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Abstract. We investigate the aerodynamics of a surging, heaving, and yawing wind turbine with numerical simulations based

on a free wake panel method. We focus on the UNAFLOW case: a surging wind turbine which was modelled experimentally

and with various numerical methods. Good agreement with experimental data is observed for amplitude and phase of the thrust

with surge motion. We achieve numerical results of a wind turbine wake that accurately reproduce experimentally verified

effects of surging motion. We then extend our simulations beyond the frequency range of the UNAFLOW experiments and5

reach results that do not follow a quasi-steady response for surge. Finally, simulations are done with the turbine in yaw and

heave motion and the impact of the wake motion on the blade thrust is examined. Our work seeks to contribute a different

method to the pool of results for the UNAFLOW case, while extending the analysis to conditions that have not been simulated

before, and providing insights into nonlinear aerodynamic effects of wind turbine motion.

Nomenclature10

BEM blade element momentum theory US rotor maximum surge velocity (2πfA)

CFD computational fluid dynamics UY maximum yaw tip velocity 2πfAR

FOWT floating offshore wind turbine U∞ freestream velocity

A surge, sway, or yaw motion amplitude VS maximum sway velocity (2πfA)

Aij doublets influence coefficients matrix VS,c sway velocity projected onto blade chord

Ar reduced amplitude (A/D) x instantaneous rotor streamwise position

Bij sources influence coefficients matrix ẋ instantaneous rotor surge velocity

Ciw wake vortices influence coefficients matrix β side wind angle

CT rotor thrust coefficient βmax maximum side wind angle due to sway motion (tan−1(VS/U∞))

D wind turbine rotor diameter γ wake vortex strength

f surge, sway, or yaw motion frequency ∆CT rotor thrust coefficient fluctuation amplitude

fr reduced surge frequency (fD/U∞) ∆CTb blade thrust coefficient fluctuation amplitude

fΩ rotor rotation frequency ∆ψ rotor rotation angle in one timestep

p pressure µ doublet strength

R wind turbine rotor radius ρ air density

T rotor thrust σ source strength
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t time Φ velocity potential

U surface flow velocity ϕ phase between rotor surge motion and thrust

Uk panel kinematic velocity ψ blade azimuth angle

1 Introduction

With the wind energy market leaning heavily towards offshore turbines in recent years, floating offshore wind turbines (FOWT)

have become the focus of numerous research groups. One of the many challenges of such configurations is that, due to oceanic

waves, the turbine is subjected to large amplitude motions, making its aerodynamics even more complex than that of onshore

turbines. Turbines can translate horizontally perpendicular (surge) or parallel (sway) to the rotor plane. They can translate15

vertically (heave). They can rotate around the tower axis (yaw), or around the two horizontal axes (roll and pitch). These

degrees of freedom are illustrated in Figure 1.

The sway and heave motion are, from a rotor aerodynamics perspective, equivalent. Rolling moves the rotor in a very

similar way to sway, with an added in-plane rotation, equivalent to a change in rotation velocity. Pitching can be thought of

as a combination of surge, yaw, and heave. Hence, for rotor aerodynamics, we can consider the surge, yaw, and sway as the20

fundamental forms of rotor motion, from which the others can be derived. For this reason, in this study, we focus on these three

degrees of freedom. While these rotor motions have been studied experimentally (Fontanella et al., 2022), the frequencies

and amplitudes of the motion are typically limited and inertial effects can affect the accuracy of the results. Hence, numerical

studies are needed to investigate FOWT motion.

The UNAFLOW (Bayati et al., 2018b; Fontanella et al., 2021a) project provided a simplified test case for a non-stationary25

rotor, by simulating a surging wind turbine in a wind tunnel, without any tilting of the tower. Several groups have simulated

the UNAFLOW case with different methodologies including blade element momentum theory (BEM), lifting line, and com-

putational fluid dynamics (CFD), with fairly good results being achieved (Bayati et al., 2018a; Boorsma and Caboni, 2020;

Cormier et al., 2018). Furthermore, vortex methods have shown promising results for FOWT in surge and other degrees of

freedom for other turbines (Ramos-García et al., 2022b, a).30

While BEM simulations have successfully captured dynamic inflow conditions (Mancini et al., 2023), most of the research

has focused on dynamic blade pitch, streamwise velocity fluctuations, or surge. Recent developments have been made to

extend BEM to general wind turbine motion (Mancini et al., 2022) but, to our knowledge, validation of these models for sway

conditions have not been extensive. Dynamic yaw and sway motion have the potential to be more difficult to capture than surge,

as the wake moves from side to side and the assumptions of momentum theory may lead to large errors.35

This work is an expansion of what was documented a previous conference publication (Ribeiro et al., 2022b). For a full

description of the numerical methods, along with verification and validation on relevant cases, refer to that paper. Here, we

seek to contribute to the pool of UNAFLOW results by simulating the UNAFLOW case with a source and doublet free wake

panel method. Unlike BEM and lifting line, panel methods directly model the blades, free from table look ups, while still being

a fraction of the cost of a CFD simulation (Leishman, 2002). Blade thickness effects are included, by simulating the entire40

2



Figure 1. Degrees of freedom of a FOWT.

blade surface, rather than the camber surface or a single line, which can lead to better accuracy (Yang et al., 2020). Panel

methods have also been shown to accurately model full rotors, including aeroelastic effects (Gennaretti et al., 2018; Sessarego

et al., 2015; Wang et al., 2016). The free wake allows for complex scenarios, such as blade vortex interaction (Gennaretti and

Bernardini, 2007), which could happen in extreme surge conditions.

With these characteristics in mind, this is an important stepping stone towards the ultimate goal of this research: aeroelastic45

simulations of FOWT through a fully-coupled transient aerodynamic/structural fluid-structure interaction (FSI). To our knowl-

edge, only experimental and CFD results have been used to investigate the wake of the UNAFLOW turbine (Bayati et al.,

2018a). CFD adds significant diffusion to the tip vortices, making comparisons to experiments difficult. Hence, in this work

we also show how the free wake panel method compares to experimental measurements of the wake.

The next objective of this work is to extend the surge analysis to sway and yaw motion. We use the UNAFLOW rotor50

to perform such investigations, in order to contribute to the knowledge of the physics of these motions. Finally, we seek to

understand the impact of the wake motion on surge, sway, and yaw. We do this by employing unique features of the free

wake panel method, allowing us to include rotor motion effects indirectly. The analysis of wake motion effects seeks to clarify

mechanisms of turbine motion that will need to be accounted for when simulating FOWT motion with methods without true

wake motion, such as BEM and prescribed wake vortex methods.55
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2 Methodology

We employ a source and doublet panel method with free-wakes (Katz and Plotkin, 2001) in order to capture the aerodynamics

of the surging wind turbine rotor. The thickness effects are fully captured, as the panels lie on the blades surfaces. Blade-vortex

interaction capabilities (Gennaretti and Bernardini, 2007) are implemented, but not used for this study, as the turbine does not

cross its own wake. The surface and wake discretization of the velocity potential equation leads to the following linear system:60
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where A, B, and C are the influence coefficients matrices (Maskew, 1987) for the doublets �, sources �, and wake vortices 


respectively. The values of �, �, and 
 are constant over each panel. The sources � are computed to ensure impermeability, the

wake vortices 
 enforce the Kutta condition (Youngren et al., 1983), and the doublets � are the unknowns. At every timestep,

wake vortices are convected due to the freestream velocity and the induction of all the surface and wake panels.65

When symmetries are present, as in turbines with multiple blades and no yaw or heave, virtual bodies across symmetry

planes or axes can be used (Katz and Plotkin, 2001), which dramatically reduce the influence coefficients matrices. With the

linear system solved, surface velocities U are computed based on the basic potential flow equation, U =�r�, where � is

the velocity potential. The surface gradient is computed with central differences for quadrangular panels, but a least squares

approximation (Anderson and Bonhaus, 1994; Sozer et al., 2014) is also available, and is always used for triangular panels.70

With the surface velocity available, the unsteady Bernoulli equation (Bernardini et al., 2013) is used to find the surface pressure,

which is then integrated over all surface panels to find the forces and moments acting on the bodies. The time derivative in the

unsteady Bernoulli equation is calculated with a first order backwards Euler method.

The panel method shown here was created with the intent to be faster than available methods by use of efficient algorithms

and modern acceleration techniques, such as leveraging GPUs for the calculations. At the moment, our implementation was75

compared to an open source C++ panel code (Baayen, 2012) and we observed over an order of magnitude in speed up. The

method also supports large displacement aeroelasticity (Ribeiro et al., 2022a), although this is not included in this work.

3 Surging Wind Turbine Simulations

The UNAFLOW turbine case (Fontanella et al., 2021a) consists of a 3 blade rotor with a diameter of 2:38 m, rotating at 150

to 265 RPM, with U1 between 2:5 and 6 m/s. The entire rotor surges upwind and downwind at a frequency (f ) ranging from80

0:125 to 2 Hz and amplitude (A) from 2:5 to 125 mm, with the rotor center axial position following Asin(2�ft), where t is

time. In non dimensional terms, for the case with U1=4 m/s, this corresponds to reduced frequencies fr =fD=U1 between

0:07 and 1:2 and normalized amplitude Ar =A=D between 0:001 and 0:05. This motion is performed such that the rotation

axis is always aligned with the freestream, meaning no yawed flow occurs. As the majority of the experimental data are for

U1=4 m/s and RPM of 241, these are the conditions we simulate in this work. We use different values of f and A for our85
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