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ARTICLE INFO ABSTRACT
Keywords: The Wells turbine is one of the most suitable power take offs for oscillating water column systems, due to
OWC systems its simple and effective design combined to a reasonable efficiency. In recent years, a significant number of
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local geometry modifications have been suggested, with the promise to provide some important performance
improvements. In order to achieve the full potential of this machine, these local modifications need to be
applied to an optimal configuration of the machine’s global geometric parameters, such as tip clearance, blade
aspect ratio, hub-to-tip ratio and solidity.

The aim of this work is to provide a comprehensive experimental analysis of the effects of aspect ratio and
tip clearance on the overall performance and operating range of a Wells turbine. These two effects have been
accurately isolated, excluding the influence of the Reynolds’ number, thus providing a larger and more detailed
set of data with respect to the ones available in the literature. An important conclusion is that the tip clearance
size, which plays a dominant role, is best expressed in non-dimensional form with respect to the blade height
rather than to the blade chord. With this approach, the turbine performance appears independent from the
blade aspect ratio, within the ranges of parameters analyzed in this work. A lower aspect ratio, however, helps

to achieve a larger operational Reynolds’ number, leading to better overall performance.

1. Introduction

Ongoing energy transition programs [1] are drawing the attention of
researchers to sea wave energy, due to its large availability even in less
energetic seas, such as the Mediterranean [2,3]. Different wave energy
converter (WEC) technologies have been proposed and studied in recent
years [4], and solutions based on the Oscillating Water Column (OWC)
principle are considered as the most interesting. Their strength lies in
the absence of moving parts interacting with the sea water, resulting in
highly reliable devices, simple to construct and easy to maintain [5]. An
OWC device, schematically represented in Fig. 1(a), is composed of two
parts: a chamber, open at the bottom, where the wave potential energy
is converted into the pneumatic energy of a bi-directional airflow; a
power take off (PTO) system, which commonly consists of an air turbine
moved by this airflow, is employed to produce mechanical energy at its
shaft. The PTO is connected to an electric generator to finally convert
mechanical energy into electricity.

The Wells air turbine [6], represented in Fig. 1(b), is one of the most
suitable turbomachine to have been coupled with an OWC system [7],
due to its simplicity of construction and high reliability, in combination
with a reasonable turbine efficiency. These characteristics are achieved
thanks to the self-rectifying behavior that allows the same direction of
rotation to be maintained regardless of the flow direction. This property

* Corresponding author.

is obtained using a symmetric blade profile, staggered at 90 degrees
with respect to the axis of rotation, as sketched in Fig. 1(b).

The simple geometry comes with some limitations (a poor torque
at low incidence angles and a limited operating range due to stall) and
introduces strong constraints to the aerodynamic design of the blade
(the symmetry with respect to the chord that is necessary to obtain the
self-rectifying behavior). In light of the above, improved rotor solutions
have been typically researched through the modification of the global
geometric parameters of the rotor, i.e. the tip gap size and configura-
tion [8-14], the hub-to-tip ratio [11,15], the rotor solidity [8,16-18],
the blade aspect ratio [19] and the blade profile thickness [12,17]. In
addition, several local modifications have also been proposed, such as
end plates [20], trailing edge refined shapes [21], suction slots [22],
profile optimization [23], variable thickness along the blade span [24],
radiused tip [25], gurney flaps [26] and stall fences [27].

A limited number of works have provided useful correlations be-
tween the turbine’s parameters and its performance and operating
range. Most of these correlations have been summarized by Raghu-
nathan in [19], where the mean cycle efficiency and the maximum
flow coefficient (in the absence of stall) have been related to the
above geometric parameters on the basis of experimental data. These
correlations have been used abundantly after their introduction in early
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Dimensional properties

Area

Angle of the absolute flow
Angle of the relative flow
Absolute velocity

Blade chord

Reference velocity
Turbine diameter
Frequency

Blade height

Dynamic viscosity
Angular rotational frequency
Pressure

Volumetric flow rate
Turbine radius

Air density

Tip clearance

Torque

Piston period

Peripheral rotor speed
Velocity

Relative velocity

Piston position

Non-dimensional properties

Aspect ratio

Efficiency

Hub-to-tip ratio
Pressure drop coefficient
Flow coefficient
Reynolds’ number

Rotor solidity

Torque coefficient

Tip gap-to-chord ratio
Tip gap-to-height ratio
Loss coefficient related to the viscous losses

Loss coefficient related to the exit kinetic
energy
Number of blades

Z* =(Z-Zppc)/(Zrpc-Zppe) Non-dimensional piston position

Subscripts and superscripts

Inlet

Outlet

Turbine casing

Flow

Turbine hub
Mean/averaged value

s Stall

tip Turbine tip

ts Total to static
z Axial direction

’90s, also for the validation of numerical simulations. The definition of
correlations for rotor performance caused by geometry modifications
is crucial both for designing and coupling a Wells rotor with an OWC
system, often with a specific installation site in mind. Wave-to-wire
models are useful for the evaluation of energy conversion stages from
the available wave power to the output electric power at the generator.
Most of these models often adopt empirical models for turbine perfor-
mance [28-31]. The availability of a larger basis of experimental data
to complement and extend the available ones [19], now quite outdated,
both based on laboratory measurements such as the ones presented in
this work and on-site evaluations [32], is crucial for the development
of reliable models to be used in global system evaluations. In addition,
these detailed experimental data could serve for the validation of
numerical simulations, that could the be used to extend the available
data.

The effect of the tip gap size has been evaluated numerically in [9,
10], showing a good agreement with the experiments in [19] only in
terms of general trends, but not in terms of actual values. The tip gap
size has been observed to play an important role on the stall point [14],
due to the presence of a leakage flow that energizes the suction side
flow near the blade, thus delaying separation. This is obtained at the
price of a reduction in the rotor efficiency for the same operating con-
dition [19]. A correct selection of the tip gap size is then fundamental
when matching a Wells turbine with the wave energy characteristic,
in order to obtain the maximum performance. All the analyses on the
tip clearance size have treated this parameter in non-dimensional form,
dividing the tip gap by the blade chord (z.) [13,14,19]. The effect of
the blade aspect ratio (AR), has also been analyzed [19], but with some
limitations on the methodology adopted, as pointed out by the authors,
due to the challenges linked to isolating its effect from the ones due to
the other geometric and flow parameters.

In light of the above limitations, this paper aims to provide a useful
set of data to assist the design of a Wells turbine and of the overall
OWC system, extending the investigation of the effects of tip clearance
size and blade aspect ratio on the performance of a laboratory-scale
rotor. The separation between these two effects (and other effects, such
as the Reynolds’ number) has been strictly preserved in the present
investigation, by means of a carefully planned design of experiment,
making use of a total number of 9 different rotors. All the analyses
have been conducted under regular wave conditions reproduced within
an OWC simulator. Global measurements have been performed on
these rotor geometries and used to define their performance in a wide
operating range including stall. The results of the present investigations
will also provide a set of characteristic curves for different rotor geome-
tries that can be directly introduced in existing wave-to-wire models
for the evaluation of an OWC systems that uses a Wells turbine as
PTO. This paper is organized as follows: the performance definition
and the experimental design are described in Section 2, while all the
information on the instrumentation and methodologies are reported in
detail in Section 3; results are presented and discussed in Section 4;
finally, conclusions are drawn in Section 5.

2. Methodology
2.1. Performance definition

The performance of any turbomachine can be expressed in non-
dimensional form [33,34], as suggested by similarity laws, in order
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Fig. 1. Working principle of an on-shore OWC device with Wells turbine.

to reduce the number of independent parameters required to describe
them. For a Wells turbine, the following non-dimensional parameters
are typically defined and adopted [35,36] for its complete characteri-
zation: the flow coefficient ¢, the torque coefficient 7* and the pressure
coefficient p*.

_C 7+ T " 4p

= = — p =
Qry;y p? rtsip p£? rtzl.p

@

where C, is the axial flow velocity at the turbine inlet and 4p is the
static pressure difference across the turbine. Based on these parameters,
the turbine efficiency can be calculated as follows:
_re 1T 1

S A0 prr(l-02)

where v is the hub-to-tip ratio of the rotor.

The above non-dimensional parameters can be evaluated using
only global measurements, i.e. the turbine’s rotational speed (£2) and
its output torque (7), the wall static pressures drop (4p) across the
turbine and the flow rate (Q). This approach does not require local
flow measurements, and is widely adopted in experimental investiga-
tions [35,37,38], even though the total pressure often replaces the static
pressure drop.

It should be noted that the Wells turbine performance expressed
in non-dimensional form (p*, 7* and 5) is a function not only of
the geometry and of the operating point, but also of the flow condi-
tions typically expressed in non-dimensional form through Mach and
Reynolds’ (Re) numbers. In this work, compressibility effects have
not been considered, as the turbine operates at a maximum Mach
number of about 0.15. The effects of the Reynolds’ number have been
isolated from the effect of the geometry by carefully designing the
experiments in order to have the same value of the Reynolds’ number
(1.3 x 10). Finally, the effects of this important parameter have then
been considered separately on three turbine geometries (Section 4).

In this experimental work, the flow rate through the turbine has
been calculated based on the piston velocity, accounting for the tem-
poral delay due to the presence of the OWC chamber [39]. The output
torque has been cleared from windage and friction losses and from the
rotor inertial torque, based on a characterization of the rotor under
no flow conditions. This approach allows to take into consideration
only the aerodynamic behavior of the Wells rotor, removing the effects
associated to its inertia and the bearing friction. The non-dimensional
torque coefficient is therefore calculated using the aerodynamic torque,
and the resulting rotor efficiency (Eq. (2)) represents the aerodynamic

n (2)

efficiency of the turbine, as shown in [40]. Nonetheless, a more appro-
priate efficiency measure can be defined employing the total-to-static
pressure drop across the turbine, in order to consider the actual energy
balance through the machine. This formulation, expressed in Eq. (3),
requires the evaluation of the inlet total pressure p,;, which is not
directly available from the above global measurements.

T
L 1 —¢,— 3
o1 =)0 Er—CEx 3

Nis =

For a fully axial flow coming from the ambient side into the OWC
chamber, generally referred as the inflow phase, p) can be approxi-
mated with the ambient static pressure, assuming inlet duct pressure
losses negligible [41]. Typical velocity triangles at the inlet and outlet
of turbine during this phase are sketched in Fig. 2.

In a previous work [41], the authors decomposed the losses inside a
Wells turbine by introducing two coefficients related to viscous losses,
&gr, and to the exit kinetic energy, &;y, as often done in other more
common turbomachinery [42]. A methodology to calculate these two
parameters using only global measurements has been proposed in [41]
and it is strictly valid only for the inflow phase, when the flow is
fully axial [43,44]. With this assumption, the loss coefficients can be
calculated as follows [41]:

Er=(1—yH(1+ 4% )

Epx = A2+ 921+ 22) = 2picos (B) V1 + A2 (5)

Egs. (4) and (5) show that the loss coefficients depend on the
operating conditions, i.e. the velocity coefficient A = U/C*, and on
the aerodynamic losses, represented by the relative velocity reduction
coefficient y = W, /W,,. The velocity coefficient is defined introducing
the reference velocity C*, that can be related to the total-to-static
pressure drop (C*2/2 = (py; — p,)/p) and then is used to evaluate the
isentropic relative velocity W} = W} + C*? - C2. In addition, the
discharge loss coefficient is also affected by the relative outlet flow
angle f,. For a complete description of loss coefficients definitions, the
interested reader is referred to [41].

2.2. Design of the Experiment (DoE)

The most relevant geometric parameters for designing Wells turbine
rotors have been identified by Raghunathan [19]. They are: the solidity
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Fig. 2. Velocity triangles for a Wells turbine with fully axial inlet flow.
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Fig. 3. Schematic view of a Wells rotor.

o, the hub-to-tip ratio v, the aspect ratio AR, the tip clearance ¢, the
aerofoil thickness ratio and the blade offset. Eq. (6) defines these pa-
rameters, with the exception of the last two which have been kept fixed
in the present work (to 15% and O degrees, respectively) while Fig. 3
shows a schematic view of a Wells rotor to help their identification.
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where the solidity is generally defined as the ratio between the blade
area (A,,) and the rotor annulus area (4,,) and the tip clearance is
typically non-dimensionalized by means of the chord length at the tip
radius c;;,, even though the chord does not vary along the blade height
in traditional Wells turbine’s blades. The hub-to-tip ratio (v) is defined
as the ratio between hub and tip radii (rj,, and r,;,) and the aspect ratio
(AR) as the ratio between blade height (#) and chord (c).

In order to investigate the effects of 7, and AR variations on the
performance, an experimental campaign has been conducted on a
prototype Wells turbine while preserving the casing radius, .4, =
126 mm, the hub radius, rj,, = 95 mm, the blade profile (NACA 0015)
and its sweep ratio equal to 0.417 (15/36). In light of the above, the
blade solidity and the hub-to-tip ratio have been maintained almost
constant during the different experimental tests, as reported in Table 1.
A full factorial DoE with a total number of 9 points has been chosen.

The ranges of variation of the selected parameters, i.e t, and AR,
have been chosen to be similar to the ones proposed in [19], where
values of 0.5 was suggested for the AR (although values from 0.7 to
1 have been typically adopted [45-48]) and values lower than 2%
were recommended for ¢, [49]. Three values have been considered for
both the tip clearance and the aspect ratio. This choice was considered
a compromise between the exploration of the design space and the
complexity of the experimental campaign. It should be noted that it
is not easy or, sometimes, even possible to vary a single parameter
while keeping the others constant. With this in mind, the maximum
variation of AR for rotors with different tip gap sizes, ., is lower than

Table 1

Design of the experiment. Geometric parameters of the tested rotors.
Test  Rotor  t, [%] ¢ [mm] z AR AR o v
1 0.5 72.0 6 0.426 0.623 0.756
2 1 1.5 72.0 6 0.416 0.42 0.625 0.761
3 2.5 72.0 6 0.406 0.627 0.765
4 0.5 43.2 10 0.713 0.623 0.755
5 2 1.5 43.2 10 0.703 0.70 0.624 0.758
6 2.5 43.2 10 0.693 0.625 0.761
7 0.5 30.9 14 0.998 0.623 0.755
8 3 1.5 30.9 14 0.988 0.99 0.624 0.757
9 2.5 30.9 14 0.978 0.625 0.759

2.5%, hence the influence on turbine performance can be reasonably
neglected. A mean value of the blade aspect ratio, AR, has been
therefore assigned for all cases with different tip gap sizes. Also the
rotor solidity and the hub-to-tip ratio value variations are reasonably
small and their influence on performance can be reasonably considered
negligible with respect to the other parameters of interest.

3. Experimental setup and instrumentation

The OWC simulator housed at the DIMCM has been built in the
early 1990s, and it has recently been upgraded with some significant
modifications [41,50]. Its main parts are reproduced in Fig. 4, together
with a close-up view of the measuring section where the turbine is
housed.

The OWC simulator is composed of a cylindrical steel chamber
where a piston, driven by a hydraulic unit, reproduces the periodic
motion of a water column inside an OWC. Different wave states can
be simulated in this experimental setup by changing the amplitude and
frequency of the periodic motion of the piston, allowing a maximum
flow speed of about 20 m/s at the inlet of the rotor. The piston
displacement law set for the present analysis, a regular sinusoidal
motion, is represented in Fig. 5, together with a typical flow coefficient
obtained at the inlet section the rotor (the latter depends both on the
piston displacement and the turbine speed, as defined in Eq. (1)).

A linear wire potentiometer is employed to measure the piston
displacement and for feedback control of the hydraulic unit. Above the
chamber, a Wells turbine, connected to an electric motor/generator
controlled by an inverter with encoder feedback, is installed. Three
rotors, with different ARs, have been built to perform the 9 tests
of Table 1. Pictures are shown in Fig. 6. The metal hub is made of
an aluminum alloy (Ergal 7075) and it is the same for each rotor
configuration. The latter are obtained by fitting a different number of
blades to the hub, as listed in Table 1. Each blade is made of a 3D
printed resin and the external radius of the rotor is adjusted with a
lathe processing, in order to accurately control the tip clearance value.

A shaft-to-shaft torque sensor is placed between the turbine and
the electric motor, and it also allows to measure the turbine rota-
tional speed with a built-in optical encoder. The measuring section
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TDC T T T T 0.4 Table 2
Specifications of instrumentation used (FSS stands for Full Scale Span).
Measured variable Sensor Range Accuracy
0.75 - infl 0.2
inflow i i
Wal.l statlc.press.ure Sensor te.chmcs 41 kPa +1% FSS
. at rig ambient side BSDX series
N 05 0 Y i i
Wal.l sta.tlc pre.ssure Sensor te.chmcs 41 PSI +0.5% FSS
at rig piston side BSDX series
outflow ETH rechnik
025 102 messtechnil 0
Output torque DRFLI +2 Nm +0.1% FSS
c Piston position MAFEurope - DWT series +1.5 m +0.5% FSS
BD . : : . -0.4 .
0 02 0'4A 0.8 08 1 Turbine rotational speed ETH messtechnik +10000 rpm  +1/60 rpm
time/ Ty DRFL-I

Fig. 5. Non-dimensional piston motion and flow speed for regular wave conditions.

is equipped with wall pressure taps placed on both rotor sides at a
distance of +7.5 mm from the blade chord. The volumetric flow rate
cannot be directly measured with standardized measuring instruments,
due to the configuration of the setup, but it can be derived from the
piston motion (measured with the linear potentiometer). The time delay
between the piston speed and the corresponding flow speed at the rotor
inlet, due to the presence of the chamber volume [51], has been taken
into account to correctly evaluate the flow rate through the turbine.
Expected uncertainties for the global measurements (torque, wall static
pressures and piston position) are summarized in Table 2, together with
the specifications of the used transducers.

All the rotors have been characterized in terms of their global
performance, introduced in Section 2, under regular wave conditions. A
sinusoidal piston motion has been reproduced inside the OWC chamber,
with a maximum amplitude of 900 mm. The rotational speed, main-
tained fixed during each test, has been set to a value that allowed
all turbines to be tested under the same Reynolds’ number, calculated
based on the blade chord (Re,) as in Eq. (7), for any given flow condi-
tion. This point is particularly important given the strong dependency
of turbomachinery performance (and lifting surfaces in general) on the
value of the Reynolds’ number, especially in the transitional range.

Wi c U
=20 PO Re T+ g2 @

R LA i
T U T Wcos(B)

c
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Fig. 6. Pictures of the three tested rotors.
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Fig. 7. Measured quantities in successive tests (gray lines) and data-reduction result considering a different number of piston periods.

In Eq. (7), B, = arctan(¢) is the relative flow angle at the inlet of
the rotor for a fully axial flow, as during the inflow phase (see Fig. 2).
The experiments have been performed at a fixed value of Re.; of
1.3 x 105 (the Reynolds’ number calculated based on the chord and
the peripheral velocity), with a maximum deviation of +3%. In all
experiments, the actual Reynolds’ number Re, varies depending on
the flow coefficient, according to the right hand side of Eq. (7). The
difficulty of performing experiments at a fixed Reynolds’ number has
been noted as one of the main limitations of the previous analyses [19].
The piston period has been adjusted in order to have, for every test,
a range of flow coefficients that extended beyond the occurrence of
stall. A detailed definition of the effective operating conditions each
geometry has been tested at is reported in Table 3.

The overall sampling time for each test has been set to record signals
for at least 5 piston periods with a sampling a rate of 1 kHz. An average
distribution of the acquired signals was obtained with a phase locked
averaging process based on piston position. This allowed to obtain
signals at a reduced number of points (250 points per period) for the

Table 3
Operating conditions set for each rotor geometry.
Test Rotor t. [%] AR Turbine rotational Sinusoidal piston
speed [rpm] period [s]
1 0.5 2100 11.4
2 1 1.5 0.42 2100 10.3
3 2.5 2400 8.3
4 0.5 3300 8.3
5 2 1.5 0.70 3000 8.3
6 2.5 3000 8.3
7 0.5 4800 7.3
8 3 1.5 0.99 4800 6.2
9 2.5 4800 5.7

global measured quantities. A preliminary test has been conducted to
evaluate the effect of the number of periods used in the phase averaging

process, as shown in Fig. 7.
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Fig. 8. Torque (left) and pressure (right) coefficients as a function of the flow coefficient for all the tested geometries (dots corresponds to the measurement points).

It should be noted that 5 periods can be considered sufficient for a
good result of the phase averaging process of the acquired signals, also
for the torque signal and the rotational frequency that presents larger
fluctuations than other signals. This behavior was expected due to the
nature of these signals and the high sensitivity of the torquemeter to
vibrations and electrical noise. The torque signal bandwidth becomes
wider around zero values which are associated to piston inversions
and turbine stall, the most critical conditions for torque measurements.
However, the same conditions have a very limited impact on the
problems studied in this work, i.e. the mean efficiency and stall point.
It should be also noted that the reduction to 250 points (it has been
done for any number of cycle considered in Fig. 7) does not sensibly
modify the signals evolution in a piston period.

Starting from the phase averaged signals of Fig. 7, the performance
parameters of Egs. ((1), (2)) were evaluated and their maximum uncer-
tainties estimated applying the uncertainty propagation method (UPM)
to the overall measurements just before the stall point. As a result,
the torque coefficient 7% shows a maximum uncertainty of +9.8%,
a value of +1.0% has been evaluated for p* and a value of +1.6%
for ¢, while a slightly larger value of +9.95% has been calculated

for the efficiency 5, that was evaluated as a function of the other
non-dimensional parameters (2).

4. Results

For each rotor configuration, the characteristic curves have been
evaluated based on the non-dimensional parameters defined in Eq. (1),
and they are reported in Fig. 8.

By observing the ¢ — p* curves on the right of Fig. 8, it can
be deduced how the tip clearance size has a limited effect on the
slope of the pressure coefficient curve, hence the rotor damping is
only marginally influenced by this parameter. Also the variation in
blade aspect ratio has a very small effect on the turbine damping,
which is substantially the same for the three tested geometries. This
result confirms what already observed in [18,40,52], showing how the
turbine damping, which represents the slope of the characteristic curve,
is mostly governed by the rotor solidity and only marginally by others
geometric parameters. In order to better observe how the damping
coefficient varies for the tested geometries, Fig. 9 shows the ratio of
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Fig. 9. Damping coefficient as a function of the flow coefficient for all the tested geometries.

p*/¢ as a function of the flow coefficient, considering only the inflow
phase (negative values of ¢), in order to avoid the effect of the inlet
swirling flow during the outflow phase.

It is evident how the damping is almost constant for the different ge-
ometries, with the exception of the operating conditions corresponding
to very low flow coefficient (below 0.1). This more detailed analysis
on this truly important parameter, fundamental to correctly couple a
Wells turbine with an OWC chamber, confirms its limited variability
with both 7, and AR. Nevertheless, for low values of the aspect ratio,
Fig. 9(a), small variations of the damping coefficient can be appreciated
with 7., and this can be reasonably associated to a higher obstruction
offered by the rotor. For larger values of AR, Fig. 9(b—c), a unique trend
cannot be discerned for the tip gap-to-chord ratio, that does not appear
to play a significant role in modifying the rotor obstruction on the flow,
at least in the range of ¢, values tested.

On the contrary, the stall onset is strongly controlled by the value
of t.. The tip vortex energizes the boundary layer on the suction side
of the blades and larger values of the tip clearance increase the stable
operating range of the turbine, delaying stall, as previously observed
in [9,10,14]. This is clear from the torque coefficient curves on the left
of Fig. 8. A similar effect is associated to the variation of the blade
aspect ratio AR, although this value has a less marked influence on
the stall onset. The asymmetry of performance curves between inflow
(negative values of ¢) and outflow (positive values of ¢) phases can be
observed for all the tested geometries, and it is linked to the presence
of a swirled flow inside the chamber upstream of the turbine during
the outflow phases, as shown in [43,44,51].

To evaluate the combined effects of 7, and AR the value of the flow
coefficient at stall, ¢,, and the mean aerodynamic efficiency during a
wave period are, typically, taken into account. In the present work,
these two parameters have been evaluated only considering the inflow
phase. The value of ¢, was evaluated from the data reported in Fig. 8,
and it was assumed equal to the value of the flow coefficient at the
maximum non-dimensional torque, after which 7* suddenly drops. The
mean aerodynamic efficiency was calculated using Eq. (8), in the range
—¢, < ¢ <0, i.e. the inflow stable operating range.
_ /Tw,.vrable TRd

Jr ApQ dt

w,stable

(8)

|

Fig. 10 shows both ¢, and 7 variations as a function of the aspect
ratio, for the three values of 7, tested. For very low r, values, the
aspect ratio has a limited effect on the performance metrics. This is
evident for the stall point, ¢, which attains reasonably constant values
when 7, is the lowest (line with circles). A similarly flat trend can be
observed for the mean efficiency, which shows only limited variations,
less than 5%, for the smallest value of 7,. Then, as ¢, grows, the stall
point moves to larger values of ¢, while the mean efficiency reduces.
For the larger values of 7., the blade aspect ratio variation plays a
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Fig. 10. Stall point and mean efficiency for the tested geometries, as a function of the
blade aspect ratio.

role that is opposite to the one of ¢.: while the mean efficiency grows
with AR, the stall point is anticipated to lower flow rates. A possible
explanation of these overall results can be given considering that for a
fixed value of ¢, lower values of AR are associated to a larger tip gap
size, that determines a larger flow through the tip gap that is able to
energize the boundary layer on the suction side of the blade, producing
a stall delay at the price of a penalty in efficiency. For the smallest
values of 7., the flow through the tip gap is probably not sufficient to
provide this relief to the boundary layer. This aspect will be clarified
later, with Fig. 12. In any case, the effects due to the tip gap-to-chord
ratio on both the stall occurrence and the mean aerodynamic efficiency
clearly dominate the effects due to the blade aspect ratio.

Although quantitative analyses on the mutual interaction between
any PTO and OWC-based system require specific models for each com-
ponent to be constructed [30,53], some considerations on the expected
interaction can be reasonably drawn from the results of Figs. 9 and
10. Starting from the damping coefficient, which represents a key
factor for the determination of the OWC chamber efficiency [54],
results suggest a negligible dependence from the geometric parameters
investigated in this work. In several works [29,31,55], its value is
effectively varied by regulating the rotational speed to correctly match
the desired behavior of an OWC chamber for a selected operating
range. With this in mind, the definition of tip gap size and blade
aspect-ratio values can be conducted finding a compromise between
operating range limits, i.e. the flow coefficient at stall, and the turbine
efficiency. The latter, often referred as “secondary stage” efficiency, has
been observed to play a relevant role on the overall efficiency of the
OWC system [30,56]. Finally, as the generator efficiency, also named
“tertiary stage” efficiency, depends on the equilibrium of torque contri-
butions at turbine-generator interface [57], an almost constant value
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Fig. 11. Flow coefficient at stall and mean efficiency contour plots as a function of 7, and AR.

can be expected among all the tested geometries, given the substantially
constant rotor inertia mostly governed by the hub geometry (the same
for all tested geometries).

The trends of Fig. 10 are in agreement with the results presented
by Raghunathan [19,49], in particular the curves for ¢, = 0.5% (lines
with circles), although the older data could be affected by the varying
Reynolds’ number, as stated by the authors. Also the consideration on
the growing effect of the aspect ratio with larger tip gap-to-chord ratios,
presented in [19], is clearly verified by these experimental data.

The contour plots in Fig. 11 provide a more readable representation
of the combined influence of 7, and AR on efficiency and stall point. For
small values of 7., the examined performance metrics are independent
from AR. For larger values of 7., the relative influence of AR grows
progressively. The effect of 7, is small for larger aspect ratio (relatively
tall) blades, while it becomes progressively larger for small aspect ratio
(relatively short) blades.

In order to verify whether the stall delay provided by aspect ratio
blades is due solely to the larger tip gap size or also to other causes,
flow coefficient at stall and mean efficiency have been also plotted as
a function of tip gap-to-blade height ratio (¢,) and AR. This has been
done in an attempt to find the most appropriate non-dimensionalization
of the tip gap (gap-to-chord 7. or gap-to-height ;) for analyzing the
machine’s performance. The results are presented in Fig. 12 in terms of
contour plots.

These figures show that for a fixed value of 1, both stall point and
mean efficiency do not sensibly vary with the AR, while increasing the
t,, value provides a re-energization of the boundary layer on the suction
side of the blade, thus delaying stall at the price of a lower efficiency.
With this representation, the effects associated to the tip clearance size
are separated from the ones due to the blade aspect ratio, showing an
interesting insight, useful to design the Wells rotor. In fact, while the tip
gap to blade height represents a compromise between the stall margin,
the mean efficiency maximization and the practical construction of
the rotor, the choice of the aspect ratio appears not to influence the
performance of the machine significantly. While the tests presented in
this study have been conducted at a fixed Reynolds’ number, in order to
isolate the effects of tip gap and aspect ratio, it is important to note how
in a real installation the required turbine damping is likely to drive the
rotor selection, hence turbines with lower AR would likely operate at
larger Reynolds’ numbers. The effect of this important parameter was
therefore been investigated on a few selected geometries and it will be
discussed in the next section.

4.1. Reynolds’ number effects

The experiments presented in this work have been conducted at a
fixed Reynolds’ number, in order to allow the effects of tip gap and
AR to be isolated and quantified. The value chosen for the Reynolds’
number is 1.3 x 10°, and it was dictated by the experimental setup
limitations.

To understand the effects of this important flow parameter on Wells
turbine performance, experiments were conducted for a single rotor
(Rotor 3 in Table 1), by varying the Reynolds’ number Re,;; in a range
between 6 x 10* and 1.3 x 10°. The results are reported in Fig. 13 for 3
values of the 7.

The results in Fig. 13(a) show an approximately linear increase of
the stall angle with the Reynolds’ number that is compatible with a stall
mechanisms dictated by a transitional boundary layer separation [58].
As the Reynolds’ number grows, the boundary layer is capable to
withstand larger angles of attack [58,59]. This stall mechanism is also
in agreement with the numerical simulations in [60], conducted on a
Wells turbine operating in the same range of Reynolds’ number as the
ones used in the present work.

On the other hand, the results in Fig. 13(b) suggest that Reynolds’
number effects on 7 are not significant in the explored range of Re, ,
showing an almost constant value of 7, with maximum variations
smaller than 2%. To clarify this effect, Fig. 14 presents the variation
in efficiency with flow coefficient for rotor 3 during the inflow phase
and up to the occurrence of stall.

These representations show an almost flat trend of the aerodynamic
efficiency with the flow coefficient, except near the inversion (¢ = 0).
As the Reynolds’ number grows, stall is delayed, but the efficiency value
remains almost constant. Only small discrepancies from this behavior
can be observed for test cases conducted at Re, = 0.63 x 10°, probably
affected by the larger uncertainty for measurements collected in the
presence of low signal values. This behavior leads to an approximately
constant value of the mean efficiency 7 for turbines operating at
different Reynolds’ numbers. This can be reasonably considered valid
also for plant-scale turbines that typically operate at larger values of
Re=0.5-2 x10° [61].



F. Licheri et al. Renewable Energy 242 (2025) 122389

— 0.27

0.4 L— : : : :
1 2 3 4 5 6

tn (%] tn [%]
(a) Flow coefficient at the stall point. (b) Mean efficiency.

Fig. 12. Flow coefficient at stall and mean efficiency contour plots as a function of 7, and AR.
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Fig. 13. Reynolds’ number effect for the Rotor 3.
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Fig. 14. Aerodynamic efficiency as the function of the flow coefficient for Rotor 3.

4.2. Losses decomposition mechanical energy by the turbine. This evaluation has been done using
the losses decomposition method, i.e. evaluating rotor and exit kinetic
As already discussed in Section 2, the total-to-static formulation energy losses as described in [41,44]. Maps of Fig. 15 show the contour

of the efficiency, presented in Eq. (3), can be considered a more plots of loss coefficients averaged on a wave period (as done for the
appropriate measure of the fraction of available energy converted into mean efficiency %), as a function of ¢, and AR.
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Fig. 15. Contours of the mean contributions of losses.

The losses decomposition clearly shows that the contribution due to
the exit kinetic energy is small when compared to the rotor losses and
almost constant in the ranges of variation considered for 7, and AR.
Lower values are found for ¢, = 3—4% and AR = 0.4-0.6, although the
largest values are only marginally higher than these.

The substantially constant value of &, in Fig. 15(b) suggests that
exit kinetic energy losses are only marginally influenced by the tip
clearance and the blade aspect ratio. This is in agreement with potential
flow analysis on blade profiles with negligible thickness [19,62], based
on which the absolute exit flow angle a, depends only on the rotor
solidity, and so does the exit kinetic energy for a fixed operating con-
dition. On the other hand, relevant variations can be observed for the
rotor losses, &z, which are representative of the weighted aerodynamic
losses through the rotor, as demonstrated in [41]. In particular, &g
variations are strongly dominated by the tip gap-to-height value, while
AR starts to influence the rotor losses only for values of ¢, larger than
3%-4%. Similar trends were also reported in [19].

Finally, combining rotor and exit kinetic energy losses as in Eq. (3),
the mean total-to-static efficiency can be calculated. A map of 7 is
shown in Fig. 16, as a function of t, and AR values. As expected,
the total-to-static efficiency map appears not too dissimilar from the
map of the rotor losses given in Fig. 15(a), showing almost the same
trend of contour lines. As it was the case for the aerodynamic efficiency
(Fig. 12(b)), also the total-to-static efficiency depends on the value of
t,,, while the effect of AR is limited. Maximum values are observed for
the lowest t, values, where the rotor losses are the lowest although
exit kinetic energy losses are the highest. This is a confirmation of
the relative weight of rotor losses contribution that was observed for
a fixed rotor in [41,63] and now generalized in the investigated range
of variation of AR and 1.

5. Conclusions

This work provides an experimental investigation on the effects of
tip clearance and blade aspect ratio on Wells rotor performance. The
investigation has been conducted on a Wells turbine prototype coupled
to an OWC simulator that reproduces regular wave conditions, allowing
to evaluate the global performance in a wide operating range extending
after stall. The geometric parameters investigated, i.e. the tip clearance
size and the blade aspect ratio, have been varied by testing a total

11

Mts

0.4 0.5 0.6 0.7 0.8

tn (%]

Fi

et

g. 16. Contours of the mean total-to-static efficiency.

number of 9 rotors, with particular attention to preserve the remaining
geometric and flow parameters as constant as possible, in order to
correctly separate and evaluate their influence. Given the importance of
the Reynolds’ number on both stall occurrence and rotor performance,
its value has been kept fixed for all the 9 geometries, while for some
selected rotors its effect has been investigated with additional tests. The
main findings of this experimental investigation are:

+ The tip clearance size plays a dominant role on both the stall point
and the rotor performance, in particular the efficiency. The aspect
ratio plays a less relevant role, which becomes noticeable only for
large values of the tip clearance size. The aspect ratio has also a
small effect on the turbine damping while the tip clearance size
does not affect the slope of the p* — ¢ rotor characteristic, at least
in the investigated range of variation for ¢,.
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» A clear separation of the effects due to the tip gap and the
aspect ratio is observed when the former parameter is non-
dimensionalized with respect to the blade height (z,) rather than
to the chord (z.), as typically found in literature. Using this
formulation, it has been observed that the stall occurrence does
not depend on the value of the aspect ratio, but only on the
relative tip gap size which modifies the stable range of the turbine
and its efficiency.

The non-dimensional damping coefficient shows almost negligi-
ble variations with both the tip gap size and the aspect ratio
value. This represents a useful information for the evaluation of
OWC-Wells turbine coupling and mutual interaction by means of
lower-order models such as wave-to-wire ones.

For a given geometry, the Reynolds’ number has been observed
to play a significant role on the stall point, extending the stable
operating range as it becomes larger. This effect has been verified
only for moderate values of the Reynolds’ number, due to the
limitations of the experimental setup. The investigated values are
however not too dissimilar from the ones found in the literature
for experimental tests. The reduced variation of the aerodynamic
efficiency with the Reynolds’ number suggests that these can
be extended to real scale rotors, without expecting any relevant
variations.

Rotor losses are mainly driven by the tip gap to height param-
eter, while the exit losses are approximately constant in the
investigated range of parameters. The former are predominant
with respect to the latter for each rotor configuration and their
trends drive the total-to-static efficiency, which results from the
combination of these two loss contributions. Exit kinetic energy
losses are only marginally affected by both the investigated pa-
rameters, suggesting that they might be driven by other geometric
parameters, such as the rotor solidity.

The set of experimental data presented within this work can be,
in the authors’ opinion, an useful benchmark to extend parametric
analyses on the geometry of the Wells turbine, using also numerical
approaches. Further investigations should be oriented to investigate
other relevant geometric parameters, such as the solidity and the hub-
to-tip ratio of the rotor, in order to give a complete description of
the turbine geometry affects the Wells turbine performance and to
provide correlations useful to drive the turbine design. Moreover, the
experimental Wells turbine characteristics presented in this work can
be directly used in existing models that reproduce the performance of
an oscillating water column system, in order to evaluate its overall
performance in the presence of different rotor geometries, in order
to properly select the best combination of OWC and turbine for the
required operating conditions or sea states.
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