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Abstract. Wells turbines coupled with systems based on the oscillating water column
(OWC) principle represent a convenient solution for sea-wave energy conversion. The
possibility to operate under the bi-directional airflow that is established within OWC
systems is obtained with a symmetrical blade profile staggered at 90 degrees with respect to
the turbine’s axis of rotation, resulting in a highly reliable machine. On the other hand, the
limited operating range represents a relevant drawback which can be overcome introducing a
variable-pitch control of the rotating blades. This control solution has been only marginally
investigated with experiments, due to the complexity of devising a mechanism capable to
change the stagger angle of the rotating blades.

In this work, a Wells turbine prototype with variable-pitch blades has been built and
preliminary investigations are presented, with the aim of characterizing its aerodynamic
behavior for different blade stagger angles. The performance of the turbine have been
evaluated under regular-wave conditions, for different blade-pitch angles, in order to obtain
the information required to define the pitch laws for the maximization of rotor performance.
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Z piston position Subscripts and superscripts
Non-dimensional properties 1 inlet

n efficiency 2 outlet

v hub-to-tip ratio hub  turbine hub

p* pressure drop coefficient meas measured

10) flow coefficient tip turbine tip

T torque coefficient w, windage and friction

z number of blades z axial direction

1 Introduction

As the demand of renewable energy constantly grows, wave energy becomes even more interesting due
to its wide spread availability [1] and predictability. Among the various solutions proposed, systems
based on the Oscillating Water Column (OWC) principle are the most promising [2] due to their
simplicity and reliability. OWC devices are made of two main parts: an air chamber where the wave
motion is converted into the pneumatic energy of a bi-directional air flow through a duct connected to
the atmosphere, and a power-take-off (PTO) that converts this pneumatic energy into mechanical
energy on its shaft. Finally, an electric generator converts the mechanical energy into electricity.

Air turbines have typically been used as PTOs, although the bi-directional nature of the airflow
requires a rectifying system to feed conventional rotors. The Wells turbine [3] configuration overcomes
this limitation thanks to the symmetrical blade profile, staggered at 90 degrees with respect to the axis
of rotation, which results in a constant direction of the output torque regardless of the flow direction.
The self-rectifying behavior, obtained with a relatively simple construction, is certainly the most
interesting feature of this turbine. On the contrary, a number of drawbacks exist, in particular a limited
operating range due to stall.

Different solutions have been proposed to delay the occurrence of stall: a row of guide vanes on both
sides of the rotor can be used to adjust the incidence angle of the flow, not only to increase the
operating range, but also to improve rotor performance [4, 5, 6]; speed-controlled Wells turbines have
been studied [7, 8] and tested [9, 10] showing the effectiveness of this action in delaying stall while
maximizing rotor performance. Rotors with variable-pitch blades represent an ambitious solution for
controlling the incidence angle, through the modification of the blades’ stagger angle during turbine
operation. Numerical studies have shown the capability of pitch-controlled Wells turbines to operate in
the absence of stall while maximizing performance under irregular wave motion [11], both considering
passive and active control strategies [12]. Information on Wells turbine performance at various pitch
angles have been obtained both numerically [12, 13] and experimentally [13, 14], mainly under
stationary flow conditions.

This paper introduces a Wells turbine prototype with variable-pitch blades built in the Department of
Mechanical, Chemical and Materials Engineering (DIMCM) at the University of Cagliari. The blades of
the rotor can be oriented by an external stepper motor to simultaneously modify their stagger angle.
Preliminary experimental investigations are presented in this work, with the aim of characterizing the
Wells turbine aerodynamic behavior for different blade stagger angles. These performance
measurements have been conducted under regular wave conditions, providing a complete description of
the rotor aerodynamic behavior even beyond the stall point.

2 Turbine performance definition
Wells turbine performance is typically evaluated [15] in non-dimensional form, defining the flow
coefficient ¢, the torque coefficient T, the wall pressure coefficient p* and the efficiency 7 as follows:

C. T § Ap TQ

¢ Oresy PQ27’§)¢p p pQQthip Ui ApQ (1)

where C, is the axial flow velocity at the turbine inlet responsible for the flow rate, @, and Ap is the
static pressure drop across the turbine.

All the non-dimensional parameters above can be evaluated by means of global measurements only, i.e.
the turbine rotational speed and its output torque, the wall static pressures at both sides of the turbine
and the flow rate, based on which the flow speed is evaluated. In the present work, the measured torque
Tmeas has been cleared from windage and friction losses and from rotor inertial torque, based on the
following balance of moments applied at the rotor shaft:
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Tmeas:T+7:u,f+IE (2)

where T, ¢ is the windage and friction torque contribution and I is the moment of inertia of the rotor,
as described in Sec. 3. Thus, the non-dimensional torque coefficient is calculated using the aerodynamic
torque T and the efficiency of the turbine corresponds to its aerodynamic one [16].

Figure 1 shows the velocity triangles at inlet and outlet of a Wells turbine blade in the presence of a
positive pitch angle, .

Inlet
aq
W1
B =
E ‘ - u ‘
Wa s
B2 Cy
U
Outlet

Figure 1: Velocity triangles for a variable pitch Wells blade.

In this representation, positive values of « result in a lower incidence angle on the blade profile, hence
the stall onset is expected to occur for larger values of the flow coefficient ¢ = arctan (51). It is worth to
note that when the blade profiles rotate with respect to the incoming flow, a physical blade passage is
created between two adjacent blades, which can not be identified when the blade is staggered
orthogonally to the axis of rotation. This may further delay stall to higher values of the flow coefficient.

3 Experimental apparatus and methodology

The OWC simulator housed at the DIMCM is schematically reproduced in Fig. 2, together with a
close-up view of the measuring section where the turbine is installed.

The experimental apparatus is composed of a cylindrical steel chamber where a piston, driven by a
hydraulic unit, reproduces the periodic motion of a water column inside an OWC. Different wave states
can be reproduced with this experimental setup by changing the amplitude and frequency of the
periodic motion of the piston, limited to a maximum flow speed ~ 20 m/s at the inlet of the rotor.

A linear wire potentiometer is employed to measure the piston displacement and for feedback control of
the hydraulic unit. Above the chamber, a Wells turbine, which drives an electric generator controlled by
an inverter with encoder feedback, is installed. The Wells turbine used for these experiments is
equipped with a mechanism that modifies the blade stagger angle by rotating simultaneously the 14
blades of the rotor around an axis. The blades have been made of a 3D printed resin and have been
assembled to the rotor with rod connections. A shaft-to-shaft torque sensor is placed between the
turbine and the electric machine, and it also allows to measure the turbine rotational speed with a
built-in optical encoder. The measuring section is provided with wall pressure taps placed on both rotor
sides at a distance of £7.5 mm from the blade chord. The volumetric flow rate is calculated based on
the piston motion (recorded with the linear potentiometer), taking into account the area ratio between
OWC chamber and turbine duct, and the time delay between piston speed and corresponding flow speed
at the rotor inlet, due to the presence of the chamber volume [17]. Based on this calculation, the inlet
flow velocity C, used in Eqns. (1) is calculated assuming a uniform distribution along the blade radius.
The variable-pitch rotor, whose main geometric characteristics are listed in Tab. 1, has been
characterized in terms of its global performance, as introduced in Sec. 2 and under regular wave
conditions.

With the aim of defining the performance of the Wells turbine for different values of the blade stagger
angle, a sinusoidal piston displacement has been reproduced with the OWC simulator. The acquisition
time for each test has been set to record signals for at least 20 piston periods with a sampling rate of
250 Hz. A zero crossing method has been applied to the piston position signal, in order to identify the
piston periods. The acquired signals have then been averaged with a phase locked process. Finally, the
obtained signals have been re-sampled, equally spacing 250 points with linear interpolation. This
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Figure 2: Experimental setup scheme and measuring section.

Table 1: Geometric parameters of the variable-pitch Wells turbine.

rotor tip diameter, Dy, 249.4 mm | airfoil profile NACA 0015
rotor hub diameter, Dy,;, 190 mm solidity 0.729

tip clearance 1.3 mm sweep ratio 15/36
chord length, ¢ 36 mm hub-to-tip ratio, v 0.76
number of blades, z 14 blade stagger angle, v +£7 deg

procedure has been shown to be sufficient to correctly describe the measurements’ histories over a
period, as shown in Fig. 3.
Maximum relative uncertainties for the global measurements are the following:

e +1.0 % for the wall static pressure drop,
e 1+7.9 % for the output torque,

e +0.1 % for the piston position,

e +0.15 % for the rotational freqeuency.

Due to the presence of a swirl flow at the rotor inlet during the outflow phase, only the inflow phase has
been considered to determine the rotor performance, as during this phase the inlet flow has been proved
to be fully axial [18, 19]. Several positive blade setting angles have been tested. The wave period and
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Figure 3: Measured quantities in one piston period and phase-averaged result.

the turbine’s rotational speed have been adjusted in order to extend the flow coefficient range beyond
the stall conditions. A maximum value of the Reynolds’ number based on the blade chord, i.e.

Re. = (pcWh)/u, of about 7.5 x 10* has been reproduced for all the tests, with a maximum variation of
+2 % among all tests.

Preliminary measurements of windage and friction losses and inertial torque have been performed in the
selected range of variation for the blade stagger angle (see Tab. 1). Windage and friction losses,
measured under no-load conditions for several fixed values of the rotational speed, have shown no
significant differences with ~, hence an averaged correlation between the rotational speed and the losses
has been established and used. Analogously, the inertial moment of the rotating parts, evaluated under
no-load conditions by setting ramps for the rotational speed, does not vary with + and a single value of
I =1.05x 102 [kg-m?] has been assumed for all values of the stagger angle.

4 Results

Global performance for different values of the pitch angle is shown in Fig. 4, in the form of pressure and
torque coefficients as a function of the flow coefficient.

As expected, the variation of the blade stagger angle results in a reduced pressure drop across the rotor
for the same flow coefficient, as evident in Fig. 4 (a). These different characteristic curves result from
different rotor cascades obtained by varying the blade stagger angle. Similarly, torque coefficient trends
show lower values of the aerodynamic torque as v becomes larger, for the same operating condition,
although these differences are less significant than the previous ones. On the other hand, the extension
of the stable operating range, in the absence of stall, is evident by observing Fig. 4 (b). A relatively
small variation of v from 0 to 7 degrees doubles the flow coeflicient at stall, from ¢s = 0.31 to 0.63.
This evidence can be also observed if the value of the flow coefficient at stall ¢ is reported as a function
of the blade stagger v, as done in Fig. 5 (a).

In the same figure, a theoretical flow coefficient at stall, calculated as arctan ((51,5)y=o0 + 7). is also
reported (dashed red line), highlighting the non-linear contribution provided by the blade cascade
effect. In Fig. 5 (b), the same information is provided in terms of the mean incidence angle 7. It should
be stressed that this does not represent the actual local flow incidence, given flow non-uniformities
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Figure 4: Performance coefficients for different blade stagger angles as a function of the flow coefficient.
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Figure 5: Stall limit correlations.

associated to the the leakage flow and to the variable solidity along the blade radius.

The same guidance effect has been observed in previous 2D computational fluid dynamics (CFD)
simulations conducted on the same rotor geometry [12]. Although 2D CFD in [12] predicts the stall
occurrence for sensibly lower values of the flow coefficient (due to the absence of the tip leakage flow in
2D simulations), it is interesting to compare the trend of the flow coefficient at stall, generalized with
respect to its value for the conventional Wells rotor, with the blade pitch-angle, as done in Fig. 6.
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Figure 6: Stall point comparison between experiments and 2D CFD in [12].

Correlations of Fig. 6 show that the rate of variation of the flow coefficient at stall is well predicted
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using simple 2D CFD simulations, with maximum differences with respect to experiments lower than
5% (in the investigated range of ). This result also suggests that the guidance effect is well predicted
with 2D simulations and is responsible of the progressive delay of stall with . Moreover, the good
agreement between experiments and numerical simulations, shown in Fig. 6, allows to define a
variable-pitch law for maximizing the energy production, as proposed in [12], using only numerical
results, taking into account a correction for the stall angle of the zero-pitched Wells rotor, ¢ .

Finally, it is interesting to evaluate the efficiency of the tested rotor with different blade stagger angles,
as defined in Eqn. (1). Figures 7 (a) and (b) show the aerodynamic efficiency as a function of the flow
coefficient and the pressure coefficient, respectively.

—— v =0deg v =1 deg v =2 deg —— v = 3 deg
——v = 4 deg v =5deg ——v =6 deg ——y =7 deg
1 . . . T 1
0.8 1 0.8
0.6
=
0.4
0.2r
0 I I I I
0 0.2 0.4 0.6 0.8 1 4
-¢ -p"
(a) Efficiency vs flow coefficient. (b) Efficiency vs pressure coefficient.

Figure 7: Instantaneous efficiency of the turbine for different blade stagger angles.

The maximum rotor aerodynamic efficiency grows with the pitch angle v and it occurs for larger values
of the flow coefficient, as already observed for the maximum torque coefficient. Nevertheless, the
maximum efficiency does not occur just before the stall point (as for the maximum value of 7*), but it
is obtained for sensibly lower values of the flow coefficient. This result, already observed for fixed
geometry Wells turbines [10], is caused by the rapid increase in p* and by the simultaneous reduction in
the slope of the 7 curve, at large values of the flow coefficient, even before the maximum value of 7™ is
reached. The maximum value of the torque coefficient (just before stall) occurs at larger values of flow
coefficient than the maximum efficiency value, as common in aerodynamic profiles [20] and
turbomachinery [21].

This trend of the aerodynamic efficiency suggests a different pitch control-law for maximizing the
turbine efficiency instead of the output torque. A control law performed to maximize the output torque,
hence the energy produced by the turbine, allows to extend the operating range with a lower variation
of the blade pitch angle with respect to the control law based on efficiency maximization. Another
interesting result, is shown in Fig. 7 (b), where the maximum efficiency for different values of v is
obtained for an almost constant value of the pressure coefficient p*. Given that the pressure drop drives
directly the flow through the turbine in an OWC, it can be deduced that a variable pitch Wells turbine
has the potential to provide significantly larger efficiencies, in combination with larger operating ranges.

5 Conclusions

This paper presents preliminary experimental results on a variable-pitch Wells turbine prototype
coupled with a OWC simulator housed at the DIMCM of the University of Cagliari. The turbine
prototype is equipped with a mechanism capable to vary the blade pitch-angle of the rotor-blades
during its operation, with the aim to avoid stall inception and increase the stable operating range of the
Wells rotor. The Wells turbine has been characterized by evaluating its global performance under
regular-wave conditions while fixing a blade-pitch angle between 0 and 7 degrees.

Based on the results presented in this work, the following considerations can be drawn:

e The effectiveness of a variable-pitch control strategy to extend the stable operating range of a
conventional Wells rotor delaying stall occurrence has been demonstrated based on experimental
results. It has been observed how a relatively small variation of the pitch angle almost doubles the
flow coefficient at stall, resulting in a wider stable operating range.
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e The mean incidence angle at stall, that does not represent the local flow incidence on the blade
profile, has been observed to progressively grow due to the presence of the guidance effect, which
becomes even more relevant as the pitch angle increases.

e The comparison between the experimental results and the numerical ones obtained for a rotor
with the same solidity using 2D CFD [12], has shown good agreement in predicting stall trends for
different pitch angles. This suggests that variable pitch control laws can be established using less
expensive CFD simulations, only taking into account a correction for the stall point of the
reference (non-staggered) Wells turbine, due to the difficulty of predicting the stall occurrence
using (not only) 2D numerical schemes.

Local investigations, based on experimental or numerical methods, will give more information on the
flow at stall occurrence for different pitch angles, quantifying the guidance effect and its variation with
the blade stagger angle.
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