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A B S T R A C T

Among the various solutions suggested for wave energy harvesting, the ones based on the oscillating water
column (OWC) principle are considered as the most promising, due to their constructive simplicity and
reliability. These systems convert sea wave energy into pneumatic energy in the form of a bi-directional airflow
that can conveniently turned into mechanical energy by a Wells turbine. Since their introduction, Wells turbines
have been studied extensively in order to characterize their performance. Most of the experimental studies have
focused on global machine performance analyses, while the studies focusing on local performance analyses
are limited. This work presents a detailed experimental investigation of a small-scale Wells turbine coupled
to an OWC simulator. The turbine aerodynamic characteristic has been identified with global measurements,
while a miniaturized aerodynamic probe has been used to evaluate local performance, by reconstructing the
three-dimensional flow field upstream and downstream of the turbine during a complete regular wave period.
Local analyses aid to explain global turbine performance, highlighting the main differences between inflow
and outflow phases. Moreover, they allow to describe the variation in loading along the blade radius, and to
evaluate the blade design law, which justifies the limited Wells turbine aerodynamic performance.
1. Introduction

Wave energy presents a large and widespread availability [1,2]
and has the potential of attracting significant interest in light of the
medium-term energy transition scenarios. Despite not being commonly
used, also due to the relatively high levelized cost of energy (LCOE)
associated [3], wave energy converters (WECs) employing different
technologies have been studied extensively. Systems based on the
oscillating water column (OWC) principle present higher reliability,
simplicity of construction and are considered the most promising de-
vices for large scale energy production [4], thanks to the absence of
moving parts interacting with the sea water. These systems convert the
potential energy of a water column moving inside an open chamber,
partially submerged under the sea free surface, into the pneumatic
energy of a column of air at the top of the chamber. The latter can be
used to drive an air turbine to produce mechanical energy at its shaft. A
simplified representation of the working principle of an OWC is shown
in Fig. 1.

The airflow generated by an OWC system is periodic, time varying
and alternate, meaning that its direction is inverted during system’s
operation. The alternate airflow requires a turbine capable to preserve
its direction of rotation regardless of the flow direction, and this can
be achieved by a Wells turbine [5]. The symmetric blades of this non-
conventional turbine are staggered at 90 degrees with respect to the
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axis of rotation, as shown in Fig. 2, thus ensuring similar performance
during outflow (air being pushed out of the chamber) and inflow phases
(air flowing from the ambient into the chamber).

The Wells turbine’s simplicity of construction and reliability have
attracted a number of researchers who focused on the characterization
of its performance [6,7], highlighting the main drawbacks associated
to a limited torque at low incidence angles and a reduced operating
range due to stall. The Wells turbine has been studied experimentally
in early [8] and more recent studies [9,10], mainly with unidirectional
setups, under fixed flow conditions. Only few experiments have repro-
duced the alternate flow typically present in an OWC system [11–14],
while most of the experimental investigations available in the literature
focus on overall performance characterization of laboratory-scale Wells
turbines, measuring output torque and pressure drop across the rotor,
together with the turbine rotational speed and flow rate. This approach
is generally adopted to compare different rotor geometries [15] and
operating conditions [10,16]. These data have been used for the vali-
dation of numerical results and then for optimization studies based on
the improvement of local flow features, such as tip leakage [17–19]
and separation [20,21]. Nevertheless, a detailed understanding of the
local flow field is of significant importance to support more extensive
validation of computation fluid dynamic (CFD) solvers, to increase the
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Nomenclature

Acronyms

BDC Bottom dead center
CFD Computational fluid dynamics
CRV Contra-rotating vortex
CV Corner vortex
DIMCM Department of Mechanical, Chemical and

Materials Engineering
LCOE Levelized cost of energy
LV Leakage vortex
OWC Oscillating water column
PTO Power take-off
TDC Top dead center
UPM Uncertainty propagation method

Dimensional properties

𝛼 Angle of the absolute flow
𝛽 Angle of the relative flow
𝐶 Absolute velocity
𝑐 Blade chord
𝐷 Turbine diameter
𝛿 Thickness
𝑒 Specific energy
𝑓 Frequency
𝑙 Specific work
𝛺 Angular rotational frequency
𝑝 Pressure
𝑄 Volumetric flow rate
𝑞 Dynamic pressure
𝑟 Turbine radius
𝜌 Air density
𝑡 Time
 Torque
𝑇𝑤 Piston period
𝑈 Peripheral rotor speed
𝑉 Velocity
𝑊 Relative velocity
𝑍 Piston position

Non-dimensional properties

𝜂 Efficiency
𝐻12 Shape factor
𝐾 Calibration coefficient
𝐾𝑥,𝜙 Turbine damping coefficient
𝜓 Work coefficient
𝜈 Hub-to-tip ratio
𝑝∗ Pressure drop coefficient
𝜙 Flow coefficient
𝑟∗ = (𝑟−𝑟ℎ𝑢𝑏)∕(𝑟𝑡𝑖𝑝−𝑟ℎ𝑢𝑏) Non-dimensional turbine radius
 ∗ Torque coefficient
𝜉𝐸𝑋 Loss coefficient related to the exit kinetic

energy

onfidence in the analysis and optimization of these complex local flow
eatures.

Most of the local flow investigations have been conducted assuming
he flow to be two-dimensional, i.e. neglecting the radial velocity
2 
𝜉𝑅 Loss coefficient related to the viscous losses
𝑧 Number of blades
𝑍∗ =
(𝑍−𝑍𝐵𝐷𝐶 )∕(𝑍𝑇𝐷𝐶−𝑍𝐵𝐷𝐶 )

Non-dimensional piston position

Subscripts and superscripts

1 Inlet
2 Outlet
𝑓 Flow
ℎ𝑢𝑏 Turbine hub
𝑖𝑠 Isentropic
() Mean/averaged value
𝑟 Radial direction
𝑟𝑒𝑓 Reference value
𝜃 Tangential direction
𝑡𝑖𝑝 Turbine tip
𝑡𝑠 Total-to-static
𝑧 Axial direction

Fig. 1. OWC working principle.

component. Alves et al. [22] have investigated the (assumed) 2D flow
inside a biplane Wells rotor with and without intermediate guide vanes,
in order to observe the local flow modification due to the presence
of a row of stator blades; Morais et al. [23] have extended this work,
testing and comparing different biplane Wells rotors by measuring the
local flow-field assumed as 2D; Licheri et al. [24] have performed
2D measurements for an isolated monoplane Wells turbine coupled
to an OWC simulator, presenting local performance for a wide range
of operating conditions only during the inflow phase. Local 3D flow
investigations can be found in Puddu et al. [25], only at the blade
midspan, for a Wells turbine under bi-directional flow, while Licheri
et al. [26] reconstructed the local flow field downstream of a Wells
rotor within a blade pitch, for a fixed flow condition, using a hot-
wire anemometer. Table 1 summarizes the local flow analyses on Wells
turbines available in the literature, highlighting the types of rig used
and of flow investigations.

To the authors’ knowledge, this paper investigates for the first time
the three-dimensional flow field upstream and downstream of a Wells
turbine rotor operating under a regular periodic bi-directional airflow,
at different radial positions. A four-holes aerodynamic probe, designed
and built for the purpose, has been used for this investigation, aiming to
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Fig. 2. Wells turbine working principle.
Table 1
Contribution to local flow measurements in Wells turbines.

Reference Setup/Flow conditions Flow investigation Notes

Gato, Falcão [8] Unidirectional/steady state Mean 2D flow along the blade span Theoretical vs. experimental prediction of
rotors with different solidities

Curran, Gato [27] Unidirectional/steady state Mean absolute flow angle at the
outlet

Test of different designs of mono- and
multi-plane Wells turbines

Gato, Webster [28] Unidirectional/steady state Mean absolute flow angle at the
outlet

Comparison of swept and unswept blades for
different rotor solidities and pitch angles

Paderi, Puddu [25] OWC simulator/non-stationary Mean 3D flow at midspan Performance of a high solidity monoplane
Wells turbine

Puddu et al. [12] OWC simulator/non-stationary 2D flow in a blade pitch at midspan Instantaneous performance of a high solidity
monoplane Wells turbine

Licheri et al. [24,29] OWC simulator/non-stationary Mean 2D flow along the blade span Local performance of a high solidity Wells
turbine, relative contribution of losses

Alves et al. [22],
Morais et al. [23]

Unidirectional/steady state Mean 2D flow along the blade span Effects of intermediate guide vanes between a
biplane Wells turbine

Licheri et al. [26] OWC simulator/unsteady 3D flow in a blade pitch along the
blade span

Local flow structures in a blade pitch and their
extension for a fixed flow rate condition
define the time-dependent local performance of the Wells rotor. Based
on the flow reconstruction, differences in performance between inflow
and outflow phases, already observed in previous works, have been
explained and related to the differences in the incoming flow. On the
other hand, the effect of the radial component, usually neglected in
experimental Wells turbine measurements, has been evaluated, as it
is expected to be relevant for the particular rotor tested due to the
reduced blade height. Moreover, the flow reconstruction has been used
to recover the blade design law, as Wells turbines are often designed
with a constant blade chord along the span. The implication on the
expected rotor performance of this simple design has been investigated
for the very first time. A newly built Wells turbine prototype has been
adopted for the present analysis, with a value of the rotor solidity close
to the ones found in literature [13,27,30,31]. In addition, the OWC
simulator in the Department of Mechanical, Chemical and Materials
Engineering (DIMCM) at the University of Cagliari has recently been
upgraded to allow a simpler and more rapid installation of measuring
instruments. It features a straight (axial) inflow duct, similar to the ones
conventionally used in real installations, which replaces the curved
duct used in previous analyses [12,24,25,29].

This paper is organized as follows: Section 2 introduces the experi-
mental rig and the instrumentation used for the present analysis, pro-
viding a detailed description of measured signals, probe calibration and
sensors’ estimated uncertainties. Traditional performance parameters
3 
are defined in Section 3, together with two additional non-dimensional
parameters useful to define local rotor performance. Results for the in-
let and outlet flow, as well as both overall and local rotor performance,
are described in Section 4. Section 5 summarizes the main findings of
this analysis and draws conclusions.

2. Experimental setup and instrumentation

The OWC simulator housed in the DIMCM at the University of
Cagliari has recently been upgraded by modifying the measuring and
outlet sections at the ambient side, previously characterized by a curved
configuration with a radial exit section [12,24,25,29]. A sketch of the
modified setup is shown in Fig. 3, where the straight (axial) configu-
ration of the exit duct at the top of the rig is evident. The newly built
ambient-side section has been introduced to ensure a better symmetry
between inflow and outflow phases, which was previously not possible
due to the radial gradients caused by the curved duct. The new setup
will allow to isolate the different contributions given by the presence
of the chamber during inflow and outflow, while its more common
geometry will provide results of general validity for the aerodynamic
behavior of the Wells turbine.

The OWC simulator is composed of a cylindrical steel chamber
where a piston, driven by a hydraulic unit, is used to mimic the
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Fig. 3. Experimental setup scheme.
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, ensuring
a maximum flow speed of about 20 m∕s at the inlet of the rotor. The
piston displacement set for the present analysis, a regular sinusoidal
motion, is represented in Fig. 4, together with the flow coefficient,
which is obtained by non-dimensionalizing the axial component of the
flow speed upstream of the rotor (𝐶𝑧) with the turbine’s peripheral
velocity at the tip (𝑈𝑡𝑖𝑝). Refer to Eq. (5) for a definition of the turbine
non-dimensional performance parameters.

Every piston period can be divided in two semi-periods. During
the first one, the piston moves from the top dead center (TDC) to
the bottom dead center (BDC) and the air flows into the turbine
from the ambient: we refer to this semi-period as the inflow phase.
Then, when it returns to the TDC, the piston pushes air from the
OWC chamber through the turbine: we refer to this semi-period as the
outflow phase. The axial component of the velocity 𝐶𝑧 (and therefore
the flow coefficient 𝜙) is assumed positive during outflow, and negative
during inflow. Each one of these semi-periods can be further subdivided
into an acceleration and a deceleration phase, depending on whether
the absolute value of the flow coefficient is increasing or decreasing.
The different phases of a piston period and their nomenclature are
highlighted in Fig. 4.

A linear wire potentiometer is employed to measure the piston
displacement and for the feedback control of the hydraulic unit. Above
the chamber, a Wells turbine, which drives an electric motor controlled
by an inverter with encoder feedback, is installed. The main geometric
parameters of the turbine are summarized in Table 2.
4 
Fig. 4. Non-dimensional piston motion and flow coefficient variation obtained in the
experiment.

A shaft-to-shaft torque sensor is placed between the turbine and
the electric motor, and it also allows to measure the turbine rotational
speed with a built-in optical encoder. The measuring section, shown in
Fig. 5(a), is equipped with wall pressure taps placed on both sides of
the rotor at a distance of ±7.5 mm from the blade chord. Three taps
have been placed at each side of the rotor (equally spaced around the
annulus) and connected with two transducers, one per side, properly
selected with respect to expected pressure values (see Table 3). Aero-
dynamic probes can also be inserted in this section and a positioning
driver allows them to be moved along the machine radial direction and



F. Licheri et al. Energy 296 (2024) 131062 
Fig. 5. Location of the measurement stations near the turbine.
Fig. 6. Velocity triangles upstream and downstream the Wells rotor.
Table 2
Geometric parameters of the tested Wells turbine.

Rotor tip diameter, 𝐷𝑡𝑖𝑝 250 mm
Rotor hub diameter, 𝐷ℎ𝑢𝑏 190 mm
Tip clearance 1 mm
Chord length, 𝑐 36 mm
Number of blades, 𝑧 12
Airfoil profile NACA 0015
Solidity 0.625
Sweep ratio 0.5 (18/36)
Hub-to-tip ratio, 𝜈 0.76

to be rotated around their axis. This system also allows to adjust the
probe’s distance from the blade chord, in the machine axial direction.
A detailed scheme of the measurement positions is shown in Fig. 5(b).

The volumetric flow rate cannot be measured with standardized
flowmeters, due to the configuration of the setup, but it can be calcu-
lated based on the piston position (recorded with the linear potentiome-
ter), taking into account the time delay between the piston motion and
the corresponding flow speed at the rotor inlet, due to the presence
of the chamber volume [25]. Expected uncertainties for the global
measurements (torque, wall static pressures and piston position) are
listed in Table 3, together with the most relevant properties of each
measuring device in use.

2.1. Aerodynamic probe

The local three-dimensional flow field properties both upstream and
downstream of the turbine have been reconstructed using a 4-holes
aerodynamic probe, similar to a wedge probe [32,33] and built for the
purpose. Representative velocity vectors at the inlet and outlet of the
Wells rotor are shown in Fig. 6. These angle definitions have been used
in the following flow field reconstruction.
5 
A schematic of the DIMCM probe is presented in Fig. 7(a), while the
picture in Fig. 7(b) shows the insertion near the Wells turbine rotor, at
a distance of 15 mm from the blade chord as set during the tests.

The custom-made probe has been designed and built for this specific
setup: it has a maximum head size of about 2.5 mm in the radial
direction, thus allowing a fine scan resolution along the blade span
while minimizing the distortion of the flow field. This is particularly
important considering the reduced blade height. The probe’s head is
placed on a stem with a diameter of 3 mm, as shown in Fig. 7(b).

The aerodynamic probe has been used in ‘‘non-nulling’’ mode within
its angular calibration range, in order to determine the flow angles
and total and static pressures. Probe orientations have been selected
according to the expected flow directions, both at the inlet and at the
outlet of the turbine, by rotating the stem of the probe around its
axis. The angular calibration has been conducted in a subsonic wind
tunnel, by relating the pressure values measured by the probe holes
indicated in Fig. 7(a) with the true values, i.e. the total pressure 𝑝𝑡 and
the static pressure 𝑝 of the flow field in the wind tunnel, and to the
flow angles. The following non-dimensional coefficients have been used
to describe the angular calibration of the probe, adopting definitions
similar to the ones used for other multi-hole aerodynamic probes in
the literature [32]:

𝐾𝑌 =
𝑝𝑙𝑒𝑓 𝑡 − 𝑝𝑟𝑖𝑔ℎ𝑡

𝑞𝑝𝑟𝑜𝑏𝑒
(1)

𝐾𝑃 =
𝑝𝑢𝑝 − 𝑝𝑑𝑜𝑤𝑛
𝑞𝑝𝑟𝑜𝑏𝑒

(2)

𝐾𝑇 =
𝑝𝑡 − 𝑝𝑓𝑟𝑜𝑛𝑡
𝑝𝑡 − 𝑝

(3)

𝐾𝑆 =
𝑝 − 𝑝𝑠
𝑝𝑡 − 𝑝

(4)

where 𝐾𝑌 , 𝐾𝑃 , 𝐾𝑇 and 𝐾𝑆 represent the yaw coefficient, the pitch
coefficient and the total and static pressure coefficients, respectively;
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Table 3
Properties of the instruments used to characterize global performance (FSS stands for Full Scale Span).

Measured variable Sensor Range Accuracy Sensitivity

Wall static pressure Sensor technics
±1 kPa ±1 %FSS 2.0 V/kPaat rig ambient side BSDX series

Wall static pressure Sensor technics
±1 PSI ±0.5 %FSS 2.0 V/PSIat rig piston side BSDX series

Output torque ETH messtechnik
±2 Nm ±0.1 %FSS 2.5 V/Nmtype DRFL-I

Piston position MAFEurope - DWT series 1.5 m 0.5 %FSS 3.3 V/m
Turbine rotational speed (built-in in the torque sensor) 10 000 rpm ±1∕60 rpm –
Fig. 7. DIMCM probe schematic view and its positioning near the turbine.
𝑝𝑢𝑝 is calculated by averaging left and right pressures, i.e. 𝑝𝑢𝑝 = (𝑝𝑙𝑒𝑓 𝑡 +
𝑝𝑟𝑖𝑔ℎ𝑡)∕2; 𝑝𝑠 represents the ‘‘static pressure’’ of the probe, calculated as
the mean of the directional pressure values (𝑝𝑑𝑜𝑤𝑛 + 𝑝𝑙𝑒𝑓 𝑡 + 𝑝𝑟𝑖𝑔ℎ𝑡)∕3 and
𝑞𝑝𝑟𝑜𝑏𝑒 represents the ‘‘dynamic pressure’’ of the probe, 𝑝𝑓𝑟𝑜𝑛𝑡 − 𝑝𝑠. The
schematic representation in Fig. 7(a) shows the probe’s taps and their
names. The directional taps, i.e. down, left and right taps, and the total
pressure tap, named as front, are clearly identifiable.

The pitch and yaw angles are measured in the pitch and yaw planes,
respectively, as sketched in Fig. 7(a). According to Eqs. (1) and (2), the
pitch is considered positive when the flow encounters the probe from
the ‘‘up’’ direction, while the yaw angle is positive when the flow comes
from the left tap’s side. Contour maps of the calibration coefficients
defined in Eqs. (1)–(4) are shown in Fig. 8 as a function of the flow
angles, as evaluated during the calibration process.

The lack of symmetry for the probe’s response in the pitch plane is
clearly visible (see Fig. 8(b)) and is due to both the asymmetry of the
probe’s head in the pitch plane and to the presence of the stem. The
range of reliable use should not exceed the calibration ranges, i.e. ±30
degrees. Probe symmetry in the yaw plane is clearly observed, while a
good directional sensitivity of the probe is shown in Fig. 8, with respect
both to the yaw and to the pitch angle. Nevertheless, the errors on total
and static pressure measurements, represented by 𝐾𝑆 and 𝐾𝑇 , are, as
expected, dependent on both flow angles and tend to become larger
with the misalignment between the probe and the flow direction.

Differential signals, i.e. 𝑝𝑙𝑒𝑓 𝑡 − 𝑝𝑟𝑖𝑔ℎ𝑡 and 𝑝𝑓𝑟𝑜𝑛𝑡 − 𝑝𝑑𝑜𝑤𝑛, have been
measured in order to minimize the uncertainty in the determination
of the flow angles, as demonstrated in [34]. In addition, single gauge
pressures for front and left taps have been also acquired, in order to
evaluate all pressure terms. Four differential pressure transducers have
been used to collect all these signals, as summarized in Table 4.

Measurements’ uncertainties have been evaluated with the classic
uncertainty propagation method (UPM) [35]. The uncertainties on
calibration coefficients 𝐾𝑌 , 𝐾𝑃 , 𝐾𝑇 and 𝐾𝑆 have been estimated from
the calibration process, as done in [34]. The estimated maximum
6 
uncertainties in both flow angles is around ±0.5 degrees. Total and
static pressures have shown a maximum uncertainty of about ±15 and
±20 Pa, respectively. Therefore, the maximum flow speed uncertainty
based on the UPM results in a value of ±0.5 m∕s.

The DIMCM probe has been used to investigate the inlet and outlet
flows, both during inflow and outflow, by taking pressure measure-
ments at ambient and piston sides. The blade span has been scanned
at 18 radial positions, not equally spaced: smaller steps of less than
1 mm have been taken near the walls where larger pressure gradients
were expected. Local measurements have been performed under time-
varying flow conditions, as done for global measurements. All the
settings used in the experiments are listed in Table 5.

The turbine rotational frequency has been selected to obtain a
maximum flow coefficient of about 0.22, as listed in Table 5, at the limit
of the stall-free operating range. The inverter’s PID controller provides
an almost constant turbine rotational speed, by means of a feedback
encoder signal.

The acquisition time at each probe position has been set to acquire
signals for at least 5 piston periods with a sampling rate of 1 kHz. An
average distribution of the acquired signals has been obtained with
a phase locked averaging process based on piston movement. This
allowed to obtain signals at a reduced number of points (250 points per
period), as shown in Fig. 9 for the non-dimensional global measured
quantities, where the grey lines represent 5 overlapped piston cycles
measurements.

No significant differences can be observed for position and wall-
pressure measurements between different periods, and, as a conse-
quence, the phase averaged results appear close to the original mea-
sures. Larger differences can be observed for output torque and turbine
rotational frequency, as expected due to the nature of these signals
and the high sensitivity of the torque sensor which records both these
quantities. Nevertheless, signals bandwidths are narrow and the data
reduction process does not distort the original measurements. Uncer-
tainties, represented as black vertical lines, are larger for torque and
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Fig. 8. Non-dimensional calibration coefficients for the DIMCM probe.
Table 4
Pressure transducers used with the DIMCM probe (FSS stands for Full Scale Span).

Measured variable Sensor Range Accuracy Sensitivity

𝑝𝑓𝑟𝑜𝑛𝑡
Sensor technics

±2.5 kPa ±1 %FSS 0.8 V/kPaBSDX series

𝑝𝑙𝑒𝑓 𝑡 − 𝑝𝑟𝑖𝑔ℎ𝑡
Sensor technics

±2.5 kPa ±1 %FSS 0.8 V/kPaBSDX series

𝑝𝑓𝑟𝑜𝑛𝑡 − 𝑝𝑑𝑜𝑤𝑛
Sensor technics

±2.5 kPa ±1 %FSS 0.8 V/kPaBSDX series

𝑝𝑙𝑒𝑓 𝑡
Sensor technics

±2.5 kPa ±1 %FSS 0.8 V/kPaBSDX series
Table 5
Experimental settings.

Turbine rotational frequency, 𝑓 60 Hz
Piston stroke amplitude ≈850 mm
Piston period, 𝑇𝑤 9 s
Maximum flow coefficient, 𝜙 0.22
Reynolds’ number at exit conditions

1.35 × 105and based on blade chord

rotational frequency, as expected, while they are significantly smaller
for position and wall pressure measurements.

3. Turbine performance

In order to characterize the performance of a Wells turbine, the
following non-dimensional parameters are typically adopted [8]: the
flow coefficient 𝜙, the torque coefficient  ∗ and the pressure coefficient
𝑝∗:

𝜙 =
𝐶𝑧
𝛺𝑟𝑡𝑖𝑝

 ∗ = 
𝜌𝛺2𝑟5𝑡𝑖𝑝

𝑝∗ =
𝛥𝑝

𝜌𝛺2𝑟2𝑡𝑖𝑝
(5)

where 𝐶𝑧 is the (spatially averaged) axial flow velocity at the turbine
inlet, calculated based on the piston speed, and accounting for the
7 
phase difference due to the capacitive behavior of the OWC [36]. The
static pressure drop 𝛥𝑝 is the pressure difference across the turbine
obtained from the wall pressure measurements at either sides of the
machine [8]. Performance parameters, as defined in Eq. (5), can be
estimated based on global measurements, i.e. the output torque, the
rotational speed of the turbine, the wall static pressures and the piston
velocity, and are useful to give an overall characterization of the
turbine. Starting from these global measurements, the turbine efficiency
can readily be defined as in [6,8]:

𝜂 =  𝛺
𝛥𝑝𝑄

=  ∗

𝑝∗𝜙
1

𝜋(1 − 𝜈2)
(6)

where 𝜈 is the turbine’s hub-to-tip ratio. In the present work,  refers
to the aerodynamic torque, obtained by clearing the torque measured
at the turbine shaft from windage and friction losses and from the rotor
inertial torque. Thus, the associated efficiency calculated with Eq. (6)
represents an aerodynamic efficiency, as explained in [21]. The UPM
has been applied to the calculated non-dimensional performance, start-
ing from the measurements’ uncertainties in Fig. 9. Thus, a maximum
relative uncertainty of ±8.8% has been calculated for 𝑇 ∗, a value of
±1.1% has been estimated for 𝑝∗, a value of ±1.6% for 𝜙, while a slightly
larger value, equal to ±9.0%, has been obtained for the efficiency 𝜂.

A more appropriate efficiency formulation should consider that in
a Wells turbine the exhaust kinetic energy is not recovered, as pointed
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Fig. 9. Measured quantities in successive tests and data-reduction result.
out in [7,21,37]. Therefore, the total-to-static efficiency can be used for
this purpose:

𝜂𝑡𝑠 =
 𝛺

(𝑝𝑡1 − 𝑝2)𝑄
(7)

The latter can be evaluated based on the above global measurements
only for the inflow phase, where the total pressure at the turbine’s
inlet can be reasonably assumed equal to the atmospheric pressure, if
inlet duct pressure losses are neglected [29]. The same approximation
cannot be taken for the outflow phase as the total pressure at the
chamber side needs to be directly measured, given the presence of a
swirling flow. As an alternative, it could be approximated using local
measures, i.e. combining static pressure and flow velocity obtained
from the probe.

Local performance can be described by introducing the work co-
efficient 𝜓 , see Eq. (8), which represents the specific work 𝑙(𝑟), ex-
changed between fluid and machine at a specific radial position 𝑟,
non-dimensionalized with respect to the tip peripheral velocity.

𝜓(𝑟) =
𝑙(𝑟)
𝑈2
𝑡𝑖𝑝

=

[

𝑈 (𝐶1𝜃 − 𝐶2𝜃)
]

𝑟

𝑈2
𝑡𝑖𝑝

(8)

In a previous work [29], the authors have shown that the total-to-
static efficiency can be expressed as

𝜂𝑡𝑠 = 1 − 𝜉𝑅 − 𝜉𝐸𝑋 (9)

where 𝜉𝑅 and 𝜉𝐸𝑋 are the loss coefficients related to viscous losses
(the rotor losses) and exit kinetic energy, respectively. This formulation
of 𝜂𝑡𝑠 can be applied along the blade span, using the flow properties
reconstructed from the probe measurements.

Relative uncertainties in both the work coefficient 𝜓 and the total-
to-static efficiency 𝜂𝑡𝑠 have been evaluated, considering the probe’s
maximum errors after the flow reconstruction process. A value of ±3.6%
has been found for 𝜓 while a value of ±7.1% has been calculated for
𝜂 .
𝑡𝑠

8 
A detailed analysis of the relative contributions due to the two loss
mechanisms has been presented, for a different Wells turbine geometry,
in [29]. In the present analysis, these two contributions will be eval-
uated for the inflow and outflow phases, in order to understand their
relative impact on the total-to-static efficiency calculation. A detailed
derivation of the two coefficients can be found in [29].

4. Results

4.1. Turbine overall characteristic

The turbine performance is reported in Fig. 10, in terms of the non-
dimensional parameters and the global efficiency defined in Eqs. (5)
and (6).

Performance is shown for a wide operating range in the stall-free
region, with a maximum value of the flow coefficient 𝜙 ≈ 0.22. The
turbine aerodynamic efficiency shows an almost constant value in a
relatively wide range of operating conditions, with the exception of the
proximity to the piston inversion and near the maximum value of flow
coefficient, where a slight drop is present. The pressure drop coefficient
shows a linear trend with respect to the flow coefficient 𝜙, away from
the inversion, and the slope of this curve, equal to 2.59, represents the
damping coefficient of the turbine, 𝐾𝑥,𝜙, which is a fixed property of
the tested turbine. The values of the performance parameters obtained
from measurements both during acceleration and deceleration are rep-
resented in Fig. 10, as blue dots, without distinction. No significant
differences are present, as expected given the low non-dimensional
frequency (𝜋𝑓𝑐)∕𝑈 of about 3.9 × 10−4 [38]. The performance of the
machine can therefore be represented as a single curve for each of
the parameters, function of the non-dimensional flow coefficient 𝜙.
The interpolating curves obtained are shown as dashed black lines in
Fig. 10.

Performance parameters in Fig. 10(a) and (c) present different
values between inflow (negative values of 𝜙) and outflow (positive
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Fig. 10. Non-dimensional characteristics of the Wells turbine.
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values of 𝜙) phases, as often observed for Wells turbine coupled to OWC
systems [12,25]. Local measurements, reported in Sections 4.2 and 4.3,
will help to explain this aspect of the turbine behavior.

The mean aerodynamic efficiency in a cycle of the turbine has been
evaluated as follows:

𝜂 =
∫

𝑇𝑤
 𝛺 d𝑡

∫
𝑇𝑤
𝛥𝑝𝑄d𝑡

(10)

nd a value of 53.0% has been obtained for 𝜂 in the selected operating
ange (−0.22 ≤ 𝜙 ≤ 0.22).

.2. Inlet flow

A preliminary investigation of the inlet boundary layer has been
onducted by measuring the total pressure variation along the blade
pan with a very small flattened probe (nose radial dimension equal
o 0.35 mm). Measures have been taken only at the ambient side,
.e. during the inflow phase, the only condition when the flow is truly
xial, as it will be shown in detail later in this Section. The probe has
een placed 30 mm (about a chord) upstream of the rotor, as shown in
ig. 5, and the total pressure has been measured at 32 radial positions,
efined in the near-walls regions with a minimum radial step size of
.35 mm, a value similar to the size of the probe’s nose. The static
ressure measured from the wall pressure taps has been used to calcu-
ate the velocity profile. While total and static pressure measurements
ere taken at slightly different axial positions, the impact of this offset

s expected to be small, due to the constant cross-section of the duct.
ig. 11 shows the absolute velocity 𝐶 non-dimensionalized with respect
o the mean velocity 𝐶𝑟𝑒𝑓 (outside the boundary layer) as a function of
he non-dimensional radial position 𝑟∗.

The velocity profile presents thin boundary layers, both near tip
nd hub walls, with a maximum thickness of less than 14% of the
lade span. The boundary layer shape in Fig. 11 is representative of a
urbulent flow. The clean flow appears very uniform and well defined,
hus confirming that the newly built inlet duct at the ambient-side does
ot introduce any flow distortion to the turbine. 12 measuring points
all within the boundary layer, a number that is deemed adequate to
stimate some common integral boundary layer measures.

A summary of these integral boundary layer parameters, calculated
ssuming flow incompressibility as proposed by [39] and justified by
he low Mach number values, is reported in Table 6, both for the
ip and hub boundary layers. These parameters provide a detailed
escription of the inlet boundary layer of the tested turbine, and they
epresent important information to perform numerical simulations with
he correct boundary conditions.

The velocity components and flow angles at the turbine’s inlet, re-
onstructed with the DIMCM probe, are shown in Fig. 12, as a function
 p

9 
Fig. 11. Inlet velocity distribution during the inflow phase, at the ambient side, for
𝜙 = 0.195.

Table 6
Integral boundary layer parameters.

Hub wall Tip wall

Thickness, 𝛿99 4.1 mm 2.7 mm
Displacement thickness, 𝛿1 0.23 mm 0.17 mm
Momentum thickness, 𝛿2 0.19 mm 0.16 mm
Shape factor, 𝐻12 1.2 1.1

of the non-dimensional piston period and of the non-dimensional radial
position, both during inflow and outflow.

The inlet flow presents an almost uniform distribution along the
blade span with the exception of the proximity to the hub and tip
regions. The wall effect is more evident in the tip region during the
outflow phase where the inlet flow shows three-dimensional character-
istics (high radial velocity component in Fig. 12(b)). Both in the tip
and hub regions, the radial velocity component shows positive values
which mean that flow is moving from the hub to the tip of the blade.
Near the hub, this can be related to the high rotor solidity which exerts
a blockage on the flow. In the tip region, the presence of the tip gap
draws the flow to higher radii. A tangential velocity component is
present during the outflow phase due to the rotation exerted on the
air contained in the chamber during the previous phase, and its value
increases along the span, from the hub to the tip. As a consequence,
the absolute flow angle 𝛼1 slightly varies from hub to tip, as shown in
Fig. 12(d). Also the incidence angle 𝛽1 shows a linear variation along
he blade span, decreasing when moving from the hub to the tip during
oth phases, and this can be attributed to the variation of the peripheral
elocity with the rotor radius. Flow angles have been reported also in
ig. 13: Fig. 13(a) present their variation as a function of time during
piston period, at midspan, while Fig. 13(b) shows the variation of

he flow angles along the blade span, for a fixed value of the flow
oefficient (𝜙 = 0.22), and hence for a given time during a piston

eriod.
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Fig. 12. Maps of velocity components and flow angles at the turbine inlet for a complete piston period.
Fig. 13. Inlet flow angles distributions during the inflow (solid line) and outflow phase (dashed line).
These representations highlight the differences between the turbine
inlet flow during inflow and outflow phases, caused by the presence
of the swirling flow during outflow. The swirl velocity component is
not constant during the piston period, hence it is not constant with
the operating condition established by the piston motion, as previously
pointed out in [12], and it grows along the blade span. The presence
of this swirl velocity during outflow reduces the maximum value of
10 
𝛽1, compared to the inflow phase. This is at the origin of the differ-
ence in performance between the two phases shown in Fig. 10. After
about 𝑡∕𝑇𝑤 = 0.75, 𝐶1,𝜃 is almost constant and the reduction in the
axial component results in an increased 𝛼1, noticeable in Fig. 13(a).
The aerodynamic load on the rotor and also the stall point directly
depend on the incidence angle. The effect of this difference in incidence
between the two phases on the turbine performance will be clarified in
Section 4.4.
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Fig. 14. Maps of velocity components and flow angles at the turbine outlet for a complete piston period.
4.3. Outlet flow

Velocity and flow angle distributions along the blade span, mea-
sured at turbine’s outlet, are reported in Fig. 14, during both inflow
and outflow phases. As expected, they show the same trends and very
small differences can be observed for the axial and radial velocity
distributions while more evident are the differences in the tangential
velocity distributions (see Fig. 14(c)). At the turbine outlet, a small
negative radial velocity component is detected for both the flow phases
and intense three-dimensional effects are present near hub and tip
regions. The larger radial gradients near the tip for both the axial
and radial velocity components can be associated to the leakage flow,
which extends to a relevant portion of the blade height, i.e. for about
20% of the blade span. In particular, the higher values of the axial
component 𝐶2,𝑧 in this region suggest the presence of a jet flow, which
has been observed also with more detailed flow investigations in [26],
although under stationary operating conditions. Negative values of the
radial component at the tip suggest that the leakage flow, at this
axial position, is moving to lower radii, coherently to what observed
from numerical simulations on similar Wells turbines [18,19]. As a
consequence of the leakage flow, the blade load is strongly reduced
in the tip region, as highlighted in the trends of the tangential velocity
component 𝐶2,𝜃 and of both the absolute and relative flow angles, i.e. 𝛼2
and 𝛽 .
2

11 
Small positive values of the radial velocity component are present
near the hub, while negative values appear above. This distribution is
compatible with the presence of a small confined corner vortex near
the hub, while the above flow appears to be drawn towards the hub
due to the specific distribution of work (see Fig. 17) and the presence
of a low energy flow near the hub.

The tangential velocity component during inflow shows a lower
intensity than in the outflow phase, and this can be considered as a con-
sequence of the different characteristics of the flow at the rotor inlet,
as highlighted in Section 4.2. The absolute flow angle (𝛼2) distribution
is almost constant along the blade height and only small differences
between the two phases occur, mainly at large radial positions (see
Fig. 14(d)) due to the presence of a more pronounced inlet swirl. Outlet
flow angles have been reported also in Fig. 15: Fig. 15(a) presents their
variation as a function of time during a piston period, at midspan, while
Fig. 15(b) shows the variation of flow angles along the blade span, for
a fixed value of flow coefficient (𝜙 = 0.22), and hence for a given time
during a piston period.

The trend of 𝛼2 suggests that the different operating condition or
the incidence angle 𝛽1 have a limited effect on the absolute flow angle
at the outlet (Fig. 15(a)). This evidence is not surprising, as [40,41]
have demonstrated, using potential flow analysis, how for blades with
negligible thickness the absolute exit angle 𝛼2 is only a function of blade
solidity. This result has been experimentally observed also in [42] for a
variable speed Wells turbine. Fig. 15(a) highlights that the value of 𝛼
2
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Fig. 15. Outlet flow angles distributions during the inflow (solid line) and outflow phase (dashed line).
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Fig. 16. Schematic view of the likely secondary flow structures downstream of the
ells rotor, in the meridian plane.

s almost constant during the two phases, except near the inversions.
nly small differences can be observed between the two phases along

he blade span, Fig. 15(b), although more discrepancies are detected in
he tip region where a strong radial gradient can be observed due to
he presence of a leakage flow. More interestingly, Fig. 15(b) clearly
ighlights the effects associated to the leakage flow and to the rotor
olidity at the blade root, which determine a decrease in the absolute
low angle in both regions due to the lower work exchanged. The larger
ariation near the tip is due to the combined presence of high axial
elocities due to the leakage flow. The smaller absolute angles in the
ub and tip regions result in larger relative angles in the same regions.
he secondary flow structures suggested by the flow distribution shown

n Fig. 14 are schematically presented in Fig. 16: the leakage vortex LV
aused by the leakage flow, a contra-rotating vortex induced by the LV,
he corner vortex CV at the hub, and the main flow drawn towards the
ub region because of the particular work distribution.

.4. Local performance analysis

Based on the flow measurements during the inflow phase, when the
nlet velocity component is completely axial, it is interesting to evaluate
he blade design law of the tested Wells turbine. Traditional Wells
urbine rotors are built maintaining the blade chord constant along the
pan, but to the authors’ knowledge no considerations on the design law
ave been ever reported. Referring to the inflow phase, i.e. 𝐶1,𝜃 ≈ 0, the

blade general whirl distribution can be defined as follows:
𝐶2,𝜃

𝑈𝑡𝑖𝑝
= 𝐴 + 𝐵(𝑟∗)𝑛 (11)

where the coefficients 𝐴, 𝐵 and 𝑛 have been evaluated between 20 and
5% of the blade span, where wall proximity effects are not present, as
hown in Fig. 17(a), using a least-square fitting.
12 
The evaluated design law provides a value of the exponent of about
2 (𝑛 = 1.98) while 𝐴 and 𝐵 are equal to −0.397 and 0.209, respec-
ively, with 95% confidence bounds. The design law is represented in
ig. 17(a) with a dashed curve, and has been used to estimate the non-
imensional Euler work, represented in Fig. 17(b) again with dashed
urve, and shown together with the corresponding values evaluated
rom the velocity components, with a very good agreement outside the
oundary layer regions. This representation gives an important indi-
ation of wall proximity effects on the actual work, which is strongly
educed in the hub and tip regions. In particular, the reduction in blade
oad in the tip region is clearly highlighted in Fig. 17(b), resulting in
lmost 20% of the blade affected by reduced performance. It should
lso be observed that the design law results in a reduction of the work
xchanged at larger radii, which is in agreement with the variation in
lade solidity. This suggests that Wells rotors designed with constant
olidity along the blade span would be able to exchange higher work at
arger radii. This hypothesis, that is supported also by numerical results
n global performance in [43], requires more detailed investigations on
he local flow field, both with experiments and numerical simulations.
n fact, the flow in the tip region is influenced by intense secondary
lows which result in non-linear three-dimensional effects [43] that
odify the expected distributions.

Turbine local performance is reported in Fig. 18 considering the
arameters defined in Eqs. (7) and (8), as a function of non-dimensional
lade radius and piston period. These representations show that the
pecific work locally exchanged, Fig. 18(a), is almost equal during the
nflow and outflow phases, except in the tip region where only a slight
ncrease in the outflow phase is present, mainly associated to the higher
alues of 𝐶2,𝜃 detected in this region. The effect of the lower incidence
ngle, see Figs. 12(e) and 13, is, in fact, compensated by the higher
elative velocity of the flow, with the two opposite effects balancing for
his specific geometry. Despite this result, the total-to-static efficiency
uring the inflow phase is moderately higher, as shown in Fig. 18(b),
oherently to what observed for the global efficiency in Fig. 10(b): up
o 5% difference can be appreciated with respect to the outflow phase.

Fig. 19 presents a comparison of the tangentially averaged radial
istributions of non-dimensional work and total-to-static efficiency,
uring inflow and outflow, for two values of the flow coefficient (0.15
nd 0.22). This comparison confirms what qualitatively presented in
he maps of Fig. 18, showing minor differences between inflow and
utflow for the specific work, mainly in the tip region and for the
ower operating condition. The local total-to-static efficiency is lower
n the outflow phase than during inflow at both operating conditions.
his is associated to the different exhaust kinetic energy, larger during
he outflow phase, while the contribution of the rotor losses does not
o vary between the two phases, as confirmed by an almost equal
istribution of the specific work 𝜓 (Fig. 18(a)).

The maps of Fig. 20 show the loss contributions 𝜉𝑅 and 𝜉𝐸𝑋 as
function of non-dimensional blade radius and piston period. Loss
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Fig. 17. Blade design law at 𝜙 = 0.22 for the inflow phase.

Fig. 18. Maps of the turbine performance parameters for a complete piston period.

Fig. 19. Radial distribution of performance for inflow (solid line) and outflow phases (dashed line), for two different flow conditions.
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Fig. 20. Maps of the non-dimensional loss contributions for a complete piston period.
contribution maps confirm what expected from considerations based
on 𝜓 and 𝜂𝑡𝑠 results. In fact, the rotor losses 𝜉𝑅 show similar values
between inflow and outflow phases, with the exception of a small
variation near the tip, due to a variation of 𝐶2,𝜃 for the same 𝐶2,𝑧 and
𝐶2,𝑟, as shown in Fig. 14(a-c). These differences in the outlet tangential
velocity component can be reasonably related to the different inlet flow
during inflow and outflow phases, due to the swirl component at the
rotor inlet observed during the outflow phase. On the other hand, exit
kinetic energy losses show remarkable differences between the two
phases, with always larger values at every radial position during the
outflow phase. This depends on the higher values of the exhaust kinetic
energy, well shown in Fig. 14(c), and results in a moderately lower
total-to-static efficiency in the outflow phase.

5. Conclusions

This work presents an extensive experimental investigation of the
three-dimensional flow field upstream and downstream of the rotor of
a monoplane Wells turbine. The unsteady tests, conducted in an OWC
simulator under regular wave motion, have been carried out measuring
both overall and local flow quantities. For the latter, a 4-holes aerody-
namic pressure probe specifically designed for these investigations has
been employed. The main findings of this detailed investigation can be
summarized as follows.

• The presence of a residual swirl flow inside the chamber modifies
the inlet flow during the outflow phase, resulting in a lower inci-
dence angle at every radial position and a simultaneous increase
in relative velocity.

• This inlet flow distortion results in a slightly higher value of the
maximum output torque and in a delayed stall in the outflow
phase. A lower value of the aerodynamic efficiency is therefore
calculated for the same flow coefficient during outflow.

• The lower total-to-static efficiency during the outflow phase is
due to the larger exit kinetic energy losses observed at every
radial position, while rotor losses show only minor differences in
the tip region.

• The flow can reasonably be considered bi-dimensional in a wide
portion of the blade span, while wall proximity effects at the tip
and the hub result in a strongly three-dimensional flow behavior
in these regions.
14 
• In particular, the tip region is affected by the presence of the
leakage flow, which extends for about 20% of the blade span, in-
teracting with the clean flow and reducing the local performance
(work exchanged and efficiency).

• The higher solidity at the blade root exerts a blockage on the
inlet flow, resulting in a three-dimensional exit flow which is
compatible with the presence of a corner vortex confined in the
hub region.

• The blade design law obtained keeping the chord length constant
along the blade radius corresponds to a parabolic design law
which is intrinsically responsible for a reduction of the work
exchanged in the tip region.

• A moderate negative radial component of velocity is present at
the outlet. Its origin can be ascribed to the design law of the blade
(lower work exchanged at higher radial positions).

This work provides important insights for the local flow field inside
a Wells turbine coupled to an OWC simulator. It can be an useful set
of data to search for geometric modifications aimed at improving Wells
rotor performance, and it provides a good basis for a detailed validation
of numerical tools.
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