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The performance of wind propulsion systems is evaluated in unsteady inhomogeneous winds with tools that are
routinely used to predict the performance of wind turbines and which give access to the unsteady aerodynamic
forces acting on the wingsail. A rigid wingsail exposed to a realistic atmospheric surface layer wind is used
as a testbed. For this case, we show that standard deviations of the aerodynamic driving force are larger than
15%-20% of the mean values when the true wind velocity is larger than the ship speed. We also show that the

mean aerodynamic driving forces computed by averaging the unsteady driving forces are only slightly smaller
than the ones computed on the mean wind despite the strongly nonlinear dependence of the unsteady forces
on the wind velocity and direction.

1. Introduction

The current high and volatile oil prices as well as the increasingly
demanding regulations on greenhouse gas emissions are driving a
renewed interest in wind-assisted propulsion for shipping as a tool to
increase the efficiency and the sustainability of maritime trade (Laursen
et al., 2023). While sailing is as old as civilization, the prediction and
the optimization of the performance of wind propellers such as kites,
Flettner rotors, suction sails and wingsails is still a matter of interest
and active research. In the following we consider wingsails as a testbed
for our analysis of the effects of unsteady winds and atmospheric
turbulence on the aerodynamic performance of these systems.

Wingsails have been introduced more than half a century ago
mainly in the context of racing multihulls, such as C-Class catama-
rans (see e.g. Marchaj, 1996; Turnock et al., 2014) evolving into the
sophisticated systems installed e.g. on 2017 America’s cup AC50 foiling
catamarans whose speed Uy is typically larger than the mean true wind
speed U; with mean velocity ratios n = Ug/U; attaining values of
~1.5 to 2.5. In this operating regime the apparent wind seen onboard
is mainly composed of the boat speed with a substantial dilution
of turbulence intensity and vertical shear of the true (atmospheric)
wind. For these applications, therefore, it made sense to use methods
developed for aeronautical applications where # > 1 and the incoming
flow is typically assumed uniform with very low levels of freestream
turbulence (see e.g. Fossati, 2009). However, in situations where wing-
sails are used as auxiliary propulsion systems on commercial vessels,
most of the cumulated wind-induced propulsive power is produced
when the mean true wind is comparable or larger than the (usually
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only moderate) ship speed, i.e. in situations where n < 1 to 1.5. In
this regime the unsteadiness and the vertical gradient of the true wind
do strongly affect the apparent wind. Furthermore, additional shear
and unsteadiness may result from the interaction of the incoming wind
with the ship hull and the superstructures and many questions arise
about the influence of these effects on wingsails performance: What is
the influence of wind unsteadiness on the mean aerodynamic forces?
How precise are the estimation of these forces based on mean-wind
profiles? How large are the fluctuations of aerodynamic forces? How do
these unsteady effects combine with those of the apparent wind veering
associated to true wind vertical gradients?

In this study we address the questions raised above by computing
the unsteady aerodynamic forces exerted on a model wingsail exposed
to the turbulent wind of the neutral atmospheric surface layer. The
unsteady forces acting on the wingsail are computed by using methods
that are now standard in the analysis and design of wind turbines
and that give access to the unsteady aerodynamic forces. Particular
attention will be given to the comparison of these unsteady forces and
their mean value computed with a fully unsteady formulation to those
computed in the quasi-steady approximation and those based on only
the mean value of the wind.

The paper is organized as follows. The problem is set in Section 2,
by defining the wingsail properties and the models used to compute
the aerodynamic forces acting on it, with details of numerical methods
detailed in Appendix. A preliminary analysis is developed in Section 3
by computing the performance of the wingsail exposed to an idealized
uniform wind with periodic fluctuations. The more realistic turbulent
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Fig. 1. (a) Wingsail planview and (b) lift and drag coefficients C;, C,, of the FFA-W3-
241 airfoil versus the angle of attack.

true winds of a thermally-neutral atmospheric surface layer are com-
puted by large-eddy simulations and the wingsail performance then
analyzed as a function of true wind angle and the ship-to-wind speed
ratio in Section 4. The main results and their implications are discussed
in Section 5.

2. Problem setting

Wingsail model. We consider an idealized wingsail, shown in Fig. 1la,
of half-elliptic shape 50 m tall (major half-axis) with 10 m maximum
chord near the ground (minor axis). FFA-W3-241 wing profiles are
used as longitudinal airfoil sections, with their lift and drag coefficients
available in standard numerical codes used for the simulation of the
reference DTU 10-MW wind turbine (Bak et al., 2013; Fuglsang et al.,
1998). The lift and drag coefficients dependence on the angle of attack
a for the chosen airfoil are reported in Fig. 1 with a measured from
the angle of zero lift. The effect of lift-enhancing devices such as flaps
or suction slots is not considered but it is assumed that the wingsail
can be twisted to adapt to the mean apparent wind veer, when deemed
appropriate.

Evaluation of aerodynamic forces. The main goal of this study is to
compute the performance of wingsails by using unsteady and inho-
mogeneous wind data. Standard methods based on vortex lines are
not well adapted to the unsteady case because not only the lift and
the drag produced by every wing section depend on time, but also
the vorticity shed in the wake, its turbulent diffusion and the wake
geometry itself. To take into due account these effects we have resorted
to a blade-element approach where aerodynamic forces are computed
dividing the wingsail in a finite number of elements along the spanwise
direction and then computing the aerodynamic forces on each section
which is exposed to the local value of the wind combined to the wake-
induced velocity. The local aerodynamic force acting on each wingsail
element is computed by means of both the quasi-steady formulation
and an adapted Beddoes-Leishman model (Leishman and Beddoes,
1989; Leishman, 2006; Damiani and Hayman, 2019) of the unsteady
lift and drag generation. In the quasi-steady approach aerodynamic
forces are computed by using the steady tabulated data of C; (a), Cp(a)
assuming that the generation of the aerodynamic force (lift and drag) is
instantaneous. In the fully unsteady formulation the Beddoes-Leishman
model is used to take into account the temporal delays between angle of
attack changes and force generation in both the attached and the stalled
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regimes.! Temporal and spanwise variations of the aerodynamic force
generate vorticity which is shed into and then advected by the vortical
wake. We have resorted to the convected Lagrangian elements method
to model the unsteady free vortex wake (Shaler et al., 2020, 2023)
and the associated unsteady induced velocity on the wingsail. All these
methods were implemented in the code that we have used in this study,
which is the state of the art tool in the wind energy community for the
simulation of wind turbines exposed to turbulent incoming winds. We
refer the reader to Appendix for more details on the methods.

The effect of the ground is enforced by the method of mirror
images in the computation of the wake-induced velocity components.
To prevent a dependence of the results on the details of the ground
modeling and distance from the wingsail base, we assume that there
is no space between the wing base and the ground (this assumption
can be easily removed in future more detailed studies of more specific
configurations).

Examples of the computed wakes developing downstream of the
wingsail are shown in Fig. 2 for the cases of a uniform wind (panel
a) and of two types of unsteady winds (panels b and ¢). In all cases, the
usual tip vortex begins to form from the curling wake downwind to the
wingsail top. However, while the wake develops along quasi-straight
lines in the streamwise direction when advected by a uniform wind,
this is no more true in unsteady winds.

3. Wingsail performance in a time-periodic unsteady wind

It is instructive to consider, as a first case, a uniform wind subjected
to a periodic perturbation:

u(t) =U[1+ Acos(wt)]; v(t) = UAsin(wt), (€3]

where the circular frequency w can be expressed in terms of the
(dimensionless) reduced frequency k as @ = 2kU /c,,,.. The unsteady
aerodynamic forces are computed on the half-elliptic wingsail trimmed
to the a,,,, = 20° angle (with respect to the mean wind direction)
which maximizes the lift computed with the (temporally-averaged)
mean wind (black solid line in Fig. 3). Computations are performed
for the reduced frequencies k = 0.01, k = 0.1 and k = 0.5 with
a mean velocity U = 10 m/s and a perturbation amplitude A=7%
inducing velocity magnitudes changing by +7% and angles of attack
A = Qg — g TaNGIing from 16° to 24°.

The unsteady time-periodic lift responses L(¢) to the periodic os-
cillations of the incoming wind are reported in Fig. 3 versus the
instantaneous angle of attack a(r). When the quasi-steady model is used
(panel a in the figure), the unsteady lift responses corresponding to
all the considered reduced frequencies k almost collapse on the same
limit cycle, with residual differences due to unsteady wake effects. The
hysteresis in the lift cycle can be attributed to quarter-period phase lags
between the wind velocity magnitude |u| = U[1 + A% + 2A cos(w?)]'/?
and the wind angle a,,;,; = tan~!(v/u). When the wind angle is zero
(wt = nr) and a = 20°, the velocity magnitude |u| can be at its minimum
or maximum value u = U(l + A), depending on the phase in the cycle
(even or odd value of the integer n) inducing a lower or higher dynamic
pressure and therefore a lower or higher lift, as indeed observed.

When the Beddoes-Leishman model is used instead of the quasi-
steady model (see panel b of Fig. 3), a differentiation of the lift cycles
corresponding to different values of k appears. For the low reduced
frequency k = 0.01, as expected, the response is similar to the one
obtained with the quasi-steady approach but this is no longer the
case for the larger values k = 0.1 and k = 0.5 where lift generation
time-delays effects on the periodic lift response cycles are increasingly
important.

1 As the wing is not a bluff-body with a well-defined shedding frequency
for coherent quasi-2D structures, and is fixed, nonlinear models of the aerody-
namic force used in the wind-engineering vortex-induced-vibrations (see e.g.
Blevins, 1990; Chen et al., 2020) are not applicable to the presently considered
case.
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Fig. 2. Examples of wakes developing downstream of the wingsail exposed to () a uniform wind, (b) a uniform wind with time-periodic perturbations (c) an atmospheric

surface-layer wind. The color-scale indicates the local wake advection velocity.
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Fig. 3. Effects of periodic wind fluctuations on the instantaneous lift for computations
based on the quasi-steady formulation (panel (a), dashed lines) and the Beddoes—
Leishman model (panel (b), solid lines). The lift periodic response is computed for three
values of the reduced frequency k and compared to the steady response computed in
the absence of periodic perturbations (black solid line). The instantaneous lift L(r) is
normalized with respect to mean dynamic pressure pSU>/2, where U is the mean wind
velocity, and are reported versus the instantaneous angle of attack a(r).

One important question is to understand how the unsteady wind
fluctuations affect the time-averaged aerodynamic force and its stan-
dard deviation. To this end, the mean (time-averaged) lift and its
relative standard deviation (the root-mean-squared lift fluctuations
divided by the mean lift L/ /L) have been computed for a range of
wing trim angles a,;,,, as shown in Fig. 4. From panel (a) of this
figure it can be seen that, for the considered periodic specific wind
fluctuations, the temporally-averaged (unsteady) lift is similar to the
one computed using the mean wind profile; it is almost identical for
small angles of attack (far from stall) and slightly larger far beyond
stall. All the values computed with the quasi-steady approach almost
coincide and are smaller than the one computed with the mean wind
near the lift peak value of the trim angle. The mean lift values computed
with the Beddoes-Leishman model are similar to those computed with
the quasi-steady approach, except for the highest considered reduced
frequency k = 0.5 for which they almost coincide with those computed
using the mean wind up the mean lift peak.
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Fig. 4. Effects of periodic wind fluctuations on (a) the wingsail mean lift normalized
with the mean dynamic pressure pSU?/2 and, (b) the lift relative standard deviation
L' /L. Results computed for the three selected reduced frequencies with the Beddoes—

rms
Leishman model (solid colored lines) are compared to those obtained with the

quasi-steady formulation (colored dashed lines). The mean lift is also compared to
the one computed with the (steady) mean wind (solid black line in panel a).

The unsteady computations give also, most importantly, access to
the temporal fluctuations of the aerodynamic forces which are not
accessible when using the mean wind profile. The root-mean-squared
rms (standard deviation) value of the lift fluctuations is reported in
Fig. 4b in terms of percentage of the mean lift. The two considered
models (QS and BL) predict a similar trend for the relative fluctuations
in the attached flow regime (@ping S 15°) for all the considered values
of k. Fluctuations computed with the quasi-steady approach remain
insensitive to k even for higher trim angles in the stalled regime with a
relative minimum value of L/, /L obtained near the angle maximizing
the mean lift. At this mean lift peak value of the trim angle, however,
the relative fluctuation level computed with the Beddoes-Leishman
model, depends non-monotonically on the reduced frequency k varying
from ~ 6% for k = 0.1 to ~ 15% for k = 0.5.

This first analysis of the influence of wind unsteadiness and of the
model used for the computation of the forces on the wingsail perfor-
mance has been obtained on a very idealized case of time-periodic
wind oscillations with a specific phase lag between wind magnitude
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Fig. 6. Snapshot of (a) the true wind horizontal velocity magnitude and (b) horizontal
direction angle a; in the y-z cross-stream plane orthogonal to the mean true wind
direction of the simulated atmospheric surface layer computed by dedicated large-eddy
simulations. Wind magnitudes are expressed in m/s, y and z coordinates in meters and
angles in degrees. Note that the considered wingsail extends up to z = 50 m height.

and wind direction oscillations and with spatially-uniform mean winds
and perturbations. In the next section we consider the more realistic
case of a moving wingsail immersed in the atmospheric surface-layer
turbulent wind, where the wind is spatially inhomogeneous and its
temporal spectrum is broadband.

4. Wingsail performance in atmospheric surface layer winds

The true wind. The main objective of this study is to compute the
wingsail performance in realistic winds of the atmospheric boundary
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Fig. 7. Power spectral density of the true wind velocity (black line with circular
symbols) and of the true wind angle (red line with square symbols) at z = 30 m. The
Davenport spectrum and the Kolmogorov inertial spectrum dependence f~5/3 are also
reported for comparison. All spectra are normalized so as to have the same amplitude
as the velocity spectrum in the inertial range. Data are expressed both in terms of
the dimensional frequency (bottom horizontal axis) and of the (dimensionless) reduced
frequency k = zfc/U; (top horizontal axis).

layer (ABL). Currently installed and planned wingsails do not exceed
~100 m in height and are therefore confined to the lowest part of
the ABL, the atmospheric surface layer (ASL) where Coriolis acceler-
ation effects can be neglected and Monin-Obhukov similarity theory
applies (Monin and Obukhov, 1954; Wyngaard, 2010). In the analysis
we will consider a neutral atmosphere, where the air has the same
(constant, homogeneous) temperature as the sea, for which the theory
predicts the logarithmic dependence on height of the true wind mean
velocity U,,, = (u,/x)log(z/z,) where u, is the friction velocity, « the
Von Karman constant and z, the ground roughness length scale. For
practical purposes, the mean velocity at the reference height is used to
evaluate u, giving U,,,(2) = Uy (z,.,)log(z/zy)/ 10g(z,. [ 2))-

The unsteady wind is computed with a numerical code specifically
designed to simulate atmospheric boundary layers by means of large-
eddy simulations (see Appendix for details). The pressure gradient
maintaining the wind in the numerical simulation is dynamically ad-
justed so as to enforce a constant Uy = 10 m/s mean (averaged in
the x-y horizontal plane) true wind at Zer = 30 m height (the T
subscript indicates the true wind which is measured in a non-moving
frame). The roughness length z, = 0.005 m is chosen in the 10~
10~ m range of those typical of open seas conditions (see e.g. DNV-
GL, 2019). The computed mean wind profile U;(z) is close to the
theoretical logarithmic profile and is also well fitted by the power
law U,(2) = Up(2,7)(z/2,.)* with the value a = 0.12 typical of
open seas conditions (see e.g. DNV-GL, 2019), as shown in Fig. 5,
despite the relatively short averaging times used in this study (10° s
i.e. ~ 16 minutes). The streamwise turbulence intensity I, = o,/Up
(where o, is the standard deviation of the streamwise velocity) of the
considered true wind varies from slightly more than 17% near the
ground to slightly less than 10% at z = 50 m. Turbulent fluctuations
result in a highly fluctuating and inhomogeneous wind velocity field,
as shown in Fig. 6 by the snapshots of the horizontal wind magnitude
and direction in a cross-plane (y-z) orthogonal to the (x-axis) mean
true wind direction. The power spectral density of this unsteady wind
measured at the reference height of 30 m, shown in Fig. 7, displays
the expected f~>/3 slope in the inertial range and is reasonably well
fitted by Davenport’s model spectrum which is well adapted to 10 min
temporal averages (e.g. DNV-GL, 2019). The most energetic part of
the spectrum resides in low frequencies f < 0.2 Hz, corresponding to
reduced frequencies k& < 0.5. Wingsail performance will be computed
in this unsteady and inhomogeneous wind field.
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wingsail trim angle (vertical axis) both expressed in degrees. The force is computed
using the mean wind profiles for n = 0.5.

Apparent wind. On a ship making course at constant speed Ug and
exposed to the true wind uy, the apparent wind measured onboard
is uy = up — Ug. We denote by Up(z) and U,(z) the mean true and
apparent wind, respectively. The angles formed by U, and U (both
measured at the reference height z,,,) with the ship velocity vector
are respectively denoted by f (apparent-wind angle, AWA) and y (true-
wind angle, TWA). The presence of vertical shear in the U;(z) profile
results in the well-known vertical variation 44(z) of the mean apparent
wind angle (wind veer) which depends on y and the ship-to-wind
velocity ratio n = Ug /Uy (z,, ), with a dependence more pronounced on
the former, as shown in Fig. 8a. The inhomogeneity and unsteadiness
of uy result in fluctuations v = uw; — Uy = u, — U, of the true
and the apparent wind resulting in fluctuations of the wind direction.
An example of the vertical dependence of the fluctuations f’ of the
apparent wind direction is shown in Fig. 8b for the velocity ratio n =
0.5. This figure shows that, for the same true wind, the fluctuations of
the apparent wind direction are more pronounced when the ship runs
aways from the wind (the y = 135° case) than when it moves towards
the wind (case with y = 45°) and that they decrease with height.

Thrust evaluation in the mean wind. We analyze the wingsail perfor-
mance by computing the aerodynamic driving force i.e. the projection
of the aerodynamic force on the direction of the ship velocity, which
depends on the wingsail trim angle, which defines the angle of attack
on the wing, but also on the wind direction with respect to the ship
axis. In the following, for the sake of brevity, we will often refer to
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the aerodynamic driving force, as aerodynamic thrust force, or simply
“thrust” and will denote it by T.

It is instructive to initially follow the current standard approach
of using the (steady) mean true wind U, to compute the apparent
wind and the mean thrust 7. We will refer to this approach as the
“steady” approach (ST). Two wings configurations will be considered:
(a) an optimally twisted wing whose twist exactly compensates the
apparent wind veer «,,,,(z) = 4f(z) for the considered mean apparent
wind which depends on y and # and (b) a planar (untwisted) wing.
We initially consider a “windy” situation in which the reference true
wind speed is twice the ship speed (n = 1/2) and consider a set of
true-wind angles y ranging from 10° to 150° and a set of wingsail
trim angles a,,;,, ranging from zero to 90°, where «,,,, is the angle of
attack of the wingsail section at z,, , with respect to the mean apparent
wind Uy(z,,) at the same height. In Fig. 9 the normalized thrust
T/ (pU%Je fS /2), is reported versus y and a,,,,, for an optimally twisted
wing, to avoid a strong dependence of the results on the apparent
wind vertical veer. From this figure it can be seen that for true wind
angles 30° < y < 140° where significant levels of thrust are produced,
the maximum thrust is obtained trimming the wingsail to a"w”i;g
20°, a value almost independent of y, with aerodynamic forces mainly
composed of lift. This value is slightly larger than the optimal angle
of attack of the 2D wing profile because, for the finite 3D wing, the
enforced angle of attack must compensate for the induced drag that
reduces the effective angle of attack. Similar results are found for the
untwisted wingsail (not shown).

~
~

Effect of unsteadiness on the thrust. To evaluate the effect of unsteadi-
ness on the thrust, we have recomputed it by exposing the wingsail
to the (non-averaged, unsteady) apparent wind u, corresponding to
the velocity ratio = 0.5 for the selected set of true-wind angles
y. The wingsail is trimmed to the optimal value aiﬂ; computed on
the mean flow at the same y. For each considered value of y, the
thrust forces are then averaged in time and over a set of spanwise
locations of the mast (every 10 m in the following) covering the whole
spanwise extent (200 m) of the available true wind data to obtain the
mean thrust averaged in time and space. As in Section 3 two types of
computation have been performed for each case: the first using the
quasi-steady approach (QS) and the second with the fully unsteady
approach (UN) based on the Beddoes-Leishman model. In Fig. 10 the
mean thrusts computed with the fully unsteady (UN) and quasi-steady
(QS) models are compared with that obtained using the mean wind
(ST model) for both the optimally twisted (solid lines) and untwisted
(dashed lines) wingsails. All curves, traced versus the true mean wind
angle, follow a similar trend, with the maximum thrust attained for
y ~ 75°. The maximum thrust computed with the mean flow profile,
however, is overestimated by ~ 7% with respect to the quasi-steady
approach results and ~3% with respect to the fully unsteady approach
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Fig. 11. Thrust fluctuations versus the true wind angle y for # = 0.5 for the untwisted
(solid lines) and the optimally twisted (dashed lines) wingsails computed using the
unsteady wind and the quasi-steady (QS case, green lines) and the fully unsteady
(UN case, red lines) aerodynamic model respectively. (a) rms fluctuation coefficient
based on the reference mean true wind velocity, (b) relative fluctuations (expressed
in percentage) with respect to the mean thrust with rms reported as solid lines and
the maximum positive and negative fluctuations reported as filled and empty symbols
respectively.

results. Differences between the results obtained on the untwisted
(the solid lines in the figure) and optimally twisted (dashed lines)
wingsails are almost negligible. The most relevant results of the fully
unsteady computations, however, concern thrust fluctuations, which
are not accessible in analyses based on the mean wind. The absolute
and relative values of those fluctuations are reported in Fig. 11, where
their standard deviation (rms value) as well as the maximum values
of positive and negative relative deviations are shown. Fluctuations
rms-amplitudes are always larger than ~ 20% of the mean value, in
particular when the true wind angle is increased above = 90°. The
fluctuations levels computed with the fully unsteady approach are
larger than those computed with the quasi-steady approach. Maximum
fluctuation deviations from the mean are 2.5 to 3 times larger than
their standard deviation, and always above 45—50% of the mean value.
Finally, we find that, for the considered case, optimally twisting the
wingsail results in almost negligible improvements of the mean thrust
and of its standard deviation when compared to a planar untwisted
configuration.

Influence of the velocity ratio n on unsteady effects. To understand the
effect of the ship to wind velocity ratio # on the previously discussed
results, the thrust computations have been repeated for the additional
values # = 0 (the limit where the ship velocity is negligible with respect
to the true mean wind speed), n = 1, and # = 2 (the ship travels faster
than the true mean wind). The mean and fluctuating thrust results are
reported in Fig. 124 and Fig. 12b respectively. The general trend of all
thrust curves is the expected one, with maximum thrust increasing with
n because of the increase of the apparent wind velocity for the optimal
y values. Concerning thrust fluctuations, their rms values remain below
20% and 15% of the mean thrust for n = 0 and # = 2 respectively while
they grow above these values for the intermediate » values 0.5 and 1,
when y > 90° where the apparent wind mean velocity, and therefore
the mean thrust, become small.

From Fig. 12 it can also be seen that (a) the mean thrust and the rms
thrust fluctuations issued from the quasi-steady and the fully unsteady
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Fig. 12. Thrust dependence on the true wind angle y for a selected set of velocity ratios
n for the untwisted wingsail. (a) Mean thrust coefficients are based on the reference
mean true wind speed. Data computed using the fully unsteady aerodynamic model are
reported with solid lines, those computed with the quasi-steady model as thin dotted
lines while those based on steady computations using the mean wind are reported with
thick dashed lines. (b) Standard deviation of thrust fluctuations relative to the mean
thrust at the same y (expressed in percentage values).

computations give almost identical results for = 2 with very slight
differences appearing for smaller » values and that (b) for all n values,
the mean thrusts issued from unsteady computation are very similar to
those computed with the standard steady approach based on the mean
wind.

5. Discussion and conclusions

The main goal of this study was to characterize the influence of the
unsteadiness and inhomogeneity of realistic winds on the performance
of wind propulsion systems, using a rigid wingsail as a testbed.

Probably the main novelty of this study resides in the application
to wingsails performance analysis of methods routinely used to predict
wind turbines performance. It is therefore useful to first summarize and
further discuss this approach which has been adopted in order to be
able to investigate winds with realistic turbulence, which evolve on
spatial scales much larger than those typical of the wingsail boundary
layers. In this approach, the atmospheric surface or boundary layer flow
is resolved in an extended field providing a realistic wind by means
of large-eddy simulations. Turbine blades (or the wingsail in our case)
geometry and their associated boundary layers are not resolved in the
numerical simulation but replaced with blade elements and an aero-
dynamic force model acting on each element coupled to an unsteady
vortex-wake advection model providing the unsteady wake-induced
velocity. Two aerodynamic force models have been used. The first is
the Beddoes-Leishman model which takes into full account the time
delays in the aerodynamic force generation when exposed to temporal
variations of the effective wind on each profile. The second is the
quasi-steady model where the aerodynamic force depends only on the
instantaneous velocity but still includes the unsteadiness of the wind
and of the wake. Results have also been obtained with the standard
steady approach based on computations performed with the mean wind
profiles. In all simulations the unsteadiness and inhomogeneity of the
wake has been taken into full account by explicitly solving its free vorti-
cal motion. An advantage of this approach, that we plan to use in future
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studies, is that it can be easily extended to study additional effects, such
as the interaction between multiple wingsails, the analogue of a wind
farm in wind energy applications, the interaction with hull-induced
parasitic flows or the influence of unsteady wave- or wind-induced ship
motions. We believe this to be a significant evolution from standard
steady mean wind and/or vortex line approaches which are currently
used in unsteady velocity prediction programs or to investigate ships
whose propulsion is assisted by multiple wingsails. The use of higher
fidelity models, such as those based on large eddy simulations where
the wingsail forces are included in the computations with the actuator
line approach, are planned in future research.

The effects of wind unsteadiness, shear and inhomogeneity on the
wingsail performance have been investigated in a realistic neutral
atmospheric surface layer wind. The analyses have been performed on
16 min (1000 s) wind time series, therefore excluding larger time scales
where the action of reactive wingsail trim should be included in the
analysis. The main findings can be summarized as follows (for the sake
of brevity we refer to the aerodynamic driving force as to “thrust”):

All the considered aerodynamic models (fully unsteady, quasi-
steady and steady) predict similar values of the mean thrust. The
steady formulation slightly overestimates the thrust but its peak
values differ by less than 4% and 7% from fully unsteady and the
quasi-steady formulation results respectively.

Except for the light winds case = 2, where the mean true
wind velocity is half of the ship velocity, standard deviations of
thrust fluctuations are larger than 15% to 20% of the mean thrust.
Larger relative fluctuations are observed when y > 90° for n = 0.5
and n = 1, where the mean apparent wind velocity becomes
small. Thrust fluctuations peak values are twice to threefold their
standard deviation values.

The quasi-steady formulation slightly underpredicts thrust fluctu-
ations with respect to the fully unsteady formulation with differ-
ences, however, smaller than 10% and 5% in absolute and relative
value respectively.

The mean and fluctuating thrust computed on the optimally
twisted wingsail and those computed on the untwisted one differ
by less than a few percents for the considered cases where the
wingsails are trimmed for maximum thrust.

While we believe that the qualitative nature of these results is general,
we expect quantitative predictions to depend on the specific details
of the considered configuration. For instance, we have considered a
neutral atmospheric surface layer but we show that unsteady effects
depend significantly on the features of the incoming wind turbulence.
As these features depend on the thermal stratification and on the nature
of sea waves, especially in windy configurations, it is likely that results
will change if these parameters are changed. It is also important to
stress that the results of the present study only apply to rigid wingsails
whose dynamic deformation is negligible and in cases where the ship
motions are also negligible and in the absence of coherent large-
scale parasitic flows induced by the ship hull or superstructures. In
situations where these assumptions are not met, depending on the
dominant reduced frequencies in the apparent wind, the differences
between the results obtained with unsteady, quasi-steady and steady
approaches might be much higher than those found in the considered
canonical atmospheric surface layer wind. Additional research is, of
course, necessary to investigate these situations.

In what concerns the wingsail itself, the presented results depend on
the post-stall behavior of the wingsail profile, which is quite smooth for
the one-element airfoil we considered but is expected to be much more
abrupt when high-lift devices are used, as in most commercial wing-
sails. Quantitative results, such as the amplitude of the aerodynamic
force fluctuations or the mean thrust performance loss are therefore
likely to be quite sensitive to the specific wingsail design. For this
reason it will be important to extend this study to different types of
wingsails and to assess the accuracy of the results with respect to higher
fidelity numerical models and to experimental data.
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Appendix. Methods

Numerical simulations have been used to compute realistic turbu-
lent winds and to model the unsteady forces acting on the wingsail and
the unsteady vortical wake developing downstream.

Large eddy simulations. The wind in the neutral atmospheric surface
layer is computed by means of large-eddy simulations performed with
the Simulator for On/Offshore Wind Farm Applications (SOWFA) which
has been developed for wind energy applications by the US National
Renewable Energy Laboratory (NREL) and used by our group in a
number of previous wind-energy related studies (Cossu, 2021b,a,c).
All details of the formulation, implementation steps and validation of
SOWFA are detailed by Churchfield et al. (2010, 2012) so that we here
summarize only the main features relevant to the present computations.
The filtered incompressible Navier—Stokes equations (see e.g. Deardorff,
1970; Pope, 2000) are solved for the filtered “large-eddy” velocity,
pressure and potential temperature fields ;, , 6:

. U, 7 0T, 09—

% a; '/ :;I Y g5, <%> — 26,1 2,1,

where ), = T/ — 7} 6,,/3, Ty = igu; — 4;, = p + 7y /3 and Q is
Earth’s rotation rate. The equations are completed by the continuity
equation du;/dx; = 0. As in this study we only consider the case of
a neutral atmospheric boundary layer and we compute winds in the
atmospheric surface layer where the effects of the Coriolis acceleration
are negligible, the last two terms (buoyancy term and Coriolis acceler-
ation term) in the filtered Navier-Stokes equations are neglected. The
anisotropic part of the subgrid stress tensor is modeled by means of an
eddy viscosity v, as ?:j = -2y,5, j» where K ; 1s the rate of strain tensor
associated with the filtered velocity field and the Smagorinsky (1963)
model is used v, = (C,4)*(25,;S,;)"/* with C, the Smagorinsky constant
and A = (AxAyAz)'/3, where Ax, Ay and Az are the cell lengths in
the streamwise, spanwise and vertical directions respectively. Periodic
boundary conditions are enforced in the horizontal plane with L_-
L, streamwise-spanwise periodicity. The horizontal extension of the
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domain is 200 m x 200 m in this study. Results have been obtained
with spatial resolutions of Ax = 2 m, 4y = 1.5 m and 4z ~ 1 m
for z < 50 m, increasing to 4z ~ 2 m for z — H. It is assumed
that the flow adheres to the Monin and Obukhov (1954) similarity
near the ground by implementing (Schumann, 1975) stress boundary
conditions at the first cell near the ground which assumed that the
filtered vertical velocity profile is logarithmic with the prescribed
roughness length z,. Slip boundary conditions are enforced at the top
plane z = H of the solution domain (H = 300 m in this study). The
filtered equations are discretized in space by means of the finite volume
approach implemented in OpenFOAM, a widely used open-source code
on top of which SOWFA is built (see Jasak, 2009; OpenCFD, 2011, for
more details). A Crank-Nicholson scheme is used to advance in time
the discretized equations using the PIMPLE pressure-splitting iterative
solution procedure based on the combination of the PISO (Pressure
Implicit with Splitting of Operators, Issa, 1986) and the SIMPLE (Semi-
Implicit Method for Pressure Linked Equations Caretto et al., 1973)
algorithms. A fixed time step A7 = 0.1 s has been used in the simulations.
The filtering and discretization of the equations result in negligible
contributions of frequencies larger than approximately 1 Hz to the
spectral content of the (resolved) streamwise velocity component at
Z,.r = 30 m. Once a fully developed statistically stationary regime is
attained in the simulation (after ~2000 s), the temporal evolution of the
velocity field (the wind) in a cross-flow y-z plane is stored for 1000 s
with data sampled every 0.1s to be used as inflow boundary condition
for the calculation of aerodynamic forces on the wingsail.

Aerodynamic models. Aerodynamic forces acting on the wingsail are
computed with OpenFAST, the standard open source tool developed by
NREL and widely used to predict and analyze the performance of wind
turbines. Here we summarize only the main features relevant to the
present computations and refer the reader to the OpenFAST website
https://openfast.readthedocs.io where the details of the formulation,
implementation steps and validation of OpenFAST are detailed. Aero-
dynamic forces are computed by means of a blade-element formulation
where the wingsail is decomposed into N, elements (N, = 50 in our
computations) on which the aerodynamic force (composed by lift and
drag) is computed at the local control point by using the local effective
velocity which is the vector sum of the local apparent wind velocity and
the velocity induced by the vorticity of the free wake and the (lifting)
wing. The latter velocity is computed with a discretized and optimized
version of Biot-Savart law. As the wingsail is assumed rigid, the veloc-
ity associated to structural oscillations is set to zero. In the quasi-steady
approximation, the local aerodynamic tabulated data C; (), Cp(a) are
used to compute the local elementary aerodynamic force contributions
which are then summed to provide the total aerodynamic force. In the
fully unsteady formulation, the Beddoes-Leishman model is used to
compute the local aerodynamic force. This is a quite complex model
introduced by Leishman and Beddoes (1989) (see also Leishman, 2006)
to describe the time delays in the force generation that are observed
when the unsteady flow is attached, the trailing edge flow separation
and the time delays and lift and drag hysteresis associated to dynamic
stall. All these effects depend not only on the instantaneous value of the
angle of attack and the module of the effective velocity but also on their
temporal histories and, as such, are sensitive to the reduced frequency
content of the effective velocity. We refer the reader to Damiani and
Hayman (2019) for a complete description of the different versions of
the Beddoes-Leishman model implemented in OpenFAST, among which
the four states formulation of Hansen et al. (2004), Branlard et al.
(2022) that we have used.

Free vortex wake. Because of the high unsteadiness and spatial inho-
mogeneity of the considered apparent winds, no model is used for
wake-induced unsteady effects but the vortical wake motion is solved
by means of the OLAF free vortex wake module of OpenFAST. The for-
mulation and implementation details of OLAF are described by Shaler
et al. (2020), to which we refer the reader for additional information.
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The vorticity shed in the wake is generated at each time step by the
(generally time-varying and spanwise inhomogeneous) lift distribution
on the wingsail and then transported and diffused in the freely moving
wake. The wake is discretized into N, = 20000 elements (N, = 50
new panels along the wing span are emitted at each time step and
followed downstream for 400 time steps) whose position and circulation
are updated every Ar = 0.1 s. Each element of the wake is advected
using the user-provided velocity field complemented by the wing and
wake vorticity-induced velocities. To reduce the computational cost,
the self-induced wake deformation is neglected for elements of the
wake which are located approximately more than 50 m (one mast
height) downstream of the wingsail (the so-called frozen part of the
wake). The wake is truncated farther downstream, roughly at 400 m
(eight mast heights) where buffer elements replace the action of the
truncated part of the wake. Present results were checked to be not
sensitive to the wake truncation distance nor to the frozen wake as-
sumption by increasing the number of panels and/or repeating some of
the computations without any frozen element of the wake.
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