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Abstract. Performance and wake measurements on a H-Darrieus vertical axis wind turbine
are discussed on the basis of an extensive experimental campaign performed at the large scale,
high speed wind tunnel of the Politecnico di Milano (IT). The paper proposes a combined
mechanical and fluid-dynamic investigation by virtue of an advanced measurement system
that allows to reconstruct both phase-resolved thrust and torque acting on the machine and
the phase-resolved multi-dimensional velocity field in the wake. The aerodynamic torque is
presented as a function of the azimuthal angle of revolution, while the velocity field in the wake
is fully characterized by means of a point to point detailed measurement on the midspan plane,
where the influence of both blade support struts and tip vortices is negligible.

Particular care is taken in the description of the experimental setup as well as in the
presentation of the measurements. The here proposed achievements can be considered as a
benchmark for the validation of several classes of computational tools.

Keywords: VAWT experimental data, wind tunnel testing, rotor wakes.

1. Introduction
In the last decade considerable interest was registered in vertical axis wind turbines (VAWTs),
that indisputably exhibit a certain number of advantages over their horizontal axis counterparts,
mainly in turbulent wind conditions that generally characterize the urban setting. Nonetheless,
a widespread industrial implementation of such technology is still far from being achieved, due
to several challenges posed by their intrinsic flow complexity (three-dimensional wake structures,
double interaction between the blades and the streamtube during a revolution, highly unsteady
blade loading, dynamic stall, etc.). As a consequence, the flow field past a VAWT is still
far from being completely understood, calling for experimental investigations to convert an
improved physical comprehension into newly developed aerodynamic models suitable to support
the design phase. In particular, the prediction of extreme and fatigue loads are crucial for the
proper structural design of the rotor; similarly, the accurate and realistic representation of the
highly unsteady evolution of VAWT wakes remains a challenging task for aerodynamic prediction
tools, especially for those conditions that trigger the onset of severe dynamic stall on the blade
profiles.

By now, the most adopted simulation tool is the blade element momentum (BEM) model,
originally proposed in the '70s in simple formulations (single disk - single streamtube [1] and,
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later, single disc - multiple streamtubes [2]) and successively refined (double disk - multiple
streamtubes [3]) also by resorting to several sub-models to account for the finite blade length,
dynamic stall [4, 5], streamtube expansion [3], and flow curvature [6]. Also vortex methods
(which compute the flow field from the blade circulation, as well as the trailing and shed
vorticity) have been developed with the aim of providing a more realistic simulation of the wake
unsteady behaviour [7, 8, 9, 10, 11, 12, 13]. The formulation of these latter methods introduces
relevant flow features within the representation of turbine aerodynamics, both in terms of wake
induction and flow unsteadiness, and have been recently found to provide realistic pictures of the
wake flow as well as good predictions of the turbine performance [14]; they demand, anyway, a
significant modeling effort supported by a systematic validation process. Finally, Computational
Fluid Dynamic (CFD) is the most recent performance prediction model, generally based on the
Reynolds Averaged Navier Stokes (RANS) equations [15, 16, 17, 18, 19] or on the Large-Eddy
Simulation model [20, 21|, that allow to compute the entire flow field surrounding a VAWT.
The inherent capability of CFD of reproducing the flow physics makes this method less prone
to the reliability issues that affect the other approaches. However, it still requires validation
(especially in case flow separation occurs); moreover, the very high computational cost of CFD
simulations, especially for VAWT [22], sets several limitations to its wide adoption, which is
generally confined to research purposes.

The proper validation of both vortex models and CFD codes requires a detailed knowledge
of the turbine wake downstream the rotor, possibly including the time-mean and time-resolved
wake induction as well as the turbulence properties. Moreover, all numerical codes (BEM
included) are capable of predicting the evolution of aerodynamic torque and thrust over a full
rotation of the turbine, calling for phase-resolved data and thus allowing an in-depth validation.
Nevertheless, a general lack of experimental data is recognized.

Following an experimental research program funded by the MIUR (Italian Ministry of
Education, University and Research), part of the results obtained in a wind tunnel experimental
campaign on a H-Darrieus rotor are here used to provide some evidence of the link between
time-dependent torque (and thrust) measurements and wake characteristics, with the aim of
supporting the interpretation of the rotor aerodynamics and of providing valuable experimental
benchmark data for the validation of advanced numerical codes.

2. Experimental methodology

The hereby proposed experiments were performed in the large scale wind tunnel of the Politec-
nico di Milano, using the high speed section (4.00 m wide, 3.84 m high) in a free-jet configuration
(obtained operating the rotor in a jet boundary confined environment). High flow quality was
assured by a combination of honeycombs and anti-turbulence screens, leading to a freestream
turbulence intensity lower than 1% at the test section.

The tested rotor is a straight-bladed Darrieus wind turbine with a swept area of 1.5 m?,
a solidity Ne/D of 0.25, and a blade section characterized by the classical NACA 0021 airfoil
with a chord of 85 mm. Figure 1 provides a view of the test arrangement, showing both the
open jet chamber and the instrumented rotor. The air flow velocity was limited to 9 m/s in the
present experiment, and the rotor rotational velocity was kept constant to 400 rpm during the
test by means of an inverter-controlled electrical machine; the blades rotate counter-clockwise.
The resulting tip-speed ratio wR/V was 2.4 and the chord Reynolds number was to 1.2 x 10°,
as reported in Table 1.

The quantification of the resulting free-jet blockage was conducted using established corre-
lations available in literature [23, 24]. The resulting global blockage correction coefficient was
close to 1.5% and was therefore considered negligible for the scope of the present work.
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Rotor type H-Darrieus
Blade number (N) 3

Height (H) 1.46 m
Diameter (D) 1.03 m
Chord (c) 0.085 m
Chord-to-radius ratio (2¢/D) 0.17

Blade aspect ratio (H/c) 17.2

Blade profile NACA0021
Rotor swept area (A) 1.5 m?
Solidity (N ¢/D) 0.25

Rotor speed (Q) 400 rpm
Blade Reynolds number (Re;) 1.2 x 10°
Wind speed (Vo) 9 m/s
Tip-speed ratio (T'SR) 2.4

Air density (p) 1.208 kg/m?>

Figure 1. Pitcure of the wind tunnel open chamber with the rotor and the wake measurement
system (on the right), and Table with rotor geometrical parameters and test operating condition.

The measurement system, briefly recalled in the present section, is extensively reported
in [25]. Rotor angular velocity and position were provided by an absolute encoder, while
the aerodynamic torque transmitted through the shaft was measured by means of a precision
torquemeter mounted between elastic joints. The torque measurements were adjusted adding the
tare torque to account for the friction in the system (2.3% of the peak torque). A synchronous
motor/generator was installed on the power train and controlled using an inverter, thus assuring
a constant rotational speed during the whole measurement campaign. To measure the flow in
the wake, two single-sensor hot wires were traversed on the midspan section downstream of
the rotor, thus providing the time-resolved stream-wise and cross-stream velocity components.
The instantaneous velocity measurements were further processed to extract, by virtue of the
triple decomposition, the phase-resolved (periodic) and turbulent velocity components. The
‘intensity’ of the periodic component was also calculated, defined as the root mean square of the
periodic velocity fluctuation, to highlight synthetically the wake regions affected by the periodic
blade motion (see [25] for an extended discussion on the post-processing technique applied in
this study). Statistical tools were also applied to process the turbulent components and to
determine, thanks to the angular sensitivity of the hot wire, the components of the Reynolds
stress tensor related to the stream-wise and cross-stream turbulent velocity fluctuations (see
[26]). Uncertainty in the wake velocity measurements resulted about 2% after calibration on a
low-speed jet.

3. Results

In this section phased-resolved data of main rotor aerodynamic loads (torque and streamwise
thrust) oscillation are presented during a rotation, as well as the velocity and turbulence prop-
erties in the wake developing downstream of the rotor. Experimental results are shown for TSR
of 2.4, which is very close to the peak power coefficient condition (Cpnq,=0.27). Such value,
apparently low for a small VAWT, was nevertheless confirmed from further experimental inves-
tigation [27] and also from numerical works [15, 19] on the rotor considered in this study. In
light of the extensive experimental and computational studies performed by the authors on this
turbine, it is the authors’ opinion that such a low value could be ascribed to the combined effects
of high solidity and considerable spoke dimensions.

The basic working principle of lift-driven VAWT rotor is as follows. As the vertically straight
blades of the turbine turn about the central shaft, both the magnitude and the direction of
the effective velocity perceived by the blades change in a cyclic manner. It followed that blade
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aerodynamic loads change cyclically during a revolution.

Figure 2 and 3 respectively show the torque and streamwise thrust fluctuation as a function of
the azimuthal blade position. The azimuthal angle 0 is set to be zero when the blade is parallel
and upwind respect to the incoming flow Vj, and it increases in counter-clockwise direction. As
expected for a rotor three-blade architecture, the three per revolution (3P) oscillation dominates,
and a periodicity of 120° is clearly registered.
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Figure 2. Phased torque fluctuation as a Figure 3. Phased streamwise thrust
function of the azimuthal blade position 6 fluctuation as a function of the azimuthal
(TSR = 2.4). blade position 6 (TSR = 2.4).

The torque data (Figure 2) show a first peak at a relative rotor position 6 of 50°, in according

to the Sandia test results [28], ranging approximately between 9.5 to -1.0 Nm. The mean value is
4.24 Nm =+ 0.13 Nm, where the last figure expresses the uncertainty on torque measurements [29].
Also the streamwise thrust data (Figure 3) show an almost cosine curve, showing the first peak
at 6 of 90°, shifted respect to the torque peak. The mean value is 63.03 N + 0.85 N, and thrust
data ranges approximately between 68.2 to 57.6 Nm.
In general for VAWTSs operating in actual open-field environments, the aerodynamic loads can
vary strongly during a rotation cycle resulting in strong time-dependent loads. During this test,
the rotor undergoes relevant aerodynamic torque fluctuations and more moderate streamwise
thrust oscillations, in spite of the fact that the incoming wind speed is unchanging. It is,
therefore, interesting to investigate the development and the unsteady evolution of the turbine
wake downstream of the rotor.

The wake downstream of the rotor was investigated by means of time-resolved hot-wire
measurements on a plane surface placed at midspan. By virtue of the extension of the probe
traversing system, the streamwise travesing extends from X/R = 0.8 to X/R = 2.4 on the lateral
sides and from X/R = 1.35 to X/R = 2.4 in the central section (a minimum safety distance of
110 mm was imposed between the probes and the rotor blades). In this way, the area covered by
the measurement surface allows to analyze experimentally the near-wake development both in
the central region (where dynamic-stall vortices are deteched, see [10, 13]) as well on the lateral
sides of the rotor, where the wake sides establish.

Figures 4 and 5 report the distribution of the time-mean velocity components as measured
on the resulting midspan surface. Figure 6 reports the field of the corresponding time-mean flow
angle, constructed combining the time-mean stream-wise and cross-wise velocity components;
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Figure 4. Distribution of time-mean

velocity component in streamwise direction
on the midspan surface downstream of
the rotor, made non dimensional with the
upstream free-stream velocity, TSR = 2.4.
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Figure 5. Distribution of time-mean

velocity component in cross-stream direction
on the midspan surface downstream of
the rotor, made non dimensional with the
upstream free-stream velocity, TSR = 2.4.

cross-stream components and flow angles are taken positive for flows oriented towards the right.
The wake picture emerging from these maps is consistent with the general features of VAWT
wakes documented in previous experimental studies [10, 30, 31, 32, 33, 25]. However, thanks
to the extension of the measurement area, the level of detail provided by the instrumentation,
and the peculiar data-processing applied to the unsteady velocity measurements, relevant novel
features appear.

The distribution of velocity components show that the typical asymmetry of the VAWT
wake is more significant close to the rotor and a more symmetric shape tends to be recovered at
about 1 D from the shaft. Relevant cross-stream components appear on the wake sides, mostly
connected to the enlargement of the streamtube passing through the rotor. The (negative)
cross-stream components are slightly more pronounced on the left side of the wake (i.e., the
one resulting from the 'windward’ side of the blade rotation). This is consistent with the slight
shift of the wake towards the left, which corresponds to windward side of the turbine (where
the blades retreat), which is consistent with the flow angle changes in transversal direction; a
lower velocity deficit is also found in this region. It is interesting to note that, close to the rotor
blades, non-negligible flow angle components arise also in the right side of the wake (i.e., the
one resulting from the 'leeward’ side of the blade rotation).

Figure 7 reports the intensity of periodic unsteadiness of the velocity magnitude, as measured
on the midspan measurement surface. Such quantity highlights the deterministic fluctuations
locked to the blade motion, and shows that both the sides of the wake are affected by periodic
oscillations. The oscillations affect a wider area on the leeward side of the wake; this is the
impact on the wake of the higher fluctuations of Reynolds number and angle of attack that
the blades experience in this phase of the rotation. In the core of the wake, the deterministic
unsteadiness exhibits a nearly symmetric distribution and rapidly decays from relatively high
values to almost null at about one turbine diameter far from the shaft. The significant periodic
oscillations measured close to the rotor over the entire section of the wake are fully consistent
with the periodic oscillations of torque and thrust experienced by the turbine, and shows that
VAWT aerodynamics are highly unsteady not just at low TSR but also close to peak efficiency;
this was also observed in the flow prediction obtained with recent CFD simulations performed
in the midspan section of this rotor [19], which suggest the onset of highly unsteady flow close
to the rotor for TSR = 2.4 (even though no relevant dynamic stall was found to occur in the
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windward and upwind phases of the rotation in this TSR condition).

In order to investigate the turbulence properties of the wake, the unresolved unsteadiness of
the velocity signals were processed to extract the components of the Reynolds stress tensor.
In particular, the diagonal Reynolds stresses representing the streamwise and cross-stream
turbulence components were processed to obtain the corresponding turbulence intensities, and
are reported in Figures 8 and 9. Higher turbulence appear on both the wake sides, with clearly
higher values on the leeward side of the wake. A further peak of streamwise turbulence intensity
is visible in the center of the wake, clearly connected to the wake of the shaft, which also induces
the highest velocity deficit in the wake. It is interesting to note that, differently from what found
for the deterministic components, the decay of turbulence is much slower and the asymmetry in
the wake remains fully visible also at the maximum distance from the rotor.
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4. Conclusion

This paper has presented a novel set of measurements on a H-shaped VAW'T whose time-averaged
performance was studied in the past. In particular, the phase-resolved torque and stream-wise
thrust measured by means of dedicated on-shaft instrumentation have been reported for an
operating condition close to the peak efficiency. High unsteady fluctuations have been recorded,
especially on the torque that oscillates by +100% with respect to the time-mean value. More
moderate oscillations have been found for the stream-wise thrust, that amount to less than
+10% with respect to the time-mean value.

The unsteady aerodynamics of the rotor has an evident consequence on the unsteady wake
structure. Detailed velocity and turbulence measurements on a midspan surface downstream of
the rotor allow to appreciate the near-wake evolution in terms of velocity components, periodic
unsteadiness and turbulence. The wake evolves significantly near to the rotor blades, resulting
highly asymmetric and highly unsteady close to the rotor. Within 1D of streamwise distance
from the shaft most of the deterministic unsteadiness decays and the wake become almost
symmetric. Conversely, the turbulence in the wake undergoes a much lower decay rate and the
near-wake features are retained for the whole area covered by the measurement surface.

The observed features, as well as the level of detail provided by the torque and wake
measurements, add a set of valuable data for the comprehension of VAWT aerodynamics and
for the validation of advanced numerical codes.

List of symbols

Latin

A rotor swept area [m?]

B rotor blade number [-]

c airfoil chord length [m)]

H rotor height [m)]

Iry turbulence intensity [-]

Rec chord Reynolds number = w R ¢/ v [-]
t airfoil thickness [m]

TSR tip-speed ratio = w R / Vo [-]

Vo freestream wind speed [m/s]

Vx local streamwise wind speed [m/s]
Vy local cross-stream wind speed [m/s]
IpER intensity of periodic unsteadiness [%)]
Iru,sw streamwise turbulence intensity [%)]
Iru,cs cross-stream turbulence intensity [%)]
Greek

0 azimuthal blade position [°]

v freestream kinematic viscosity [m?/s]

p freestream density [kg/m?3]

o rotor solidity = B L ¢ / A [-]

Q rotor angular velocity [rpm]

w rotor angular velocity [s—1]

« flow angle between streamwise and cross-stream components [deg]

Acronyms

BEM Blade Element-Momentum

HAWT Horizontal Axis Wind Turbine

VAWT Vertical Axis Wind Turbine
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