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Abstract. The paper proposes a novel algorithm to simulate Vertical Axis Wind Turbines
in floating motion based on a low-fidelity approach. The conventional Double Multiple
Stream Tube Model is formulated as a steady state model to deal with the inherent unsteady
aerodynamics of VAWTs. The Double Multiple Stream Tube Model makes use of an average
contribution of the blade passages over a revolution to solve the Blade Element Momentum
equation. The model reduces the dependence of the solution (the induction field) to a space
variable. Floating Vertical Axis Wind Turbines undergoes a variation of aerodynamic quantities
according to wave periods, also different from the rotor period. This paper provides a new
formulation of the Double Multiple Stream Tube Model to solve the turbine rotation in time
and space, introducing the variation of the platform velocity and a revised approach to the
downstream actuator disc. The most impactful parameter is found to be the wave frequency:
wave periods at full-scale are lower than the ones of the turbine rotor, featuring optimal
operating points at low tip speed ratios. The increase of the wave frequency highlights the
differences of the average torque prediction for a single blade up to 10% between the unsteady
and the standard formulation. In this context, the development of fast low-fidelity computational
tools play a key role in the assessment of the preliminary designs of Floating Offshore Vertical
Axis Wind Turbines and it will be used to optimise the aerodynamic design of the laboratory
scaled model under surge motion.

1. Introduction
The interest in Vertical Axis Wind Turbines (VAWTS) is renewed by the expanding Offshore
market of the renewable energy sources. The turbines with vertical axis benefit several
advantages over HAWTSs: the inherent insensitiveness to wind direction and lower impact of
the wind shear and veer. The generator of VAWTSs can be placed at the ground level with
a reduction of the topside moment of inertia. Contrary to common belief, the aerodynamic
efficiency of VAWTs is comparable to that of HAWTs, thanks to technological improvements
in more durable blades and turbine components [1]. All these aspects make VAWTSs suitable
players for Floating Offshore Wind in light of lower LCOE, also thanks to reduced O&M costs.
In this scenario, the development of experimental tests as well as numerical simulation tool
are crucial for the assessment of VAWTSs in presence of complex inflow generated by the flow
interaction with the turbine under platform motion. Before experimental setup design, a reliable
Design of Experiment (DoE) is required, involving the use of low-fidelity numerical tool extended
to Floating Offshore Wind Turbine (FOWT) application.

Content from this work may be used under the terms of the Creative Commons Attribution 4.0 licence. Any further distribution
BY of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOL.
Published under licence by IOP Publishing Ltd 1


https://creativecommons.org/licenses/by/4.0/

EERA DeepWind Conference 2024 10P Publishing
Journal of Physics: Conference Series 2875 (2024) 012006 doi:10.1088/1742-6596/2875/1/012006

In this paper, the 3D Double Multiple Stream Tube (DMST) for general shape and
size [2] is employed to analyse the rotor aerodynamic behaviour under surge motion of the
scaled Troposkein turbine model. DMST is intrinsically a steady-state model for its inherent
formulation and a new formulation is outlined in this work to extend the validity and assess the
results to several input parameters such as the apparent wind amplitude with respect to the
freestream wind speed AV/V (peak-to-peak), the wave phase shift and the ratio between the
rotor and wave frequency. The aim of this work is to propose a numerical model with reduced
computational time to support the preliminary stage of a floating VAWT. Future analyses with
higher fidelity codes and experimental tests will be compared to 3D DMST results.

DMST formulation applied to floating motion cases was already applied in [3] starting from
the basic DMST code by [4]. The relative velocity, also referred to as apparent wind velocity,
Vrel experienced by the blade is found as the superposition of the freestream wind speed V.,
the induction velocity V;,q and the platform induced motion V,,; , according to Eq.1.

‘_/;’el = ‘700 + ‘Z’nd + ‘71)lat (1)

The induction field with variable inflow wind ‘_/;nel is determined by interpolating the data
from the database of steady solutions.

In this paper a novel unsteady DMST is proposed in order to address the impossibility to treat
a floating VAWT as a quasi-steady approach as V,.; changes within a VAWT revolution, while
DMST relies on an averaged induction solution over one turbine cycle. The solution is strongly
dependent on the position of the blades varying in time, likewise the inflow velocity. This leads
to a formulation which is time-dependent, so that DMST has to be thought in such a way that
space azimuthal position of the blade is function of time, conversely from standard BEM-based
code written as function of spatial coordinate, 6, the azimuthal position of the blades.

Dynamic induction effects in vertical axis wind turbines (VAWTSs) refer to the complex
aerodynamic interactions that occur due to the unsteady nature of the wind flow around the
rotating blades. These effects are significant in VAWTSs because the blades experience rapidly
changing angles of attack and wind velocities during each rotation, leading to variations in lift,
drag, and induced flow patterns.

e Dynamic stall: it occurs when the angle of attack on the blades exceeds the critical angle,
leading to a hysteresis of the aerodynamic coefficients. This phenomenon is particularly
prevalent in VAWTSs due to the cyclic variation in angle of attack.

e Wake induction: VAWTs induce velocity fields and vortices in the flow. These induced
velocities and vortex patterns further complicate the flow dynamics, impacting the load
distribution on the blades and the overall aerodynamic performance of the turbine.

o Wake interaction: the rotating blades interact with the wakes produced by upstream blades.
This interaction can cause significant fluctuations in the aerodynamic forces acting on the
blades.

The first implementation to extend the DMST to floating operations is the introduction of the
apparent wind caused by the platform motion. Collu et al. [3] developed the DMST model where
platform motion was included and the induction was interpolated using a ’look-up’ database
where the induction is interpolated according to the time step, position, combined incident wind
and platform induced velocity. The dynamic stall model by Gormont-Berg [5, 6] is implemented
and any other dynamic effects were accounted for. The rotor inertia was explicitly added in
ad-hoc module in the fully coupled aero-hydro model. In Borg et al. [7], the aerodynamic
formulation follows the velocity vector formulation already present in [3], and no dynamic inflow
model is included. Dynamic inflow models have been used extensively for HAWTs: a time
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derivative term is introduced in the general momentum theory, Td—qz with 7 a calibrated time
constant, among the most renown are the formulations of Pitt-Peters [8], Oye [9] and ECN
[10]. The dynamic inflow model for VAWTs was included in [11], using an a Actuator Cylinder
(AC) model and Beddoes-Leishman dynamic stall is employed. A new ad-hoc formulation
was developed by De Tavernier et al. [12], calibrated on Free-Vortex Wake (FVW) models
model. DMST and Actuator-Disc/Cylinders models require an ad-hoc sub-model to account
for the induction and interaction of the wake, otherwise modelled in FVW codes. In the recent
comparison between numerical tools in [13], the DMST formulation does not feature a dedicated
dynamic inflow model as other numerical models used for the validation in the paper. The
dynamic stall is the one proposed by Masson at al. [14].

In this paper the wake induction model is not present and the proposed formulation focuses on
the the dynamic stall model implementation for a floating VAWT highlighting an unprecedented
formulation for the downstream disc. The dynamic inflow model is not included in this work.
The aim of the research is to compare the proposed formulation with a DMST solution obtained
with a quasi-steady approach and the conventional DMST. The authors address their attention
to the difference of load amplitudes achieved by the DMST model, rather than power extraction,
since the maximum excursions of loads are key parameters for the assessment of the turbine
structural integrity and the design of the turbine blades.

The structure of the paper is as follows: Section 2 is devoted to the novel theoretical approach
to the unsteady DMST, Section 3 illustrates the case study selected of the analysis with the
laboratory scale floating VAWT designed for forthcoming experimental testing in the wind
tunnel. Section 4 shows the results with the novel unsteady DMST assessing the sensitivity
of the model to: i) relative wind amplitude, ii) wave phase lag, iii) the wave-to-rotor frequency,
proposing a comparison with steady and quasi-steady approaches simulated with the same code
framework. The last Section 5 recaps the findings of the present analyses and outlines the future
work.

2. Methodology
In this section, three different DMST versions are theorised starting from the steady-state code
for fixed-bottom VAWT, the quasi-steady to the novel unsteady algorithm.

2.1. Steady DMST model

In this paper the proposed unsteady DMST is based on the standard version proposed by
Paraschivoiu [4]. The paper considered a general VAWT architecture ranging from Troposkein
("eggbeater” shape) to H-shaped rotors, with an eventual sweep of the blade (Gorlov turbine).
An improved 3D DMST code is proposed by the authors in [2] with corrections to deal with
general shape and size VAWTs and accounting for the following submodels: extended polars
beyond deep stall angle of attack, [15]; Glauert’s correction for high loaded rotor, [16]; Flow
Curvature correction, [17]; modified tip loss correction, [18]; Strickland’s Dynamic Stall Model,
[19]; passive strut losses, [20]; wind shear power law correction, [21]; tower tilting, [22]. Another
typical submodel is implemented to correct the velocity on the downstream actuator disk due
to flow expansion [23], however, it is deemed that the wake expansion between upstream and
downstream actuator discs of small-size of the VAWT considered is negligible. In the remainder
of the paper this model is referred to as Steady State (SS).

2.2. Quasi-steady DMST

The SS DMST can be used to find a solution at each time step to consider the variation of
the relative wind, nonetheless the DMST would provide a steady state solution for each instant
of interest, therefore involving a relevant simplification since the solution is the average of the
entire rotor revolution. This approach can be adopted when the platform frequency is much
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Figure 1. Schematic plan-form view of the velocity vectors on the upstream and downstream
discs with a platform motion. Streamtubes are depicted in shaded colours for two subsequent
instants ¢ (grey) and t + At (red).

lower than rotor frequency, for this case quasi-steady approach is expected to match the steady
state solution. For the following comparison, the quasi-steady model is referred to as Multiple
Steady State (MSS), as it is constituted by a sequence of steady solutions at different relative
wind speeds.

2.8. Unsteady DMST model

The advantage of the standard DMST model is to deal with the unsteadiness of VAWT ”by
design”, as a steady problem, where spatial and temporal variations merge. The instantaneous
position of the blade is not regarded, as the solution is the average output during one turbine
cycle, so is the induction field. The nature of floating VAWT modeling rises two main questions
that can not be covered by the standard DMST:

a. time-dependent inflow due to platform motion: during one turbine cycle, the relative wind
speed varies altering the aerodynamic loads. How can you discretise the time-resolved
problem where time rules both the inflow velocity and the rotor position with two different
frequencies?

b. The downstream disc requires a dedicated approach to evaluate the induction at the
downstream disc as the relative velocity varies according to the apparent velocity during a
rotor revolution.

Herein, the first question is easily addressed using the time as independent variable, for
each instant the position of the three blades is sought and the apparent wind, due to platform
motion, is used for the aerodynamic loads. To address the second question, it is to be clarified
that induction factors can only be defined in presence of the blade (when momentum exchange
or energy extraction occur). From a steady point of view (without platform motion), each
downstream streamtube assumes that there is an upstream induction (or an extraction of power)
due to the effect of the passage of each blade. The overall momentum variation in the axial
direction (namely the thrust force) at each streamtube is computed as the average over a rotor
revolution of the thrust exerted by all the blades. However, considering a floating VAWT,
the induction caused by each blade passage is different over a rotation, as already argued by
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Ferreira [24] stating that, even in steady wind, the downstream induction is over-predicted by
experiments and higher fidelity codes. Despite this, when considering a downstream blade, even
though the same upstream streamtube is not crossed by any blade, the flow is decelerated due to
the blockage effect as reported by 2D and 3D flow fields of RANS in [25, 26]. The DMST itself
is limited to quantify the blockage induced by the wake. This latter could be modelled with a
dynamic inflow model to consider the unsteady effects due to added mass. However, this work
only focuses on the dynamic stall as source of dynamic effect with emphasis on the modelling of
the induction on the downstream actuator disc.

Figure 1 depicts a 2D slice of the unsteady DMST model for a VAWT with three blades (B1,

B2, B3) at two different time steps t and ¢ + At. The relative velocity V:el, is indicated by V
and the brackets refer to the time instant. Considering time instant ¢, blade B3 is located in the
downstream half of the trajectory, the velocity experienced by the blade V. is described by the
first term related to the induced velocity in the near wake of the upstream disc. With analogy to
the standard DMST, the velocity at the downstream disc is evaluated considering the velocity
found at the upstream disc and corrected by the new apparent wind (which is different from
the one considered when the induction was calculated at the upstream disc). The addition of
the apparent wind is accomplished as the momentum balance occurs in the relative frame of
reference.

3. Case Study

3.1. VAWT model

The cases studied in this paper are defined based on a 3-bladed Troposkein VAWT rotor at
laboratory scale. The Troposkein rotor is designed with DMST model (fixed-bottom), optimising
the rotor solidity maintaining the swept area of VAWT tested in [27]. The turbine blade features
DU06W200 airfoil as in DeepWind Demonstrator [28] and DeepWind 5SMW [29]. Details of the
aerodynamic design are reported in Table 1. The future perspective of this work is to test
the optimised Troposkein rotor in the wind tunnel with floating motion imposed by a hexapod
(HexaFloat) consisting of 6 d.o.f. as accomplished with HAWTs [30, 31]. Only sinusoidal surge
wave input is prescribed in this paper. The simulation envisages a wind speed of 10 m/s to ensure
a low uncertainty on the velocity measurements and the rotational speed of 360 rpm allows to
obtain high Reynolds numbers. The design peak-to-peak amplitude of the apparent wind AV/V
is 0.1, the values are comparable to the ones in [30]. Realistic wave periods corresponding to a
full turbine scale range from 6 to 12 s, typical of Mediterranean Sea state[32]. To assign a wave
frequency to the DMST simulation, the ratio between wave fyyq4e and rotor frequency frotor
is derived from the full scale model. This approach refers to the DeepWind 5MW turbine, its
rotational speed leads to a f* = fiyave/ fRotor Tange between 0.87 — 1.74. This frequency range
is covered by the DMST model simulating a wider frequency range f* = [i, 1,2,4]. Nonetheless,
experimental tests in the GVPM wind tunnel [33] are constrained by the maximum acceleration
allowed, corresponding to 2 Hz.
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Rotor diameter at equator D [m] 1.510
Rotor height h [m] 1.454
Rotational speed € [rpm] 360
Chord ¢ [m] 0.126
Solidity o 0.36

Airfoil shape DU06W200
Swept area Agyept [m?] 1.5

Figure 2. Troposkein 3D Table 1. Troposkein  VAWT design
model. parameters.

3.2. Validation and optimisation

The baseline DMST code with the steady-state formulation, programmed in the Matlab
environment, was widely validated with experimental data in [2] for H-shaped and Troposkein
architectures at different rotational speeds, in upright and tilted configurations and compared
with the experimental data obtained in [34, 28, 27]. The DMST code is ported in the Pyhton
programming language ensuring the same results, Table 2. The optimisation process is pursued

with one design variable, namely the solidity ¢ = i\]""’ht , since all the other dimensions are
swep

fixed to fit the wind tunnel section of the scaled model. The optimal airfoil chord results
Cnom = 0.12675 m which maximises the power coefficient C'p = 0.35 at an optimal TSR=2.85,
Figure 3 depicts Cp — T'SR curves for different solidity values, where the rotational speed is
maintained constant.

0.35

0.30

TSR [] 2.7 2.85 3 025
Voo [m/s] 10.54 10 9.49 — ¢ = 0.5 Coom
: 0.20 ¢ = 0.75 Chom
Average Torque [Nm] S o5 — o= ;zcsvms mm
MatLab 4\ 038400 8.13458 6.92796 ] €= 2Cmm

0.10

Python e 9.38405 8.13466 6.92776

0.05 4

0.00

TSR [-]

Table 2. Average acrodynamic torque Figure 3. Power coefficient curve for
for fixed rotational speed. varying TSR, at fixed (2 = 360 rpm.

The optimal VAWT design is simulated with the Unsteady DMST (labelled as "Uns’) to verify
the convergence and the periodicity of the solution in a surge case with AV/V = 0.1, f* = 2.
Eq.2 reports the surge displacement, Eq.3 the surge velocity and Eq.4 the relative wind.

Tplat = _As Sin(zﬂfwavet + (ZS) (2)
V;)lat = *27waaveAs COS(QT‘-fwavet =+ ¢) (3)
V= Voo - ‘/plat (4)

The DMST model resolves an azimuthal angle step of Af = 3°, for 20 sections over the
turbine height along z axis. The result of the average torque for each rotor cycle is defined as
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Eq.5 where the total number of rotor periods simulated is 9. The convergence of the solution
is reached starting from the second revolution with a nearly constant average torque difference
10—, Figure 4.
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Figure 4. Relative error of the average torque per revolution period.

For the load case mentioned, the computational time for an unsteady case (9 revolution
periods) is ¢4, = 147 s using parallel computing on 10 cores of CPU 12th Gen Intel(R) Core(TM)
i7-1280P 2.00 GHz, compared to 740 s in serial. SS DMST in Matlab performs better over a
revolution with 10 s simulation for the steady-state solver while Python runs in 16 s. However,
the open accessibility of Python and the potential coupling with several open source packages,
such as optimisation tools, made the latter the standard code for the following analyses.

4. Results

This section presents the torque results with unsteady DMST model under the effect of: a) the
variation of the apparent wind speed; b) the variation of the surge phase shift; ¢) the variation
of the frequency of the surge motion. A comparison with the steady DMST approach is shown
with a fixed wind speed Vi, for all the three analyses, analysis in ¢) provides a comparison with
the MSS DMST model to emphasize the prediction capabilities of the unsteady code.

4.1. Apparent Wind Effect

The assessment of the unsteady DMST model is carried out varying the apparent wind in the
range AV/V = [0.1,0.25] with the same f* = 2. Figure 5a shows the torque associated to
each VAWT blade over a rotor cycle (corresponding to 2 wave cycles). Torque blade peaks
feature different values in accordance to the apparent velocity (shown as AV in dashed and
solid black lines). The MSS model slightly differs from Uns model, the effect of the dynamic
stall does not impact the turbine power production. The main differences are observed for the
torque amplitude the blades with respect to steady state (SS) and multiple steady state (MSS)
models. The torque maximum value reached by a turbine blade is before 8 ~ 90°, blade B1
SS achieves the peak at 0,.t0r = 80°, B3 is the second blade experiencing the maximum blade
torque value (B3 is the blade shifted by 240° from B1) and the last peak is achieved by B2.
When observing the peaks obtained by DMST Uns, B1 torque peak is dampened by the effect
of the lower instantaneous AV, which is close to the lowest negative value of the sinusoid at
Owave = 160°. Torque peaks of B2 and B3 occur when local AV is larger than zero, hence the
values are larger than those of the SS DMST (dotted line).
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Figure 5. Torque (a) and AoA (b) values for each blade over a rotor period and f* = 2 with
AV/V =10.1,0.25] compared to steady-state solution (fixed-bottom VAWT).

Figure 5b shows the angle of attack of the three blades over a rotor period. AoAs reflect the
torque trends: when the blade experiences a larger apparent wind (considering also the sign),
the AoA is larger fully complying with the expectations of larger loading at larger incoming
wind speeds. Considering the time instants where AV = 0, load cases undergo very similar
AoA when 0g,i0- is in the upstream-upwind region limited enough to not enter the stall region,
e.g. Owave = 90° (B1), Owave = 270° (B3), Owave = 630° (B2). As soon as blades enter the
stall region, larger AoA differences are observed at Oy e = 270° (B1) and Oy qpe = 450° (B3).
This emphasizes that the dynamic stall effect impacts the performance and AoAs with different
weights, when AV shares the same local value for different surge loads (AV/V), the difference
may be ascribed to the rate of change of AoA. Overall, the Uns DMST estimates a slight lower
rotor torque than SS DMST by 0.8% and 2.7% with AV/V equal to 0.1 and 0.25, respectively.
The average blade torque are larger, 4% and 9% for the lower and larger apparent wind ratio.

4.2. Surge Phase Shift Effect

The great challenge of modeling VAWT with DMST is the unsuitability of the steady-state
approach as seen in the previous paragraph: the AoA and torque are strongly dependent on the
position of the blades and the corresponding apparent wind. For this reasons, the load cases are
simulated with fixed f* =2, AV/V = 0.1 with different surge phase shifts ¢ = [0,7/2, 7, —7/2].
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Figure 6. Blade torque over time for different surge Table 3. Average blade (B1, B2,
phase shift at f* =2, AV/V =0.1. Only Blade 1 (B1) is B3) and rotor (R) torque over a
shown. turbine period.

The most impactful effects of the surge phase shift are found at the torque peaks where
the VAWT is extracting more power, in the upstream-upwind cycle as illustrated by Figure
6. Where the blade passes through the downstream phase, the torque extent is very low and
differences are negligible. Table 3 reports the average torque M, over a period for each blade for
the unsteady case compared to the steady-state value (three blades contributes equally to the
rotor torque). Torque differences between steady state model and unsteady reach 5% at least
for one blade at each ¢ angle. The differences of overall rotor torque are limited to less than 1%
since the gaps observed for each blade are levelled out in the global performance. A larger gap
is found on the blade torque amplitude when the apparent wind ratio increases.

4.8. Surge Frequency Effect

The study of the effects of the surge parameters, e.g. surge phase shift and apparent wind
amplitude, corroborates the relevance of the development of the DMST unsteady model. The
last parameter linked to the floating motion examined is the surge frequency. Only in case of
very slow wave oscillations, one might treat the problem as quasi-steady, however Mediterranean
wave periods are in between 6 s and 12 s, the DeepWind 5MW turbine [29] has a rotational
speed at rated condition of €2 = 5.2 rpm, corresponding to 11.53 s, hence, the ratio f* for a
utility scale VAWTSs can range from 1 to 2. Therefore, results of the unsteady DMST model
are presented varying the wave frequency so that the wave-rotor frequency ratio assumes values
f*=11/4,1,2,4], at a fixed rotational speed of 2 = 360 rpm, freestream wind speed V, = 10
m/s and an apparent wind ratio AV/V = 0.1. The solution of steady-state (SS), quasi-steady
(MSS) and unsteady (Uns) are compared in the following analysis of Figure 7. MSS DMST
solves the entire revolution of the turbine with a fixed apparent wind, the global solution is
constituted by the sequence of steady solutions at varying apparent winds, however this does
not allow to compare the time-resolved torque with the unsteady model outcome. Therefore, the
solutions of torque represented in this paper are extracted for a Orotor With the corresponding
apparent wind of the unsteady solution.
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Figure 7. Time-resolved aerodynamic torque during a complete wave or turbine cycle with
wave-turbine frequency ratio of f* =[1/4,1,2,4].

At low wave frequencies, Figure 7 shows that the unsteady solution coincides with quasi-
steady one as expected for a slow surge oscillations. The difference between the SS model is
observed in the torque values at relative peaks, which follows the trend of the apparent wind
difference AV, even though the average rotor torque of unsteady solution is only 0.3% lower
than steady one. Very small differences between Uns and MSS average rotor torque results
are detected for wave frequency range as the combination of the three blades compensates the
differences observed for single blades, Table 4. Otherwise, larger discrepancies are detected in
terms of blade average torque AM, when the wave frequency increases as illustrated in Table 5.
The single average blade torque differences between 'Uns’ and "MSS’ achieve nearly 7% (blade
Bl or B2, f* =4).

Table 4. Average rotor torque M, [Nm]| for frequency ratios f* = [1/4,1,2,4]. Percentage
differences of unsteady DMST are expressed with respect to quasi-steady (MSS) solution.

f*
1/4 1 2 4

SS 8.158
MSS 8.138 8.133 8.140 8.131
Uns  8.130 8.168 8.157 8.165
-0.103  +0.425 +0.209 +0.420

The major source of discrepancy between the quasi-steady and unsteady approach is found
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Table 5. Average blade torque M, [Nm] for frequency ratios f* = [1/4,1,2,4]. Percentage
differences of unsteady DMST are expressed with respect to quasi-steady (MSS) solution.

f*
1/4 1 2 4

B1 B2 B3 B1 B2 B3 B1 B2 B3 B1 B2 B3
MSS 2711 2710 2717 | 2851 2,665 2.617 | 2.532 2487 3.121 2.726  2.620 2.785
Uns 2.703 2.714 2.701 2.720 2.801 2.602 | 2.643 2.644 2.825 | 2.548 2.800 2.772
% error  -0.315 0.153 -0.562 | -4.594 5.089 -0.581 | 4.379 6.318 -9.486 | -6.524 6.875 -0.477

at high f* where the apparent wind varies faster than the turbine revolution. It is highlighted
by Figure 7 that MSS torque trend clearly diverts from Uns data from f* = 2, although MSS
maintains a qualitative behaviour closer to Uns than SS. The torque differences are better
appreciated when the blades face the upstream stroke in the azimuthal range § = 70 — 160°
for each blade. The quasi-steady approach is able to resolve the variation of the apparent wind
within a rotor period, for this reason the unsteady solution is close to MSS due to low wave
frequencies. Though, the proposed unsteady model DMST shows a relevant difference since the
solution of each time step is achieved, resolving the three distinct blades. The gap in blade
torque is ascribed to the effect of the dynamic stall, which depends on the rate of change of
the AoAs. At each time step, unsteady model employs the AoA of the previous time step,
for which an apparent wind was determined by the surge motion law. Quasi-steady solution,
instead, is obtained with the apparent wind constant for the entire rotor period. The dynamic
stall implementation do not introduces relevant differences in the power harvest, though larger
blade blade torque amplitude differences up to 10%. It is observed that it is the outcome of
the model just considering the dynamic stall model, a different estimation may derive from the
introduction to dynamic wake effects, which are not included.

5. Conclusions

A new formulation of the standard DMST solver is extended to model VAWTSs subjected to
floating motion. The main modeling difference resides in the explicit formulation in terms of the
time; the forces exerted on the three blades are computed in the same time instant. They are not
considered as an average effect of the blade passage through Ogr.tor as in standard DMST. The
induction field at the downstream disc experiences a velocity deceleration assumed equal to the
one at the last blade passage in correspondence of the same streamtube. Besides, a correction of
the incoming apparent wind is pursued on the downstream disc when the upstream induction is
accounted for. Limited differences on the averaged rotor torque were observed between unsteady,
quasi-steady and unsteady approaches, within 3%, for an apparent wind amplitude of 25% of
the wind speed. At a smaller apparent wind amplitude of 10%, the difference was within
1%. However, the differences in the blade average torque up to 9% are observed at increasing
wave frequencies and large apparent wind amplitudes, which is recognised as the paramount
contributor to the largest discrepancies with respect to surge phase shift and low apparent wind
amplitudes (=~ 5%). The formulation of the Unsteady DMST as developed in this paper allows
to compute the turbine torque according to the variation of the apparent wind imparted by
the platform surge motion. The source of unsteadiness in the solution stems from the dynamic
stall model, since dynamic effects such as wake induction and added mass effect are not present.
The proposed DMST model simulates different wave-rotor frequency ratios, covering large-scale
VAWT operating ranges, featuring very slow rotors (optimal TSR are lower than HAWTSs), in
offshore applications where waves can have the same frequency of the turbine rotation or larger.
So far, no experimental data are available in the literature for floating VAWTSs, although the
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result of this study led to the preliminary design of a Troposkein rotor to be tested in the wind
tunnel. A detailed comparison between experiments and the recently developed DMST will be
tackled in the future.
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