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Abstract. A concern in the deployment of large wind turbines on ocean floating platforms is the effect of floating platform
motions on their electrical power generation. Further, it is not clear how floating motions influence waking, which might
affect the combined power generation of collections of turbines. We examine the average power output of a single and a
collection of NREL 5 MW wind turbines, mounted on a Tension-Leg Platform (TLP) under the action of fully developed
ocean wave motions, coupling floating motions with Large Eddy Simulation (LES) of atmospheric and rotor dynamics. The
ocean dynamics enter as fully developed waves derived from the Pierson-Moskowitz spectrum. To assess the influence of
ocean motions we performed simulations under multiple turbulence intensities, reporting comparisons of average power output
when the platforms are allowed to move to when they are held rigidly in place. In all simulations, we find that the effects
of TLP floating platform’s induced motions have a minor effect on single and multiple turbine power production and wake
strueturedeficits. Even when using coherent and large amplitude harmonic floating induced perturbations, any significant wake
modifications from floating motions are confined to the near-wake region, where downstream turbines are unlikely to be located.
The relatively small amplitude of fleating-indueed-TLP motions relative to pre-existing turbulent fluctuations are the primary

reason for low wake and power modifications downstream.
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1 Introduction
2 Introduction

Modeling and simulation of effshere-wind turbines has proven to be an effective way to inform the design, siting, and in the

wind turbine power production
. Significant fidelity has been achieved in simulations of individual and

prediction of pew
.g. Wu and Porté-Agel (2015), Miller et al. (2013
clusters of turbines as well as the interaction of turbine wakes and its environment. Far-offshore-settingsfor-power-farmsare
of intense-eurrent-interest-due-to-the-Off-shore sites for wind farms, particularly deep water ones, have obvious attractive
features, among these are: lower interference with maritime operations, potentially smaller ecological impact, the possibility
to employ larger turbines, and more reliable wind an it i i i
be-conditions than shallower sites. One obvious challenge to wind turbine deep water deployment is that they may require a
floating platform.

The aim of this study is to determine whether, on average, turbines mounted on floating platforms -which-lead-us—to-ask

otherwisethat are subjected to wave motions are impacted with regard to power output. We do so by comparing the power
output of a turbine mounted on a platform allowed to be mechanically affected by wave motions to the same arrangement with
no wave motions. We will be focusing on a specific type of floating platform and wind turbine configuration, both described
in due course. We also consider a simple multi-turbine farm configuration of floating platform turbines. This study looks at
the relative average power output of these turbines using a dynamic model for the parametric representation of SMW turbines.
Well-resolved large eddy simulation of atmospheric motions under stable and unstable stratifications and a mechanical model
for the platform are used in the simulations. The platform, in turn is dynamically subjected to ocean gravity wave motions
under fully developed conditions. The novelty of the results derives from the complexity of the fully coupled model and high

An ocean platform would be exposed to a variety of different waves. Our study will focus on motions induced by ’fully
developed’ wave ocean wave conditions. Wind waves that equilibrate spectrally broadly define “fully-developed——ocean
conditions Pierson-Jrand-Moskowitz (1964)fully developed ocean conditions (see Pierson and Moskowitz (1964)). Equilibra-

tion depends on fetch conditions and the length of time that steady wind is stressing the sea surface. A fully developed ocean
wind wave spectrum has an effective random phase field, and empirical models, such as the Pierson-Moskowitz model and its
various specializations (e.g. JONSWAP), are recognized as good models of the fully developed ocean wind wave conditions.
Swelb-wavesEquilibration and random phases are key features that impact the types of motions generated mechanically in a
floating platform. Not under consideration are: (1) swells, generated by distant storms and disturbances -on-the-other-hand;
produee-which manifest themselves as episodic/transient changes in the sea surface-—Finalty—there-are—; (2) white-capping
waves, typified by random breaking events, and steep episodic breaking waves of large amplitude. Ourfoeus-is-on-—eapturing
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Modeling of wind turbines is a multi-scale, multi-physics problem —(Lemmer et al., 2018). The work of Wang et al. (2022)
focuses on simulations that form the basis for the Offshore Code Comparison Projects, which use NREL’s OpenFAST.

Blade-resolved simulations must include boundary layer physics at very small scales while regional characterization of the

wind resource requires encapsulation of hour and kilometer-scale phenomena in mesoscale simulations (i.e. simulations that

bridge the scales between highly resolved models and earth system simulations). The complexity and multitude of design

considerations associated with the various platform configurations has shown the need for comprehensive studies on the
modeling offshore wind platforms and their interactions with the environment. The Offshore Code Comparison Collaboration,
Continued with Correlation and uncertainty (OC6) project addresses this need for model validation and comparison. Of
particular interest to the current work are Phase III (Bergua et al.. 2023; Cioni et al.) and Phase IV (Bergua et al., 2024) of
the OC6 project, which studied the acrodynamic rotor behavior and full-system, aerodynamic and hydrodynamic interactions
of floating platforms. Their results haye shown that two-phase flow simulations of semi-submersible and TetraSpar floating
platforms (Darling et al., 2025) are able to be successfully compared against experiments, but there are many remaining challenges

in these high-fidelity simulations and simplified models of their behavior are still necessary in many instances. Our long-term
goal is to create more accurate representations of wind farms in the mesoscale simulations. For this purpose we argue that large

eddy simulations (LES) are appropriate to resolve atmospheric interactions with turbines, and the momentum and energetic
exchanges critical to power generation by the turbines and their effect on the atmospheric boundary layer. LES has been used
to compare the effect of moving platform turbine wakes to those of a fixed platform. For example Johlas et al. (2019, 2020)

found the wakes of these two configurations not very dissimilar.

Large-scale simulations using LES of wind farms are now possible with modern computing tools Cheunget-al-(2022)
(Cheung et al., 2022). These studies allow for computation at different atmospheric conditions and often-are-are often able
to connect to experimental data Kumer-et-al(20+6)(Kumer et al., 2016). Unlike blade-resolved models where individual tur-
bines are largely represented in their geometric entirety (see Ribeiro et al. (2023)), LES models often represent the turbine
via either an actuator line or actuator disk model Martinezetal«2042y—(Martinez et al., 2012). The choice of the wind
turbine rotor model in high fidelity wind farm simulations is dependent on both the computational resources available and
the expected wake dynamics to be encountered. For instance, in floating turbines with a surge motion frequency commiserate
with the rotor speed, a vortex ring state can be encountered if the blade tips interact with the vortex emerging from the
previous blade (Sebastian and Lackner, 2011; Kyle et al., 2020), and consequently change the near field wake. In other cases,
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an asymmetric loaded rotor (Abraham and Leweke, 2023) or individual pitch control (Cheung et al., 2024) can lead to different
loading on individual blades and change the downstream wake behavior. For those situations, an actuator line method or a
blade-resolved method may be appropriate to resolve the tip vortex behavior or blade loading differences. However, differences
in wake behavior can also be caused by changes to the turbine orientations or to rotor behavior which are not depending on
resolving the individual blade loading profiles or tip vortices. For instance, wake deflections due to turbine yaw steering.
(Frederik et al., 2025; Brown et al., 2025) or platform yaw or pitch are a steady phenomenon which can directly impact wind
farm performance. Previous studies by Li et al. (2022) and Messmer et al. (2025) have also shown that lower-frequency floating
platform motions can introduce large scale structures in the far wake which can enhance wake recovery. Such effects can be

captured using simpler actuator disk models without the need for resolving blade motions or blade pitch controllers and are the
2022; Malecha and Dsouza, 2023; 2014; Hsieh et al., 2025).

In the context of LES for mesoscale models, approaches include using LES data to build models for hub height wind

speeds and other relevant model parameters Pan and Archer (2018)) for static turbine configurations.

It is therefore unclear from the literature what effect, if any, moving turbines will have on key performance parameters in

Mirocha et al.,

focus of the current study (Dong et al.,

mesoscale simulations, particularly at the timescales of hours and days over which mesoscale simulations operate. Inclusion of
platform motion in these models has become more prevalent in the literature recently (e.g. Li et al. (2024); Wena et al. (2018);

Yang et al. (2022)) but the coupled dynamics of platforms, atmospheric flows and turbines are new.

A significant effort is being made to model and simulate turbine dynamics on moving platforms. These model and simulation
efforts are aimed toward discerning first order dynamic/structural issues that will inform the design and construction of these
FOWTs. For example, Johlas et al. (2020) compare wake characteristics of turbines mounted on different floating platforms

and their wakes to those of fixed turbines.

To model floating platform effects initially at an intermediate resolution using 10m grid spacing to better understand the
dynamics relevant to mesoscale, our approach is to first extend LES simulations to include floating turbine dynamics such that
power production and subsequently turbulent kinetic energy (i.e. the quantities of interest in a mesoscale parameterization), are

directly modified by the turbine motions. To do this, we have modified an existing LES simulation tool capable of modeling

a variety of atmospheric conditions using an actuator disk approach. We assess a—variety—of-ocean—conditions—in—the—form

metions—used-more—recently—in—thetiterature(seeLietalk(2024)the power output from floating platforms subjected to a
fully-develop ocean gravity wave spectrum over a wide range of wind speeds. This approach allows us to understand how

floating platform motions from ocean dynamics and turbulent thrust intermittency alters key elements of the flow used in
mesoscale parameterizations including hub-height wind speeds and directions, turbulence, and turbine power output over the

time scales present in a mesoscale simulation. Qur-approach-distinguishes—itself from—the-existingliterature—in—its-breadth;

dyna ouphne-ofturb atinosp and-turbmes;-constderatton-ot-d atmosp urby ondittons;-and




This study couples the dynamics of a specific floating platform, the ocean below it, and the dynamics of single and multiple
turbines. The goal is to compare the relative differences in the average generated by these floating turbine configurations, to
the power generated by these turbines when they are not subjected to platform motions.

125 Floating motions of platforms affect the dynamics of the turbines attached to them. The wind tunnel experiments in Wei and Dabiri (2022
report decreased mean power at high tip-speed ratios and high surge due to the stall onset on blades. They were also able to
obtain an increase in power under certain controlled wave conditions. Their work points to the importance of having active and
passive wave motion control on these FOWTs.

Driven primarily by the oil industry, the technological development of ocean platforms has generated very sophisticated

130 designs. Ocean platforms can be actively driven, they might be buoyantly floating moored designs, and most designs have
some sort of active ocean motion control. We focus on a specific and familiar moored platform, namely the Tension-Leg
Platform, which is well suited to carry an NREL SMW turbine. However, we deliberately omit active motion control, in the
hopes of assessing, as a first pass, how a simple chain anchor system handles ocean dynamics. Further, active platform stability
mechanisms are focused on addressing transient motions due to storms, swell, and developing ocean conditions, the residual

135 flow due to waves (see McWilliams and Restrepo (1999); McWilliams et al. (2004); Restrepo (2007)) and thus the results of
this study do not extend to these ocean conditions.

The remainder of the document is organized as follows. In Section 2 we detail the model of the platform/turbine dynamics,
responding to wind wave motions. In Section 3 we give the problem statement and in Section 4 we present our LES formulation.

In Section 5 we describe the results of our numerical experiments and in Section 6 we give our concluding remarks.

140 2 Platform Dynamics

Our modeling approach for the simulation of the floating offshore wind turbines dynamics is adapted from Betti et al. (2014).
A schematic of the platform and turbine appear in Figure 1. In what follows we will be specifically using the parameters
associated with a-an NREL 5 MW turbinetsee-REF), mounted on a floating platform. All of the parameters required to recreate
the platform motions we use in this study are found in Betti et al. (2014). Generally we would have 12 degrees of freedom
145 (DOFs): surge, heave, and pitch position, which are the symmetric motions; and the antisymmetric motions are: sway, roll,
yaw position (the other six DOFs are the velocities of each aforementioned position). In what follows, however, we will always
line up the platforms/turbines such that only symmetric degrees need to be considered :—we—(see Ribeiro et al. (2023) and
Fontanella et al. (2025) for studies that focus on the effect of sway surge and yaw effects on turbine wakes). We therefore only
consider six degrees of freedom: surge ¢, heave 7, and pitch o (and their respective velocities) —See-as shown in Figure 1b. See
150 also Figure 2 for more details on the coordinates and platform geometry.

TFhe-In this model the balance of forces and torques s-for the surge, heave, and pitch are:

Eq=F, 6]
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Figure 1. Offshore wind turbine floating platform. The platform is a partially submerged, chain-stabilized design (Figure 1 (a) is reproduced

from Karimi et al. (2017). Figure 1 (b) is reproduced from Liu and Chertkov (2023)). The turbine parameters correspond to a-an NREL SMW
design (Papi and Bianchini (2022)).
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Figure 2. Offshore wind turbine floating platform;—further-details-and-coordinates. (See-Figure reproduced from Betti et al. (2014)}, where
all symbols are defined.
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with the overdot indicating a time, tderivative—, derivative. Here ¢ = [¢,{, 7,7, 0,&] T := [C,u,m,v,a,w] T, the inertia matrix

§ RN
F is defined as
1 0 0 0 0 0 |
0 Mx 0 0 0 Mgcosa
0 0 1 0 0 0
E= ; (2)
0 0 0 My 0 Mysina
0 0 0 0 1 0
0 Mgcosa 0 Mgsina 0 J ]
and the forcing vector is
_ y -
Q¢+ Myw?sina
v
F= ) (3)
Qn— Maw? cosa
w
Qa

The weight forces are: weightforees

Q"=0, @
Q)= (My + Mp + My)g, ®)
Q)= | (Myd Nv+Mpdp,)sina+ (MydNh+Mpdpy)cosa (©6)

where My, Mp and Mg are the masses of the systems N, P, Sand S shown in Figure 2. The dp,, dny, dpn, dnp, are the dis-
tances between B.S and BP and between B.S and BN in the direction parallel to the tower’s axis v, and hortizental-horizontal

axis h, dy = \/d%;, +d3,. bueyaneyforees s Buoyancy forces
are defined as:_

=0, )
Q= ZpuVyg. ®)
Qo= pulydgsina ®)
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and wave forces as:

Qéwa): (pVy +my) cosaZ, (10)
Q%’”“): (pVy +mg)sinaz, (11)
Qy=0 (12)

Wind forces, Q"*+-see-Seetion2-tie rodforees , are;_

QY =— (FA+ FAN + FAT) (13)
Q%w@ =0 (14)
Q((I“’") =—FA(dpycosa—dppsina) (15)
—FAN (dyycosa — dyp sina) (16)
—FAT (drcosa) (17)

2
1
%fépACT (uupst,«eam + v +1/d%, + db, wcos a> (18)

1

E,AVNAS§PC¢1NAN €08 & (Uypstream + V¢ + clecosa)2 (19)
1

Eéljjv%§pCdThTDT €08 & (Uupstream + V¢ + dpw cos a)2 (20)

where Uy, sir is the freestream inflow velocity to the turbine actuator disk described in equation (22) and provided by the

LES model, A is the turbine swept plan area, Cr is the coefficient of thrust, Cyx = 1 is the coefficient of drag for the nacelle

Ax =9.62m? is the nacelle area, Cyr = 1 is the coefficient of drag for the tower, h = 87.6m is the exposed tower height

D1 = 4.935m is the mean tower diameter, and dp = 75.7843 m is the vertical distance between BS and BT in Figure 2.

We refer the reader to Betti et al. (2014) for the definition of tie rod forces, Q'"+(seeBettiet-al(2014))—waveforees
(wa) 5 e i , and hydraulic drag forces, Q"¥:—(see

(wa) _

. The composite forces are then:

QC _ Qéwe) +Qéb) +Qéwz) +Qgtr) +Q£wa) +Qéhy)
Qﬂ — Q7(7we) + leb) + Q7(7un) + letr) + lewa) + Q1(7hy)
Qo =Q4) + QY + QL + Q4" + QL + Qi) @1
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The modifications we made to the platform model in Betti et al. (2014) are that the wind is supplied by a large eddy simulation
(LES) of the atmosphere, and the upstream velocity at the hub takes into account the motion of the turbine itself due to wave
motions. Furthermore, we use an actuator disk approximation for the turbine, hence, some of the details on how the velocity
from the LES calculation enter the platform dynamics will be fully clarified in the subsequent seetion—The-platform-wind-drag

oteino_entorsHis wi o wind-drac foreinotetheecall-averasad—_tnctantane drac—The detaileof the

sections. The wave forcing; Q(*®); requires the calculation of Z, the vertical

sea elevation acceleration. The ocean waves considered here are specific to a fully developed gravity wave, deep water sea

model. See Appendix A for the calculation of the sea surface acceleration.

3 Problem Statement

We aim to determine whether floating motions of a Tension Leg Platform (TLP) affect the mean power generated by wind
turbines mounted on floating platforms and the wake strueturedeficits. In this study, we focus on wave motions due to fully
developed conditions, which means that we exclude remotely-generated swell and transient, storm-driven conditions. To ac-
complish this, we will be comparing the steady power output of NREL SMW turbines, mounted on moving Tension-Leg
Platforms (TLPs), to the same turbines mounted on non-moving platforms. Since these turbines are usually arranged into large
wind farms composed of many turbines, we also want to determine whether wave motions affect the power generation of a
eoetteettonfarm of floating platform turbines due to changes in the waking effect of upstream turbines on the other turbines.
We will simplify the dynamics of the turbine (compared to actuator line and blade element theory techniques) at 10m grid
spacing by making use of an actuator disk approximation. The choice of 10m grid spacing is to allow more than ten model grid
cells across the rotor diameter to ensure it is resolved by the numerics. The wind will be generated by a large eddy simulation
(LES) approximation of compressible, non-hydrostatic atmospheric flows using a model called portUrb (Norman et al., 2025)

. The subgrid model uses a one-equation closure to account for unresolved turbulence kinetic energy.

The thrust deficit applied by the turbine to the surrounding flow is given-by-an-expression-of theform-
1
T= 5pC|u|u7

derived from the general thrust expression T' = 1 pC|u|u, where p is the atmospheric density, C'is the coefficient of thrust, u

is the inflow velocity. Petails-Further details are presented in Section 4.2.1. Because we are constraining the incoming velocity
to be directed normal to the turbine disk, the component of the velocity affecting the thrust deficit, in the absence of platform

motions, is

’u,(?f) . i - “/'11,1)87‘,7‘63(1,771,(t)7

ul(t) -2 = tupstream(t), (22)
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swhich will be taken at an upstream and en-axis-on-axis location to the turbine. The computational details of finding wypstream

appear in Appendix B1. When the platform motion is taken into account

’U,(ZL) ST = U(t) = Uupstream (f) + Uplat form (f)

where
Uplat form () = u(t) + dpw(t) cosfa(t)]; (24)

where dp is the distance between BS and BP —See-Figure2as shown in Figure 2. The right hand terms of (24) are found by
solving (1).

4 Large Eddy Simulation of the Wind and Turbine ForeesModel

The goal of the subsequent numerical simulations is to assess the relative impact of induced inflow velocity perturbations on
the power output and wake deficits of turbines mounted on floating platforms. The motion of the floating platform is modeled
mechanically and is subjected to a fully developed ocean gravity waves. The impact is surmised by comparing the power
output and wake deficits of turbines affected by floating platform motions to that of stationary turbines — all other aspects being.
identical, including the turbulent inflow. The random nature of the waves and turbulent intermittent thrust dictate we report
time average power output rather than snapshots in time. In what follows we describe the simulation modeling and numerical

conditions used in deriving numerical results.
The Large Eddy Simulation model uses compressible, non-hydrostatic, conservation-form equations conserving mass, mo-

menta, and mass-weighted virtual potential temperature. The equations are given in AppendixA- B (Norman, 2021; Norman
et al., 2023b). A semi-discretized, cell-centered, upwind Finite-Volume discretization is used in space with 9th-order-accurate
Weighted Essentially Non-Oscillatory (WENO) reconstruction (Liu et al., 1994) with weight mapping (Henrick et al., 2005) for
tracers and standard 9th-order Vandermonde-constrained polynomials for density and velocity. A third-order accurate, three-
stage Strong Stability Preserving (SSP) Runge-Kutta (RK) is used to discretize in time {Gettheb;2005)-A-CFvalue-of0:6-s

The sub-grid-scale (SGS) is modeled with an eddy viscosity model that assumes resolved averages of correlations of unre-

solved perturbations are proportional to the resolved gradient, the coefficient of proportionality being the eddy viscosity. The
eddy viscosity is modeled with a one-equation closure model that actively prognoses SGS /unresolved Turbulence Kinetic
Energy (TKE) see (Lilly, 1966, 1967 1963)). TKE is evolved accord-

ing to shear production, resolved transport, turbulent transport (dissipation), TKE dissipation, and buoyancy modification. At

; Smagorinsk

the model-ocean surface, surface friction is applied using Monin-Obukhov similarity theory (Monin) according to a roughness

10
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length determined by the Charnock relation (Mahrt et al., 2003), which estimates roughness length of the ocean surface based

on friction velocity, u*, in an iterative process involving the following two equations:

Zhub
u=rklul, . In| 7=
hub 20

W= [y, <ln (Zzob)) : (25)
«

20=— (u)?, (26)
g

20 = e (u*)

where x = 0.4 is the von Karmann constant, o = 0.018 is the Charnock constant, and |u/| is specified for each experiment and

enforced as a horizontal average in the turbulent precursor via pressure gradient forcing at hub height.

“The-model-Each simulation is set up by creating a neutral Atmospheric Boundary Layer (ABL) precursor simulation based
on a neutral stratification. Initially, a log-profile of u velocity is imposed, based on the target hub-height velocity with v = w = 0
using an air density of 1kg/m’ and a constant potential temperature of 300 K. Turbulence is seeded by applying random
potential temperature perturbations from a uniform distribution of [~0.25,0.25] K in the bottom 100m of the domain. The
simulation is spun up for four model hours, and then statistics are gathered over another four model hours. The concurrent
precursor simulation uses periodic boundaries in the horizontal direction and solid wall boundaries in the vertical, and it forces
the turbine simulations through the inflow boundaries with open boundaries on the outflow. Pressure gradient forcing is used
to force the precursor simulation toward a target hub height velocity, and the pressure gradient computed from the precursor
is also used in the forced turbine simulations. The default neutral ABL simulations form the T'/; o simulations. The precursor
turbulent velocity perturbations about the mean at a given vertical level are scaled by a factor of 2x and 0.25x to force
the 7130 and T1o.25 simulations, respectively to simulate the turbines over different turbulence intensities. The precursor
hub-height turbulence intensities (TIs) of the T'/; g simulations for each target hub height velocities are reported in the last
column of Table 1 for reference, and they agree well with the ranges of TI observed in offshore contexts from Figure 2 of
Wang et al. (2014). Verification of the ABL and turbine wake response is carried out in Appendix B4,

The model, including all turbine and floating platform motion parameterizations, are coded in portable C++ using the Yet
Another Kernel Launcher (YAKL) library (Norman et al., 2023a), a library based on the Kokkos (Trott et al., 2022) portability
library, to run on CPUs or Nvidia, AMD, and Intel GPUs.

4.1 Turbulent Precursor and Boundary Conditions

The turbine simulations use a mean hub-height velocity of u = (|u|,,,,0,0). They are forced with specified inflow at the left

2 boundary spenged-and “sponged” into the domain over 10% of the x direction domain length. By this, we mean that the

11



285

290

295

300

305

310

315

a cosine function with the strongest forcing at the left boundary. Periodic boundaries are used in the meridional / y direction
boundaries, open boundary conditions are used at the right x direction boundary, and no-slip solid wall boundaries are used
in the vertical with a Monin-Obukhov friction term at the bottom surface. The specified inflow / outflow boundaries come
from a concurrent and horizontally periodic turbulent precursor simulation that simulates an equilibrium turbulent atmospheric
boundary layer foreed-by-with pressure gradient forcing that ensures a consistent average horizontal wind speed at turbine
hub height. The concurrent turbulent precursor is simulated over the same domain as the turbine simulation, and the pressure
gradient force applied to the precursor is also applied to the turbine simulation each time step.

Both the precursor and the turbine simulations use the same surface friction and roughness length throughout. Turbine
simulations with and without floating platform motions use identical precursor forcing and pressure gradient forcing. Thus,

differences in the fields are only due to the floating motions.
4.2 Wind Turbine Parameterization

Wind turbines are parameterized by: (1) applying thrust against the normal horizontal flow passing through the turbine swept

plane; and (2) injecting unresolved TKE into the flow to enhance SGS mixing downstream. This parameterization uses a
look-up-table-called-aReference-Wind-TurbinetRWT)-lookup table that interpolates thrust coefficient C, power coefficient
Cp, and power generation P, as a function of inflow wind speed |U |. The qulfab}e—dppeaf%—m—ﬁgufe%ema—m—l%gafe

WWMQWWMMMWWMWM%MM
github.com/OpenFAST/openfast) using the NREL SMW turbine with the Aerodyn and Elastodyn modules using steady inflow.
with wind speeds increasing at integers from 3 to 25 m/s to generate the thrust, power, and rotation rate values as a function
of inflow wind speed at a density of 1 kg/m?®, which increases the rated wind speed from its nominal value of 11.4 m/s.
The ROSCO controller was used in this calculation, The thrust and power values were then translated into thrust and power
coefficients using the actuator disk’s swept area and the square and cube of inflow velocity, respectively. The thrust coefficient
is capped at a value of one to avoid flow reversal in the actuator disk parameterization.

4.2.1 Actuator Disk Approximation

One-A one dimensional momentum balance is used to approximate the thrust applied by rotating blades onto a flow (Madsen,

1996). The thrust deficit is given by:
L1 2
T &= SpCrAlUP, @7

where Cr is obtained from the RWTHeek-up:-table lookup and A = 7 (Dr/ 2)2 is the area of the swept disk. D is the turbine
disk diameter. A projection strategy is devised to relate the turbine parametrization to the dynamics on the computational grid.
This total disk thrust is divided up according to convex projection weights, w;;i >(described in Seetion-B2)Appendix B2), to

project thrust onto the flow. The indices i, j, k identify the discrete cell volume in the three dimensions, x, y, and z, respectively.

12
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Figure 3. Plot showing the thrust coefficient, power coefficient, and power generation as a function of inflow |U|, in-for the (NREL SMW )
referenee-wind-turbine-(RW)-lookup table computed with OpenFAST. The y-axis units are non-dimensional for thrust and power coefficients

and scaled MW for power generation

Because the Finite-Volume method stores eell-averaged-cell-averaged data, this thrust is then also divided by the cell volume
AzAyAz in order to be applicable to cell-averaged quantities. Cell averages are indicated with an overbar. The update that

introduces thrust and swirl is defined as:

AP =— L Crp;; \U|2(zos (Oyaw) Aw; -k—¥CQﬁi " ’U‘ 2sin (0, | sin ( Oyaw | Awiik (28)
dt 2AxAyAz ik Y I 2AzAYyAz WIS A \ 8 ) 2 \ e 2T
dpiﬂ”k 1 _ 2 . 1 — 2.:
dt ~  2AzAyAz Crpigi [UIsin (Byaw) Awiget 20z AyAz CQpl«Jf]f ‘Q’ 5in { oz ) <05 (%ﬁlg w, @
Opw, j, B 1

_ 2
ot - QAJ?AyAZCQp”kN]‘ COS(QGZ)Awljkv (30)

where 0,4, is the yaw angle of the turbine, 0, = tan_! (z/ — y) is the azimuth angle with respect to the hub center in reference

space averaged over the cell, and Cp = CpU/ (QR7) is the coefficient of torque with R+ = D+ /2 as the turbine radius and
Q) as the rotation rate in radians per second obtained through a Reference Wind Turbine table interpolation based on inflow
speed. In the simulations that follow, the turbines are aligned with the mean flow, and cos(ﬂyaw) = 1. The portion of the total

thrust that does not go into the production of power is injected into unresolved TKE:

dp?ijk 1 _ 3
G 2AnAghs Pk Ul Awis, (31
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where Crx g = i (Cr — Cp) is the fraction of unused thrust that will contribute to unresolved TKE (Fitch et al., 2012; Bui
et al., 2023; Archer et al., 2020). Instantaneous velocities are used to compute the thrust and TKE injection in 28)Eqgs (28)-
3H(31). A 30-second average of the inflow velocity at the axis of the disk is used when interpolating C7., C5, and P from the

RWIeek-up-lookup table (see Figure 3).

4.1  Other Simulation Details

The model used herein uses Cartesian coordinates with equal grid spacing in all directions (10m grid spacing unless otherwise

mentioned). The model equations and setup are given in Appendix B. The primary parameter in all of the calculations is the
inflow speed. The operational wind speeds for the NREL SMW turbine span 3 — 25 m/s. We consider first the power output

and wake deficit of a single turbine and then of a simple multiple turbine farm configuration. In the latter case, the turbines’
wakes change the power output of waked turbines downstream.

For single-turbine simulations, we simulate with ten different mean hub height precursor wind speeds (5, 7, 9, 11, 13, 15,
17, 19, 21, and 23 m/s) with and without floating platform motions added to the inflow velocity of the turbine actuator disk
for three different turbulent intensities: 25% of default (11 25), 100% of default (1717 o), and 200% of default (115 o) — all
using the Betti et al. (2014) model for floating platform motions. The default turbulent-turbulence intensity for a given wind
speed is that which naturally arises from a neutral atmospheric boundary layer and the surface roughness length arising from
the Charnock relation at a given hub height wind speed. These TI values are shown as the last column in Table 1. Additionally,
the effects of harmonie-floating-harmonic-forced floating platform motions (rather than the motions ef-the-induced by the wave
forced Betti et al. (2014) model) are evaluated at T'I; o for the ten wind speeds with and without floating platform motions.
This leads to 80 total single turbine simulations, each for eight model hours. For the multi-turbine simulations, a grid of 3 rows
of 10 turbines (ten turbine diameters apart in both spanwise and streamwise horizontal directions) is simulated with 71 o5 and

an inflow average hub height wind speed of 10 m/s for eight model hours. The-bloekage-of subsequent-turbines;teadsto-Due

to downstream wake effects, an average inflow of around 7.5 m/s was observed for the latter nine turbines.

In all simulations in this section, a €F-Courant Friedrichs Lewey stability value of €#£=06-6-CFL= 0.6 is used, and a
grid spacing of 10m in each direction is used. Identical turbulent precursor inflow conditions are used for all simulations of
a given hub height mean wind speed to ensure the only wake and power differences between simulations with and without

floating platform motions are due solely to floating platform motions.

14



365

370

375

380

385

390

For the single turbine we use a (length, height, width) 30 x 10 x 6.35 turbine diameters domain (where D is the turbine
diameter) simulated for eight model hours — the last four of which are used for analysis after the neutral ABL has spun up.
For multi-turbine simulations, a domain of 130 x 40 x 6.35 turbine diameters is simulated for eight model hours — the last
four of which are used for analysis. Each turbulent precursor is forced with a uniform pressure gradient forcing that penalizes
horizontal-mean deviations of hub height wind speed from the intended mean value. The pressure gradient forcing calculated
and used in the precursor is also applied to the turbine simulation to ensure pressure gradient advances the flow physically.
All simulations contain a dynamical core, an LES closure, and the application of surface friction to impose a roughness length
determined by the Charnock relation for the given hub height wind speed. The time step size used for all portions of the model
(dynamical core, LES closure, wind turbine parametrization, surface friction, and floating platform motion parametrization) is:

0.6) = 1.33 x 10~ 2s.

For single turbine simulations, the turbine is placed at six turbine diameters from the left x direction boundary and in the middle
of the domain in the y direction. For multi-turbine simulations, the first column of turbines begins at 11 turbine diameters into
the z direction of the domain, and the rows are 10 diameters apart and collectively centered in the y direction.

The neutral boundary layer is initialized with the following potential temperature profile:

300 if z < 500m
0(z,t=0)=14300+0.08(z—500) if 500 < z < 650 32)
312+ 0.003 (z — 650) if z > 650

The velocity is initialized with a log-law of u velocity targeting the appropriate hub height velocity for the individual experiment
with v = w = 0. To initiate turbulence, potential temperature perturbations from a random uniform distirbutien—distribution
€ [—1,1] are added to the lowest 100m of the domain, and horizontal velocities are perturbed with four-period sine functions
in transverse directions.

The different turbulent intensities (11 25, T'I7 o, and T'I5 o) are created by scaling wind velocity deviations from the mean
column from the precursor simulation before applying it as inflow to the turbine simulations by 25%, 100%, and 200%,

respectively. These act to mimic turbulent intensities arising from transient stable and unstable boundary layers.

5 Numerical Results and Discussion
5.1 Turbine Power and Velocity — Moving Platform Conditions

In what follows we will refer to outcomes computed with no platform motions as Fixed. When the outcomes involve platform
motions due to ocean dynamics we will refer to the results as Moving/Ocean. A key feature of platform motions affected
by a fully-developed (Pierson-Moskowitz) ocean wave spectrum (see Stewart (2008)) is the assumption that the waves have
zero-mean random phases. This is in contrast to induced platform motions due to swells created by distant disturbances and
storms which tend to have spectra with fixed or slowly changing phases. Consideration of swell conditions is outside of the

scope of this study. However, we will explore a simpler case:; namely, a sinusoidal perturbation of the incoming wind, with
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a fixed phase. The significant wave height is used as the amplitude, and the peak Pierson-Moskowitz frequency is used as
the frequency for the sinusoidal forcing — resulting in relatively large amplitude perturbations. We will denote the results of
395 calculations with the oscillating perturbation as Moving/Oscillating.

In-the-We next describe the computation of U (t) to be used in the actuator disk approximation. For the Fixed conditions

case:

U(t) = Uypstream (33)

and in the Moving/Ocean case:

400 U(t) = uupstream + Uplatform (t) (34)

The dynamics of wpias form (t) are described by (24), with input wypsireqm at 10m above the sea surface. The platform motions
are described in 2-On-the-otherhand,for-Section 2. For Moving/Oscillating conditions ;-we have:

U(t) = Uypstream T Awp COS(Oth). (35)

The amplitude A is determined by the significant height (see Appendix A) and w,, is the peak of the Pierson-Moskowitz

405 spectrum ;-generated by ypsireqm at 19.5m above the sea surface.
5.2 Velocity and Power, Moving/Ocean Conditions for a Single Turbine

In Table 1 we report the standard deviation of the components of U (¢) (see Eqs. 24)>-and-(24) and 34) as a function of incoming
hub-height wind speed in the precursor inflow, under three inflow turbulent intensities. Platform-induced motions due to ocean
and turbulent thrust motions increase as the standard deviation of %, s¢reqm and the hub wind speed increases. In all regimes,
410 the standard deviations of w4t form are much smaller than the standard deviations of ypstreqm, meaning the fluctuations due
to floating platform motions are not significant compared to already present turbulent intensity and are, therefore, expected to

have relatively minor impact on wake deficit structure-and downstream power generation.
Figure4-plot-4 plots the ratio of Moving/Ocean x-direction wind speed (disk-normal wind speed) averaged over the hub area
divided by that of the Fixed z-direction wind speed averaged over the hub area, averaged over the last four hours of simulations

415 for mean precursor hub height inflow speeds of of 5, 7, 9, and 11 m/s, where power production is below rating. FigureS-plets

_5 plots are the same except for y-axis instead gives the ratio of power production according to an-RWTleek-up-the looku

table of |u| as plotted in Figure4 4. For wind speeds higher than 11 m/s, the ratios are extremely small (order 10~° or smaller
because the turbines are already at rated wind speed, meaning the power differences are negligible. Figure-2?-plots-thesame
e e e b B b sl e e Ll L ing- Plots-oftheratio-of-averaged
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‘ height H o (Wpiat form) ‘ o (Wupstream) ‘ Turbulence Intensity at ‘

Whub| z=90mforTI; o in%
’ H Tl2.0 ‘ Th.o ‘ Tlo.25 ‘ Tlz2.0 ‘ TIo ‘ Tlo.25 ‘

5 0.018 0.010 0.003 0.267 0.136 0.035 4.589

7 0.038 0.022 0.013 0.382 0.193 0.049 5409

9 0.058 0.037 0.025 0.571 0.289 0.073 5187

11 0.080 0.057 0.042 0.673 0.343 0.087 5407

13 0.090 0.069 0.060 0.772 0.394 0.100 5,622

15 0.105 0.087 0.083 1.048 0.536 0.138 5.783

17 0.113 0.101 0.101 1.149 0.586 0.149 5.539

19 0.131 0.118 0.112 1.296 0.665 0.170 6,028

21 0.132 0.129 0.120 1.468 0.751 0.192 é\lzg

23 0.152 0.133 0.133 1.668 0.857 0.221 6849

Table 1. Standard deviation of wpiatform and Uypstream Over a range of hub height wind speeds with different inflow turbulent intensities
using Moving/Ocean conditions (see Eq. (34)) for the platform over the last four hours of an eight hour simulations. Turbulence intensity is

computed as o (|up,, Upyb|) from the precursor simulation at ¢ = 8hr.

In all simulations, including single and multi-turbine simulations, the power production of the fleating-turbines-turbines (and

emulated power production by using the wake velocity as input to the reference turbine table to deduce power) mounted on
floating platforms is within 1% of the power production of fixed turbines. At 10 diameters downstream and onward, where

another turbine is likely to be placed in a floating platform offshore farm, the power production is within half a percent,

comparing floating to fixed platform, with the larger differences eceuring-occurring for lower wind speeds, where the power

production is already relatively low. The wake deficit ratios between floating and fixed turbines are within 0.1% for all wind
speeds as well.

5.3 Motion Effects on Velocities for Moving/Sinusoidal Conditions for a Single Turbine

As a way to assess the extent to which our conclusions regarding floating platform motion effects on power generation depend
on the nature of the dynamics of the platform motion, we also simulate cases where we oscillated the hub speed by a sinusoidal
(See-see Eq. (35)). For a give-given hub wind speed, we use the significant wave height as the amplitude of the sinusoidal
and the peak frequency in the sine wave. The outcomes on-the-for each wind speed are summarized in Table 2 as well as the
tower;-bottom right panels of Figures 4 --5;-and->?and 5. We test different turbulence intensities to emulate conditions that
emerge from stable, neutral, and convective thermal stratifications. While the 10D downstream power generation differences
due to floating platform motions remains small (within 0.5-1%), there is a significant effect in the very near wake region of 0-6
turbine diameters downstream due to Moving/Oscillating platform motions. As with the floating platferm-induced-platform
induced motions, the larger differences are confined to the near-wake region, where a downstream turbine is less likely to be
placed in a farm configuration. For all wind speeds, the sinusoidal motion forcing leads to a decrease in power production in

the near-wake region (less than 5 turbine diameters downstream). For lower wind speeds, the power production increases due
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Figure 4. Plots of the ratio of averaged horizontal velocity magnitude of Moving/Ocean to Fixed conditions, for hub height wind speeds of
5,7,9, and 11 m/s. Averages are integrated over the last four hours of simulation, over the turbine diameter in the y direction, and over the
turbine diameter in the z direction. x-axes are x-direction in units of turbine diameter D. y-axes are dimensionless ratios. Note the different

y-axis scales in plots.

to sinusoidal forcing in the far-wake region; and for larger wind speeds, the power production is deereases-decreased due to

sinusoidal forcing in the far-wake region (both to modest degrees of less than half a percentage).

5.4 Velocity and Power Generation of a Farm of Fleating- Turbines Mounted on Floating Platforms, Forced by Ocean
Gravyity Waves

The question of whether floating platform motions have an effect on the power output of a farm of turbines set on floating
platforms is considered next. The turbine farm we consider has three rows of turbines (we consider a “row” to be a streamwise
() direction series of 10 turbines), equally spaced and at equal heights, lined up with the wind in such a way as to produce
the most direct interaction of upstream wakes with downstream turbines. We also give the turbines “ID”s in the streamwise
in the positive z direction

x) direction from 1 to 10, increasin ositive streamwise direction). As before, we compare the
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Figure 5. Plots of the ratio of averaged power production of Moving/Ocean to Fixed conditions, for hub height wind speeds of 5,7, 9, and 11
m/s. Averages are integrated over the last four hours of simulation, over the turbine diameter in the y direction, and over the turbine diameter
in the z direction. x-axes are z-direction in units of turbine diameters. y-axes are dimensionless ratios. Note the different y-axis scales in

plots.

z-direction velocity at hub height as well as the power produced by turbines in the cluster ;-under Ocean/Moving conditions
and Fixed conditions. The Atmosphere conditions are using the T'I; o (or default neutral ABL) configuration, where floating
platform motions are relatively larger eompared-to-turbulentfluctuations-than turbulent fluctuations as compared to the other
turbulent intensities. The sea is fully developed, and thus the platform motions due to ocean waves of each turbine are not
correlated with each other.

Horizontal wind speed funder Moving/Ocean platforms)-platform conditions averaged over the turbine vertical swept plane
(z € [27,153]m) and over t € [4, 8]hr as-well-as-is depicted in Figure 6 along with an instantaneous plot at z = 90m, ¢ = 8hris
depieted-in-Figure-6. It is clear that the initial turbine produces the most blockage ;-and turbulence is increased in the streamwise

direction as more turbines create additional turbulence down each row. There-are-also-coherentstrueturesforming-after-the-third

19



465

470

475

Hub Wind (/5) | o (wptatform) | o (wupstream) | Qpear | hiys |

5 0.584 0.136 1.95 0.42
7 0.812 0.193 1.39 0.82
9 1.039 0.289 1.08 1.35
11 1.264 0.343 0.89 2.02
13 1.487 0.394 0.75 2.82
15 1.709 0.536 0.65 3.75
17 1.930 0.586 0.57 4.82
19 2.150 0.665 0.51 6.02
21 2.368 0.751 0.46 7.35
23 2.586 0.857 0.42 8.82

Table 2. Standard deviation of Upiat form and Wypstream OVer a range of hub height wind speeds in T 25 conditions using Moving/Oscil-
lating conditions (see Eq. (35)) for the platform. Q,cq is the peak frequency of the Pierson-Moskowitz approximation to a fully developed

ocean used as the frequency for the oscillating forcing. h; /5 is the “significant wave height” used as the amplitude for the oscillating forcing.

For the three rows, Figure 7 depicts the inflow velocity magnitude at each of the turbines. After a significant drop in the
speed due to waking of the second turbine, the speed recovers somewhat at turbine 3 and is similar for turbine 3-10.

Figure 8 plots the ratio of the power produced by Moving/Ocean simulation turbines divided by that of Fixed turbines in the
three rows averaged over the last four hours of simulation. For this specific farm configuration, we find that the power output
of the turbine farm is similar between moving and fixed platform simulations. The total farm power output of the 30 turbines
differed only by .23% due to floating platform motions over the last four hours of simulation, though each turbine’s power
can differ by up to 2% due to floating platform motions. Due to periodicity in the spanwise boundaries, this simulation depicts

infinite rows in the spanwise direction.

6 Conelusi L E Pireeti

6 Conclusions

We used simulations to assess the wake characteristics and power output of a single floating-wind-turbine-wind turbine mounted
on a floating platform as well as that of a cluster of turbinesthe same. The goal was to determine whether floating platform

motions would affect wake strueture-deficit and power output of single or groups of turbines. This assessment was done by
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y-location (diameters)

(b) t = 8hr, z = 90m

Figure 6. Horizontal velocity magnitude in m/s (a) averaged over z € [27,153]m and ¢ € [4,8]hr; and (b) at hub height at ¢ = 8hr. Inflow
hub wind speed is 10 m/s, T'I1 o atmospheric conditions —-and platform movement at Moving/Ocean conditions (see Eq. (34)).

480 comparing the power and wake characteristics of floating-platferm-wind-turbines-wind turbines mounted on floating platforms
forced by ocean waves to those of wind turbines that are not subjected to ocean motions.
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The simulations consisted of a wind, captured by large eddy simulations Nerman-(202H-(Norman, 2021) of an atmosphere
with three inflow turbulence intensities; a mechanical model of a floating chain-stabilized Tension Leg Platform (TLP) due
to Betti et al. (2014); and a time dependent empirical model for a fully developed wind waves described by the Pierson-
Moskowitz spectrum (see Stewart (2008)). The specific turbine was the NREL 5 MW design. Platforms of this sort are often

motion-stabilized, however, we did not take into account any active motion stabilization and control dynamics. The three

turbulence intensities act as a means to understand whether the results in this study are dependent upon the pre-existin
turbulence intensity, typically modulated by surface roughness length and buoyant stability of the mean atmospheric profile.

For an isolated fleating—tarbine-turbine mounted on a floating platform subjected to waves we found that the platform
motions due to a fully developed ocean minimally affected the wake strueture-deficits downstream. Further, the time-averaged

downstream power production was not affected in a significant way by ocean-induced and intermittent thrust-induced platform
motions. The floating platform motion induced perturbations to inflow velocity are quite small compared to already existing
turbulent intensity, even at 25% of the naturally occurring neutral boundary layer turbulence, which is the primary reason why
observed changes to wake deficits and downstream power generation due solely to floating platform motions are small.
Figure 9 depicts the power spectrum of Upiqt form and Uypstream fOr neutral atmospheric conditions and the Moving/Ocean
platform configuration, with a hub speed of 11 m/s and fully developed ocean wave conditions. From this figure, we surmise
that the spectrum of U(¢) is dominated by platform motions in the high frequency regime and by the wind turbulence in

the low frequency regime. FurtherFurthermore, the most energetic part of the spectrum is associated with wind dynamics

and turbulence. The sharp spectral peak and trough originate in the vibrational character of the particular floating platform
under consideration and thus one cannot conclude that this structure will appear in the spectra of other floating platform
arrangements. Regarding power generation assessments and whether differences in power output are significant for a fixed
or moving platform, the spectra indicates that if power difference assessments are made at sufficiently long times, over well
over hundreds of seconds, the average power output is dominated by the wind contribution, not the combined wind/platform
contribution, The random phase nature of the waves and the dominance of the wind dynamics on U (¢) over platform motions
suggest that under fully developed ocean conditions neither the single fleating-turbine-turbine mounted on a floating platform or
organized clusters of turbines of the type we investigated are net-affected in a significant way with regard to power generation
by ocean motions. Long time averages of the platform acceleration was zero —Henee-s-and therefore it was not expected to
see, in the average, a net increase or decrease in the power output of a single turbine. However, it was not obvious at the onset
that in cluster arrangements ;-the platform dynamics would affect the wake of windward turbines and thus affect the power of
the turbines ;-downstream. However, our calculations reveal that downwind turbines are not appreciably affected with regard
to average power outputtwake-. Wake disturbances were clearly apparent on turbines subjected to wave motions, however, this
was at near distances that are outside of the realm of practicality).

As a check, we compared random ocean perturbations to (zero-mean) sinusoidal fluctuations of the hub speed in order to
determine whether random effects in the platform dynamics had a crucial role to play in enhancing/suppressing time-averaged

power output of a moving turbine, as compared to pure sinusoidal fluctuations of the hub speed. We found that, for reasonable
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Figure 9. FEF-Power spectra in time of the magnitude of wpiatform (t) and Upiatform + Winfiow as a function of time scale (inverse
frequency) at a hub wind speed of 11 m/s with T'I; o inflow with a smoothing window of 10 samples for clarity. All hub wind speeds and

stability profiles share the same local extrema for wpiat form.

sinusoidal amplitude and frequency perturbations there was little change on the power output of the turbine in the far-wake,
though downstream power production is lowered in the near-wake where downstream turbines are unlikely to be placed.

A full assessment of the effects of wave motions on the power output of turbines mounted on moving platforms necessitates
consideration of transient dynamics. Some of the transient cases are obvious: the effect of swells, storms, developing oceans.
Some are less obvious. For example, finite-time averages of power output could still be affected by a fully developed ocean:
when the hub wind dips up and down around the minimum or maximum wind operating conditions, for example, or when wind
directions are not well accounted for by an alignment of the wind and the turbine. Nevertheless, for moored platforms like the
TLP design studied here under the most generic of ocean conditions, namely, sustained steady winds and a fully developed
ocean, the power of floating ocean turbines does not appear, in simulations, to be affected significantly, when compared to fixed

turbines.

Code availability. The code is available as a fixed DOI located at https://zenodo.org/records/16780228
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Appendix A: Fully Developed Sea Conditions

The fully developed sea surface obeys the Pierson-Moskowitz (PM) spectrum Stewart-(2008)(Stewart, 2008; Pierson and Moskowitz, 1964

NN AAAANAAS AR AR AR AN A AN AAANAAANAANAAANANINAAANAS

530 . For the PM spectrum

4 Vpeak

U.OOSngP_E( v_y-4
(2m)4wP - '

SPM(V) =

1 where 2mVpeqr, = 0.877g/u19.5, and uqg 5 is the wind speed at a 19.5m height above the sea surface, g is acceleration, v is
frequency. To obtain a random realization, we choose a frequency range of width Av, the amplitude a; of the monochromatic
wave with angular frequency 2; = 27v; is a; = \/2Spam (v;) Av;, where v; is the central frequency of the interval Av. The

535 sea elevation z = n(x,,t) is given by

N N
n(xp,t) = Zu,,; sin(Qt — kixp +€;), fi=-— Z Qfai sin(Qt — kizp +€;),
i=1 i=1

~

N N
n(xp,t) = Zaisin(ﬂjt—kixf,—kq), = —ZQ?aisin(Qit—kiajp—&—ei), (A1)
i=1 i=1

where z,, is the = location of the floating platform, ¢; is a random phase, {2; = \/gk; for deep water waves, N, the number of
540 spectral components, is chosen at 400. For the wave forcing we require w19 5 to calculate the PM spectrum. This wind speed is
taken as the cell average estimate from the large eddy simulation calculation of the wind field, at a height of 19.5 m above the

sea surface. The significant wave height, which is used to set A in Eq. (35), is given by

’LL%Q 5
A= Hl/i} =0.21—=.
g

2
545 A= Hy 5= 0.21“1;-5. (A2)

Appendix B: The Large Eddy Simulation Model Equations
The equations are cast in Cartesian geometry as follows:
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555 where p is density; u, v, and w are wind velocities in the x, y, and z directions, respectively; @ is the potential temperature;

560

565

gy 1s the wet water vapor mixing ratio such that p, = pq, is the density of water vapor; K is unresolved, sub-grid-scale
Turbulent Kinetic Energy (TKE); ¢, is a tracer quantity that contributes to mass but not to pressure, p is total pressure; Cy =
(Rd (po)fRd/ C”>7 is a constant of proportionality; v = ¢, /¢, is the ratio of specific heats of dry air; ¢, is specific heat of dry air
at constant pressure; ¢, is specific heat of dry air at constant volume; py is reference pressure, R is the dry air ideal gas constant,
R, is the water vapor ideal gas constant; K g is turbulent kinetic energy (TKE) shear production; K, is TKE dissipation; K p
is the TKE buoyancy source/sink; 7;; Vi,j € {1,2,3} is the unresolved eddy flux of wind velocity; 79, Vj € {1,2,3} is eddy
flux of potential temperature; 7,; is eddy flux of water vapor, 7x; is eddy flux of TKE (i.e., the turbulent transport terms for
TKE); 7¢; is the eddy flux of tracers that do not contribute to pressure (e.g., hydrometeors); and g is acceleration due to gravity.

Finally, the total density, p, is given by the sum of all mass-contributing densities: p = pq+ p, + _, pe, Where pq is the density

of dry air.
The perturbation pressure, p’ = p — py, and density, p' = p — py, are perturbations from a dominant hydrostatic balance
denoted by:
dpu
o PHI (BS)
z
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The Eddy Fluxes:

The eddy viscosity is considered to be a function of the unresolved TKE and a stability-corrected corrected length scale,
giving an eddy flux of:

Oou; Ou; 2 0uy .
i = —p (K, j—*75i' ) V, ,ke 1,2,3 B6
7 ol +V)<(9xj ox; 3 0xy ]> J { } (B6)
K, v 00

= o+ |5 ; Vje{1,23 B7

mi=p( Bt ) g Vi€ 112.3) ®7)
0K
iy = =20 40) (5 ) ¢ Vi€ 12.3) ®3)
(%zj
K,, v dpe .

=20l —+—=— () ; V 1,2,3 B9
Tej p(PTT+PT> <8$J) ) ]6{7 3 } ( )
K, =01LVK (B10)

A

Pror= B11

L G1D

. K
L =min <0;[6J\r/;,A> (B12)
A = (AzAyAz)/? (B13)
0)(00/0z) if96/0z>0
N (9/0)(90/0z) / EB14)
0 otherwise

where € = 10720 is a small number to avoid division by zero; IV is the Brunt-Vaisala frequency, a measure of atmospheric

stability; and Pry is the turbulent Prandtl number; Pr is the Prandtl number; v is kinematic viscosity; d;; is the Kronecker
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delta; w1, ug, and ug are the velocity components in the x, y, and z directions (i.e., u, v, and w); x1, 2, and x5 are the x, y, and
z directions; and subset indices that appear only on one side of an equation are an implied sum over available indices (Einstein

595 summation convention).

TKE Sources and Sinks:
The TKE evolution equation contains advection and turbulent transport (diffusion) on the left-hand-side of equation (B1+):Eq. (B1).
The remaining processes resolved here are the sources and sinks that are, in general, not cast in conservation form. The are

600 defined as:

Oou;  Ou; \ Ou;
Ks = pK,, : J J Bl
s=rm 3, (axj+6xi)8xi (B15)
i,j€{1,2,3}
Kp=—p(0.19+051LA7) AT K3/ (B16)
pg K, 00
Kp=-— = B17
605 Ks 0(Pr) 0z (BI7)

Surface Friction:
For all surface cells, and for all cells adjacent to an immersed cell, surface friction in each direction is applied via the

610 following flux term added to the eddy fluxes:

N K2uv/u? + 2 N K2vVu2 + 02

3T A, T T aAL (BI8)
Az
g:m( 2 +Z°> (B19)
20

where zg is the roughness length.
615 B1 Determining the Upstream Velocity

The “upstream” portion of the inflow velocity (“inflow” velocity is defined here as the sum of the upstream velocity normal to
the disk and the platform motions normal to the disk) is integrated over a projected disk 2.5 turbine diameters upstream from
the turbine base location. In order to do this, first the upstream direction is determined by computing the average horizontal

wind velocity %gypg = (Uqug,Vavg) OVer a cube with sides of length D centered on the turbine hub location. The upstream
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direction is then computed with 0, pstream = tan~! (Vavg/Uavg). Then, a disk is projected to be centered about the location:

Lypstream Tp — 2DT Ccos (Qupstream)
Yupstream = Yp — 2DT sin (aupstream) (B20)
Zupstream Zp

using the same procedure in section B2. The integration provides wypstream and Vypstream, the © and y components of wind
velocity integrated over the upstream projected disk. The upstream wind speed normal to the turbine’s yaw angle is then

determined as ‘uupstream| = uupstream COoSs (0yaw) + vupstream sin (eyaw)-
B2 Projecting the Turbine Swept Disk

The turbine swept plane disk is initially projected onto the model grid at the origin facing westward in the y — z plane. It
will later be rotated and translated to the hub location and the correct yaw angle. It uses a radially varying thrust shape

function, St (7 initial), and a streamwise projection function, Sg (Zsnitiar). Here r is the radial coordinate in the y-z plane:

Tyz,initial = \/ (yim»ml)2 + (zmim;)2, in reference space. The thrust shape function provides degrees of freedom to represent
the way thrust increases toward the radial edges of the swept disk (e.g., Figure 13 of Aranake et al. (2015), Figure 6 of Xu
et al. (2022), or Figure 11 of Jeong and Ha (2020)). The projection function reduces the discontinuity resulting from thrust
application and helps the numerics better resolve the resulting wake. This kind of projection is common for actuator line
approaches to turbine parameterizations with Gaussian projections (Martinez-Tossas et al., 2017; Sgrensen et al., 2015). This
study uses a more compact function for projection but with similar characteristics and for similar reasons.

The disk is initially projected onto the model with a center location of (x,yo, z0) = 0 and a yaw angle of zero (meaning the
turbine swept plane is oriented facing west. The disk is then rotated about the z-axis according to the yaw angle and translated

to the appropriate base location and hub height with the following linear operator:

T cos (Oyaw) —sin(Oyew) 0 Tinitial Tpase
Yp = sin (eyaw) COs (Gyaw) 0 Yinitial + Ybvase (B21)
Zp 0 0 1 Zinitial Zhub

The disk projection weights are created by sampling a product of the thrust shaping function and projection function at
regular intervals on a Cartesian hexahedron of size Dp x Dp X Dy in the z, y, and z directions where Dp is the domain of
projection (10 cells total) in the x direction for initial points, and Dy is the turbine swept disk diameter. For each point, the
product St () Sp () is added to the cell to the cell that contains the point (x,,¥y,, z,). Once all points are sampled, the sum
of weights in each cell is computed, and each cell’s weight is normalized by the summed total.

The thrust shaping function used here is computed as the piecewise function:

“fo<
S (p1(r)* f0<r<mnm B22)

p2 (1) ifry <r<ry
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with free parameters: a, r1, and 7. Thrust reaches its peak at r; and decays to zero over r € [r1,rs]. Smaller a leads to

more uniform distribution of thrust over the disk, and larger a concentrates thrust more at the edges of the disk. p; is a

quadratic polynomial constrained by: p; (0) =0, p; (r1) = 1, and p (r1) = 0. ps is a cubic function constrained by py (r1) = 1,

ph(r1) =0, p2(r2) =0, and p), (r2) = 0. To match the wakes of AMR-wind calculations, the free parameters used here are:
650 r1=1—Ax/rurp, 12 =14+ Ax /Ty, and a = 1/2, where 74, 18 the radius of the swept plan in meters.

The streamwise projection function is:

2 2
1—(= if |z <
Sg(x) = ( (‘”R)> if o] <o (B23)

0 otherwise

which enforces a decay from the projected disk centerline in the streamwise direction to reduce the discontinuity of thrust
projection. In this case iz = 5Ax to enforce a streamwise decay over 5 cells in each streamwise direction from the disk center.

655 Once these weights are computed, a weighted sum using these weights provides the integration of a quantity such as wind
velocity over the entire disk.

To summarize:

— Over the domain [~z g, zg] x [-52, 2] x [~ 82 BZ] in the z, y, and z directions, evenly create sample points:

(Tinitials Yinitials Zinitial)
660 — Initialize all cell weights to zero: wi*j =0
— For each sample point:
— Compute the rotated and translated location (x,, y,, z,,) for the sample point using (B2+(B21))

- Locate the cell, C;j, in which the point (zp,yp, 2,) is located

— Atomically add the product of the thrust shape and streamwise projection functions to the weights in cell Cjjy:

665 Wi = Wi+ Sp (Tinitiat) ST (Ty2,initial)
e “Atomically” is an algorithmic term to denote that when parallelizing over sample points (operating on each
simultaneously), the sum and update should be performed in its entirety without any other operation accessing

(read or write) cell C;;1,’s memory. This is to avoid data races.
— Compute the sum of w;;; over all cells
670 — Divide each weight by the total sum: w;ji = w1,/ >0 Wi

— For any set of cell averages of a quantity, g, ;;,, compute the disk-integration of that quantity with the sum

Qaisk = D TijiWijh (B24)
ijk
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Figure B1. Plot of time trace of power generation for the furthest right turbine in the center row. 7'/ o atmospheric conditions. Moving/Ocean

B3 Neutral AWAKEN-Experiment
B3 Verification of Stationarity for LES-Turbine Power Generation

The time trace of power is plotted in Figure B1 over the eight hours of simulation for the furthest right turbine in the center row
to demonstrate that the simulation has reached an equilibrium state in terms of power production before the ¢ € [4, 8]hr time
averaging.

B4 Verification with Neutral AWAKEN Experiment

The Large Eddy Simulation code has been validated against standard neutral and convective boundary layer results, and here,
it is validated against the AMR-Wind (Kuhn et al., 2025; Brazell et al., 2021) results for a modestly convective boundary layer
test case for both turbulent boundary layer results and turbine wake results for the NREL SMW turbine used in this study.
To initialize, potential temperatures are linearly interpolated between values of 366153066%368K300 K, 300 K, 308 K, and
311.45 K at heights of Om, 750m, 850m, and 2000m, respectively. The u and v winds are initialized with a log law setting
u = 9.873m/s and v = 5.7m/s at hub height (90m), and vertical velocity is initialized to zero. AMR-Wind uses incompressible
equations with a Beussinesque-Boussinesq buoyancy term with a density of one kg per cubic meter throughout; and portUrb
uses non-hydrostatic, compressible equations with the surface pressure set to enforce a surface density of one kg per cubic
meter at a surface temperature of 300K. Both models perturbe the lowest 50m of the domain with random potential temperature

perturbations and use transverse four-period sine waves for u and v velocity in the lowest 100m.
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Coriolis is active with a latitude of 40°N. Surface roughness is set to zg = 0.01m. The domain is 5.12 x 5.12 x 1.92 km in
the x, y, and z directions, respectively. A uniform grid spacing of 10m is used for portUrb, while AMR-Wind has multiple grids
that reach 2.5m grid spacing around the turbine with 10m grid spacing at the eearesest-coarsest level. Both models use pressure
gradient forcing to force a hub-height horizontal average wind speed of (9.873,5.7)m/s for the horizontal velocity vector.
That pressure gradient forcing is calculated in the turbulent precursor and then used in both the precursor and primary turbine
simulation. The precursor and turbine simulations are run for 20,000 model seconds, the first 15,000s used as spin-up and the
last 5,000s as the performance period. The average pressure gradient forcing over ¢ € [14000,15000]s is used throughout the
performance period in the main turbine simulation. The turbine is placed at 1,800m into the domain in the x and y directions.
A small surface heat flux of 0.005 K m /s is added to the surface to create a modestly convective boundary layer.

Figure B2 plots the domain-averaged column of horizontal velocity, potential temperature, and turbulence intensity averaged
in time over ¢ € [15000,20000]s for AMR-Wind and portUrb. The profiles are quite similar with portUrb carrying bit more
wind speed and turbulence intensity throughout the boundary layer. Figure B3 plots resolved turbulent velocity correlations
averaged over ¢ € [15000,20000]s for AMR-Wind and portUrb. The magnitudes and shapes of the profiles are very similar
with portUrb exhibiting some oscillations at the surface peak and at times larger features at the top of the boundary layer.
Figure B4 plots resolved turbulent temperature-velocity correlations averaged over the same time range. The u'6’ and v'6’
profiles are similar with portUrb exhibiting stronger features at the top of the boundary layer. The w’6’ profile shows more
differences, which is somewhat unsurprising, given the large differences in the buoyancy term. portUrb uses a non-hydrostatic
and compressible discretization, where temperature perturbations propagate into density perturbations through acoustics, and
the buoyancy term uses density perturbations to determine buoyant forcing. AMR-Wind is incompressible and uses a fixed
Boussinesque-Boussinesq buoyancy term based to deviations from background temperature (fixed at 75—=-3604-1=300 K
throughout the simulation).

Figure B5 plots the turbine wakes at hub height (z = 90m) as a function of y location averaged over ¢ € [15000,20000] for
portUrb and AMR-Wind at 2, 4, 6, and 8 turbine diameters downstream of the turbine — along the direction of the wake, which
is 30°. Both exhibit very similar features and magnitudes, though portUrb is running at 4 x larger grid spacing. Both show the
asymmetrical profile due to swirl, and both show very similar wake recovery downstream. There are a bit larger differences
in Figure B6, which plots wakes at the same distances downstream as a function of z location at the hub center, following the
wake direction of 30 °. The wakes are quite similar higher up, but nearer to the surface, portUrb has a stronger wake deficit —
likely due to the coarser grid spacing leading to surface friction to be less separated from the turbine wake.

In summary, despite being formulated quite differently as a model, portUrb replicates the salient features of both the bound-

ary layer turbulence and the turbine wake deficit shape and magnitude compared to AMR-Wind.
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Figure B2. Domain-averaged profiles over ¢ € [15000,20000]s. TI stands for turbulence intensity. z; = 800m is the boundary layer height.
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Figure B3. Resolved turbulent velocity correlations. Perturbations are computed as the deviation from the mean column, and correlations

are averaged over multiple snapshots within ¢ € [15000,20000]s. z; = 800m is the boundary layer height.
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