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ABSTRACT

An experimental investigation of the local flow field in a Wells turbine has been conducted,
in order to produce a detailed analysis of the aerodynamic characteristics of the rotor and
support the search for optimized solutions. The measurements have been conducted with a
hot-wire anemometer (HWA) probe, reconstructing the local three-dimensional flow field
both upstream and downstream of a small-scale Wells turbine. The multi-rotation tech-
nique has been applied to measure the three velocity components of the flow field for a
fixed operating condition.

The results of the investigation show the local flow structures along a blade pitch, high-
lighting the location and radial extension of the vortices which interact with the clean
flow, thus degrading the turbine’s overall performance. Some peculiarities of this turbine
have also been shown, and need to be considered in order to propose modified solutions to
improve its performance.
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HWA hot-wire anemometer v hub-to-tip ratio

OWC Oscillating Water Column ) flow coefficient

WEC Wave Energy Converter o pressure drop coefficient
Dimensional properties Re Reynolds’ number

C absolute flow velocity r* = (r — Thw)/(rup — Thup) nON-
c blade chord dimensional turbine radius

D rotor diameter T torque coefficient

f turbine rotational frequency Tw  turbulence intensity

[ = U(Cy1 — Cy2) Euler work Subscripts and superscripts

Q angular velocity 1 turbine’s inlet

5 circumferential position 2 turbine’s outlet

t blade pitch hub  turbine hub

T,  piston period LE  leading edge

U peripheral rotor speed r radial direction

Vo piston velocity ref  reference value

%4 relative flow velocity TE  trailing edge

X,  piston position 0 tangential direction

z number of blades tip  turbine tip

Non-dimensional properties z axial direction
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INTRODUCTION

The interest in renewable energy sources has grown even stronger in recent years, due to
their relevance to emission reduction. Among all renewable sources, wave energy is one of the
most interesting, due to its large availability and relatively high predictability (Pelc and Fujita
(2002)). Thus, in the last decades a number of technological solutions (Aderinto and Li (2018)),
based on different physical principles have been proposed to conveniently harvest and convert
this energy source.

The Oscillating Water Column (OWC) principle is probably one of the most applied in
Wave Energy Converters (WECs), as pointed out by Falcdo (2010). A typical OWC consists
in a chamber, partially submerged under the sea free surface and opened at its bottom, which
generates an alternating flow in a duct connected to the upper side of the chamber, thanks to
the water-column movement inside the chamber. The vast majority of proposed devices use a
turbine to convert the pressure energy of this alternating airflow into mechanical energy, from
which electrical energy is produced by means of a generator.

The bi-directional nature of this airflow, and its intrinsic unsteady behavior, represent pe-
culiar issues for the turbine operation. The Wells turbine, proposed by Wells (1976), provides
simplicity of construction and reliability. It is characterized by a symmetrical blade profile stag-
gered at 90 degrees with respect to the axis of rotation, that gives a self-rectifying behavior to
the rotor: the direction of the output torque, hence the direction of rotation, is independent of
the airflow direction. A number of researchers, such as Raghunathan et al. (1985), Curran and
Gato (1997), Paderi and Puddu (2013), Torresi et al. (2020), have investigated the Wells turbine
performance in order to understand the limitations and suggest improvements. Nevertheless,
the flow field in a Wells rotor has not yet been completely explained, and only few detailed
experimental analyses have been presented. More recently, Licheri et al. (2022a) presented a
local reconstruction of the flow field in a Wells turbine by means of an aerodynamic pressure
probe, assuming the flow two-dimensional, i.e. neglecting the radial velocity component. With
a similar probe, Alves et al. (2021) conducted an analogous investigation for a biplane Wells
turbine.

The present work aims to reduce the existing gap in the literature with an accurate recon-
struction of the flow field in a Wells rotor. An experimental investigation has been conducted on
a small size Wells turbine coupled to an OWC simulator housed at the Department of Mechani-
cal, Chemical and Materials Engineering (DIMCM) in the University of Cagliari. The flow field
has been characterized within a blade pitch both upstream and downstream of the rotor, using
a miniaturized hot-wire-anemometer (HWA) probe capable of capturing the three-dimensional
flow field, at a fixed operating point, corresponding to a relatively large value of flow coefficient,
before stall.

In the rest of the present paper, the experimental facility housed at the DIMCM is first pre-
sented, followed by a description of the probe and of the measurement technique adopted. Then,
flow reconstruction results and mean radial distribution of velocity components are presented
and analyzed. Finally, some conclusions summarize the findings of the present investigation.

EXPERIMENTAL FACILITY

Experimental tests have been conducted in an OWC simulator housed at the DIMCM in
Cagliari. The facility is schematized in Fig. 1. A piston, driven by a hydraulic system, is moved
inside a cylindrical steel chamber, simulating the motion of the water surface as it happens inside
an OWC system. At the top of the chamber, a Wells turbine is placed, which main geometric



characteristics are listed in Tab. 1.
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Figure 1: Experimental setup scheme and test section.

Table 1: Geometric parameters of the Wells turbine.

rotor tip dia, Dy,
rotor hub dia, Dy,
tip clearance

chord length, c
number of blades, z
airfoil profile
solidity

sweep ratio
hub-to-tip ratio, v

250 mm
190 mm

1 mm

36 mm

12

NACA 0015
0.625

0.5 (18/36)
0.76

The experimental facility is fully instrumented: a wire potentiometer is used to record the
piston displacement and to feedback-control the hydraulic unit driving the piston movement;
wall pressure taps are placed upstream and downstream of the rotor; a torque sensor with a built-
in encoder is placed between the turbine and motor shafts in order to measure the turbine output
torque and its rotational speed; a slot has been made in the test section, in order to simplify
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probe insertion near the rotor. The maximum uncertainties of these measured variables have
been estimated as follows:

* 0.3% of transducer’s full-scale (1 kPa) for the wall pressure measurement at the ambient
side;

* 0.2% of transducer’s full-scale (7 kPa) for the wall pressure measurement at the piston
side;

* 0.1% of sensor’s full-scale (&2 Nm) for the output torque;
e £0.1% of sensor full scale (1000 mm) for the piston position.

The facility configuration is suitable for reproducing different shapes of piston motion by
regulating the hydraulic unit’s parameters. A sinusoidal piston motion is typically set to simu-
late a regular wave, as done in Puddu et al. (2014) and Licheri et al. (2022a), while a triangular
motion has been set in this study to obtain a constant flow speed for a finite time interval. Both
the amplitude and the period of the piston motion can be adjusted through the settings of the
hydraulic unit.

MEASURING TECHNIQUE

The local flow field near the rotor, both upstream and downstream, has been reconstructed by
means of a slanted hot-wire-anemometer (HWA) probe, a DANTEC type 55P12. The sensor has
been placed at an axial distance of 5.5 mm from the blade chord, both upstream and downstream
of the rotor.

The rotating slanted HW technique (Fujita and Kovasznay (1968), He (1988), Puddu (1996))
has been adopted for the reconstruction of the flow field. Using the relations proposed by
Jgrgensen (1971), the method allows the measurement, in a given steady or periodic flow field,
of the three velocity components of the mean flow and the six components of the Reynolds
stress tensor. As this measuring technique uses probes with only one sensor, the flow distortion
due to the probe size is reduced (Lopez Pena and Arts (1994)). Independent measurements
are obtained using different orientations of the sensor, by rotating the probe around its stem at
different angles. More than three different measurements are generally used, in order to reduce
the error associated with data reduction, thus requiring to solve an overdetermined system of
equations. Measurements were performed only during the outflow phase, by scanning the blade
span at 20 radial positions not equally spaced in order to properly reconstruct the flow field in
the boundary layer region near the walls. At each radial position, 7 different angular positions
of the probe were considered. A motorized system has been used to move the probe radially
and to orient the probe around its axis.

The instantaneous cooling velocities have been obtained from the instantaneous voltage sig-
nals, using a calibration curve approximated with a fourth degree polynomial equation, thus
obtaining a better approximation and reducing uncertainties with respect to the inversion of the
law proposed by King and Barnes (1914), as demonstrated by Erriu et al. (2001). The modified
Jgrgensen’s law (Nurzia and Puddu (1994)) has been used to relate the velocity components,
in the sensor’s reference frame system, with the effective cooling velocity. The values of the
directional sensitivity coefficients have been evaluated experimentally by performing the angu-
lar calibration of the probe in an open wind tunnel. Angular calibration curves have thus been
used to calculate the angular sensitivity coefficient of the Jgorgensen’s law, as a function of yaw
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and pitch angles. The directional sensitivity coefficients have been considered dependent on
pitch and yaw angles, while in Jgrgensen (1971) they were proposed constants. More details
on relations used to represent the angular calibration curves can be found in Nurzia and Puddu
(1994).

Uncertainties of hot-wire measurements have been estimated following Erriu et al. (2001),
by taking into account: a) errors introduced in the calibration process and related to the measure-
ment of the flow speed and the angles of rotation; b) uncertainties in the polynomial expression
used to approximate the calibration curve; c) uncertainties in the calculation of the velocity
components in the sensor’s reference system. The results of uncertainties estimation are the
following:

* mean velocity £2.5% of the actual value,
» flow angle £2 deg,

* radial position 0.1 mm.

In order to correctly use the multi-rotation technique, a fixed flow condition has been re-
produced within the OWC simulator, by setting a periodic triangular piston motion which main
parameters are summarized in Tab. 2, together with the other settings used for the present
experiments.

Table 2: Settings of experimental tests.

piston stroke amplitude ~ 850 mm
piston period, T, 7's
turbine rotational frequency, f 65 Hz
flow coefficient of the mean flow ~ 0195
at rotor tip radius, ¢ = C, /(7 f Dy;p) '
Reynolds’ number based on blade chord

) : ~ 1.3 x 10°
and on the mean outlet relative velocity

The linear variation in piston position ensures a constant piston velocity, hence a constant
flow rate through the rotor. Fig. 2 shows the piston displacement during a test and its velocity
as a function of the non-dimensional piston period.

Measurement times
0.5

0.25

Vp [m/s]

-1-0.25

0 I I I
0 0.5 1 1.5 2 25 3

: L -0.5

non-dimensional piston period

Figure 2: Piston motion characteristics during a test.

Signals were acquired only during the piston ramps that correspond to outflow phases and
the corresponding measurement times are also indicated in Fig. 2. They have been selected in
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order to: a) exclude measurements near the inversion of piston motion and b) acquire at least 100
rotor revolutions for each piston period (thus, by acquiring 3 piston ramps, 300 revolutions have
been used for the phase averaging). The flow rate is calculated based on the piston displacement.
A sampling rate of 100 kHz has been set, allowing at least 150 measurement points to be
taken along a blade pitch. The signal anemometer was amplified and filtered at 50 kHz before
acquisition and submitted to a phase-locked ensemble averaging technique synchronized with
the rotor passage to obtain a periodic mean distribution of flow velocity in a blade passage.

The turbine performance is reported in Figs. 3 (a) and (b). It should be observed that
the operating condition selected for the present investigation (the red cross) falls in the stable
region, before the stall point, with a safe distance from the latter in order to avoid incipient stall
conditions on the blade that are associated with local flow separations which are not investigated
in this work. The selected operating condition, i.e. with ¢ ~ 0.195, is characterized by a turbine
global efficiency of 48.1%, which is near its maximum, as it can be evinced from Licheri et al.
(2022b).
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(a) Non-dimensional torque. (b) Non-dimensional pressure drop.

Figure 3: Non-dimensional turbine’s performance under stationary flow.

RESULTS

The flow characteristics are presented here in terms of the velocity components non-
dimensionalized with respect to the blade tip velocity Uy;,. All the present results refer to a
single operating condition, as indicated in Tab. 2, before stall and representative of the maxi-
mum efficiency point of the tested turbine (Licheri et al. (2021)).

Inlet flow

A preliminary investigation has been conducted in order to characterize the flow at the tur-
bine’s inlet. The inlet flow has been reconstructed in a plane located at an axial distance of 5.5
mm from the rotor. The velocity components have been mass-weighted averaged in the circum-
ferential direction and the resultant velocity distributions have been reported in Fig. 4 (a). Also
the mass-weighted radial distribution of the turbulence intensity 7'u has been reported in Fig.
4 (b). Note that the radial position, 7*, has been non-dimensionalized with respect to the blade
height.

Results show an almost constant axial velocity along the blade span, with slightly larger
values at high radii where the blade pitch is larger and the mass-flow encounters a lower resis-
tance through the rotor. This effect results in a greater positive radial velocity in the tip region.
The tangential velocity presents small negative values due to the presence of a swirling flow
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Figure 4. Mass-averaged flow characteristics upstream the rotor.

generated by the previous inflow phase, as well described by Puddu et al. (2014).

Measures of the turbulence intensity 7'u suggest that an almost constant value of 3% can be
assumed at the turbine’s inlet when the flow is coming from the chamber, i.e. during the outflow
phase. Higher values have been detected near walls, in particular near the hub where the rotor
has the highest solidity. This result can be useful to correctly set-up numerical simulations on

similar case studies.

Flow structures at the turbine’s outlet

A complete visualization of the relative flow field downstream of the rotor is shown in Fig. 5,
in the form of contour plots of the relative velocity components. Velocity maps were built based
on pitchwise distributions with the superposition of blades outline to aid the interpretation.

W /Utip Wo /Utip
—-0.3 —-0.1 0.1 0.3 0.5 0.7 -1.7 —-15 —-1.25 —-1.0 —-0.75 —-0.5

(a) Axial velocity. (b) Tangential velocity.
Wr/Utip
-0.3 —-0.2 -0.1 0.0 0.1 0.2

(c) Radial velocity.

Figure 5: Contour plots of the relative velocity components downstream the rotor in two
adjacent blade passages.



The maps give an overall representation of the flow field in a blade vane that is strongly
related to the uncommon 90 degrees stagger of the Wells turbine’s blade. In fact, the maps of
Fig. 5 represent the flow that develops on the blades suction side and the typical wake region
downstream the trailing edge (TE) can not be identified. Moreover, the interaction between
the wake detached from a TE and the flow on the leading edge (LE) of the adjacent blade
complicates the flow structure interpretation.

It can be observed how the leakage flow interacts with the clean flow in proximity of the
blade trailing edge at higher radii, thus resulting in a distortion of the flow field with respect to
all the velocity components. Another peculiar feature of the flow is the near zero axial velocity
components in the region close to the suction side of the blade, which is present at this high
flow coefficient, even if a complete stall has not yet been reached. As a consequence, the flow
is forced through a narrow circumferential area, recognizable by the higher values of 1V,. The
presence of a vortical structure at higher radii is more easily identifiable referring to the radial
velocity component in Fig. 5 (c), which shows negative values in the proximity of the leading
edge, probably due to the blockage effect of the blade. Moving towards the trailing edge, the
tip vortex forms and detaches from the blade, as it can be seen from the positive radial velocity
values in a zone near the tip. In the proximity of the trailing edge, the vortex is strengthened
and affects a wider area, around 30% of the blade height.

Near the hub, the passage vortex formed in the pressure side is forced to pass in the reduced
circumferential zone with higher axial velocity. This can be deduced by the rapid changes in
radial velocity from strongly positive to strongly negative values that can be observed in this
region. This vortex also influences the flow field near the suction side of the blade, as the effects
of the counter vortex are not clearly visible.

In a more quantitative representation, Fig. 6 shows the relative velocity components, i.e. in
the axial (IV,), radial (W,.) and tangential direction (I¥}), at different circumferential positions,
non-dimensionalized with respect to the blade pitch ¢, and for three different radial positions.
The TE and leading edge LE locations have also been reported in order to facilitate reading of
the graphs, as well as the direction of rotation.

The axial velocity presents higher values in the region between two adjacent blades, with a
peak in the proximity of the LE, along the whole blade span as also highlighted in Fig. 6 (a).
This trend, which is not common for typical axial turbine configurations, is due to the 90 degree
stagger of the blades: the mass flow is forced to pass through the space between two adjacent
blades, thus producing a jet close to the LE, which energizes the wake detached from the TE
of the previous blade. Moving from the hub to the tip region, i.e from Fig. 6 (c) to (a), higher
values of W, are detected in the jet region while the latter tends to occupy a larger portion of
the free space between two blades. This is due to the reduced solidity of the rotor, that allows
much more mass flow to pass. Most of the pitchwise axial velocity distribution is affected by
the flow along the blade suction side where low values, close to zero, can be observed. Near
the tip region, values of negative axial velocity are observed due to the presence of the leakage
vortex, which takes up a wide portion of the blade vane.

The radial velocity component, IV, shows lower values and limited gradients in the hub
and midspan regions, with negative values in the region between two blades, in particular at
low radii as shown in Fig. 6 (c¢). Both gradients and absolute values of W, are larger in the tip
region where the presence of the leakage flow strongly affects the three-dimensional behavior
of the flow field with a significative radial component.

The tangential velocity component, Wy, is always negative, as expected, and its module
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Figure 6: Circumferential distribution of the relative velocity components downstream of
the rotor.

smoothly decreases from the leading edge to the trailing edge, with higher gradients close to
the leading edge.

Radial distribution of tangentially-averaged flow

A mass-weighted averaging of the relative velocity components has been performed in the
circumferential direction along a blade pitch, in order to compute their mean radial distributions,
as shown in Fig. 7.

The radial distribution of the relative axial velocity W, is characterized by an almost con-
stant value for 7* = 10 — 75%. The tip region shows larger (positive) values of W, due to
the leakage flow that affects at least the 20% of the blade span. Lower wall effects can be ob-
served near the hub region. These effects can be better appreciated from the radial component
W, that is affected by larger gradients in the tip region than near the hub. A negative value of
W, is observed from the hub to the midspan where the flow is moving from higher to lower
radii, driven by the higher losses in the hub region. This trend is overturned in the upper part
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Figure 7: Relative velocity components at turbine’s outlet averaged on a blade pitch.

of the blade height, in proximity of 60% of the blade span. This positive trend of the radial
component can be justified considering the leakage flow at the tip, which considerably reduces
the height of the blade channel where the clean flow can pass through, thus introducing a highly
three-dimensional behavior of the flow field.

Based on averaged velocities ditributions of Figs. 4 and 7, inlet and exit velocity triangles

can be drawn as shown in Fig. 8 at 3 spanwise locations.

= 20% of span = 50% of span 80% of span
Wy
INLET
C1
s — U Ll
Wao / -
2
OUTLET

Figure 8: Velocity triangles at the rotor inlet and outlet sections.

This representation helps to highlights a few interesting characteristics: a) the presence of
the inlet swirl, b) the non uniform distribution of mass flow and c) the radial variation of the
Euler work (associated with tangential velocity components difference between the rotor inlet
and outlet).

Rotor performance

Local performance has been evaluated based on the reconstructed flow field at the turbine’s
outlet, in terms of the non-dimensional work coefficient A which is evaluated as the ratio be-
tween the Euler work and the square of the blade tip velocity:

[
= U—2

tip

A )
The work coefficient has been reported in Fig. 9 in the form of a contour map in two adjacent

blade vanes.

The contour plot makes evident that the region with the highest exchanged work is located
near the leading edge and around the 40-80% of the blade span. This value tends to reduce to
very low values, but still positive, moving from the leading edge to the trailing edge. Then, in
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Figure 9: Contour plots of the work coefficient in two adjacent blade passages.

the regions characterized by the presence of the tip leakage flow, i.e. at high radii and near the
trailing edge, the work coefficient assumes very low, close to zero, values, thus emphasizing the
presence of high losses. The resulting output work from the turbine is reduced by the presence
of this wide region of losses, therefore this local characterization can aid in finding geometry
modifications of the rotor in order to improve its efficiency. In order to better quantify the effect
of the tip leakage vortex on the output work, Fig. 10 shows the work coefficient averaged on a
blade pitch along the blade span.

TIP
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0
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Figure 10: Work coefficient averaged on a blade pitch.

This representation makes more evident that the detrimental effect of the leakage vortex in
reducing performance takes up a relevant portion of the blade height. It appears also clear that
the work coefficient distribution follows the same trend as the tangential velocity of Fig. 7 (c).

CONCLUSIONS

A detailed experimental investigation of the local flow field inside a Wells rotor has been
presented in this manuscript. The high frequency response and low intrusiveness of the HWA
probe has allowed the flow reconstruction in a blade pitch and along its span as never done
before for a Wells turbine. The main results of this investigation can be summarized as follows:

* the tip leakage flow has been shown to play a significant role in modifying the clean
flow distribution downstream of the rotor; its interaction with the flow at the suction
side produces a vortex in the tip region that encompasses a relevant portion of the blade
channel, due to the relatively high hub-to-tip ratio of the tested rotor;
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* the variable rotor solidity along the blade span contributes to distort the flow field at
higher radii, as the flow moves to higher radii where the space in between the blades is
larger;

* the regions affected by the presence of the leakage vortex result in negative values of the
exchanged work, thus the overall output work from the rotor is sensibly reduced.

The present experimental results could help the definition of rotor geometry modifications
that can improve Wells turbine performance, as well as provide very useful data for the valida-
tion of numerical simulations.
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