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Abstract: Systems based on the oscillating water column (OWC) principle are often
equipped with Wells turbines as power take-offs (PTOs) to convert sea-wave energy. The
self-rectifying nature of the Wells turbine represents a strength for such applications, while
its limited operating range, due to stall, is one of the most relevant limitations. A possible
improvement lies in varying the blade stagger angle during operation as this can delay stall
by reducing the incidence angle. Although the performance of variable-pitch Wells turbines
has been studied in the past, their local aerodynamic performance has never been investi-
gated before. This study addresses this important task by experimentally reconstructing
the flow field along the blade height of a Wells turbine prototype, coupled to an OWC
simulator, for three values of the stagger angle. The aerodynamic behavior of the Wells
rotor is characterized at its inlet and outlet, showing how the interaction between adjacent
blades changes due to the stagger angle. The rotor performance is evaluated and compared,
providing useful information that is of general validity for similar rows of symmetric blade
profiles when pitched at different stagger angles.

Keywords: Wells turbines; variable-pitch rotor; performance improvement; experimental
measurements; 3D local flow; efficiency

1. Introduction

Large availability [1] and relatively slow time variance, if compared to more common
renewable energy sources [2], are the most relevant strengths that have attracted researchers
to wave energy. Despite the large number of wave energy converters (WECs) proposed
and designed during the last few decades [3,4], wave energy technology is not commer-
cially mature, mainly due to the high costs [5] associated with installation, operation, and
maintenance in such a critical environment as the marine offshore [2]. Among all studied
and developed solutions, those based on the oscillating water column (OWC) principle are
generally recognized as highly reliable and simple to construct and operate [6] thanks to the
absence of moving parts submerged in the sea [7]. Moreover, the possibility to install WECs
based on the OWC principle in breakwater structures significantly reduces the installation
and maintenance costs [8].

The operation of WECs based on the OWC principle, as schematized in Figure 1,
consists of two subsequent stages of energy conversion. The wave motion confined to an
open chamber that is partially submerged in water establishes an airflow through a duct
placed at the top of the chamber, characterized by non-stationary and alternate behavior.
Then, a power take-off (PTO)—generally an air turbine—converts the pneumatic energy
stored in the airflow into mechanical energy at its shaft, which is finally converted into
electric energy by means of a generator.

Int. J. Turbomach. Propuls. Power 2025, 10, 10

https:/ /doi.org/10.3390/ijtpp10020010


https://doi.org/10.3390/ijtpp10020010
https://doi.org/10.3390/ijtpp10020010
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://www.mdpi.com/journal/ijtpp
https://www.mdpi.com
https://orcid.org/0000-0002-4338-5698
https://orcid.org/0000-0003-0390-9204
https://orcid.org/0000-0002-4636-7188
https://doi.org/10.3390/ijtpp10020010
https://www.mdpi.com/article/10.3390/ijtpp10020010?type=check_update&version=3

Int. ]. Turbomach. Propuls. Power 2025, 10, 10 20f18

wave motion

G

Figure 1. Working principle of an OWC device.

The Wells rotor [9] is one of the most interesting turbines that has been coupled with
OWC-based WECs [10,11] thanks to its self-rectifying behavior, obtained with a symmetrical
blade profile, typically from the NACA four-digit series, staggered at 90 degrees with
respect to its axis of rotation. This uncommon blade design allows the machine to rotate in
the same direction regardless of the flow direction. This results in a simple construction, not
requiring additional components such as valves or stator blades, which are necessary when
adopting conventional turbines [12]. During the last 50 years, Wells turbines have been
installed in WECs [13,14] and investigated in detail to characterize their performance [15,16]
and to find solutions to overcome the most relevant limitations—in particular, the narrow
range of operation due to stall [17].

As the stall phenomenon is associated with flow separation at high incidence
angles [18], two possible solutions to delay stall for large flow rates are typically used
in turbomachinery: variable-speed- and variable-pitch-controlled rotors. Speed-controlled
Wells turbines have been widely investigated, using both simulation approaches [19,20] and
experiments [21,22], showing the possibility to not only extend the stable operating range of
the machine but also to improve the average power production and the rotor performance.
Other control strategies have been proposed to directly regulate the flow rate [23] by acting
on properly designed regulating valves placed at the air turbine-OWC interface.

A monoplane Wells turbine with variable-pitch blades [24], whose working principle
is schematized in Figure 2, represents a challenging solution due to the difficulty in control-
ling the blade stagger angle of a rotating machine during operation under a bidirectional
airflow. Nevertheless, studies have been conducted with the aim of the initial characteriza-
tion of the rotor performance for different values of the blade stagger angle, under both
stationary [25-29] and non-stationary flow conditions [30,31]. Based on this information,
control strategies have been proposed and simulated both under regular [30] and irregular
wave conditions [32]. A full-scale variable-pitch Wells turbine was designed in the late
1990s [33] for the Pico Wave Power Plant, but it was never installed [34].
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Figure 2. Velocity triangles for a variable-pitch Wells row.

All existing experimental research, to the best of the authors’ knowledge, has been
conducted on rotors with fixed blades staggered at different angles and tested under
stationary flow conditions. The aim of these investigations was to aerodynamically char-
acterize the turbines, providing useful indications for the definition of a control strategy
to avoid stall occurrence. Nevertheless, no information is available regarding the local
flow behavior and the non-stationary operation of non-zero staggered Wells turbines. This
paper presents, for the first time, the detailed characterization of the local aerodynamic
behavior of a variable-pitch Wells turbine coupled to an OWC simulator, for three different
values of the blade stagger angle, kept fixed during the experiments. The rotor prototype,
designed and built at the Department of Mechanical, Chemical, and Materials Engineering
(DIMCM) of the University of Cagliari, has been tested under regular wave conditions
with an existing experimental apparatus [35-37]. A mechanism was used to orient the
rotating blades synchronously by acting on a stepper motor. Global and local performance
has been determined using a four-hole pressure probe, referred to in the remainder of this
paper as the ‘DIMCM probe’, to characterize the inlet and outlet mean flow fields along the
blade height.

The results presented in this work, which is an extension of our meeting paper [38],
offer important insights into the behavior of a variable-pitch Wells turbine, explaining how
the Wells row works with stagger angles other than 90 degrees with respect to the axis of
rotation. The information provided through these detailed measurements is useful to define
a control strategy for performance maximization based on variations in the blade stagger
angle, showing the capabilities and limitations of such a control approach in improving
the Wells turbine’s performance. Moreover, the local analyses presented in this work are
of general validity, enabling us to understand how this type of blade row works, given
the intrinsic complexity in reproducing similar experiments using traditional wind tunnel
linear cascades.

2. Experimental Setup and Procedure

The turbomachinery laboratory at the University of Cagliari houses an OWC simulator
that can be coupled to Wells turbines, allowing one to characterize the rotor performance
under a non-stationary bidirectional flow representative of the one inside a real OWC. The
complete setup is schematized in Figure 3.

It consists of a vertical cylindrical steel chamber where a piston moves, driven by a
hydraulic power unit. Regular wave motion is typically reproduced, as shown in Figure 4,
by setting both the piston stroke amplitude and the wave period Ty, according to the
required maximum flow rate for the turbine under test.

The Wells turbine prototype is placed at the top of the chamber and connected to an
electric motor/generator driven by an inverter that controls its rotational speed during
operation. The variable-pitch turbine is equipped with a mechanism controlled by a stepper
motor that allows one to simultaneously rotate all of the blades around their pivoting axis,
varying their stagger angles within a range of =15 degrees with respect to the traditional
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non-staggered position, with a maximum positioning error of +-0.5 degrees. The turbine’s
most important geometric parameters are summarized in Table 1.
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Figure 3. Schematic view of the experimental setup.
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Figure 4. Piston displacement and flow rate for regular wave motion.
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Table 1. Geometry of the variable-pitch Wells turbine.

rotor tip radius, 4 124.7 mm
rotor hub radius, 7y, 95 mm
chord length, ¢ 36 mm
number of blades, z 14
airfoil profile NACA 0015
rotor solidity 0.729
tip-gap-to-chord ratio, t/¢ 4.4%
hub-to-tip ratio, v 0.76
sweep ratio 15/36

Wells turbines’ performance is generally described using the following non-dimensional

parameters:
P 0 rtip
T = _r_
P21, .
)

_ Viow
N Qrtip
T T 1
T mQ T pen )

These denote the pressure coefficient p*, the torque coefficient T*, the flow coefficient ¢,
and the efficiency 7, respectively. With the aim of evaluating these parameters, the rotor
torque T is measured using a torque sensor placed between the turbine’s shaft and the
electric machine, the rotational speed is detected using an optical encoder, and the pressure
drop across the rotor Ap is taken using two sets of wall pressure taps placed at an axial
distance of 7.5 mm from the blade pivoting axis, both upstream and downstream of the
rotor. The flow rate Q is not measured using standardized flow meters, due to the setup
arrangement, but it is calculated based on the acquisition of the piston position using a wire
potentiometer. Hence, Q is evaluated knowing the geometry of the chamber and taking
into account the capacitive delay between the piston speed and the airflow speed V4,

due to the presence of the chamber volume [35,39].

The turbine’s local performance can be determined from the aerodynamic behavior
of the rotor, i.e., by reconstructing the mean flow velocity components at the inlet and the
outlet of the rotor along the blade height. The experimental apparatus allows aerodynamic
probes to be placed near the rotor, at different axial stations. In this work, the mean local
flow has been characterized using a 4-hole pressure probe, already employed in a previous
work [36] where a conventional Wells turbine was tested. The DIMCM probe, sketched
in Figure 5, has a relatively small head size, with a maximum size of 2.5 mm in the radial
direction and a stem diameter of 3 mm, and it allows one to reconstruct the mean three-
dimensional velocity components along the blade span. It has been placed at both the inlet
and outlet of the rotor, at an axial distance of £15 mm from the blade pivot axis. (As with
other conventional aerodynamic probes, it is not able to reconstruct the instantaneous flow
field along the rotor blade pitch.)

The probe has been used to evaluate the flow angles, in the radial and tangential planes,
and both the total and static pressures, using the non-nulling” positioning mode. The
calibration procedure has been conducted in a subsonic wind tunnel in order to characterize
the response of the DIMCM probe, introducing the non-dimensional parameters typically
used for other multi-hole aerodynamic probes [40]. A detailed description of the calibration
coefficients for the actual probe can be found in [36]. The maximum uncertainties have been



Int. ]. Turbomach. Propuls. Power 2025, 10, 10 60f18

estimated for both the flow angles, around +0.5 degrees, and the flow speed calculated
using the reconstructed static and total pressures, +0.5 m/s. The probe’s settling time
has been verified to be smaller than the value prescribed by the Nyquist rate [41] of the
non-stationary flow reproduced with the OWC simulator (characterized by a time period
of 7 s, as listed in Table 2), ensuring the correct reconstruction of temporal flow variations.
Additional information about the DIMCM probe can be found in a recent work from the
authors [36].

Figure 5. DIMCM probe: schematic view and measured components.

Starting from the flow characterization in terms of flow angles and velocity compo-
nents, the local performance can be evaluated by introducing the work coefficient ¢, the
relative total pressure loss coefficient Yp, and the loss coefficient due to exit kinetic energy
Cex, as proposed in [42,43] and adapted to Wells turbine analysis in [44].

U (Cg1—Cop)
T
tip
(P — P2) el
Yp =~~~ &/red 2
P 1/2 0 Wg_ ( )
G/2
Cex = hiq — hisp

’

where P; — P; is the relative total pressure drop, and /; 1 — h;; » represents the total energy
available through an isentropic expansion. The complete derivation of the coefficients in
Equation (2) can be found in [44].

Three different rotor geometries, obtained by fixing the blade stagger angle at different
values, have been tested under the same non-stationary operating conditions. Sinusoidal
piston motion, whose main characteristics are summarized in Table 2, has been reproduced
in the OWC simulator, while the rotational speed of the rotors has been kept constant.

Table 2. Operating settings used for the experiments.

blade stagger angle, ¢ 0-5-10 deg
piston period, T, 7s
stroke amplitude ~850 mm
turbine rotational frequency, f 45 Hz
number of radial probe positions 13
number of acquired periods per position 7

sampling rate 200 Hz
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The maximum Reynolds number of the relative flow at the rotor outlet, calculated
based on the blade chord, is equal to ~1.25 x 10°. Limited variations have been observed
during turbine operation due to the fact that the relative velocity is always close to the
constant rotor peripheral speed.

The blade stagger angle has been set in order to reduce the flow incidence during the
inflow phase, and the local measurements have been performed only with the flow coming
from the ambient side into the OWC chamber. A total of 13 radial stations have been used
to scan the flow in the blade height, performing smaller steps near the walls than in the
center of the channel, where low gradients were expected for all acquired quantities.

All signals, both from the probe and from the other transducers, have been acquired
with a sampling frequency of 200 Hz for at least 7 piston periods, in order to perform a
phase-locked averaging process based on the sinusoidal piston position. The signals have
then been resampled, extracting 250 equally spaced points in the averaged piston period.
As the global measurements were acquired at each probe’s radial position, they have been
averaged over a total of 7 x 13 piston periods. This process has been proven to reduce
the noise found in torque and rotational speed measurements that are affected by larger
fluctuations due to the nature of the corresponding signals.

The measurement uncertainties for the averaged signals have been evaluated and
propagated using the uncertainty propagation method (UPM) [45] in order to discern the
maximum errors expected for the performance coefficients in Equation (1). As a result, a
maximum uncertainty of +2.9% has been observed for the torque coefficient T*, a value of
+0.8% for the pressure coefficient p*, and a value of +1.5% for the flow coefficient ¢. As
the efficiency # is a combination of all of the above non-dimensional performance aspects
(see Equation (1)), its maximum uncertainty is slightly larger and is equal to +3.2%.

3. Results
3.1. Global Performance for a Complete Piston Period

The global performance of the Wells rotor during a complete piston period is reported
in Figure 6 for three values of the blade stagger angle y. Coefficient curves have been fitted
using a Gaussian-weighted average to smooth noise in the efficiency calculations.

These representations highlight the differences between the inflow and outflow phases,
which become larger when the value of the stagger angle (fixed during every test) is
increased, as it produces a reduction in incidence during inflow and an increase during
outflow. It is interesting to note that, for v = 5 degrees, the rotor output torque is still
positive in a very limited operating range during outflow, even though the cascade is
misoriented with respect to the incoming flow. In this small range, the rotor efficiency is
also positive, despite reaching a maximum value of just 17%. For the inflow phase, in the
tested range of flow coefficients, i.e., the left side of the graphs in Figure 6, the zero-stagger
Wells rotor reaches deep stall conditions, while it operates very close to the stall point
when 7 is set to 5 degrees, as shown in the torque coefficient plots in Figure 6a. Both
the torque coefficient (before stall) and the pressure coefficient for any given value of ¢
decrease with the blade stagger angle, as the passage of the rotor becomes larger and the
flow incidence smaller. On the contrary, the maximum efficiency grows with -y, while
occurring for increasing values of ¢ (Figure 6c).
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Figure 6. Performance coefficients for different blade stagger angles for a complete piston period (the

dots correspond to measurement points).

3.2. Performance During the Inflow Phase

In this section, results are reported only for the inflow phase, for negative values of

the flow coefficient ¢, i.e., when restaggering produces a reduction in the incidence angle.

Figure 7 shows the performance curves for T* and # in a more convenient and repre-

sentative way.
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Figure 7. Performance coefficients for different blade stagger angles during the inflow phase (the
dots correspond to measurement points).

In Figure 7a, the torque coefficient, already reported in Figure 6a as a function of
the flow coefficient, is now reported in terms of the non-dimensional available power
provided by the OWC simulator, i.e., p*¢ o« ApQ. Based on this parameter, the three
geometries can be more appropriately compared in terms of their local aerodynamic
behavior when working with the same available power, which can be assumed, at least
as a first approximation, to remain unchanged when the three turbines are fitted to the
same OWC. This representation clearly highlights that, for every value of p*¢, the output
torque grows with the stagger angle, meaning that the staggered rotor is able to extract
more energy than the non-staggered one, thus giving clear evidence of the performance
improvement achievable with a variable-pitch rotor. This reflects on the rotor efficiency
value, which is plotted in Figure 7b against the pressure coefficient, for the three values of
7. It is interesting to note that the best efficiency point, whose value grows with v, occurs
for almost the same value of p*, regardless the value of . Although expected, this result
should be taken into consideration for the definition of a control strategy based on varying
the pitch angle to maximize the turbine efficiency.

The inlet flow has been reconstructed during the entire inflow phase (different values
of ¢) along the blade height, based on the measurements provided by the DIMCM probe.
In Figure 8, the inlet flow is presented, for the three values of the stagger angle v, in terms
of the absolute tangential flow angle « and the radial flow angle e.

The flow angle maps at the turbine inlet show an almost axial flow, with the absolute
flow angle a1 close to 90 degrees during the entire inflow phase, except near the inversions
(¢ =~ 0). The potential effect due to the rotor’s proximity is mostly reflected in a non-zero
radial flow angle ¢, which attains small positive values at all radial positions. This means
that the inlet flow is moving from the hub to the tip, where the flow is allowed to cross the
rotor more easily, thanks to lower solidity and to the tip clearance. It can be observed that
this three-dimensional behavior is less pronounced as the blade stagger angle grows, due
to the reduced obstruction obtained by rotating the blades, particularly in the hub region.

The outlet flow angles are reported in Figure 9, similarly to Figure 8 for the inlet
flow angles.
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Figure 8. Inlet flow angles for the tested rotors. (a) Absolute flow angle; (b) Radial flow angle.

The absolute tangential flow angle a, presents its largest values in the lower half of
the blade, while it decreases near the walls—particularly in the tip region, where it reaches
values close to 90 degrees, as the flow becomes more axial due to the lower obstruction
offered by the rotor and the presence of the tip clearance. The stall of the non-staggered rotor
can be observed with the sharp drop in a; at the largest values of ¢, particularly in the mid-
to high-span region. The other rotors do not experience stall in the tested flow coefficient
range, as already observed in Figure 7. Another important piece of information provided
by the maps in Figure 9 is that the non-staggered Wells turbine is affected by tip stall, i.e.,
the flow separation originates in the tip region. In the stable operating range, i.e., in the
absence of stall, the absolute flow angle for a fixed radial position is almost independent of
¢, except near the inversions, for every value of the stagger angle <. This result suggests
that the value of a; is mostly governed by the rotor solidity, as predicted with potential
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flow analysis on rotors with blades of negligible thickness [10,46] and already verified by
previous experimental investigations [22,36]. The radial flow, described in Figure 9b, shows
mostly negative flow angles along the blade span, which decrease as the stagger angle
grows due to the lower obstruction offered by the rotor. Negative values of the radial flow
angle mean that the flow is moving from higher to lower radii, as, after crossing the rotor,
it tends to occupy the passage channel uniformly.

ap [deg]
60 90 120 150 180

TIP
0.8
= = 0.6 =
& & &
0.4
0.2
HUB
TDC 0.5 BDC
Z*
0 030403 0
4
v =5 deg.
(@)
€ [deg]
-30 —15 0 15 30
TIP TIP
]
0.8 0.8
0.6 < 0.6
N
&
0.4 0.4
0.2 ) 0.2
TDC TDC 0.5 BDC
Z*
0 03 04 03 O
¢
v =10deg

Figure 9. Outlet flow angles for the tested rotors. (a) Absolute flow angle; (b) Radial flow angle.

3.3. Local Performance for the Same Value of p* ¢

In order to compare all rotors under the same operating conditions, the available
power from the OWC has been chosen as the most representative parameter. A value of
p*¢ = 0.2 has been selected for this comparison, close to the maximum value available for
all three turbines, as shown in Figure 7a. This value of p*¢ has been obtained with different
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values of ¢ and p* for the three rotors. These values are reported in Table 3 to aid the reader
in the following comparisons.

Table 3. Operating conditions used for the local flow comparisons.

7 [deg] —¢ —p* p e
0 0.26 0.75 0.2
5 0.31 0.64 0.2
10 0.37 0.53 0.2

In Figure 10, the most relevant flow variables are shown for the different rotors, as a
function of the blade span.
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0

Figure 10. Flow field characteristics at the inlet and the outlet of the rotor, for the three turbines with

different stagger angles.

The trends of the inlet axial velocity component highlight that the rotors operate with
different flow rates, growing with -y, under the same OWC pneumatic power, due to the
lower obstruction. Nevertheless, the radial distribution of C, ; presents similar trends for
all three configurations (blade stagger angles), with progressively lower values in the tip
region, where the inlet flow is more three-dimensional, with larger values of the radial flow
angle €1, as shown in Figure 8b. This effect, combined with the larger peripheral speed,
results in a progressively smaller relative flow angle in the tip region, especially after 70%
of the blade span. This is clearly shown in Figure 10b in terms of the incidence flow angle i,
reported with solid lines and circle markers along the blade span. As expected, i is larger for
the non-staggered rotor and it decreases with . The deviation angle, reported in Figure 10b
with dotted lines and triangle markers, shows the opposite trend to 7, suggesting similar
flow deflection angles for all tested turbines, except in the hub and tip regions. The larger
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values of 4 in the mid- to tip region clearly highlight the presence and influence of the
leakage flow, being more evident in the outlet flow. The latter has been characterized in
terms of the axial and tangential velocity components shown in Figure 10c,d, respectively.
The different flow rates among the rotors are reflected in the smaller axial velocity in the
lower 75% of the blade. In the tip region, C;, attains larger values due to the presence
of the leakage flow [36], which makes the flow highly three-dimensional, as observed
in Figure 9b. It is interesting to note that, for larger stagger angles, this effect becomes
progressively less intense due to the reduction in the pressure drop across the rotor, as
reported in Table 3. As expected, the presence of the leakage flow results in a lower outlet
tangential velocity contribution in the tip region. This reduction extends to the upper 40%
of the blade span for the non-staggered rotor, suggesting a penalized work exchange in a
wide portion of the blade height with respect to the staggered rotors. The comparison of
the Cy » distributions for different values of 7y suggests that the reduction in the exchanged
specific work at midspan, obtained when increasing the stagger angle, is only partially
compensated by higher values of the work near the walls, particularly in the hub region,
with a more uniform distribution along the blade height.

The velocity vectors in Figure 11 provide a visualization of the relative flow field
variation for different values of v, in a quasi-blade-to-blade surface, i.e., neglecting the
radial component.

——18% of span ——— 50% of span 82% of span

(c) ¥y = 10 deg.

Figure 11. Relative velocity vectors at the inlet and outlet of the three tested rotors, at different
span positions.

These 2D representations clarify how the incidence flow angle decreases with v, for
the same value of available energy. It is evident that turbines with higher values of the
stagger angle present lower three-dimensional effects, as shown by the smaller variation in
the exit relative velocity in the radial direction.

In order to quantitatively compare the performance of the rotors, Figure 12 shows the
radial distribution of the work coefficient ¢, of the aerodynamic efficiency 7, and of the
parameters representative of loss contributions, Yp and {rx.
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As expected from the outlet tangential velocity comparison, the work coefficient
shows small differences from <. In the midspan region, the non-staggered Wells rotor
is able to produce slightly larger flow deflection and specific work, as the blade profile
experiences a higher incidence in the absence of stall, as shown in Figure 10b. On the
contrary, the tip and hub regions are more penalized for the non-staggered rotor due to the
stronger three-dimensional flow—in particular, due to the leakage flow at larger radii. Only
minor differences appear between the two staggered rotors, mostly in the midspan region,
where ¢ decreases with vy. As already discussed in Section 3.2, the different turbines can be
more appropriately compared by means of the aerodynamic efficiency defined in Equation (1).

—— =0deg —— v =5deg v =10deg
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0.8 ¢ 0.8
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(a) Work coefficient. (b) Aerodynamic efficiency.
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(c) Relative total pressure losses. (d) Exit kinetic energy losses.

Figure 12. Local performance variations along the blade span for the same available energy from the

OWCG, for the three rotor geometries.

The comparisons in Figure 12b give a clear indication of a poorly efficient turbine
with non-staggered blades, while higher efficiency values are observed for the staggered
turbines. The efficiency improvement, which has been observed along the entire blade
radius, is due to the different operating conditions of the rotors. In fact, considering the
efficiency definition in Equation (1), while the denominator, representing the available
power, has been kept constant for these comparisons, the numerator increases with v, as
shown in Figure 7b. This is the consequence of what is observed in Figure 12a, where the
work coefficient representing the specific work per unit of mass shows a relatively small
reduction with -y in the presence of a larger flow rate (see Table 3).

A more detailed analysis of the rotor behavior has been conducted, evaluating the
loss contributions Yp and {gx, representing the non-dimensional relative total pressure
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loss and the residual kinetic energy at the rotor exit, respectively. It can be observed that,
while ¢gx grows with v, as expected due to the larger values of the flow coefficient ¢
that the rotor operates at, the aerodynamic losses Yp become progressively lower, with a
maximum reduction at midspan of about 40%. This gives an important confirmation of the
positive effect associated with the variation in the blade stagger angle, which determines an
improvement in the rotor’s aerodynamic behavior. As noticed for the non-staggered Wells
rotor in [44], exit kinetic energy losses are less relevant than aerodynamic losses; hence,
the efficiency is mostly driven by the latter contribution also when it is evaluated in the
total-to-static formulation, with the exit kinetic energy considered completely lost.

4. Conclusions

A variable-pitch Wells rotor has been experimentally characterized in terms of both
global and local performance. An aerodynamic four-hole pressure probe, designed and
built at the DIMCM for this specific purpose, has been used to reconstruct the three-
dimensional flow field along the blade height. Measurements have been conducted under
non-stationary flow conditions, by reproducing regular (sinusoidal) wave motion with the
available OWC simulator, for three different values of the blade stagger angle, seeking to
produce a reduction in flow incidence during the inflow phase. The main results of this
work can be summarized as follows.

*  Both the output torque and pressure drop for any given stable operating condi-
tion decrease with the blade stagger angle; the maximum value of the efficiency
grows and moves to larger flow rates, but it occurs almost for the same value of the
pressure coefficient.

*  When pitching the blades, the flow obstruction decreases, mitigating the three-
dimensional characteristic of the inlet flow that naturally tends to move from the
hub to the tip, due to the reducing solidity and to the tip clearance.

e  For the same value of the available energy provided by the OWC, pitching the blades
produces almost the same specific work along the blade height, while the local aero-
dynamic efficiency, at every radial position, grows with the stagger angle. This is due
to the lower aerodynamic losses experienced in the presence of staggered blades.

*  On the contrary, for the same value of the available energy provided by the OWC,
the exit kinetic energy losses become larger with the blade stagger angle, although
their relatively small contribution to the overall losses does not affect the trend in
rotor efficiency.

This detailed investigation provides interesting results regarding the aerodynamics
of the Wells blade row when its stagger angle is different from 90 degrees. Based on this
information, different control strategies based on variable-pitch blades can be considered
for the maximization of both the aerodynamic torque and the rotor efficiency.
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Nomenclature

C absolute velocity

c blade chord

7 efficiency

f frequency of rotation

h enthalpy per unit mass

i incidence angle

P total pressure

p static pressure

p* static pressure drop coefficient
Q volumetric flow rate

r rotor radius

T aerodynamic torque

t tip clearance

T* torque coefficient

Tw wave/ piston period

u peripheral speed

14 velocity

W relative velocity

Yp relative total pressure loss coefficient
Zz piston position

z number of blades

Greek symbols

o =90 + tan~1(Cy/C;) absolute flow angle
B = tan~!(C,/Wj) relative flow angle
€ = tan"1(C,/C,) radial flow angle
0% stagger angle

v hub-to-tip ratio

(@) rotor angular velocity

P work coefficient

0 fluid density

o rotor solidity

CEx exit kinetic energy losses
Subscripts and superscripts

1 inlet

2 outlet

hub hub

r radial

rel relative flow

is isentropic

t total

0 tangential

tip tip

b4 axial

Acronyms

CFD  computational fluid dynamics
OWC  oscillating water column

PTO  power take-off

WEC  wave energy converter
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