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ABSTRACT
In this paper we present a computational investigation of the aerodynamics and perfor-
mance of four vertical axis wind turbines, comparing two different troposkein rotors
equipped with two different airfoil sections. Simulations were performed by resorting
to an experimentally-validated 2D/3D unsteady Computational Fluid Dynamics model,
based on the U-RANS formulation of the equation and relying upon the k− ω SST turbu-
lence model in low-Reynolds formulation. The performance of the selected wind turbine
configurations are investigated and discussed considering different operating conditions at
2D level, and then focusing on the peak efficiency condition for the fully 3D analysis. Over-
all power coefficient data and trends, spanwise distributions and local blade aerodynamics
are used to discuss the impact of rotor solidity, Reynolds number, and airfoil shape on tur-
bine performance. The investigation reveals that the adoption of non-symmetric laminar
profiles provides important advantages in complex flow regions, typical of such class of
machines, both in the equatorial sections and along the span. Moreover, a solidity formu-
lation based on the equatorial section turns out to be representative of the aerodynamics
of the entire turbine, despite the trospokein shape of the rotor.
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Nomenclature

c blade chord [m]

k turbulent kinetic energy [m2/s2]

n rotational speed [rad/s]

CM moment coefficient
CM=M/(1/2ρ∞ V2

∞ AR) [−]

CP power coefficient
CP = CM TSR [−]

A turbine frontal area [m2]

D turbine diameter [m], drag [N ]

L lift [N ], blade length [m]

H turbine span [m]

M moment [Nm]

P power [W ]

R turbine radius [m]

URANS Unsteady Reynolds Averaged
Navier-Stokes
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Re Reynolds number [−]

SST Shear Stress Transport

TSR Tip Speed Ratio

Tu turbulence intensity
Tu=

√
2k/3/V∞ [−]

U peripheral velocity [m/s],
uncertainty [-]

V absolute velocity [m/s]

VAWT vertical-axis wind turbine

W relative velocity [m/s]

α incidence angle [deg]

ω vorticity [1/s]

ρ density [Kg/m3]

σ solidity σ=NcL/A [−]

θ azimuthal angle [deg]

∆t time step [s]

∆x spatial discretization parameter [m]

∞ freestream

eq equatorial

1 Introduction
Sustainable energy ambitious targets driven by severe climate changes have recently pro-

moted a great demand for innovative solutions for exploiting renewable energy sources. On-
shore and offshore wind turbines, possibly employed in wind farms, are a very promising choice
and are expected to play a key role in the current, complex, energy scenario. As documented in
the Global Wind Energy Council 2022 report, the total installed wind-turbine capacity amounts
to 837 GW, a growth of 12.4% compared to 2020; in the next years, the wind energy role as
a key player for the energy transition will depend on ensuring the industry’s growth is sustain-
able, socially responsible, while relying upon a clear and viable economic perspective. In such
a scenario, multiple wind turbine technologies need to be considered with the aim of selecting
the most promising configurations for the specific application context.

Beside the mainstream horizontal-axis wind turbine, the lift-driven Darrieus vertical-axis
wind turbine (VAWT) has received a growing attention in the last decades from both academic
groups [22, 17, 34, 15, 23, 16, 7] and institutions [26, 27] for its peculiar characteristics [13]:
i) a good candidate for installations in a network of local energy community (within complex
turbulent flows developing in urban environment) and ii) a potential competitor for large-scale
wind installations offshore, especially in connection to floating foundations. In particular, these
machines are endowed of a low center of gravity, being the drive train and generator placed
at the bottom of the tower, and thus not affected by cyclic gravitational loads that may cause
fatigue damages. However, the rotor operation gives rise to unsteady, cyclic variation of the
load experienced by the blades and overall structure; moreover, the flow field establishing is
inherently unsteady and fully three dimensional, transitional to turbulent, and often featuring
local separations on the blades, greatly complicating the investigation of the turbine operation
and performance.

Accurate prediction of the aerodynamic performance of VAWTs is clearly of great relevance
to obtain innovative solutions both for small-scale distributed applications and for utility-scale
installations in large wind farms. Recent works have enriched the experimental database on
prototypes at laboratory scale [22, 17, 34, 15, 23, 16, 7], have proposed or improved tailored
modeling techniques for aerodynamic predictions, also considering multiple fidelity level [32,
2, 3, 4, 11, 28, 8, 20, 5], and have investigated issues related to the machine operation [10, 31,
25, 21].
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High resolution CFD simulations can help to gain deep insight into flow structure develop-
ment, and better understanding of the energy harvesting process. In fact, several issues play
a key role in the optimization of the power exchanged: i) the machine geometry, in particular
the blade section (due its effect on the power harvesting at different TSR conditions as shown
in [35], where a morphing design of airfoils was adopted to obtain the optimal airfoil shape
at lower TSR values), the turbine solidity (see for example, [24], in which two different solid-
ity configurations are studied for a selected base geometry, by varying the number of blades),
and the rotor aspect ratio; ii) the operating parameters such as the TSR value, the flow regime,
the turbulence intensity level (as presented in [33]), or such as the Reynolds number (see for
example [30], where the effects of a blade profile, the Reynolds number, and the solidity on
VAWT performance were investigated using a multiple stream tube method); iii) viscous losses
as for example those due to the presence of the shaft (see e.g. [29] where a quantification of
power losses is provided for a urban scale VAWT using 2D CFD computations). Several issues
are relevant for the effective design of VAWTs, also owing to the combined effect of those key
issues, and therefore further investigations are certainly needed to extend the field of knowledge
with respect to these topics, in order to improve the performance of existing configurations and
to conceive innovative, more performing machine configurations.

The rationale behind this work consists in providing a further step forward in the analysis
of VAWTs behaviour, by applying a high-resolution computational model, endowed of proper
experimental validation. The considered turbine rotor is characterized by a Troposkein shape
and two different airfoil profiles are selected. The Troposkein configuration was selected since,
during recent years, it received renewed attention for its technical advantages, which may pro-
mote its application in offshore wind farms, with water depths greater than 40 meters (see for
instance [36, 6, 9]). The selected rotor is then assessed considering a symmetric profile and a
cambered one. In this paper we first document a wide 2D computational campaign, aimed at
investigating the influence of the solidity parameter at different machine operating conditions
when applied to several different configurations, i.e., different rotor sizing, blade shaping and
airfoil design. Then, fully-3D calculations of the flow field around selected rotor configurations
is also presented to investigate the performance prediction at relevant operating conditions, so
to derive engineering-relevant conclusion on key design parameters.

2 Turbine Models and methodology
Different configurations of laboratory-scale wind turbine models are considered to study

the influence of geometrical and operating parameters on the machine capability of power ex-
change. The selected configurations, shown in Figure 1 are as follows:

1) A rotor designed with a troposkein architecture, named TW, a 1-kW class machine, which
can be regarded as either a real-scale turbine for distributed micro-generation within energy
communities or as a small-scale laboratory model of a utility-scale device, e.g. for off-shore
floating wind farms. Full details on the rotor geometry (including the tabulated coordinates
of the troposkein profile) and the experimental results (including tabulated data) are reported
in [7].

2) The Deepwind troposkein wind tunnel model herein called DW is studied in [6], where
full details on the rotor geometry (including the tabulated coordinates of the troposkein profile)
and the experimental results are provided.

Table 1 lists the main relevant, geometrical data of the turbine rotors selected as above
described. These models have been chosen since their original design was tightly related to the
DeepWind turbine featuring Troposkein blade shapes; specifically, assuming to fulfill a good
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Figure 1: TW & DW Rotor models (left); VAWTs reference system and selected airfoil profiles,
blade profile f(z) with slices from midspan to top, 1 to 10 (right)

mechanical resistance, the machine performance is tightly related to the airfoil profile, and to
geometrical features connected to the swept area and to the blockage effects. Furthermore, a
symmetrical NACA profile is then compared with the DU06W200 profile (developed by [12])
specifically designed to obtain enhanced aerodynamic performance, in order to set a quantitative
comparison in between different design approaches. Indeed the research activity on the rotor
aerodynamics and performance behaviour of a troposkien VAWT still remains a challenge due
to complex evolution within the structure and behind it.

VAWT Rotor Airfoil hb [m] Dr [m] A [m2] σ Reu
TW Troposkein NACA0021 1.510 1.510 1.5 0.054 190k
DW Troposkein DU-W06 W 200 1.902 2.028 2.63 0.047 220k

Table 1: Model VAWTs test cases: main geometrical parameters

Figure 1 allows to drawn a first comparison between the different profiles. Notice that
only the models reported in Table 1 were actually investigated experimentally in the large-scale
wind tunnel of the Politecnico di Milano; these were performed in free-jet configuration, with
jet cross-section 4 × 3.8 m2 (sufficiently large to make negligible the free-jet blockage). Full
details on the measurement techniques and on the wind tunnel and achieved results are reported
in [7, 6].

3 Numerical methodology
URANS computations documented in this paper were carried out using the Starccm+ multi-

physics code [1]. The flow field is assumed to be incompressible, with constant thermo-physical
properties following the ideal gas equation of state, evaluated at ambient condition. The dis-
cretization in space and time is second-order accurate and performed relying upon the guide-
lines described in [20, 18, 21, 19], which report full details on the physical models, the required
space-time resolution, and the experimental validation. In this section, however, we briefly re-
call the most relevant aspects of the CFD model, for the sake of completeness. From the point of
view of the space discretization, the domain extension must be suitably chosen to avoid possible
non physical numerical phenomena, such as spurious reflections at the boundaries and alteration
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to the pressure field. Finally, the domain extension has to directly set a good trade-off in be-
tween the achievement of reliable flow field resolution and the available computing resources.
The 2D simulation domain was extended up to 4.5 (equatorial) rotor diameters upstream the
axis of rotation, 12 diameters on both lateral sides, and 3 diameters downstream. Instead the
3D simulations employed a domain whose lateral boundaries were placed at 3 diameters only
from the axis, by virtue of the overall lower blockage effect in the 3D simulation with respect
to the 2D one, as shown and discussed in detail in [20] for H-shape rotors and in [19] for tro-
poskein ones. In spanwise direction the 3D domain boundary was set up to twice the height
of the half turbine model. The domain was then partitioned into non overlapping polyhedral
elements suitably clustered near solid walls to fulfill the y+ < 1 requirement. The computa-
tional domains have been built following the clustering guidelines provided in [19], featuring
a minimum spacing normal off solid wall equal to 2 · 10−4 times the blade chord, in agreement
to fulfillment of the well know constraint on y+ ≈ 1; a local growing factor of the boundary
layer was selected equal to 1.2. See Figure 1 displays on the RHS a detail of the adopted grid.
Preliminary computations have been led focusing on the power coefficient value and fixing a
threshold level of acceptable accuracy. The relative reduction in between solutions obtained on
subsequent refined meshes were assumed to be satisfactory when the relative error computed
on CP was lower than 2%. The “sensitivity-converged” 2D mesh adopted in this study consists
of 120000 cells while the 3D grid used for the Troposkein rotors TW and DW composed by
nearly 20 millions of polygonal cells.

A backward differentiation formula BDF2 was employed for the time discretization, using
720 time-steps per revolution. Computations have been run till a periodic solution was achieved
at each operating case selected (15 to 20 turbine revolutions were required to get achieve the
periodic solution).

The turbulence modeling approach adopted was based on the Boussinesq hypothesis and the
model selection was mainly driven by the results presented in [19], where, the comparison of
measured and predicted performance values highlighted that the low-Reynolds version of the
k − ω SST model seems properly suited for predicting the turbine flow field and performance,
especially at high tip speed ratio operation. In order to draw attention to the aerodynamic
phenomena, we performed a complete 2D numerical campaign and then considered 3D test
cases at relevant operating conditions near peak-power production and at higher TSR values.

The boundary conditions at the inlet prescribe the freestream velocity, the turbulence in-
tensity level and the turbulent viscosity ratio, i.e. a 1 % turbulence intensity (the experimental
value) and a viscosity ratio νT/ν equal to one, which is a typical value adopted with this tur-
bulence model. The wind turbine is rotating at a constant regime equal to 300 rpm, and the
operating conditions studied are defined by modifying the wind freestream velocity, according
to selected TSR values. Instead, at the outlet boundary, the static pressure is imposed and in
presence of backflow condition, the fluid is entrained at ambient total pressure and tempera-
ture, low turbulence level. At solid wall the dissipation rate is imposed using the wall boundary
condition.

4 Wind turbine rotors: CFD performance prediction
This section presents the results of the thorough numerical investigation focused on the

behaviour of different rotor configurations and blade shape. The full operating ranges (in terms
of TSR conditions) are taken into account, from near start-up toward high load condition. Please
notice that previous investigations led by the same authors already highlighted rather good
agreement with reference measurements performed by one of the authors. Therefore, in this
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Figure 2: TW & DW, 2D power coefficient as a function of the TSR number using NACA/DU
airfoil profiles (left/right)

part of the work, for the sake of the figures clarity, the experimental results are not reported.
Figure 2 shows the performance curves for different Troposkein design, considering the

two selected airfoil sections, applied to each machine. The left frame of Figure 2 shows a
comparison between the two rotors adopting the NACA0021 profile in their blades; the TW
rotor is characterized by a higher maximum CP value, that is obtained at a lower TSR value
than the latter configuration. Instead, the DW rotor exhibits a more regular behaviour near peak
power condition, characterized by a large plateau around peak CP condition. When the two
rotor architectures are considered with the same DU profile, see the right frame of Figure 2,
the plateau region characterizing the DW model is still present with respect to the TW one, but
in this case the DW outperforms TW in terms of peak CP . Therefore, at fixed airfoil profile,
the solidity effect is the relevant issue that modifies the flow field and ’moves’ the CP curve
towards lower TSR values, as also shown in [14]. The results also suggest that the rotor DW
with its solidity ensures better performance at high TSR operating conditions; at the same time,
as shown in the left frame of Figure 3, the use of a DU profile, designed to better deal with the
complex vortical structures developing in the downwind region, can improve the performance
at low TSR condition.

In the following, the aerodynamic performance of selected rotors are discussed both at full
TSR operating range and in detail at peak power condition.

4.1 Wind Rotors designed with different blade profiles
The DU profile has been realized to improve the machine performance at low TSR operating

conditions where the flow field becomes intrinsically more complex from the aerodynamic point
of view, as large separation regions occur and large-scale vortices travel along the profiles and
are convected downstream. It can be readily observed from Figure 3 how the DU profile endows
the DW rotor of higher power exchange capability. The right frame of Figure 3, displays the
drag and lift coefficients (based on relative flow velocity of the flow upstream of each profile) for
the DW NACA (TSR=3.54) and the DW DU (TSR=3.18) at their respective peak CP condition,
computed neglecting the induction effect. Despite a direct comparison is challenging due to
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Figure 3: DW using DU/NACA airfoils: 2D power coefficient as a function of the TSR number
(left); lift and drag coefficient as a function of local angle of attack α at peak power operating
point

the variations both of angle of attack and unsteadiness, the DU-based machine clearly shows
a higher aerodynamic efficiency level, especially for the increased lift coefficients values with
respect to the NACA-based machine. Further insights into the local flow field development can
be achieved from Figure 4, which displays the evolution of the momentum coefficient of a single
blade during the whole rotor revolution, along with the visualization of the non dimensional
velocity contours at selected blade angular positions. Higher torque values are provided, by the
DU profile, both in the upwind and downwind regions, as displayed for instance by the flow
field at ϑ = 240◦. The velocity field past the NACA0021 and past DU profile are, in fact, rather
similar at point ϑ = 90◦, and the two fields still provide the same aerodynamic performance; the
same applies also to the solutions at ϑ = 120◦, even though in this case, the DU profile detaches
larger scale vortices. Finally when moving in the leeward part of the downwind region, the DU
capability of better deal with the onset of transition, and separation from solid wall, becomes
relevant. This result indicate that, even though the larger contribution to CP value comes from
the upwind region, the downwind operational behaviour is of great importance for the rotor
aerodynamics, and the shape of the profile can have a crucial role in this part of the rotation.

Figure 5 displays a summary of the results of the 2D computations performed on the TW
turbine. This rotor highlights indeed a different behaviour, i.e. from peak power condition,
towards the highest load at TSR=4, the torque coefficient is increased when operating using
the symmetrical NACA profile. The increased rotor solidity with respect to the previous rotor
design improves the aerodynamic behavior at large TSR values. The DU profile, however, still
demonstrates its potential in dealing with the most complex operation in the downwind region
of the rotation, providing higher local torque contribution.

To finally gather all the numerical tests, Figure 6 collect the CP curves for all the considered
configurations and also presents, in dimensional form, the power harvested by the rotors against
the freestream wind velocity. In this figure, the actual capability, also retaining the overall
efficiency, is displayed, showing for example that the coupling between the DU profile with the
DW rotor guarantees the best performance over most of the operating range, while the use of
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Figure 4: DW: torque coefficient computed at peak power operating point, TSR=3.18; 3.54
using a DU; NACA airfoil profile. Non dimensional streamwise velocity at azimuthal position
ϑ = 90◦ (top right), ϑ = 120◦, 240◦ (bottom left,right)
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Figure 5: TW: 2D power coefficient as a function of the TSR number using NACA/DU airfoil
profiles and moment coefficient at peak power condition (top); non dimensional streamwise
velocity at azimuthal position ϑ = 120◦, 240◦ (bottom)
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Figure 6: 2D VAWTs: power coefficient as a function of the TSR number for the selected wind
turbines (left); Power as a function of the freestream velocity (right)

the NACA with the DW rotor penalizes significantly the power harvesting capability at high tip
speed ratio. However, those levels must be considered just as rough indications of the turbine
performance, and used also in comparative way, since 3D effects play a key role in the final
definition of each configuration, as discussed in the following section.

5 3D aerodynamic study of Troposkein VAWTs near peak power condition
The effects of the fully 3D troposkein rotor shape is considered in this section for the sake

of a wider cross comparison between the different rotors and airfoil sections, considering the
different solidity values, machine aspect ratio, and Reynolds number. The 3D behaviour of
a wind turbine of troposkein kind presents complex fluid dynamic flow structures developing
along the turbine span, alternative than those occurring, for example, in a H-shaped one, which
can roughly be seen as an extension of the midspan section with parasitic drag effects related to
the spokes and the blade tips. In this paragraph, the 3D results of selected troposkein configura-
tions are presented to investigate their aerodynamic performance; table 2 lists the 3D test cases
presented.

Rotor Airfoil TSR CP,num

TW NACA 3.15 0.276
DW DU 3.54 0.283
DW NACA 3.54 0.277

Table 2: 3D TW & DW test cases considered near peak power condition

Figure 7 shows the torque harvesting capability of the DW VAWT at TSR=3.54 using both
the NACA and DU airfoils, in comparison to 2D values. At first, it is to be noted that the
DW-DU configuration is here considered for a TSR higher than its optimal one, while the DW-
NACA is in optimal condition. Despite this, the torque coefficient over the full revolution
obtained with the DU profile still outperforms the rotor with the NACA profile, especially in
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Figure 7: DW rotor using NACA and DU profiles at TSReq=3.54: 2D and 3D CM values as a
function of the azimuthal position

the leeward section of the downwind blade motion. This has been already found for the 2D
simulation and remains valid for the 3D simulation, as also reported by table 2. This overall
result can be better appreciated by considering the spanwise evolution of torque coefficient
along the span reported in Figure 8. While a slightly lower peak in torque coefficient features
the DW-DU configuration, this configuration systematically outperforms the DW-NACA rotor
in the downwind region, where the blade operates in a complex vortical flow. This feature,
previously commented for the 2D-equatorial section, still holds in the sections closer to the
tip, where large separations take place and the complexity of the flow increases, due to the low
local TSR. The selection of the blade profile offers, therefore, not-trivial advantages also in flow
conditions where dynamic stall and vortex interaction take place. Moreover, the present results
indicate that a selection based on the 2D equatorial section can be extended to the full 3D shape
of the machine, despite the complexity of troposkein configuration.

A further interesting comparison can be made modifying the rotor configuration while using
the same NACA profile. In this case, the two rotors were simulated at their respective peak CP

conditions, namely TSR = 3.1 for the TW turbine and TSR = 3.54 for the DW one. Interest-
ingly, for these conditions the two machines provide exactly the same value of CP , while in the
2D simulations the TW rotor was providing a slightly higher peak power coefficient, as also
clearly visible by comparing the 2D trends in the left frame of Figure 9. The situation changes
in 3D, where differences between the two rotor performance appear well defined; the DW rotor
outperforms the TW one in the upwind phase of the revolution, in particular in the leeward
region, while the TW outperforms the DW in the downwind part. These two effects counter-
balance themselves, leading to similar overall performance. The two rotor differ by the values
of solidity, lower for DW, and Reynolds number, higher for DW. The increased Reynolds num-
ber contributes to explain the improved performance of the DW turbine in the upwind-leeward
region: in this part of the revolution the highest angle of attack is reached, which leads to the
peak of CM , followed by a separation and the subsequent drop in performance; an increased
Reynolds number can slightly delay the separation, guaranteeing higher aerodynamic perfor-
mance. The low solidity of DW rotor can, instead, explain the lower performance in this rotor
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Figure 8: DW using DU/NACA profile (left/right) at TSReq=3.54: Moment coefficient as a
function of azimuthal angle for 3D computations at selected spanwise positions

in the downwind phase of the revolution: as a consequence of the lower solidity, the peak CP

condition moves towards higher TSR values, which leads to lower angle of attack and, hence,
lower lift coefficients generated by the blades. These features holds all along the rotor span, as
visible by comparing the trends shown in the right frame of Figure 8 with the right frame of
Figure 9.

6 Conclusions
This paper has presented a computational comparative analysis of several vertical axis wind

turbines, with the aim of studying the impact of blade profile and rotor architecture on the
capability of the wind turbine to extract power from the wind. Two rotors and two blade profiles
have been selected, leading to four configurations featuring different solidity and equatorial
Reynolds number; two of these configurations were characterized experimentally in wind tunnel
experiments and were used, in previous works, to construct and validate the computational flow
models used here.

Focusing on the equatorial section of the rotor, the comparison shows that the use of non-
symmetric laminar profiles, such as the DU considered here, can lead to very significant advan-
tages in complex regions of the flow, such as in the downwind phase of the revolution, where
the blade undergoes high oscillations of angle of attack and interact with viscous/vortical struc-
tures detached by adjacent blades. Indeed, the troposkein rotor is highly 3D, but the machine
performance and power exchange process are dominated by the flow features in the equatorial
region, where the highest TSR and flow rate occur.

When considering the fully 3D configurations of the rotor, the positive effect of using the
non-symmetric profile is confirmed also along the span, especially because the tip regions of
the rotor exhibits even larger separated regions, with respect to the equatorial section, due to
the local low tip speed ratio. A relevant effect of the rotor solidity was also observed, as the
different design relying upon the same airfoil exhibited the same performance at different TSR,
confirming the 2D results; this suggests that a solidity formulation only based on the equatorial
section can be considered representative for the whole troposkein rotor. Reynolds number ef-
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Figure 9: TW & DW using NACA profile: Moment coefficient as a function of azimuthal angle
(left); TW using NACA profile at TSReq=3.1: Moment coefficient as a function of azimuthal
angle for 3D computations at selected spanwise positions (right)

fects were also observed by analyzing the local behaviour of the blades, especially in the phase
of leeward blade motion, where higher Reynolds can delay the onset of blade separation.

This study clearly indicates that detailed aerodynamic features can play a significant role
in determining the capability of such machines to harvest power, owing to the complexity of
VAWT aerodynamics. Such findings prompt to perform further investigations oriented towards
the optimization of this class of rotors, not only in their peak power condition, but across their
entire application range.
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