected-in-step-3selected segment length, were reduced
from-the-finak-in the post-processed wake centre time series.

Despite the improvements seen-after post-processing the raw wake centres, the SAMWICh-SAMWICh-derived centres did
still at times differ-differed from the centres computed by DWMngE;,. This eould-happen-beeanse-SAMWICh-wastracking
discrepancy could occur because SAMWICh tracks the aggregate deficit -made up of more than one wake deeper into-in the
farm. The difference between the standard deviation of the the-wake centre time series tracked by SAMWICh and the-ene-that
obtained directly from DWMngg, stayed-remained below 0.06D (i.e. 6 % of the rotor diameter) —Fhis-valae-censidersfor all

inflow cases ;-and-and for 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 inflow. Three cases corresponding to low, medium, and high ambient turbulence conditions
are considered, while maintaining below-rated wind speeds. We assess time-averaged flow fields, wake centre positions, power
production, thrust forces, blade loads, and fatigue to identify key differences between the models and examine the influence of

sub-modelling strategies.

11
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Figure 1. Time-averaged velocity profiles for the aligned incoming wind case with low ambient turbulence (TI, = 4.6 %). Horizontal dashed

lines indicate the rotor swept area.

3.1.1 Mean velocity profiles

Figure 1 shows time-averaged velocity profiles at —1D, 2.5D, and 5D relative to the 4-turbine™s-four turbines’ streamwise

320

positions for the low ambient turbulence case (TL, = 4.6 %). The upper row shows horizontal profiles at hub height and the

lower row shows vertical profiles at the turbine’s-turbines’ lateral centre. Horizontal dashed lines indicate the range of the

turbinerotor’s—swept-s_rotor-swept area. In the near-wake-near wake of turbine 1 s-at x;—; = 2.5D, all the-models except

DWMirg show velocity profiles with two minima reflecting the rotor thrust distribution. For DWMpy, this characteristic

near-wake profile is more distinet-pronounced than the LES profile, while-the-oppesite—goes-with lower velocities at the

325
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minima and higher velocity near the hub height, whereas the opposite is true for DWMygrgr,. Both DWMp1y and DWMyREL
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predict the initial velocity profile downstream of the turbine by-using the BEM model. DWMjirg, on-the-other-handby contrast,
assumes a Gaussian wake-deficit profile for all x downstream of the turbine. For LESyy, DWMpry, and DWMygrEgL, the
velocity-deficit profiles have nearly reached a Gaussian-like shape atby z;—1 = 5D. While all the-models show similar shapes
of-for the horizontal profiles at x;—, = 5D and x;,—» = — D), the vertical profile of LESyy differs slightly in shape from the
other-models-with-relatively-higher-others, with relatively larger deficits at the lower part of the rotor sparswept area compared
to the upper. For turbines 2—4, both DWMngrg1, and DWMpry estimate the transition from BEM to Gaussian shape later than
LESyuywhieh-, which already shows a Gaussian shape-alreadyprofile at x = 2.5D. While the DWM models show symmetric
horizontal veleeity-defieits-velocity deficits for the developed profiles, the LESyy deficit has its maximum at y < 0. This small

asymmetry for-in LESyy, which becomes more pronounced for the-higher ambient turbulence cases, will be discussed in

Sect. 3.1.2 where-plots—showing-when wake centre positions are presented. At the wake centre, DWMrg, in-general-tends

to-under-prediet-generally tends to underpredict the deficit slightly compared to LESyy. DWMngEL shows good agreement
to-with LESyy at the wake centre at x = 5D and x = —D, while DWMpry tends to slightly ever-prediet-the-wake-centre

overpredict the centreline deficit at these positions.

DWMpty and DWMyrgr, show minor-differences-comparing-only minor differences in the flow downstream of turbines
2-4 with-compared to turbine 1. Fhe-By contrast, the wakes of DWMirg and LESyy shewever-show significant development
as the deficit outside the rotor span-inereases-swept area increase along the row of turbines. Hence, DWMirg and LESyy show

lower eradients

velocity gradients in the wake shear layer between the wake-defieit

ons;—and-deficit and the ambient flow for all waked turbines, es-

pecially for turbine 4—The-momentum-—eonserving4, compared to DWM and DWM . The momentum-conservin,
wake summation method applied-in DWMipg equation<4(Eq. (4)) sseems to capture the impact of the—wakesfromfar

upstream;-which-has-far-upstream wakes, which have expanded over a long distance, but still the-defieits-are-weakerto-produces
weaker deficits towards the sides and above the rotor span-compared to LESyy. The-By contrast, the wake-deficit profiles pre-
dicted by DWMpTy and DWMngEL shewever,show-less—show less lateral and vertical spreading. The maximum-defieit
maximum-deficit operator in the DWMpry model derives the turbine’s-incoming deficit at each radial position as the small-
est deficit seanning-through-the-meandered-defieits-ef-found among all upstream turbines’ meandered deficits (see Eq. (see
eguation{2) and Larsen et al. (2013)). This seems-to-eatise-causes DWMpy to predict only small variations in the incoming
velocity fields-field for turbines 2—4, resulting in similar wakeswake profiles along the row. The fact that DWMngEgr, predicts
only minor variations in the wake flow for turbines 2—4 is more surprising given the sequential methodfor-multiple—wake
handling-applied-by-this DPWM-version(see-equation-multi-wake handling in this model (see Eg. (3)). However, the closer
agreement of DWMjrg with LESyy in predicting wake development along the turbine row may also stem from the-fact-that
DWMirE is-being the only DWM implementation that incorporates a turbulence build-up model. This model accounts for the
elevated incoming turbulence levels experienced by turbines 2—4-due-to-the-2—4 due to added turbulence in the-turbine-upstream
wakes, leading to faster wake recovery through enhanced mixing and momentum entrainment from the ambient flow.

Figures 2 and 3 show time-averaged velocity profiles for the eases—with-medium (TI, = 8.8 %) and high (TI, = 12 %)
ambient turbulence cases, respectively. The wake development behind each turbine is similar to the previoustow-turbulent
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Figure 2. Time-averaged velocity profiles for the aligned incoming wind case with medium ambient turbulence (TIL, = 8.8 %). Horizontal

dashed lines indicate the rotor swept area.

low-turbulence case, but due-to-higher turbulence levels and thus stronger meandering, the-wakes—showfaster recoveryand
transition-towards-a-Gausstan-like profile—Asferlead to faster wake recovery and a quicker transition toward Gaussian profiles.

As in the low-turbulence case, DWMpTy shows a more distinct near-wake profile than the other models at x = 2.5D for all

turbines and for both TI, = 8.8 % and TIL, = 12 %. Fer-Under medium ambient turbulenceeenditions, only traces of the

365

characteristic near-wake profile is-are visible in the wake-wakes of DWMnygEgr, and LESyy —For DPWMygrrritis-evident

for-(evident at x = 2.5D downstream of all the-turbines—-while-for EESuyu-it-ecan-be-seen-onty-turbines for DWM ,.and
only at x;—; = 2.5D downstream of turbine 1 ;at-w#=r=2-5Pfor LESy;17). For the high ambient turbulence case, the wakes
predicted by both DWMnrEgr, and LESyy have developed to a-Gaussian-prefile-at-Gaussian profiles by x = 2.5 D deownstream
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Figure 3. Time-averaged velocity profiles for the aligned incoming wind case with high ambient turbulence (TI, = 12 %). Horizontal dashed

lines indicate the rotor swept area.

of-behind all turbines. HoweveritIt should be noted, however, that for power and teads-generation-the-the-load predictions
370 the near-wake at x = 2.5D is-of-has minor importance.

More relevant are the profiles at z = 5D downstream and x = — D just upstream the next turbine in the row. Here, DWMjpg,
and to a minorlesser degree DWMnREL, tend-to-under-predict-the-deficitat-the-wake-eentretends to underpredict the centreline
deficit, while DWMpry slightly ever-prediets-overpredicts the deficit, compared to LESyy. As forin the TI, = 4.6 % case,
DWMirg is the only DWM model eapturing-the-inereased-that captures the increase in deficit outside the rotor span for-in the

375 horizontal profiles along the turbine row, but-not-at-the-same-tevel-although not to the same extent as LESyy. For the vertical
profiles, however, no-such-increase-is-evidentfor DWMipg in-the-plotsdoes not show such an increase along the row. Again,
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Figure 4. Profiles of velocity standard deviation ef-veloeity-for the aligned incoming wind case with low ambient turbulence (TIL, = 4.6 %).

Horizontal dashed lines indicate the rotor swept area. LESyy data are not available at z;—; = —D, i = 2,3,4 due to lack of time-resolved

data at this axial position.

DWMpry and DWMngE, show only minor development in the flow along the turbine row, when comparing the wakes of
turbine 1 and turbine 2 ;-and especially when comparing the wakes of turbines 2—4.
LESyy shows some notable differences in the flow field as the ambient turbulence level inereaseras-already-increases: as
380 mentioned, the asymmetry about y = 0 gets-becomes more pronounced for higher ambient turbulence, and a strong acceleration
of the flow is-seen-appears near the surface behind all turbines. In addition, the wake moves slightly away-from-ground;-which
is-visible-upward, noticeable behind turbine 2 and further downstream. This upward deflection is likely due to the non-zero
turbine tilt angle for the TIL, = 8.8 % and TIL, = 12 % cases, eausing-which causes the wakes to deflect upwards. Only-the
DWMmedeHromNREL-takes-the-turbine-tiltinto-aceount-yggr,_is the only DWM model that accounts for rotor tilt when
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Figure 5. Profiles of velocity standard deviation ef-veloeity-for the aligned incoming wind case with medium ambient turbulence (TI,, = 8.8

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

385 calculating the flow. Even though the-an upward wake deflection is not evident for DWMnyrEy, in the velocity profiles, it
becomes visible in the wake centre position plots in Sect. 3.1.2.

Figures 4-—6 show profiles of axial velocity standard deviation, o,,, for the three differentambient turbulence levelsinvestigated.
In general, LESyy shews-much-higherlevels-ef-exhibits much higher o, thanthe DPWMmedelswith-the-exeeptionfor DWM

pro-shewing-levels than DWM and DWMpp. DWM however, the only DWM implementation in this study that
390 includes a wake-added turbulence model, shows comparable levels to o&ﬂd—htgher—}eve}s—fhathESUU forthe-at TL, = 8.8 Y%and

SRR RAAR AR ARANRARARAAANAANNRAANR AR RN AGEAS

MM@&TI =12 Joea
- For all ambient turbulence levels, the shapes of the DWMp yprofiles

at-ar=r="2-5P-are-in-good-agreement-to-'s g, profiles downstream of turbine 1 are in fairly good agreement with LESyy
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Figure 6. Profiles of velocity standard deviation ef-veleeity-for the aligned incoming wind case with high ambient turbulence (TL, = 12 %).

Horizontal dashed lines indicate the rotor swept area.

except elose-to-near the surface. Mﬁegme—aﬂd—a}eeﬂt—sﬁ—l—EoB—theThls deviation from LESUU istikely-not-due-to-the
-could stem directly
from the wake-added turbulence formulation, but also from differences in predicted wake shape, since the shape retates-to
WMWWQWWWwa the velocity gradlent Deviation-in
i « for-the

PWM-medels-predietin all models through wake meandering, since areas with higher velocity gradients eempafed—teJ:ESUr
teﬂ}s&e*peﬂeﬁe&hﬁghe%vaﬁaﬂeﬂﬁﬁaﬂeeﬁym the wake experience larger temporal velocity fluctuations as the wake me-

anders.
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Figure 7. Box ptotplots of horizontal (upper row) and vertical (lower row) wake centre pesition-positions at z = 5D behind the turbines, for

the aligned incoming wind case with low ambient turbulence (TI, = 4.6 %).

model-for-absence of a turbulence build-up model in DWMp 1y, as addressed in Keck et al. (2015) and Branlard et al. (2024),
amplifies the differenee-differences along the turbine row. Even though not including a wake-added-wake-added turbulence

model, the DWM;pg, implementation includes a model for turbulence build-up. This is evident for-the-ease-of-in the low am-

bient turbulence case shown in Fig. 4, where for-g, levels in DWMrrg thelevels-of-oyalong-the-turbinerow-inerease-and
become-closerto-the-fevels-increase along the row and approach those of LESyy in the wake of turbine 4. The-same-This

increase is not seen-observed in Figs. 5—6, possible due-to-the-already-high-ambient-turbulence-in-these-cases;-thus-making-th

because the ambient turbulence is already high in those cases, making the relative wake turbulence build-up relatively-smaller.

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-

tions 5D downstream of each turbine in the rowfer-the-, under low and high ambient turbulence levels—conditions (the medium
ambient turbulence case is shown in Fig. A3 in Appendix A). The distributions are shown as bex-ane-whiskerbox-and-whisker
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Figure 8. Box plotplots of horizontal (upper row) and vertical (lower row) wake centre pesition-positions at z = 5D behind the turbines, for

the aligned incoming wind case with high ambient turbulence (TI, = 12 %).

plots, where the box indicate-the-range-of-the-spans the first and third quartiles and the orange line shews-the-within the box
denotes the median wake centre position. Whiskers are-extending-extend to the most extreme ;-non-outlier data point, and
outliers, shown as circlesare-defined-to-be-pointstocated, are defined as points outside the box with-mere-than-beyond 1.5
times the box size '(1 5(Q3 — Ql)) For mm&&mmm@@w@mg the
centres were tracked using NREL's

wake een
SAMWICh toolbox, described in Sect. 2.4. For the

the-meandering-algorithmin-the- DWM-simulationsother models, wake centres come directly from each DWM model’s own
meandering algorithm. For DWMnrgErL, we show both the wake centres from SAMWICh and directly from DWMare-included

in-the-figures-to-give-an-indication-of-the-differences-between-the, to illustrate differences between these two approaches.
For-At TI, = 4.6 % all models predict the median wake centre pesition-of turbine 1 to be-around-the-hub-remain near the

hub position, (0,0) —Fer-in the plots. In this low ambient turbulence case, the turbines are modelled with zero rotor tilt. The

DWM models alse-predict-the-median-positions-of-the-wakes-ofsimilarly keep the median wake positions of turbines 2—4 to
be-close-to-near (0,0), while-the-wake-of-whereas in LESyy W@Wth%%%and to
the right (negative y) deeperinte-further down the turbine row. Fhe-At TL, = 12 % 2 -, the
trends are similar, except that the wake-ef- LESyy wake moves further upwards and the DWMNREL atse-moves-wake also
shifts slightly above hub height. A isali i
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~and-the-Stilt-for-the-In the TI, = 12 % case is-the turbines were operated with a 5° rotor tilt. Notably, any misalignment
of the rotor with the inflow is known to deflect the wake (Clayton and Filby, 1982). so a positive tilt is expected to deflect
the wake upwardsupward. DWMnrgr, is the only DWM model that take-the-effect-ofwake-deflectiondueto-tittand-yaw
misatignmentinto-aceount—For-accounts for wake deflection from tilt or yaw misalignment, which is reflected in the results. At
TIL, = 12 %, the median positions of the wake centres are-elearty-meving—clearly shift to the right (negative y) whenteeking
downstream-with downstream distance for all models except DWMpTy, where the meandering as-mentioned-above-is-derived

from-is driven by a separate Mann box and not by the LES inflow. The LES precursor has a small mean veloeity-component
ﬂﬁrydﬂceeﬁefr Wof -0.23 ms~! at hub posmon for the TL, = 12 % case. If we-assume-thatthe-wakesfollow

the wakes simply advected with this lateral velocit
like passive tracers, they would move about ~ —17m ~ —0.13D in y direction at 5D downstream. This is ir-on the same order
i i i it e-as the median wake displacements predicted b

MMW@% at 5D downstream for all the-turbines, and e&&fh&ef%&exp%m&fhea&ymmeﬂsee&fe%fhe@%e&se&
With-thus likely explains the slight lateral asymmetry seen in those cases. the same reasoning, the-wake-eentre-should-meve

ion-a mean vertical velocity of -0.076 ms™" in the inflow

would move the wake centre by ~ —0.043.D over 5D. This is in the same order of-magnitude-as-as the upward shifts predicted
MY,\DWMDTU and DWMIFEpfediGthe—{ﬂediﬂﬂ—Wﬂke—eﬁﬁe—pﬁstﬁeﬂ—{e—be—Whﬁ&f% , whereas LESyy and DWMnrgr, the
HPWa g toenshow upward deflection since the contribution from rotor tilt is

dominating.
The-asymmetry-in-the-In LESyy, the wakes show a horizontal displacement in all cases: the largest in the high turbulence

-1

case, consistent with the -0.23 ms™" mean y-velocity, but even in the low and medium turbulence cases where the mean

-velocity are near zero (0.0126 and -0.0710 ms™*, respectively). These asymmetries in the LESyy defieit-flow becomes

more pronounced for-the-higher-ambient-turbulence-case-and-deeper-into-the-further down the turbine row. Wake-deflectionfor
tarbines-with-ne-Notably, even without any rotor misalignment between the rotor and the incoming windhas-, wake deflections

have been observed prev1ously in both experiments (Bartl et al., 2018; Bossuyt et al., 2021) and LES studies (Fleming et al.,
2014). As th S i : i i

acounter-eloekwise-explained in detail by Zong and Porté-Agel (2020b), for a anti-clockwise rotating wake in an undisturbed
shear layer where-the-with a positive vertical velocity gradient is-pesitive-in the rotor area, it follows from the streamwise

momentum equation that the momentum balance causes the wake to deflect to the left. Conversely, the momentam-balance-wilt
catise-a-wake-deflection-towards-the-leftwhile-the-difference in tip vortex strength en-between the upper and lower part-half of

the wake will have-the

by-tend to deflect it to the right. These two opposing effects, which are not captured by the axisymmetric DWM wake models,
likely explains why LESyy and-notby-predicts a greater wake deflection than the DWM models. Similarly, differences in tip
vortex strength between the left and right sides of the wake, captured in the three-dimensional LESyy; flow, can drive the wake
upward, explaining the larger upward wake deflections in LESy;y compared to DWM.
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All models show

orgrater horizontal
meandering than vertical, and all show increased meandering at higher TI,. For turbine 1there-is—good-agreement-between
the-models-interms-of-, the models agree well on the meandering level. However, there-is-atendeney-that DWMipg shows

tends to produce slightly more meandering than the other DWM models;-with-better-mateh-to-=ES-for-. It matches LES more
closely in the low ambient turbulence case and-shightly-toe-highdevel-of-but slightly overestimates meandering at high ambient
turbulence. According to Keck et al. (2013), a lower wake transport velocity inereases-the-tevel-leads to increased levels of
meandering, whieh-is-intine-consistent with the higher meandering levels seen-for DWMirg, eompared-relative to DWMpy.

DWMyggr, and DWMnger.s show excellent agreement in median wake positions for all ambient turbulence cases, and in
meandering levels for the low ambient turbulence case. However, at high ambient turbulence, DWMygry, s predicts a larger
wake position spread than DWMyggr. This is expected as the SAMWICH algorithm becomes less accurate with increasing

For the-wakes-ofturbines 24, the box-plotsshow-larger-diserepaneies-wake position distributions diverge more between the
models. While the wake of LESyy shows a ~ 50 % increase in spreading-wake spread from turbine 1 to 2, there-is-nosignifieant
change-for-the DWM models show no significant change. The wake meandering for-of LESyy eontinue-continues to increase

from turbine 2 to 4. The-constant-wake-meanderingpredicted-by-the DPWMmede or-al-turbinesis-dueto-the-meander

wakes are subjected to the same ambient turbulence fieldwithout-wake-added-turbulence-ineluded—, with no contribution

from wake-added turbulence to meandering. Therefore, the meandering does not increase for downstream turbines. It is also
worth noting that the-wake-tracking-algorithm-in-the SAMWICh-tootbex- SAMWICh tracks the combined wake-effect from
all upstream turbines;for-wakes; for example at turbine 4 this-means-it identifies the sum of the wakes from turbine 1 to 4.

Sinee-Because the meandering of an isolated wake inereases-grows with downstream distance, the impactfrom-the-wakes-of

the-upstream-tarbinesupstream turbine wakes, which have travelled further-can-possibly-contribute-to-an-inereased-meandering
level-of-the-combined-wakesfarther, might contribute additional meandering to the combined wake tracked downstream of

turbines 2—4 tracked-by SAMWICh. In fact, DWMnNREL,s shows a small-slight increase in meandering along the row for both
TI, =4.6 % and TI, = 12 % a i : i

urbine-row—We-therefore-cannotrule-out-that-parts-of-the-differences-we-see-in-that is

not present in DWM suggesting that tracking the combined wake can capture some growth in meandering. Therefore
some differences in the apparent wake meandering between LESyy and the DWM models eomes-may arise from the different

methodologies-used-to-identify-the-wake-eentreswake-centre identification methods.

3.1.3 Power and thrust

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

gated. While all models shew-good-agreement-on-the-thrustfereefor-are in good agreement for the thrust of turbine 1, LESyy
shows-predicts about 10 % higher power eompared-to-than the DWM models for this turbine. As expected, there-is-all models

show a significant drop in both thrust and power for-all-medels-from turbine 1 to turbines 2—4 eperating-(which operate under
waked conditions). For DWMngEL,, DWMirg, and LESyy, beth-thrust and power continue to decrease slightly from turbine
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Figure 9. Mean thrust force for the aligned incoming wind case with (a) low (TI, = 4.6 %), (b) medium (TL, = 8.8 %), and (c) high (TIL, =

12 %) ambient turbulence.
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Figure 10. Mean power for the aligned incoming wind case with (a) low (TI, = 4.6 %), (b) medium (TI, = 8.8 %), and (c) high (TI, = 12

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

2 to-through 4 for-in the low and medium ambient turbulence cases. By contrast, DWMpry en-the-other-hand-shows a larger

deerease-initial drop in thrust and power from turbine 1 to 2 fer-beth-thrustand-pewer-compared to the two other DWM models;

feHewed-by-. It then predicts an increase in pewer-and-thrust-these guantities from turbine 2 to turbine-turbines 3 and 4. This
A similar effect has been seen-in-arow-of-turbinesfrom-observed in full-scale measurements like-e—g-at the Lillgrund wind

farm with-simitarinflow—under comparable conditions (below-rated wind speedsand-, low ambient turbulence) but with the
turbines-more closely spaced {see-e-g-Madsen-etal;2016)—For-turbines (see e.g., Madsen et al., 2016). At TI, = 12 %, the
drop from turbine 1 to 2 is smaller for all models, as expected fer-with higher ambient turbulence ;-smalterfor-alt-medels-due
to faster wake recovery. From-For turbine 2 to 4, DWMpry shows eonstant-values-of nearly constant thrust and power, and-not
the-inerease-as-was-seenfor-the-instead of the increase seen at low and medium ambient turbulenceeases. LESyyon-the-other
hand-shews-a-small-, however, shows a slight increase in thrust and power from turbine 3 to 4 fer-at TI, = 12 %. This eould
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Figure 11. Time-averaged blade force as function of blade radius for the aligned incoming wind case with low ambient turbulence (TIL, =

4.6 %).

be-explained-by-a-behaviour could be due to turbulence build-up along the turbine rowaeeelerating-, which accelerates wake

recovery deeper into the farm.
3.1.4 Blade forces

Fhe-Figure 11 shows the time-averaged tangential and normal force distribution-distributions along the radial positions of the
blades in-Fi for the low ambient turbulence cases-but-. The
results are quahtatlvely similar for the hlgher ambient turbulence cases (ﬂﬂ%@hewwhefe)—'Fhe—lafge%de\ﬂa&em—afHeemﬂ
LESyu gives-predicts higher tangential forces eompared-to-than the DWM models --which-explains-the-higherlevels-ef power
that-wasfoundin the middle section of the blades, consistent with its higher power predictions in Fig. 10. These figures-also
reveal thatfor the Since turbine 1 experiences the same inflow in all models, the differences observed for that turbine must come
for details). Similar differences in the shape of the tangential force distribution between ALM and BEM have been reported in

revious studies (Liu et al., 2022), though not as pronounced as observed here. The force-distribution plots further show that
for the TI, =4.6 % and TI, = 8.8 % cases, where DWMp 1y shewed-predicts increased thrust and power for turbine-turbines 3

and 4 relative to turbine 2, both normal and tangential forces tend to be higher compared to the other models at the outer part
of the blade (r/R > 0.5) for the two last turbines in the row. For the normal forcesthat-are-almost-, which are nearly an order
of magnitude larger than the tangential forces, the relative differenee-differences between the models are small.

Figures 12 and 13 show the azimuthal variation of the normal component of the blade force at four radial pesitions—along
the-blade-blade positions for the low and high ambient turbulence cases, respectively —(the medium ambient turbulence case is
given in Fig. A6 in Appendix A). The time-averaged normal force at each radial position, F}, (giverinfrom Fig. 11), ishas been
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Figure 12. Relative difference between mean normal blade force per azimuthal bin £/ and total normal force F;,, for the aligned incoming

wind case with low ambient turbulence (TIL, = 4.6 %).
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Figure 13. Relative difference between mean normal blade force per azimuthal bin £ and total normal force F,, for the aligned incoming

wind case with high ambient turbulence (T, = 12 %). For legend, see Fig. 12.

subtracted from the azimuthally varying force, and finalty-the result normalized by F,, +to show only the relative force variation

the bladeexperiences-overthe-over a rotation. /% is azimuthally binned with-by A¢ = 12° ever-using all blade rotations during
the-45-from the 45 min simulatienssimulation. The maximum blade force occurs around ¢ = 0°~This-is-, when the blade

535 points upwards ;-which-corresponds-to-when-the-blade-and experiences the highest wind speeds. EquivatenttyConversely, the
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minimum blade force occurs around ¢ = 180°. As mentioned-noted in Sect. 2.1, the tower is not modelledin-the-simulations;
and-the-difference-in-wind-, 50 any variation in wind speed experienced by the blades are-purely-is solely due to wind shear and,
in-addition-for turbines 2—4, the influence from-of upstream wakes. Att-medelsshow-inereasing-amplitudes-in-foree-variation

In all models, the amplitude of force variation increases towards the blade tipfor-at-turbines, for every turbine.
For the low ambient turbulence case given-in Fig. 12, the models generally agree on the shape of the force variations—shows

he-variation. However, the phase of the DWMpyforee—variations—are
%hghﬂﬂﬂf—ted{ewafd% s force variation is slightly shifted to higher ¢ for turbines 2—4 compared to the other models. Alse

atThe force variation amplitudes also generally agree well
between the models, however, LESUU shows shghtly smaller amphtudes than the DWM models at /R = 0.93—Sinee-, even

for turbine 1 e
share the same inflow. As before, differences observed for this turbine are-purety-due-to-arise from differences in the turbine
aerodynamic models. In particular, the deviations at /R = (.93 is likely related to the tip corrections. The ALM in LESyy
uses an-AlLM-with-a vortex-based tip/smearing-correctionby-Meyer Forsting-et-ak(26019);-while-all-tip-smearing correction,
whereas BEM in the DWM models uses-BEM-with-a MPrandtl tip correction (Glauert;1935)for-caleulating-blade
forees(see Sect. 2.2.8 )—bi —for details).

For high ambient turbulence, Fig. 13, the deviations-between-the-models-are-more-prominentmodel differences are more
pronounced. For the turbines operating under waked conditions, LESyy exhibits a phase shift towardstower-to_smaller ¢
(<186%)~while-i.e., peaks occur at ¢ < 180°), whereas DWMpty again shows a small-shift-towards-higher-slight shift to
larger ¢ (>186°)—Forpeaks at ¢ > 180°). In LESyy, the-shift-is-targest-this shift is greatest for turbine 3 and 4;-where-the
maxima-have-moved-from—; the maxima move from about 0° to ~-366°300°, and the minima from ~186°+to—~150"-As

diseussed;-the-box-plotsin-around 180° to 150°, As noted earlier (Fig. 8show-that-the-wakes-move-), the wakes shift slightly to
the right when looking downstream (to-negative-tonegative y)—Fhis-alse-, which shifts the regime of highest wind to the left.

ations-where all models

Equivalently, the area-region of lowest wind will-shift-ghifts to the right, to ¢ < 180°. As fer-in the TI, = 4.6 % case, LESyy
predicts smaller force variations-variation amplitudes than the DWM models at the blade tip for turbine +—This-supperts
1, supporting the conclusion that there are differences in the turbine aerodynamic models. For the turbines operating under
waked conditions (2—4), the models show large deviations in amplitude. LESyy shewssmater-amplitadesin-foree-vartations
compared-to-yields smaller force variation amplitudes than the DWM models, with DWMyrgr, being-coming closest. While
the amplitudes of the force variations stay-remain approximately constant for all turbines for-in DWMpry and DWMirg, itis

deereasing-deeper-into-they decrease downstream along the turbine row for LESUU and DWMyRgL.
For turbines 2—4operati

: differences
in their incoming wind fields are the main source of the differences-seen-in-theforee-variations-discrepancies in blade force
variations between the models. The amplitudes of the force variations depend on the variations-in-veloeity-variation in velocity

that the blades experience over a rotation. A-For instance, a vertical velocity profile with less-smaller variations over the rotor’s

sweptrotor-swept area, as typicalyseenfor-seen in LESyy at x4—3 = —D and x;—4 = —D in Figs. 2 and 3, means-a-less
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Figure 14. Fatigue of btade-reotblade-root flapwise bending moment for the aligned incoming wind case with ambient turbulence of (a) TI.,
=4.6 %, (b) TI, = 8.8 %, and (c) TL, = 12 %.

foree-vartations-for-yields smaller force variations on the blades of turbine 3 and 4. EquivalenthyConversely, the higher velocity
gradients in the profiles-estimated-byDWMpry and DWMipy givelargerprofiles result in larger force variation amplitudes.

3.1.5 Fatigue

Figure 14 shows 45-45 min damage-equivalent-damage-equivalent loads (DELs;—; see Sect. 2.1 for details) of-blade-rootfor
the blade-root flapwise bending moment, where-using a Wohler coefficient of 10 is-ased-for the blades. For the low ambient
turbulence case, Fig. 14 (a), LESyy shows a signifieantlarge increase in DEL from turbine 1 to 2, followed by a constant level
deeper-into-further down the turbine row. DWMpy is-in-very-good-agreement-agrees very well with LESyy fer-in this case,
except for-it gives a slightly higher DEL fer-at turbine 2. By contrast, DWMnyrEgr, and DWMipg on-the-other-hand-do not
capture the-this increase in DELs from turbine 1 to 2, but gives DELs-on-the sametevel-predict nearly the same DEL for all
turbines.

Figure 14 shows-that-blade-root-also shows that blade-root flapwise bending moment DELs increase with higherTl;for-alt
the-ambient turbulence for all models. DWMpry shows a censistent-developmentsimilar trend from turbine 1 to 4 fer-at all
TI,, “s;-with-levels: an increase from turbine 1 to 2, and a-smat-then a slight decrease for the turbines further downstream. The
other models have-show a different development for-the-along the turbine row at higher TI,eases-compared-to-Tly=4-6-For.
At TIL, = 8.8 % and TIL, = 12 %, LESyu shews-a-considerable-estimates a substantial decrease (about 15-20 %) from turbine 1
to turbine-2, and-then-fairky-followed by roughly constant levels from turbine 2 to 4. DWMygEgr, and DWMirg, show a similar
development-trend along the turbine rowbut-with-higherlevels-of DELs, but at higher overall DEL levels.

To understand-the-differencesin-DELs;—weJook-at-investigate these DEL differences, Fig. 15 presents the power spectral
density (PSD) of bladereot-the blade-root flapwise bending momentpresented-in-Fig—+5-, shown as cumulative integrals. All

modelsshow-jumps-at-’spectra exhibit jumps at the 1P and-higher harmenies;-and-also-frequency and its harmonics, as well
as in the low-frequency range below f.. 1P corresponds to the frequency of one blade revolution, and the jumps seen-in the
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cumulative integral correspond to peaks in a-nermalPSB—f-=s/2P-the standard PSD. f. = U, /(2D) is the meandering

cut-off frequency, and loads associated te-with wake meandering are expected to appear below f. (Larsen et al., 2008; Larsen
and Lio, 2025).
%%W%mmm the PSD below fe
can-be-seen-as-the-baseline-witheut-any-represents a baseline without wake meandering energy. Surprisingly, eaty- DWMpTy

shows-any-signifieant-change-is the only model consistently estimates a significant increase in energy below f, between-when
comparing turbine 1 and-to the turbines operating under waked conditions. LESyy de;-hewever;show-inereased-does show

Figure 15. Energy spectra of blade-reot-blade-root flapwise bending moment for the aligned incoming wind case with ambient turbulence of
(a) TI, =4.6 %, (b) TL, = 8.8 %, and (c) TI, = 12 %.
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some variation in energy below f.forseme-eases, for example an increase from turbine 3 to 4 for-in the low ambient turbulence
case. This change agrees-welt-aligns with the increased meandering seen-observed in Fig. 7espeeialty-, particularly in the lateral
direction.

DWMnrgr and DWMirg shows-show fairly good agreement with LESyy eomparing-the-energy-at-in terms of energy at
the 1P frequency. For these models, the 1P energy levels seem-to-scale with the amplitude-of-the-bladeforee-amplitudes of

the blade-force variations in Figs. 12-13;-with—13: DWMirg having-the-largest-and-has the highest amplitudes and highest
1P energy, and LESyy the lowestamptitudes. DWMpTy, however, shows significantly higher 1P energy for the turbines

operating under waked conditions and-(especially for turbine 2) compared to the other models%%BWMpmﬂx—reﬁefgy&&
and the 1P frequeney-energy does not scale as-g
variation amplitude. At frequencies above 1, LESyy shows inereased-levels-ofenergyfrom-turbine-higher energy levels in
the waked turbines compared to turbine 1 to-the-turbines-operating-tnder-waked-conditions—for the low ambient turbulence
case. Energy at the harmonics of 1P (2P, 3P, which-tikety-eomefrom-4P, etc.) arises from asymmetric blade loading (i.e.
deviations from purely sinusoidal force variation). In LESy;y;, the instantaneous wakes can be highly asymmetric and only.
approximately axisymmetric on average, so turbine 2-4 experience increased energy at these harmonic frequencies compared

to turbine 1. In addition, wake-generated turbulence, which has a much smaller length scale than the wake-added-turbulenee
he-ambient turbulence (Madsen et al., 2010), and-is

->—contributes to increased

energy at higher frequencies for the turbines operating under waked conditions. None of the DWM models predict a signifieant
inerease in-high-frequentnotable increase in high-frequency energy for the turbines-waked turbines. The DWM models assume
axisymmetric wakes, which do not directly cause asymmetric blade loading on the turbines operating under waked conditions,
only indirectly via meandering. Somewhat unexpectedly, this-alse-holdsfor DWMprys-the-only DWM-implementation-in-this
study-thatinclides-a-’s wake-added turbulence model —Fer-the-does not generate the increased high-frequency energy for the
waked turbines as was observed in the LESy;y results. At higher ambient turbulenceeases;-, even LESyy shows no visible

increase in high-frequency energy from turbine 1 to turbines 2—4. This %ewe%%e%rdt&&fe«fh&faekfhaﬁh&m

elsin these cases

with the blade-force

because the wake-added turbulence

is negligible compared to the already high ambient turbulence.
Even though the-DELs-estimated-by-DWMpry is-in-good-agreement-with-matches LESyy well in terms of DELs for the

low ambient turbulence case, the underlying mechanisms-for-the-developmentin-DELs-israther-different-for-the-contributions
in the PSD differ between the two models. Fhe-inerease-in-DEL+for-In DWMpTuy, the DEL increase from turbine 1 to turbines

AASIAARAARTIIRX

2-4 is mainly due-to-inereased-energy-eontentdriven by higher energy at 1P frequeney-but-and also below f. for-al-levels
of-ambient-turbulenee-at all ambient turbulence levels. For LESyy, the DEL increase in the inerease-in-DPELfor-the-low

ambient turbulence case is-due-to-comes from a combination of inerease-in-increased energy associated with 1P frequency and
higher. For the higher ambient turbulence cases, the negligible wake-added turbulence levels and deereasing-energy-contentthe
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Figure 17. Fatigue of towerbase-tower-base fore-aft bending moment for the aligned incoming wind case with ambient turbulence of (a) TL.

=4.6 %, (b) TL, = 8.8 %, and (c) TI, = 12 %. For legend, see Fig. 16.

decreasing energy at 1P frequency for-in LESyy eauses-areduction-of DEL-cause DELSs to reduce along the turbine row. For
these cases, DWMnrgr, and DWMpg, foews-follow the same trend ;-and are closest to LESyvy.

Figures 16 and 17 present-show 45-min DELs of-for the tower-top yaw moment and tower-base fore-aft bending mo-
ment, respectively—A-, using a Wohler coefficient of 3 is-applied-for the tower. For all cases, the models show good agree-
ment in-estimating—tower-DELsfor—turbine—t—on turbine 1’s tower DELs. For the low ambient turbulence case, LESyy
predicts considerably higher tower DELs than the DWM models for the-downstream—turbines—turbines 2—4. Among the
DWM implementationsmodels, DWMpry is-comes closest to LESyy s-and is the only BPWM-medelto-reproduce-the-same
development-of-one to reproduce a similar development in DELSs along the turbine row. At higher ambient turbulencelevels,

LESyy and the DWM models are in closer agreement for the turbines operating under waked conditions. Consistent with the

blade load results, tower loads increase with ambient turbulence intensity. The cumulative integrals-of-tower-base-PSD of the

tower-base fore-aft bending moment PSB-in Fig. 18 shew-shows jumps below f. and at the 3 P frequency aeress-for all models.
Additienally-LESyu shews-enerey-at-the-harmonies-of-the-also exhibits energy at multiples of 3 Pfrequeney, visible as small
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jumps at 6.P. The-energy-Energy below f. contributes more strengly-for-significantly to tower loads than it did for blade loads
shown in Fig. 15. Similar to the blade load results, DWMpry is the only model consistently predicting higher energy below

fe for turbines 2—4-2—4 compared to turbine 1. All models predict eomparable-energy-content-at-similar 3P energy for turbine
1. However, o W\xLESUU ﬁfh&mﬂyﬁﬂ&%ﬂﬁ%&h@W&mﬁﬂﬁéﬁWW@P and its-harmonies—for
ing-6L energy for the downstream turbines relative to turbine 1. This is
likely due to the asymmetric loading caused by the instantaneous LES wakes, as discussed earlier for the blade loads. These
increases diminish with higher ambient turbulence, and atby TI, = 12 %, all models predict similar energy eentent-at 3P and
higher frequenciesfor-alt-turbines-above for every turbine, The tower-top yaw moment PSD in Fig. A7 in Appendix A shows

3.2 Partially waked case

This section extends the analysis to a more complex inflow scenario ;-by introducing a small misalignment between the mean
wind-direetion-wind direction and the turbine row. The resulting partial-wake configuration better reflects 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 used, but with a 5° effset-angle-between-the-mean-wind-direction-and-the
inflow angle offset relative to the turbine row and with no yaw misalignment between-the rotors—and-the-mean—windof the
turbines themselves. We evaluate model performance in terms of time-averaged flow fields, wake centre positions, power
production, thrust forces, blade loads, and fatigue. The results are-used-to-further-investigate-allow us to further examine each

model’s ability to capture asymmetric flow and loading effects.

3.2.1 Mean velocity profiles

Figure 19 shows time-averaged velocity profiles at three-axial-pesitions—-atthe axial positions —1D, 2.5D, and 5D srelative
to-the-4-turbinesrelative to each of the four turbines, for the partially waked case -with-mean-wind-direction-Srelative-to-the
row-of turbines-and-with ambient turbulence TIL, = 8.8 %. The upper row shows horizontal profiles at hub height and the lower
row shows vertical profiles at the turbine’s lateral centre. Horizontal dashed lines indicate the range of the turbineretor’s-swept
’s rotor-swept area of the elosest-nearest upstream turbine, and horizontal dash-dot lines indicate-at-which-lateral-position
mark the lateral positions at which the corresponding vertical profiles are plottedtaken. Since the ambient conditions of the
partially waked case has-the-same-ambient-conditions—as—the-match the fully waked case with medium ambient turbulence,
atse-the-flow-downstream-and-the flow behind and the response of turbine 1 is similarte-this-ease;-with-- DWMpry showing
shows a distinct near-wake profile, and-whereas DWMngEL and LESyy enty-shewing-traces-of-the-characteristic-near-wake

profile—As-for-show only traces of it. As in the fully waked case, DWMirg, and to a minor-lesser degree DWMNREL, tend to

under-predict-the-deficit-at-the-wake-eentreunderpredict the centreline deficit. DWMpry, hewever,slightly-over-prediets—the
defiett5-by contrast, slightly overpredicts the deficit in turbine 1’s wake compared to LESyyin-the-wake-of-the-first-turbine;

and-thengradually-under-prediets-the-defieit-deeperinto-the-, but then gradually underpredicts it further down the turbine row.
Do to the asymmetric eonditions-inflow for turbines 2—4, all models estimate-decreased-wind-speeds-on-the-leftside-of-the-the
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Figure 18. Energy spectra of tewer-base-tower-base fore-aft bending moment for the aligned incoming wind case with ambient turbulence

of (a) Tl = 4.6 %, (b) Tl = 8.8 %, and (c) Tl = 12 %.

wake-predict that the wakes of these turbines spread more to the left side when looking downstreamfor-these-turbines; but-as
for-, However, as in the fully waked case, LESyy estimates-the-deficit-to-the-sides-shows a greater increase in deficit outside
and above the rotor span te-inerease-more-than-compared to the DWM models deeper into the turbine row.

Figure 20 shows profiles of velocity standard deviation s, s-for the partially waked case. As forin the fully waked case with

680 medium ambient turbulence, LESyy and DWMpTy show much higher levels-of-o, levels than DWMngrEr, and DWMirg.
DWMnpry shews-particularly-good-agreement-with-matches LESyy for-particularly well in the shear-layer to-the-right-on the
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Figure 19. Time-averaged velocity profiles for the partially waked case (5° inflow angle) with medium ambient turbulence (TI, = 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 profiles are plotted.

right side of the wake when looking downstream, while-thedeft-whereas larger differences appear in the left-side shear-layer
and in the vertical profileshow-larger-differences.

3.2.2 Wake centre positions

685 Figure 21 shows box-and-whiskerplots-of-box-and-whisker plots of the horizontal and vertical wake centre positions at 51
downstream of each turbine in-therow-for the partially waked case. For LESyy s, the wake centre positions are tracked using

in-SAMWICH toolbox (Sect. 2.4-For-), whereas for the DWM

models -the wake centre positions are taken directly from the meandering algorithm in the DWM simulation.
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Figure 20. Profiles of velocity standard deviation ef-veloeity-for a-wind-direetion-for-the partially waked case (5° inflow angle) with medium
ambient turbulence (TI, = 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 profiles are plotted.

For turbine 1, all models predict that the median wake centre position has-not-moved-away-from-stays approximately at the
690 turbine position laterally s+e—(y — y; =~ 0). For the DWM modelsthis-also-trie-, this holds for turbines 2—4 —white-for-as well,

RARIAARNIN
whereas LESyy g predicts the median wake centre pesition-is-positioned-positions shifted slightly to the left when looking
downstream (y — y; > 0). For-the-current-case-with-skewed-inflow—-the-turbines-are-pesitioned-In _this skewed inflow setup,
i ing-downstream;-e-g-one behind it; for example,
turbine 1 is pesitioned-0:65B,+31band+96B-located 0.650, 1.31D, and 1.96D to the left of turbine-turbines 2, 3, and 4,

695 respectively. Since the-wake-tracking-atgorithm-in-the SAMWICh-toolbox-SAMWICh tracks the combined wake from all the
upstream turbines, the shifttowardsleftobserved-leftward shift in the LESyy s wake centre distribution;-can-therefore-possibly

each turbine is offset to the left of the their-dewnstream-turbines-whenlookin
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Figure 21. Box ptet-plots of horizontal (upper row) and vertical (lower row) wake centre position-positions at = 5D behind the turbines

for the partially waked case (5° inflow angle) with medium ambient turbulence (T1, = 8.8 %).

distributions may be influenced by the upstream wakes’
osition rather than a true deflection of the individual wakes. Alternatively, the-asymmetrie-wake-distribution-can-be-explained
by-wake-deflection-due-to-the-vertical-veloeitygradient-in-the shear flow-causing-the-wake-to-move -horizonta

700 could be caused by the vertical shear in the inflow causing a horizontal wake deflection, as discussed in Sect. 3.1.2. However,
this-that mechanism does not explain why only the wakes of turbines 2—4 would-deflect-to-theteft;show a leftward deflection

and not the wake of turbine +-1, nor why the deflection is in the opposite direction to what was seen in the aligned inflow case.

As for-the-aligned-eases—investigated—in-in_the aligned inflow cases (Sect. 3.1), LESyu and to a smaller-lesser extent
705 DWMNnrgr, estimate-predict that the wakes deflect upwards-upward above hub height due-to-because of the 5° rotor tiltangle-

Alse-, And also in agreement with the previous results, all models show more meanderingin-horizontal than vertical directionmeandering.
However, the-unlike the aligned case, LESy;1; does not show a large increase in meandering level-deeper-into-the-rew-which
was-seen-for EESy-in-the-aligned-easeisnotobserved-herelevels further down the row under partial-wake conditions.

3.2.3 Power and thrust

710 Figure 22 shows time-averaged thrust force and power for the-rew-ef-turbinesfor-the-each turbine in the partially waked case.
As expected, alb-models-show-turbine 1 exhibits similar thrust and power as the fully waked case with the same medium ambient
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Figure 22. (a) Mean thrust force and (b) mean power for the partially waked case (5° inflow angle) with medium ambient turbulence (TI, =

8.8 %).

turbulence conditionsfor-turbine—+—The-small-differences-seen-are-due-to-, However, small differences due appear because of
variations in the incoming wind field at the two lateral positions of turbine 1 in the fully waked case (y =0) and in the partially
waked case (y ~123 m). As forin the fully waked case, LESyy shows about 10 % higher power compared to the DWM models
for turbine 1. For turbines 2—4there-are-good-agreement-between-, the DWM models -while-are in good agreement, whereas
LESyu shows a significant drop in both thrust and power frem-between turbine 3 te-and 4. This drop comes from the higher
defiettupstream-deeper deficit in front of turbine 4 as a result of a much wider horizontal wake estimated-predicted by LESyuy,

seen-visible at x;—4 = —D in Fig. 19.

3.2.4 Blade forces

Asfer-the-The time-averaged tangential and normal force distributions along the blade span for the partially waked case (Fig.
A8 in Appendix A) show qualitatively similar trends to the fully waked case, fhefeﬁ—geed—agfeemeﬁt—betweeﬂ—fhemedeh—fer—aﬂ

W&mmww&mmm&mwgd the bladesfor
the-partially-waked-case(not-shown-here)—tn-figure 23—, Figure 23 presents the azimuthal variation of the normal blade force
is-presented-at four radial positions along the blade for all four turbines in the rew-under-the-partially waked case. The-models
show-larger-deviations-comparing-the-shapes-For turbine 1, the models generally agree on the shape of the force variations,
with some amplitude differences near the blade tip. However, larger deviations are seen among the models for turbines 2—4 5
operating-under partially waked conditions. In LESyyprediets-, the force minimum to-be-shifted-areund-is shifted about 90°

towards larger ¢ for these ing-turbines 2—4, meaning that the
lowest force occurs when the blades point stralght to the left. The lowest velocity in the incoming wind field therefore-has-the

lowest-veloeity-is therefore towards the wake of the upstream turbine. For DWMirg, on the other hand, the minimum force
is shifted only slightly towards larger ¢. Pue-to-the-weaker-wake-deficitestimated-by-this-medelBecause DWM redicts a
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Figure 23. Relative difference between mean normal blade force per azimuthal bin F? and total normal force F), for the partially waked

case (5° inflow angle) with medium ambient turbulence (TI, = 8.8 %).

weaker wake deficit, the blades feel-experience the lowest force when peinting-almest-straight-dewnnear the bottom of their
rotation, where the velocity of the incoming flow is low due to shear. DWMpTy and DWMnrgr, shows-minima-located-at
predict a force minimum at about the same ¢ as the-LESyy minimum-for all radial positions of-the-blade;-but-towards-along
the blade. However, at the outer part of the blade, a second minimum appears at approximately the same ¢ as for-estimated
by DWMirg. When the i ime-a blade is pointing downward, its tip passes
through a region where the DWM models esti i tee i S-COmpt
predict significantly sharper vertical velocity gradients than LESyy —as-seen-n-(see Fig. 19-Consequently-). As a result, the
DWM models predict a force minimum on-the-outerpart-of-the-blades-at ¢ ~180° also-for-the-turbines-operating-on the outer

blade sections, even under partially waked conditions.

3.2.5 Fatigue

Figure 24 shows th

the 45-min DELSs for (a) blade-root
flapwise bending moment, (b) tower-top yaw moment, and (c) tower-base fore-aft bending moment, for the partially waked
case. DWMpry is the only DWM model eapturing-to capture a similar development along the turbine row as LESyy;-but
at-a-shightly-highertevel-for-. However, it slightly overpredicts the blade DELs and lewerlevelsfer-underpredicts the tower
DELSs compared to LESyy. DWMpry and LESyy estimate-an-inerease-in-both estimate increasing DELSs from turbine 1 to 2.
Fhe-In these models, the reduced loads due to an-inereased-wind-speed-is-decreased mean wind are compensated by increased

turbulence downstream of turbine 1, modelled in DWMpry by the wake-added turbulence model. By contrast, DWMnrgr,
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and DWMirg meodd with the result that the-turbines-operating-under
i ' “turbines 2-4 have lower DELs than turbine 1. By-looking-at

The PSDs of the loads presented in Fig. 25 -itis-elearshow that DWMpry also-for-the partially-waked-ease-shows-predicts
more energy below f, for turbines 2—4 than the other modelsfor-turbines2—4, as was also seen in the fully waked case. However,

in eentrastte-the fully waked case ﬁﬂ%&LESUU shews-inereased-showed no significant change in energy below f. ferturbines

e-along the turbine row, whereas here LES{;; does exhibit an

increase in low-frequency energy from turbine 1 to the waked turbines for both the blade-root flapwise and tower-base fore-aft
bending moment—Feor-the-blade-rootmoments.

The blade-root flapwise bending moment s-spectra in Fig. 25 (a) show that the DWM models estimate higher-more energy
at the 1P frequency and its harmonics eempared-to-than the LESyy for all turbines, ard-which is likely the main reason—for
cause of the higher DELs estimated by the DWM models. Censistent-with-As in the fully waked case, the levels of energy at

the 1P frequency eoineides-correspond well with the differenee-in-blade-foree-variations-blade-force variation amplitudes seen

in Fig. 23 for all models except DWMpry. Again, DWMpy shews-a-higher-does not show a direct relationship between 1P
energy and blade-force variation amplitude: it predicts a larger increase in 1P energy for-the-turbines-operating-under-waked

variation amplitude indicates.
In the frequency spectra of tower-top yaw mementmoments in Fig. 25 (b), LESyy shows no significant change in energy
below f. ;-and-between the turbines, while the small decrease in 3P energy along the turbine row coincides well with the

change in DELsalong—the-turbineroew. DWMngrgr and DWMipg show a significant decrease in energy below f. for the
turbines operating under waked conditionsthat-, which, together with a decrease in energy at 3P frequency, reduce the tower-
top yaw moment DELs. LastlyFinally, DWMpTy shows rathernearly constant DELS as a result of a-combination-efincreased
energy below f. and decreased energy at 3 P frequency for the tarbi i it
DWMrreswaked turbines compared to turbine 1.

For the tower-base fore-aft bending momentBELs-seale-, DWMngrEr, and DWMjgg, show DEL trends that correlate with the
energy at 3P frequency, white-whereas for LESyy and DWMpuy, itis-the-change-changes in energy below f. thatdeminates

the-developmentin-DELs-dominate the DEL evolution along the turbine row.

4 Discussion

The comparative evaluation of the three DWM-based wake models against LES reveals generally good agreement in overall

wake evolution and turbine performance trends, with notable discrepancies in specific wake features and load predictions.
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Figure 24. Fatigue of (a) bladerootblade-root flapwise bending moment, (b) tower-top-tower-top yaw moment, and (c) tower-base-tower-base

fore-aft bending moment for the partially waked case (5° inflow angle) with medium ambient turbulence (TL, = 8.8 %).

4.1 Wake modelling

All three DWM models capture the qualitative shape and decay of the wake-defieits-wake deficits along the turbine row, but
there are systematic differences in deficit magnitude and shape when compared to LES. Immediately downstream of the first
turbine, the DWMpy model produces a more pronounced near-wake profile than observed in the LES, whereas DWMnNREL,
tends to produce a deficit that is more developed towards a Gaussian profile. For the turbines operating under waked conditions,
LESyvu already shows a Gaussian-like velocity profile at x = 2.5D. This is likely due to the-added turbulence in the turbine
wakes, which increases the turbulence levels experienced by downstream turbines and enhances wake recovery through faster
mixing. Neither DWMpry nor DWMNnrE], refleet-this-change-capture this increase in wake recovery rate between turbine 1
and the downstream turbines operating under waked conditions. Interestingly, DWMirg’s Gaussian profile therefore tend to
outperform the other DWM models in the near-wake of-the-turbines-operating-under-waked-conditionsregion of the waked
turbines. Although DWMpry includes a wake-added turbulence model, it is only applied in the aeroelastic solver and does
not influence the-wake development. Consequently, increased wake recovery due to elevated downstream turbulence is not
captured in the velocity field. The newly implemented wake-added turbulence model in DWMyrEg;, thatcouples wake-added
turbulence and-meandering-(Branlard-et-al-2024);though-with meandering (Branlard et al., 2024). Although it was not applied
in this study, it may improve agreement in future comparisons. Nonetheless, both DWMpry and DWMnyrE;, exhibit faster
wake recovery for-at higher ambient turbulence, as expected.

In the far-wake regions for the aligned case (e.g., x4—; = 5D, x1=;y1 = —D), DWMpry generally slightly-overestimates
the centreline deficit slightly, while DWMjipg slightly underestimates it. DWMnRgEr, Hies-falls in between and is often closest to
LESyv in these regions. However, for the partial wake case -DWMpTy seems-to-be-closest-to-appears to match LESyy most
closely. The DWMpTy model uses as-mentioned-previotsty-a superposition method wherein which, under below-rated con-
ditions, the maﬂmuﬂwe}eaw-deﬂ%mat each point is the-maximum-deficit seanning-through-all-the-individual
taken as the largest deficit among all individual meandering wakes of
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Figure 25. Energy spectra of (a) bladeroot-blade-root flapwise bending moment, (b) tewer-top-tower-top yaw moment, and (c) towerbase

tower-base fore-aft bending moment for the partially waked case (5° inflow angle) with medium ambient turbulence (TI. = 8.8 %).

upstream turbines. In contrast, DWMngE1, and DWMrg incorporate wake summation schemes where-in which all upstream

wakes, calculated sequentially down the row, affeet-contribute to the total flow field to different-extentvarying extents. While

DWMNnrEr, does not capture the ehange-in-evolution of the flow field along the turbine row significantly better than DWMpry,
DWM;rg, demonstrates-shows improved accuracy in the wake periphery, where the baitd-up-of LESyy deficit build-up is sub-
stantial. The build-up-ef-Tl-accumulation of turbulence intensity along the turbine row in the DWMirg model, affecting-the
which affects its eddy-viscosity closure, ean-also-be-a-part-of-the-differenece-may also contribute to the differences observed
relative to the other DWM models. The-performance-of-However, DWMipgdoes;-howeverdegrade-’s performance degrades
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at higher ambient turbulence, suggesting that the term in the-its eddy viscosity model related to the-ambient wind shear scaling
with turbulence intensity ;-should be calibrated.

Vertical velocity profiles play a critical role in load predictions as they affect the azimuthal variation of the inflow felt by
turbine blades, directly influencing blade 1P and-tower-34+-loading. Rotor tilt induces an upward wake deflection, which is
captured by LESyy and by DWMnrgr (the only model that incorporates tilt), but not by DWMpTy or DWMirg. Notably,
LESyu predicts even greater upward deflection-deflections than DWMygrEgr—whieh—. This deflection increases with down-
stream distance and occurs even for-the-tow-turbulence-ecase-without-in the low-turbulence case without any rotor tilt. Alse
horizontal-deflection-is-Horizontal deflection is also observed in the LESyy results. This suggests that wake rotation and tip
vortex effects, which are not accounted for in current DWM formulations, cause additional deflections. The ettled-wake-modet

recently-implemented-in-curled-wake extension to DWMnggr, (Branlard et al., 2023), theugh-not-applied-in-this-study,-may
improve-agreement-in-future-comparisonswhich was not used in the present simulations, could potentially help reduce these

discrepancies.
The box plots of wake centre positions show that the predicted meandering levels for the first turbine in the row agree

well among all DWM models and LESyy. Wake meandering is consistently stronger in the horizontal than—vertical-direection
direction than the vertical across all models, consistent with the fact that large-scale vertical turbulence energy being-less
is lower than large-scale lateral turbulence energy for conventional flat terrain conditions. However, the downstream growth
of meandering amplitude dewnstream-is underrepresented: while LESyy shows a 50 % increase from turbine 1 to 2 (and
continued-growth-thereafter)--with continued growth beyond), the DWM models maintain nearly constant meandering levels.

This mightresult{from-their-discrepancy may result from the models’ reliance on the same ambient turbulence field for all
wakes, without accounting for the inereased-additional turbulence from upstream wake-interactionswakes, which leads to

underprediction of wake spreading in deep turbine arrays. Hanssen-Bauer et al. (2023) suggest that this could be addressed
by coupling the wake-added turbulence model with the meandering routine, so that both ambient and wake-added turbulence
contribute to wake motion. In fact, this-is—whatis—implemented—in-the new wake-added turbulence model in DWMngEgy,
(Branlard et al., 2024) implements this approach. However, if the-wake-added turbulence is-in-fact-contributing significantly
does significantly contribute to wake meandering, it is in conflict with the traditional DWM assumption that meandering is
driven only by large-scale turbulence -while wake-added turbulence captures smaller scales. Nevertheless, important future
work is to check this assumption by testing the new DWMyggr, wake-added turbulence model.

As shown in the prefiles-of-o,, profiles (Figs. 4-6-—6 and 20), the PWMprys-inelusion-of-a-wake-added turbulence model
in DWMpry clearly improves its turbulence predictions. DWMnrgr, and DWMirg, lacking such a scheme, significantly
underpredict o, in the turbine wakes across all cases. The influence of wake turbulence on the flow field is evident in snapshots
of instantaneous velocity profiles. In the low ambient turbulence case in Fig. Al DWMygypy, and DWMiry, show relatively
smooth wake profiles, whereas LESyy_and DWMppy produce more turbulent profiles. In the high ambient turbulence case
differences between the models are less pronounced.
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Even with a wake-added turbulence model, DWMpvy still shows discrepancies relative to LESyys-which-may-stem-parthy-,
These may partly stem from differences in wake shape influeneing that influence the added turbulence through-via the velocity
gradient input. However-the-taek-of Furthermore, DWMpy clearly lacks a model for turbulence build-up aeross-the-row-of
turbines-is-evidentespecially-for-the-ease-with-along the turbine row, especially evident in the low ambient turbulence case.
Here LESyuy indieates-shows increasing o, along the row s-even as the mean deficit and velocity gradients decrease, which
contradicts the wake-added turbulence formulation given-in Eq. 7. A possible reformulation of the present-added-wake-current
wake-added turbulence approach could be to eonsidertreat Eq. 7 as a source term of-wake-added-turbutenee-(which it is) and
then combine it with an accumulation term and a decay term. The DWM modelling improvementimprovements by Keck et al.
(2015) should also be considered as it-both-ineludes-they account for the impact of the-ambient vertical wind gradient-on-the
shear on eddy viscosity and medels-model the build-up of the-wake-added-wake-added turbulence. Comparisons with ALM

simulations show a+eduetion-of-that including these improvements can reduce turbulence-intensity deviations by up to 40 % i
the-deviation-on-turbulence-intensity-after-the-by the eighth turbine in a row by-ineluding-this-improvement-(Keck et al., 2015).

4.2 Power and thrust predictions

Despite the-differences in flow details, all three DWM-based models reproduce the general trends in time-averaged turbine
power and thrust observed in the LES benchmark, and-stay-within-5—10-staying within 5-10 % deviation-of the LES results.
Surprisingly, while the DWM models show exeellent-good agreement in power estimation-prediction for turbine 1 where the
inflow is identical for all models, LESyy consistently predicts appreximately-about 10 % higher power output. This eemes-from

discrepancy arises because LESy; predicts higher tangential forces in the middle sections of the blades estimated-by EESy
compared to the DWM models, likely due to differences in the aeroelastic solver. If this diserepaneyseen-in-the-turbine-model
is-consistent-for-all-veloeitiesturbine-model discrepancy is consistent across all wind speeds, its impact can be adjusted for-by
normalizing all turbine powers with-that-of-turbinet-—This-would-result-in-the-pewerfrom-by the power of turbine 1, as shown
. With this normalization, LESyygenerally-align
’s power output generally aligns well with DWMyrggr for all turbines, while DWMpry and especially DWMipg, typically
estimate-shightly-higher power-outputs-overestimate the power for turbines 2—4. However;-The exception is the partially waked
case with a 5° angle-between-the-inflow-and-the-turbinesrowshows-inflow angle relative to the turbine row, which reveals the

consequence of the DWM models noteapturing-the-significant-build-up-of-failing to capture the significant velocity-deficit to
the-sides-ef-the-build-up outside the rotor span. This-In LESyy, this build-up causes a drop in power from turbine 3 to turbine

. 26 (see Appendix B for further discussion of this approach’s validit

4 in-the EESuu-results-whieh-that is not captured by the DWM models. For turbine 4, LESyy estimates the power to be 17-18

% lower than in the DWM models. This highlights the importance of aceurate-prediction-of-tateral-accurately predicting wake
spreading, particularly under real-world conditions --where perfect alignment is rare;-as-it-ean-cause-, Failing to capture wake

spreading can lead to a non-negligible evershootof-the-estimated-overestimation of a wind farm’s annual energy productionef
a-wind-farm-—, In this regard, the momentum-conserving superposition method applied in DWMyrg is a promising approach,
as it produces greater wake spreading and a more accurate increase in the off-rotor-span deficit, particularly in the low ambient
turbulence case. However, the generally poor performance of this DWM implementation in estimating wake-deficit strength
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Figure 26. Mean power for the aligned incoming wind case with (a) low (TI, = 4.6 %), (b) medium (TI, = 8.8 %), (c) high (T, = 12 0)
ambient turbulence, and (d) for the partially waked case (5° inflow angle) with medium ambient turbulence (TL, = 8.8 %). For each model,
the power outputs are normalized by the power of turbine 1.

for the medium and high ambient turbulence cases, prevents us from seeing the full potential of the momentum-conservin

summation method in the partially waked scenario.

4.3 Fatigue-load predictions

Fatigue-load predictions represent the area of greatest divergence between the DWM and LES results, underscoring the chal-
lenges involved-inof modelling wake-induced unsteady inflow conditions and their structural consequences. While all three

DWM models are able to reproduce the general trends in time-averaged loads (e.g., mean blade forces or-and mean thrust), their

DELs vary substantially. The deviations are
largest for the turbines operating under waked conditions—, though differences are also evident for turbine 1, which likely
originate from differences in the acroelastic solvers. As with power, the influence of the aeroelastic solver can be limited
by normalizing all turbine DELs by the DEL of turbine 1 (see Appendix B for a discussion of this approach’s validity).
The resulting normalized DELs for the blade-root flapwise bending moment and the tower-base fore-aft bending moment are
shown in Figs. 27 and 28, respectively. Even though the normalization reduces the spread between the models slightly, the
overall picture is the same. For the low ambient turbulence case, the DWM models tend to estimate lower blade loads and
especially lower tower loads for the waked turbines compared to LES. For this case, DWMpry is closest to LESyy in terms of
DEL magnitude and its development along the turbine row. For higher ambient turbulence, the deviations between DWM and
LESyy are smaller. The DWM models predict a larger increase in DELs with rising ambient turbulence compared to LESyy.
Consequently, in the high ambient turbulence case the DWM models, and especially DWMpry;, predict higher DELs than
LESyy, particularly for blade loads.

Spectral analysis reveals that all DWM models tend to overestimate the energy content at the 1P frequency for the blade

loads. This has—sh ns-i8 related to higher azimuthal

predictions of €
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Figure 27. Fatigue of blade-root flapwise bending moment for the aligned incoming wind case with ambient turbulence of (a) TIL, = 4.6 %,

b) TI, = 8.8 %, (¢) TI, = 12 %, and (d) for the partially waked case (5° inflow angle) with medium ambient turbulence (TI, = 8.8 %). For
each model, the DELS are normalized by the DEL of turbine 1.
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Figure 28. Fatigue of tower-base fore-aft bending moment for the aligned incoming wind case with ambient turbulence of (a) TL, = 4.6 %,

b) TL, = 8.8 %, (¢) TL, = 12 %, and (d) for the partially waked case (5° inflow angle) with medium ambient turbulence (TI, = 8.8 %). For
each model, the DELs are normalized by the DEL of turbine 1.

blade-force variations predicted by the DWM models, which is a direct consequence of the shape-of-the-shapes of their predicted
wake velocity profiles. However, for some ofthe-models, especially DWMpty, the bladeferee-variation-azimuthal blade-force

variations seen in Figs. 12-——13 and 23 -and-do not scale with the energy at 1 P frequency de-notseale-as expected. As explained
900 in Hanssen-Bauer et al. (2023), this mismatch likely comes from a wake meandering effect. When upstream-wakes-meander;
the-wake-an upstream wake meanders, it moves normal to the wind direction. This causes additional velocity gradients to
appear-when a wake eevers-only-parts-of-the-only partially covers a downstream turbines’ sweptrotor area. These partially

waked conditions, caused by wake meandering, last for several blade rotations since the meandering motion is slower than the
blade rotation s-(f. < 1P). The effect witkis to a large extent not be-visible in the blade-foree-variation—plotsas-blade-force
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variation plots, because the forces are averaged in each azimuthal bin over the whele-entire simulation. However, the-plots-of

wake-centre-positions—reveal-wake centre position plots show that DWMpry does not estimate-higherlevels-of-meandering
predict higher meandering levels than the other models. Still, the toads-load spectra for DWMpry clearly show a significant
increase in energy at the-tow-frequeneieslow frequencies (associated with meanderingfor-the-turbines-operating-under-waked
m&m is not seen for-in the other models —Fhis
suggests-that-for-and suggests that in DWMpruy, ‘meandering
affects the loads more strongly than in the other models, possibly M@MNMmore distinct deficits
with sharper radial gradientsin BPWMpr s-case.

Consistent with prier-findings for above-rated conditions in-by Hanssen-Bauer et al. (2023), we find that all DWM mod-

els tend to underestimate the—fatigue-loadingfatigue loading on downstream turbines, especially on the tower, if important
turbulence-generation mechanisms are neglected. In the present below-rated cases, the DWMpry model with a-its wake-added

turbulence model is the only DWM implementation that roughly captures the inerease-in-fatigue-damagefor-increased fatigue
damage on the turbines exposed to upstream wakes fer-relative to turbine 1 in the low ambient turbulence case. However,

the magnitude of the increase in tower loads remains under-predieted—For-the-eases-with-underpredicted. For higher ambient
turbulence, the trend is notse-ctearbutfor-the-bladetoadsless clear, For blade loads, LESyy shows a decrease in BEEs-DELs

AR A AR AN AR A AR AN

along the turbine row, while-whereas DWMpry still %ﬂmﬁeﬁﬂﬂﬁeﬁeﬂ%%&mﬁom turbine 1 to

inconsistency appears to stem from different mechanisms causing the increased DELs in DWMpry and-versus LESyy for
the turbines-operating-tnder-waked-conditions-—FHor-waked turbines. In LESyy, the high-frequency content of the load spec-

tra is affected;probably-direetly-by-elevated, likely due to the higher small-scale turbulence in the wake. This effect is most
pronounced in the ease-with-low ambient turbulence case, since the relative increase here-is-higherin small-scale turbulence

is greatest. DWMpy, by contrast, seems to affect the loads more indirectly threugh-via wake meandering, as described in

the previous paragraph. M%MM@%WMMM play a rolehere;causing
> a8 it might
cause the meandering wakes with enhanced turbulence to have a greater effect on loads when they move in and out of the

rotor’s-swept-area—Hor rotor-swept area. At higher ambient turbulence levels, the wake-added turbulence seems-appears to
play a smaller role in the fatigue-loading development along the turbine row for-in LESyy, while for DWMpry the inereased

enhanced meandering effect on loading keeps-deminatingcontinues to dominate.
Another important factor explaining the divergence between the DWM and LES fatigue results is the fact that the DWM

models predict-assume axisymmetric wakes that meander, whereas the instantaneous LES wakes can be highly asymmetric

and only approximately axisymmetric on average(as—seen—in—veloeity—profiles—This difference is clearly illustrated by the
snapshots of instantaneous velocity profiles for the low ambient turbulence case in Figs. +-3-and-19)- This-deviation from
can be recognised from the time-averaged ones in figure 1 for all turbines in the row, the LES wakes differ much more
in shape. This asymmetry in the LESyy results—istikely-flow is an important driver en-the-towerJtoads;—and-is-likely—to
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s—of loads, especially in the low ambient turbulence case,
and appears as energy at higher harmonics of the blade rotational frequency, i.e. 2P, 3P, etc., for blade loads and 3P, 6P,
etc. for tower loads. This phenomenon contributes to the DWM models’ underprediction of loads. It aligns with the findings of
Bernard et al. (2024), who investigated loads on a turbine under low-turbulence offshore conditions. Also here the traditional
DWM models with axisymmetric wake deficits failed to capture the increased higher-harmonic content in the tower-top load
spectra under waked conditions compared to free-inflow conditions. However, when a wake-distortion component was added to

roduce a non-axisymmetric wake in the DWM model, it showed better agreement with the measured load spectra and DELs.
An interesting observation is that LESyy swhieh-showed no significant change in energy below f, for the fully waked case,

but estimates increased energy below f; £ sfrom turbine 1 to turbines

2-4 in the partially waked case. This was seen for the blade-root-blade-root flapwise bending moment and tower-base fore-aft

bending moment, but not for the tower-top yaw moment. Sinee-the-upstream-wakes-on-average-are-positioned-to-the side-of-th

D D

often-in-the case-where the-wake moves-eompletely For turbines 24 in the partially waked conditions, the upstream neighbours
are not directly ahead but offset laterally. As a result, lateral meandering relatively often moves the wake entirely away from
the downstream turbinestdeways. This causes large ehanges-in-the blade root-moment-and-the-fluctuations in blade-root and
tower fore-aft moment te-appear-in-on the meandering time-scale (f < f).

Overall, all DWM models struggle to capture the full range and correct intensity of wake-driven loading observed in
LES. Better-A better representation of turbulence evolution and its interaction with wake dynamics is crucial te-impreve

for improving fatigue-load predictions in DWM frameworks.
4.4 Weaknesses of the present study

While the comparative analysis provides valuable insights into the performance of DWM-based wake models, several limita-
tions of the present study must be acknowledged.

First, all simulations were conducted at a single below-rated wind speed with the turbines running-at-constant-operating at
fixed RPM and pitch. This constrains the generalizability-generalisability of the findings to other operational regimes, particu-
larly near rated or cut-out wind speeds, where aerodynamic and control responses differ significantly. At higher wind speeds,
turbine control strategies such as blade pitch and generator torque regulation may alter wake characteristics and structural
responses in ways that-are-neteaptured-herenot captured in this study.

Second, the inflow conditions in both the LES and DWM simulations assume a neutral atmospheric boundary layer over
homogeneous terrain, without thermal stratification. In reality, wind farms operate under more complex atmospheric conditions,
including stable and unstable stratification, wind veer, and heterogeneous surface roughness. These factors influence turbulence
intensity, wake deflection, and recovery, and may lead to larger discrepancies between engineering-fidelity models and field
measurements.

Third, the modelled wind farm layout consists of a single row of four identical turbines with uniform spacing. While this

configuration provides a controlled environment for model comparison, it lacks the complexity of real-world wind farms, where
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turbines are arranged in staggered rows or irregular layouts and are subject to multi-directional wake interactions. Moreover,
975 the only non-aligned inflow condition tested involved a smal-modest 5° offset, which is medest-small relative to real-world
offsets caused by wind-direction variability or wakesteering-wake-steering control strategies. Larger inflow angles, including
turbine yaw misalignments, could lead to more complex wake dynamics that challenge current DWM formulations.
Fourth, the simulation durations were finite, and-so some load and flow statistics may be affected by sampling limitations
(Liew and Larsen, 2022).
980 FinalyFifth, validation against field measurements was not part of this study. While high-fidelity LES-ALM provides a
physically consistentand-, high-resolution reference, the-simulations-are-not-necessarilyrefleeting-these simulations do not

necessarily reflect one-to-one full-scale measurements (Asmuth et al., 2022; Sood et al., 2022). The actuator-line method used
in the LES model—theugh-model — though widely accepted as a high-fidelity appreach—intreduces-approach — introduces
its own approximations. The method represents blades as line forces rather than resolving blade-resolved flow features, which
985 limits its accuracy in modelling near-wake vorticity, dynamic stall, and fine-scale unsteadiness. The lack of an elastic turbine

model also means that structural Eigenmodes are not captured, which is particularly important for tower dynamics. Comparing

model predictions against full-scale SCADAeorlidar, lidar, and strain data would further strengthen the conclusions and reveal

model limitations under real operational conditions.

Finally, the present comparison evaluates each DWM framework as a complete modelling system. Because several sub-models.
990  (e.g., wake-deficit formulations, wake-summation methods, meandering methods, and turbulence treatments) differ between
implementations, differences in results cannot be attributed to any single modelling choice. As a consequence, some interpretations
of the causes behind model discrepancies remain qualitative. The present intercomparison reflects the combined effects of
multiple sub-model differences. A more rigorous assessment would require controlled sensitivity studies where individual

sub-models are varied or exchanged within a single framework to isolate their influence.
995 Future work should address these limitations by considering a broader set-range of operating conditions, implementing

including variable atmospheric stability and wind shear, and by evaluating model performance in more complex wind farm
layouts. Enhaneed-turbulence-medelling—inecludingecoupling-of-In addition, controlled sensitivity studies should be carried
out to further disentangle the contributions of each modelling choice. Furthermore, improved turbulence modelling — both

tns-a-in individual wakes

related to wake-added turbulence wi

1000 and turbulence development across a wind farm related to turbulence build-up and increased meandering levels — remains a
key area for development in DWM frameworks. Asymmetries in turbine wakes, both in the instantaneous wake deficit and in

a time-averaged sense due to wake deflections, also appear to be important drivers to fatigue damage that are not captured b
current DWM models. Ultimately, continued benchmarking against both LES and high-quality field data is essential to advance

the reliability of engineering-fidelity wake models for design and certification.
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5 Conclusions

This study presents a comprehensive comparison of three DWM-based wake models —(the DTU, IFE, and NREL imple-
mentations;-) against high-fidelity LES for a row of four wind turbines operating under below-rated wind conditions. The
main findings indicate that all three engineering-fidelity models capture the general wake evolution and turbine performance
with reasonable accuracy in terms of mean values.
predietions—Specifically, the time-averaged turbine thrust force and aerodynamic power outputs predicted-by-from the DWM
models generally aligned-align with the LES benchmarks (often within 5—6-5-10 %), suggesting that the DWM framework is

broadly reliable for estimating wind farm energy yield estimation-in-at below-rated wind speeds for-a-variety-ef-across various
ambient turbulence intensities.

Nonetheless;-the-models-However, the DWM models still exhibit limitations in capturing wake-shapesthe wake shape, un-
steady wake dynamics, and cumulative downstream effects observed in the-LES, and their-each implementation show distinct
strengths and weaknessesvary-between-the-different DWM-implementations. Accurate modelling of far-wake shape is particu-
larly important, as it influences both power output and structural loads on downstream turbines. For instance, the pronounced
deficit build-up observed in the peripheral regions of the LES wake may significantly affect power estimation-estimates un-

der partially waked conditions. In this regard, the IFE model’s wake superposition approach and its-treatment of turbulence

build-up via an eddy viscosity formulation appear to outperform the other models under low ambient turbulence conditions. At

higher ambient turbulence levels. however, the benefit of these improvements is veiled by the IFE model’s underprediction of
wake-deficit strength. A more extensive calibration of the IFE model may therefore be necessary to enhance its performance
under _such conditions. In contrast, the DTU and NREL implementations with different wake summation models produce
weaker wake expansion and less variation in incoming velocity among turbines 24, yet show better agreement with LES in
WM@S&W@Q@%&&%&W&&%&%@MMM&W

turbines with rotor tilt, although not to the same extent as observed in LES.
Of critical concern are the substantial discrepancies in fatigue-relevantload-fatigue-load predictions between the DWM mod-

els and the EES-While-al-the LES. Under low ambient turbulence conditions, all DWM implementations tend to under-predicted
fatigue-damage-underpredict fatigue damage on downstream turbines inlow-ambient-turbulence-and-over-predietin-(especially

in tower loads), whereas under high ambient turbulence they tend to overpredict fatigue loads. However, the DTU meodelis

AN AN AAAAAALAAAT AN NAAAAAA

wimplementation, which includes a wake-added turbulence
model, is generally the closest to LES in predicted fatigue load levels and best captures the load variations along the turbine
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row. These findings highlight the importance of accurately representing the increased turbulence in turbine wakes — both
spatial variation and spectral content — as well as the downstream progression of turbulence and wake meandering across the
wind farm. The current study also confirms previous findings that DWM's underprediction of fatigue damage at low ambient
turbulence is partly due to the assumption of an axisymmetric wake deficit, which prevents the model from capturing important
asymmetric load effects on downstream turbines.

In-conelusion,—while-While DWM models strike a favourable balance between accuracy and computational cost, further
refinement is necessaryto-refinements are needed to address the shortcomings identified in this study so that these models
can support all aspects of wind farm design and certification with confidence. Continued-developmentand-calibrationof-these
engineering-fidelity models—informed-by Future work should include continued development, calibration, and validation of
DWM models against high-fidelity benchmarks and field measurements ;-are-essential—Addressing-under a broader range of

operating conditions and more complex farm layouts. Additionally, controlled sensitivity studies are recommended to isolate
the contributions of each DWM sub-modelling choice. By addressing the identified shortcomingswitl-enable-, future DWM-
based models will be able to more accurately represent complex wake interactions, thus-enhaneing-thereby improving predic-

tions of both energy yield and structural loads in large wind farms.
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Figure Al. Instantaneous velocity profiles at t = 100 s for the aligned incoming wind case with low ambient turbulence (TT, = 4.6 %).

Horizontal dashed lines indicate the rotor swept area. LESyy is missing at z;—; = —D, 7 = 2, 3,4 due to lack of time-resolved data at this

axial position.
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Figure A2. Instantaneous velocity profiles at t = 100 s for the aligned incoming wind case with high ambient turbulence (TI, = 12.0 %).
Horizontal dashed lines indicate the rotor swept area.
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Appendix B: Aeroelastic solver sensitivity analysis

Since the inflow to turbine 1 is identical across all models, any differences in response for this turbine likely originate from
the aeroelastic solvers to which the different wake models are coupled, rather than from the wake models themselves — the
primary focus of this study. Ideally, to isolate the impact of the wake models, all simulations should be performed using the
same aeroelastic solver. However, this would require code modifications and rerunning the simulations.

Alternatively, if the discrepancies between the aeroelastic solvers are consistent across wind speeds, the solver effect can
be mitigated by normalizing all turbine outputs by the value of turbine 1. To test this assumption with minimal additional
simulations, the flow fields from DWMngpy, and DWMirg at x; = =) were converted and used as input to 3DFloat, the
aeroelastic solver from IFE. The resulting mean thrust force and acrodynamic power are shown in Fig. B1 for the aligned
inflow case with medium ambient turbulence (T1, = 8.8 ). The original results from DWMyggr, and DWMygg are also
included for comparison.

As expected, thrust and power outputs for turbine 2-4 are lower in the simulations using flow fields at z; = —D), compared
to the original simulations where the inflow has recovered for 1D longer. However, while the original DWMygy. results were
generated using NREL's aeroelastic solver OpenFAST, the three other simulations all used 3DFloat. Because the reductions in

thrust and power between the simulations using the wake model by NREL and for the simulations using the wake model b

IFE are similar, we can conclude that the aeroelastic solvers have a negligible effect on the reduced results,
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Figure B1. (a) Mean thrust force and (b) mean power for the aligned incoming wind case with medium ambient turbulence (TI, = 8.8 %L
For each model, the thrust and power outputs are normalized by the value of turbine 1.

Similarly, the DELSs of the blade-root flapwise bending moment, tower-top yaw moment, and tower-base fore-aft bendin

moment are shown in Fig. B2 for both the new and original simulations. Here, the DELs for turbine 2-4 are higher in the
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simulations using the flow fields at x; = =D, as expected, since the inflow in the original simulations has recovered for 1D
longer and become less turbulent; Also for the DELs, the reductions are similar for the simulations using the wake model by
NREL and for the simulations using the wake model by IFE, even though some slightly larger deviations are observed than
for the mean values. Still, it seems like an acceptable conclusion that also for the fatigue damage the aeroelastic solvers have a

negligible effect on the results when normalized by the value of turbine 1.
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Figure B2. Fatigue of (a) blade-root flapwise bending moment, (b) tower-top yaw moment, and (c) tower-base fore-aft bending moment for

the aligned incoming wind case with medium ambient turbulence (TI, = 8.8 %). For each model, the DELs are normalized by the DEL of

turbine 1.
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