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A B S T R A C T   

Marine energy still plays a marginal role in the current global energy scenario, despite the incessant effort by 
research for more than thirty years in the exploitation of the so-called blue energy. Among the wide range of 
marine technologies, wave energy harvesting can play a significant role in view of its potential and Oscillating 
Water Column (OWC) systems, coupled with Wells turbines, can be considered among the most mature wave 
energy technology. Due to the oscillating nature of the flow rate in this kind of applications, Wells turbines are 
affected by dynamic stall, which has significant effects in terms of performance, fatigue, noise and structural 
integrity of the turbine. 

Actually, during dynamic stall, the Wells turbine experiences evident high frequency torque fluctuations which 
overlay on the typical hysteresis loop, mainly during flow deceleration. The amplitudes of these fluctuations are 
damped as the flow rate decreases toward reattachment. Often these fluctuations are not evident because hys-
teresis loops are usually provided with phase-averaged data, which can significantly smoothen or even conceal 
them. Indeed, it is difficult to find in the literature high frequency torque measurements able to show these 
fluctuations. With the aim to better investigate how the stall triggers this phenomenon, a monoplane Wells 
turbine has been manufactured in 3D printing and tested in the open wind tunnel of the Polytechnic University of 
Bari, Italy. The interest of the experimental campaign has been mainly focused on the effects of main parameters 
of the oscillating inlet flow rate (mean flow rate, amplitude and period of the oscillations, modifying the con-
trolling parameters of the inverter driving the squirrel cage blower) on the performance of the machine. The 
machine has been firstly investigated under steady state inlet flow conditions, then under dynamic stall condi-
tions. As a result, unsteady torque fluctuations occur during the flow deceleration till the flow reattachment. 
After the stall, the investigated Wells turbine experiences a drastic reduction of the torque coefficient of about 
90%. Moreover, the torque coefficient shows a number of peaks during deceleration phases ranging from 2 to 4. 
Specifically, the case with the maximum period of the flow rate under investigation (i.e., T = 20 s) shows a 
greater number of peaks (4) than those related to the other cases (3). Moreover, it has been found that this 
unsteady behavior is due neither to the mass flow rate crossing the turbine, nor to the stagnation pressure drop, 
nor to the rotational speed control, which is correctly performed keeping the rotational speed within 1% of the 
target value. Hence, detecting these oscillations can be relevant in the turbine design phase to enhance the 
structural strength of the turbine.   

1. Introduction 

Nowadays the effects of the climate change are so tangible that they 
can no longer be ignored and direct counter actions cannot be postponed 
anymore. The widespread adoption of renewables and related technol-
ogies represents an essential solution to fight worrisome issues such as 
energy poverty and energy security. One of the latest report by the In-
ternational Renewable Energy Agency (IRENA) outlined that CO2 

emissions related to the energy production sector reached a new peak of 
over 36.8 Gt in 2022 [1]. Despite the sharp trend inversion caused by the 
COVID-19 pandemic (almost 8% lower than in 2019, i.e. 31.5 Gt CO2,eq 
in the 2020), global CO2 emissions due to energy production rebounded 
in 2021 [2–4]. In this scenario, the recent COP 27 has represented an 
important milestone, giving a strong signal with an even more explicit 
desire to global zero net emissions by 2050 and to limit the increase in 
temperatures to 1.5 ◦C above pre-industrial levels. In order to achieve 
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these ambitious goals, Nations are called to accelerate the phase-out of 
coal, curtail deforestation, speed up the switch to electric vehicles and 
encourage investment in renewables [5–7]. Regarding renewables, it 
must be said that a continuous and ongoing effort is made by Nations in 
developing and installing more and more renewables based technologies 
for electric generation. Indeed, as reported in Fig. 1, the renewable share 
of annual capacity expansion has increased in the last 20 years, starting 
from 25% in 2001 and reaching an overall of 82% in 2021 [8]. 

1.1. Oscillating Water Column (OWC) systems and Wells turbine in the 
wave energy scenario 

Unlike other renewable sources, which are currently used on a large 
scale, the marine energy sector shows a significant resource potential 
that has not yet been exploited. Indeed, the potential of ocean energy 
resources can range from 40000 TWh to 130000 TWh per year and 
depends on the technology involved, as illustrated in Fig. 2 [9,10]. 

In particular, wave energy technology shows a significant exploitable 
potential and it is suitable for those areas characterized by advantageous 
conditions of wave height, wave speed and wavelength. Typically, these 
physical properties maximize the exploitable power in areas at latitudes 
within 30 and 60◦ and in deep water (greater than 40 m). Despite the 
seasonal variation, waves can be considered a valid energy source, since 
it is possible to accurately forecast them with the current level of tech-
nology. In order to increase the global installed capacity, the European 
Union has proposed the European offshore renewable energy strategy with 
the aim to reach at least 1 GW of tidal and wave energy by 2030 and 40 
GW by 2050 [11]. Obviously, this development must also be 

economically feasible, for instance guaranteeing an appropriate lev-
elized cost of energy (LCOE) [12]. According to current estimates, the 
LCOE for wave energy is between USD 0.30–0.55/kWh, but they are 
expected to decrease as the technology becomes more and more estab-
lished. For example, the LCOE of wave energy based technologies is 
forecast to reach about USD 0.165/kWh by 2030 [13,14]. 

Among the wide range of technologies, Oscillating Water Column 
(OWC) devices can be considered the most mature ones for wave energy 
harvesting [15,16], showing a Technology Readiness Level (TRL) equal 
to 8 [9]. Basically, OWC systems consist of an ad hoc designed chamber, 
which is semi-submerged in the water, which is still being studied and 
improved, as demonstrated by several recent works [17–22] . Recently, 
OWC wave energy converters integrated with floating offshore wind 
turbines are a promising solution for hybrid offshore renewable energy 
production [23–25]. The periodic motion of the waves causes an oscil-
lating movement of the water contained in the structure. This effect, in 
turn, alternately compresses and expands the volume of overlying air, 
which is conveyed into a duct containing the Power Take-Off (PTO) 
system. Since the air flow direction alternatively changes, OWC systems 

Fig. 1. Trend of share and annual capacity addition of renewable based power.  

Fig. 2. Ocean energy resource potential.  

Fig. 3. Forces acting on a typical Wells turbine blade under oscillating 
flow rate. 
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require self-rectifying machines, for instance Wells turbines [26]. 
Indeed, the Wells turbine shows its distinctive feature in rotating in the 
same direction irrespective of the oscillating air flow direction. This can 
be explained by the operating principle behind the development of this 
machine, which dates back to 1980’s [27]. As depicted in Fig. 3, its 
blades with symmetrical airfoils, staggered at a 90 deg angle, allow the 
tangential force to be applied always in the same direction. 

As an example of an OWC technology-based power plant, Mutriku 
wave energy plant, located in the bay of Mutriku (Spain), can be 
mentioned. The power plant is able to provide a total rated power of 
about 296 kW thanks to 16 OWC chambers, each of them coupled with a 
18.5 kW self-rectifying Wells turbine. As reported in Refs. [28,29], the 
operation of this kind of plants is not easy, due do the high energy 
content of the area. Indeed, from the construction (in 2006) to the 
inauguration (in 2011), the plant suffered severe damages due to strong 
storms. During its first five years of operation, it supplied over 1.3 GWh 
to the grid. In 2020, the Mutriku plant produced a cumulative total of 2 
GWh [30,31]. Falcão et al. [32] presented a comprehensive review on 
OWC technology, analyzing all the power plants that have been built 
since the 2000s. Recently, Monteiro et al. [33] evaluated the possibility 
of a maritime natural cave for energy production by means of a Wells 
turbine. Once built, the experimental setup was able to supply electricity 
to at least 13 houses. 

However, the Wells turbine shows a series of drawbacks, such as low 
aerodynamic efficiency, narrow operating range, poor self-starting 
characteristics, high axial force coefficient and low tangential force 
coefficient [34]. For this reason, a significant number of numerical and 
experimental works have been carried out to improve the performance 
of Wells turbines. For instance, Gato et al. [35] carried out an experi-
mental campaign on two types of blades: the former with constant 
thickness and the latter with a variable thickness by keeping unchanged 
the solidity, the number of blades and chord length. Moreover, it was 
investigated the beneficial effect of guide vanes to remove flow swirl at 
the exit. Also Takao et al. [36] conducted a similar analysis. Indeed, they 
considered a blade with a thickness increasing from the hub to the tip (in 
details, NACA0015 at hub, NACA0020 at midspan and NACA0025 at 
tip). From experimental tests, both efficiency and stall operating con-
ditions were improved thanks to this geometry with respect to the 
conventional one. Torresi et al. [37] performed a detailed CFD analysis 
on a Wells turbine by comparing numerical results with experimental 
ones. This analysis showed how the blade tip gap was a key affecting 
parameter for the overall performance in terms of torque coefficient and 
efficiency. Among the most recent studies, Abassi et al. [34] numerically 
investigated the effects of addition of micrometer protrusions similar to 
shark skin on blades of a Wells turbine. As results, covered blades caused 
an 18.36% increase in terms of torque and an increase of the turbine 
efficiency of 2.3%. Kotb et al. [38,39] studied the effect of Gurney flap 
geometry and the integrated casing groove on the Wells turbine per-
formance. In details, their study outlined how a triangular casing groove 
in combination with a rectangular Gurney flap allows to increase the 
average torque coefficient of the machine by 81% with respect to the 
conventional Wells turbine. Geng et al. [40] carried out an audit and 
quantification of losses that occur inside the Wells turbine, highlighting 
how the secondary flow loss coupled together with friction losses pre-
sent the greatest weight. Ciappi et al. [41,42] proposed wave-to-wire 
models with an interesting compromise between accuracy and compu-
tational costs. Gurnari et al. [43] performed unsteady numerical simu-
lations to study the interaction between waves and a U-shaped OWC 
breakwater equipped with a Wells turbine, focusing on energy conver-
sion process from wave to the turbine power output. Shaaban et al. [44] 
numerically investigated the effects of a Venturi duct geometry in order 
to enhance the Wells turbine performances, reaching up to 9% with the 
optimized geometry. Alves et al. [45] carried out experimental tests on a 
Wells turbine with specially designed guide vanes. The presence of the 
guide vanes was found to increase the peak efficiency by seven per-
centual points, while reducing (for fixed rotational speed) the damping 

provided by the turbine. The addition and the design of the guide vanes 
was investigated also by Mahrooghi et al. [46] by using hybrid artificial 
neural fuzzy networks. Starzmann and Carolus [47] proposed a novel 
blade design method based on skewed blades. After numerical and 
experimental analysis, they found that optimal backward/forward blade 
skew from hub to tip delayed the onset of stall by increasing the range of 
unstalled operation with respect to the conventional straight blade 
design. Kumar et al. [48] proposed a new design of the Wells turbine 
blade, able to increase the performance range by 22% and the power by 
97%, but decreasing the efficiency by 7.7% due to increased pressure 
drop. This change in performance was due to a solution with a blade 
characterized by a variable-thickness, a curved radial edge blade and an 
extended trailing edge. 

Although a Wells turbine could reach high efficiencies, its perfor-
mance is strongly affected by dynamic stall phenomenon, which in-
volves a typical hysteretic behavior, in terms of non-dimensional 
parameters, during high amplitude flow rate oscillations. Actually, a 
considerable number of works have been performed with the aim to 
analyze both experimentally and numerically the hysteresis loop of a 
Wells turbine during unsteady working conditions. For instance, Paderi 
et al. [49] and Puddu et al. [50] found out that hysteresis is more evident 
during outflow and negligible during the inflow period. Setoguchi et al. 
[51] carried out a numerical investigation to understand the influence of 
blade thickness, solidity and mounting angle. This analysis found out 
that the hysteresis loop was less affected by blade thickness than the 
other two parameters. Thakker and Abdulhadi [52,53] performed an 
experimental and a numerical campaign on a Wells turbine under un-
steady inlet flow conditions by focusing on the effects of blade profile 
and solidity. Kim et al. [54] focused on the tip clearance and the 
hub-to-tip ratio, showing how the former (specifically its increase) has a 
greater effect on the hysteresis loop than the latter. Licheri et al. [55,56] 
presented a detailed experimental campaign with the aim to test their 
proposed control strategy based on the turbine rotational speed in order 
to avoid stall conditions and allow the machine to work as close as 
possible to the maximum efficiency point. 

However, all these works even if were focused on hysteresis phe-
nomenon, they did not considered inlet flow conditions capable to 
determine the so-called deep stall. As depicted in Fig. 4, when the ma-
chine experiences strong variations of flow rate, the stall occurs with a 
clockwise hysteresis loop. Indeed, Fig. 4 shows typical performance 
curves of a Wells turbine in terms of non-dimensional parameters, which 
will be discussed in detail in the next sections (i.e., the torque coeffi-
cient, T∗, vs. the flow coefficient, U∗). This phenomenon is due to the 
flow separation, close to the tip, on the blade suction side, as evidenced 
by experiments performed by Setoguchi et al. [57]. Moreover, Ghisu 
et al. [58] argued that the cause of the hysteresis loop was related to the 
compressibility effect in the OWC system. M’zoughi et al. [59] proposed 
a rotational speed control based on artificial neural network in order to 

Fig. 4. General behavior of a hysteresis loop under unstalled and deep stall 
conditions of a Wells turbine (adapted from Ref. [27]). 
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avoid stall operating conditions of a Wells turbine installed in a OWC. 
Actually, during stall the Wells turbine experiences evident torque 

fluctuations, which overlay on the typical hysteresis loop, mainly during 
flow deceleration. The amplitudes of these fluctuations are damped as 
the flow rate decreases toward reattachment. Often these fluctuations 
are not evident because hysteresis loops are usually provided with 
phase-averaged data, which can significantly smoothen or even conceal 
them. Indeed, it is difficult to find in the literature high frequency torque 
measurements able to show these fluctuations. To the authors’ knowl-
edge, the experimental investigation of Wells turbines in dynamic deep 
stall conditions has not been fully addressed and deepened. Indeed, only 
Kinoue et al. [60] in 2004 showed experimental performance curves of a 
Wells turbine under deep stall conditions. They found out that the 
experimental torque coefficient fluctuates greatly after the stall condi-
tion, with the number of peaks varying from two to three, without going 
into too much depth and analyzing the phenomenon with different wave 
periods. Moreover, thanks to their numerical studies, they sustained that 
the mechanism of the clockwise loop under deep stall condition is 
related to the dynamic stall of an airfoil and it can be associated with the 
flow separation on the blade suction side near the tip. Starzmann et al. 
[61] investigated the effects of solidity and hub-tip ration on the Wells 
turbine performance. They also introduced the hysteresis loop coeffi-
cient, h (i.e., the ratio between the pressure coefficient at the maximum 
power and that in correspondence of flow reattachment). Three rotors 
were compared in terms of experimental hysteresis loops, which how-
ever showed few experimental points after the stall. Furthermore, no 
differences are shown between the accelerating and decelerating phases. 
In addition, the same authors argued that the obtained results did not 
necessarily hold true for scaled up turbines since stall and hysteresis are 
associated with the complex stability phenomena. Puddu et al. [62] 
carried out an experimental campaign to characterize a Wells turbine 
under unsteady and bi-directional airflow. Most of the tests were under 
unstalled conditions and only during one test a stall condition was re-
ported. Although the torque coefficient curve showed fluctuations, this 
phenomenon was not explored. Afterwards Hu et al. [63] numerically 
investigated a high-solidity Wells turbine under both steady and un-
steady conditions by solving URANS equations. However, regarding 
unsteady conditions, they analyzed different wave periods only in the 
unstalled conditions without exploring deep stall zones. Moreover, 
Ghisu et al. [64] numerically investigated with unsteady CFD simula-
tions the hysteresis for unstalled and stalled operating conditions by 
evaluating the influence of the temporal discretization. The numerical 
results for the stall conditions in terms of torque coefficient vs. the flow 
rate coefficient reported strong oscillations of the torque coefficient only 
after the stall, restricted to a range of flow coefficients between stall and 
reattachment. However, it is sustained that no differences are evident 
between the torque coefficients in deceleration and acceleration after 
the flow reattaches, despite small oscillations are visible. 

Finally, Geng et al. [65,66] recently performed a loss audit by means 
of a CFD analysis to better understand the aerodynamic loss mechanisms 
in the Wells turbine during stall process. As a result, they proposed an 
improved vortex identification method that takes into account coherent 
structures and vortex core trajectories to highlight the relation between 
vortex interactions and stall mechanism. However the investigated 
machine is equipped with guide vanes and the numerical investigation is 
performed by means of URANS approach under steady inlet flow con-
ditions; hence, the hysteretic behavior of the machine during stall is not 
evaluated. 

Then, the present work aims to fill the knowledge gap on the 
behavior of the Wells turbine under dynamic stall conditions. With the 
aim to better investigate the torque oscillations triggered by the stall, a 
3D-printed monoplane Wells turbine has been tested at the open wind 
tunnel of the Polytechnic University of Bari, Italy (https://research.polib 
a.it/laboratories/we-wt-lab). The novel contribution of this work con-
sists in proposing a comprehensive experimental analysis of the machine 
working under unsteady cyclic inlet flow conditions in order to highlight 
how the stall triggers this phenomenon. Moreover, the analysis is mainly 
focused on the effects of the main parameters of the oscillating inlet flow 
conditions on the performance of the machine (mean flow rate, ampli-
tude and period of oscillation). These unsteady cyclic inlet flow condi-
tions have been generated by modifying the controlling parameters of 
the inverter, which drives the blower (i.e. the mean frequency, f , the 
frequency amplitude of the inverter, Δf , and the period, T). Hence, 
detecting these torque oscillations, triggered once the stall occurs, can 
be relevant in the turbine design phase to enhance the structural 
strength of the turbine. 

In this framework, the work initially gives an overview on renewable 
energy mix, focusing on the current blue energy scenario and its related 
technologies. In details, OWC systems and Wells turbine are particularly 
investigated (section 1). Then, section 2 describes the Wells turbine 
designed and tested at the lab of the Polytechnic University of Bari, 
which is described in section 3. Afterwards, section 4 and 5 illustrate the 
experimental campaign voted to characterize the turbine under steady 
and dynamic stall flow conditions, respectively. Finally section 6 ends 
up the work with a sum up and the discussion of the results. 

2. The Wells turbine 

Fig. 5 shows a view of the 3D printed Wells turbine under investi-
gation, whose design parameters (i.e., turbine solidity, hub-to-tip ratio 
and blade airfoil) have been chosen in order to design a prototype 
suitable for a 1:10 scaled model of a REWEC (Resonant Wave Energy 
Converter) breakwater, located in Reggio Calabria, Italy [67]. As pre-
viously mentioned, the turbine rotor has been created by means of a 3D 
printer (named Stratasys Object30 Pro) and it is made of VeroClear 
material, a transparent PolyJet photopolymer. 

Fig. 5. 3D model of the designed Well turbine (a); View of the 3D-manufactured model of the Wells turbine (b).  
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Fig. 6 represents the technical drawing of the designed blade, char-
acterized by a constant chord (c = 74 mm) and a NACA0015 profile. In 

details, hub and tip radii are 100 mm and 155 mm, respectively. Finally, 
the rotor is constituted by 7 blades (Nb = 7). Hence, the prototype shows 
a solidity s = 0.6466, which is defined according to equation (1). 

s=
Nb c

2πRmid
(1)  

where Rmid is the mid span radius, defined as follows: 

Rmid =
(1 + h)Rtip

2
(2)  

with h = Rhub/Rtip the hub-to-tip ratio. 
Performance of a Wells turbine can be evaluated by means of non- 

dimensional parameters. These parameters are the flow coefficient, 
U∗, the stagnation pressure drop coefficient, Δp∗, the torque coefficient, 
T∗, and the efficiency, η. Specifically, the flow coefficient, U∗, is defined 
as the ratio between the bulk axial velocity of the air, evaluated up-
stream the turbine, and the peripheral velocity evaluated at the blade tip 
(see equation (3)). 

U∗ =
V

ωRtip
(3) 

Equation (4) defines the stagnation pressure drop coefficient, Δp∗, as 
follows: 

Δp∗ =
Δp0

ρair ω2 R2
tip

(4)  

with ρair and Δp0 the air density and the stagnation pressure drop, 
respectively. 

The torque coefficient, T∗, is determined by equation (5): 

T∗ =
Tt

ρair ω2 R5
tip

(5)  

Where Tt is the aerodynamic turbine torque, i.e. the torque applied by 
the flow to the blade. As explained in previous works [68,69], this 

Fig. 6. Technical drawing of the blade of the Wells turbine under investigation.  

Fig. 7. Views of the test rig (GaVe lab at the Polytechnic University of 
Bari, Italy). 
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torque is different from that measured by means of the torque meter, 
TTorque meter, because of the aerodynamic windage and mechanical fric-
tions. From an experimental point of view, it is possible to assess these 
two contributions. Precisely, the turbine is motored by an electric motor 
without air flow in a wind tunnel, which will be described in the next 
section. The absence of the air flow is achieved by keeping the blower 
off. In this way, the torque meter is able to measure Tno flow

Torque meter, which 
include not only windage and friction losses, but also the drag of the 
blades. Indeed, without air flow (i.e., V = 0 m/s), the angle of attack of 
the flow is equal to 0 deg. The torque related to the drag, Tno flow

t , was 
derived from 3D CFD simulations performed in previous works by Tor-
resi et al. [37]. Hence, the aerodynamic turbine torque, Tt, can be 
computed as follows: 

Tt = − TTorque meter + Tno flow
Torque meter − Tno flow

t (6)  

Once computed Tt, the efficiency of the turbine, η, can be evaluated by 
means of equation (7), where PP is the available pneumatic power, PP =

QΔp0. 

η=ω Tt

PP
(7)  

3. The test rig 

Fig. 7 shows the view of the test rig employed in the experimental 
campaign, whereas Fig. 8 shows a technical schematic of the test rig with 
all the main geometric information. 

Fundamentally, it consists of an open circuit wind tunnel (of the 
suction type) and is located in the GaVe lab at the Polytechnic University 
of Bari, Italy. The Wells turbine is installed inside the first duct (3.5 m 
long), which is constituted of a first convergent duct (with a length L = 1 
m, inlet and outlet diameters DIN = 445 mm, DOUT = 314 mm, respec-
tively). Then, a settling chamber (1.5 m long, 1.0 m wide and 1.0 m 
high) cancels tangential velocity components thanks to an inner hon-
eycomb structure. This chamber is connected to the blower by means of 
a 4.5 m long duct, where the flow rate measurements are performed 
according to the ISO 5147-1 standard. Indeed, this part is equipped with 
a section where it is possible to install different orifice plates chosen as 
pressure differential devices. Each plate is characterized by a diameter 
ratio, β, (defined as the ratio between the orifice diameter and the inner 
diameter of the duct). Precisely, β = 0.2, 0.3, 0.4, 0.5, 0.6 and 0.75 are 
used in order to reduce measurement uncertainty for different flow 
rates. The relative pressure upstream the orifice is measured by means of 
a Honeywell 163PC01D36 amplified pressure transducer (pressure 
range of ±5ʺ H2O – accuracy ± 2%). In addition, the differential pres-
sure value across the orifice is measured by means of a Honeywell 
164PC01D76 amplified pressure transducer. This device is characterized 
by a pressure range of 0÷5ʺ H2O and accuracy ±2%. A squirrel cage 
blower (model A0 112M–4 by ELPROM) is installed at the end of the 
wind tunnel. The blower has the key role to generate the air flow. It is 
driven by an AC electric motor (2 poles, nominal power equal to 4.1 kW 
at 1430 rpm), which in turn is powered by a vector control drive, model 
V1000 by Omron (nominal power of 5.5 kW). Changing the frequency of 
the inverter is then possible to vary the flow rate. Regarding the 

equipment useful to measure the performances of the Wells turbine, a 
second Honeywell 163PC01D36 amplified pressure transducer is used to 
measure the stagnation pressure drop across the turbine. In order to 
measure the pressure drop, one side of the transducer is connected at a 
pressure tap in the settling chamber, whereas the other side is open to 
the atmosphere. Moreover, a P-Series SanyoDenky Servo Motor with an 
embedded encoder is coupled to the turbine to be used as an electric 
generator. In addition, the torque is measured by the torquemeter T22/ 
5NM by HBM (Tmax = 5 Nm, accuracy class 0.5). Finally, an in-house 
Supervisory Control and Data Acquisition (SCADA) system developed 
in the NI LabVIEW® environment manages and controls the entire rig 
during tests. 

4. Experimental characterization - steady working conditions 

As a first step, the Wells turbine has been tested under steady state 
conditions at 1750 rpm. The performance of the Wells turbine under 
steady state conditions are reported in Figs. 9–11. Each flow rate is 
generated by varying the frequency of the control vector drive (hence, 

Fig. 8. Schematic of the test rig (GaVe lab at the Polytechnic University of Bari, Italy).  

Fig. 9. Steady state experimental curve in terms of torque coefficient T∗ vs. 
flow coefficient U∗. 

Fig. 10. Steady state experimental curve in terms of stagnation pressure drop 
Δp∗ vs. flow coefficient U∗. 
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the velocity of the blower) up to 60 Hz with steps of 5 Hz. In such a way, 
it was possible to explore the entire operating range of the turbine, as 
well as to measure the different flow rates with the orifice, characterized 
by the best β to give the smallest uncertainty on the dimensionless 
parameter U∗. In details, these figures show the experimental T∗, Δp∗, 
and η, vs. U∗, respectively. 

Looking at Fig. 9, it is possible to notice how the turbine is not self- 
starting. Indeed, the torque coefficient becomes positive only after a 
determined value of the flow coefficient, i.e. U∗ = 0.07. Below this value, 
the machine needs to be driven by the electric motor. As the flow rate, 
and therefore the flow coefficient, increases, the torque coefficient also 
increases up to a value close to U∗ = 0.21 and then drops suddenly due to 
stall. In this condition, the flow around the blade profile separates at the 
so-called static stall angle. The significant performance drop of the 
turbine is due to higher angles of attack than the stall limit [70]. 

Moreover, Fig. 10 highlights the intrinsic characteristic of this type of 
machine, regarding the stagnation pressure drop. Indeed, the Wells 
turbine shows a linear correlation of Δp∗ vs. U∗. Finally, the efficiency 
curve in Fig. 11, shows null values for U∗ up to 0.07, then increases as 
the flow rate increases up to its maximum η = 36.1%. After that, stall 
occurs and the efficiency significantly drops for higher flow rates as the 
torque coefficient does. For the sake of clarity, the null values of the 
efficiency are due to the fact that the turbine is driven by the electric 
motor for those flow conditions. 

5. Experimental campaign - unsteady working conditions 

As mentioned in the introduction, several tests have been carried out 
on the Wells turbine under unsteady flow conditions, with the aim to 
focus on the effects of both the amplitude and the frequency of the flow 
rate oscillations on the hysteresis loops when either unstalled or deep 

stall conditions are reached. Actually, in order to replicate flow oscil-
lations such as in the real working conditions of OWC systems, the 
blower has been driven cyclically with a frequency, f , which changes 
sinusoidally according to equation (8), for 30 cycles. Indeed, this sinu-
soidal changing of the frequency involves the same oscillating variation 
of the flow rate. In addition, the turbine has been tested at 1750 rpm. 

f (t) = f + Δfsin(2πt / T) (8) 

Fig. 11. Steady state experimental curve in terms of stagnation pressure drop η 
vs. flow coefficient U∗. 

Fig. 12. Comparison of the mass flow rates during steady and unsteady 
experimental tests. 

Fig. 13. Design of experiment employed in the experimental campaign.  

Fig. 14. Comparison of the mass flow rate time evolutions for different periods 
of the sinusoidal frequency signal sent to the blower. Comparison between T =
10, 12, 20 s (a), and T = 13, 14,15 20 s (b) (case f = 20 Hz, Δf = 15 Hz). 
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Fig. 12 represents the phase-averaged mass flow rates, G, and the 
inverter frequency, f, measured during unsteady tests over a period of 
20 s, evidencing a delay in the mass flow rate variation. In order to verify 
that there is only a delay during steady state test, a third curve is plotted, 
which is obtained by considering the mass flow rate values computed at 
each frequency and then shifting it in order to superpose this curve to the 
averaged unsteady mass flow rate. This aspect confirms the reliability of 
mass flow rate measurements even during unsteady working conditions. 

The design of experiments (DOE) carried out in this work is repre-
sented in the scheme of Fig. 13. Different values of periods, T, have been 
considered (i.e., T = 10, 12, 13, 14, 15 and 20 s). The lower limit (i.e., T 
= 10 s) is due to technical limitation of the test rig which does not allow 
to perform tests with lower periods, as explained in the following 
Fig. 14. In order to evaluate both hysteresis loops under unstalled and 
deep stall conditions, two mean frequency values, f , of the inverter have 
been selected (i.e., f = 20 and 35 Hz). Then, for test identified by each 
set of T and f , two frequency amplitude values, Δf , have been considered 
(i.e., Δf = 10 and 15 Hz). Definitely, 36 tests have been carried out. In 
order to summarize the results, not all the cases will be shown but only 
the most interesting in terms of specific working conditions. 

The reason behind the choice of different periods is related to the 
objective of understanding what are the operating limits of the machine. 
Looking at Fig. 14(a) and (b), it is possible to evaluate the time evolution 
of the mass flow rate, G, for different periods. For the sake of brevity, the 
comparison has been carried out by keeping constant f = 20 Hz and Δf 
= 15 Hz, and changing the period, T. In Fig. 14(a), the lowest periods (T 
= 10 and 12 s) have been compared with the highest one (T = 20 s), in 
order to better highlight the significant difference between their time 
evolutions. Indeed, the flow rates acquired at T = 12 s and 10 s lose the 
typical sinusoidal trend, that is expected during normal operating con-
ditions. This can be caused by the delay between the induced flow rate 
crossing the turbine and the variation of the blower rotational speed. 
This issue does not happen for the cases at T = 13, 14, 15 and 20 s, as 
visible in Fig. 14(b). Then, the period T = 13 s has been selected as the 
minimum period above which the machine is crossed by a coherent mass 

flow rate. 

5.1. Effects of the mean frequency of the inverter f 

Fig. 15 shows the clear difference between hysteresis loops under 
unstalled and deep stall conditions. In both the cases, the unsteady 
curves are compared with respect to the steady state torque coefficient 
curve. In detail, Fig. 15(a) shows the typical cycle without stall (case at 
T = 15 s, f = 20 Hz, Δf = 15 Hz). It is possible to notice how the unsteady 
curve is constituted of the upward branch (the dashed red line) and the 
downward branch (in blue), which follow the steady state curve. 
Moreover, this curve has been obtained by means a phase averaging over 
the 30 cycles and no hysteresis loop occurs. The unsteady curve in 
Fig. 15(c) has been obtained by changing only the inverter mean fre-
quency f = 35 Hz, keeping unchanged the period and the frequency 
amplitude with respect to the case of Fig. 15(a). In this way, the turbine 
works with greater mass flow rate, reaching and passing the stall con-
dition. This results in a counter-clockwise hysteresis loop, which is due 
to the different turbine behavior during the acceleration (the dashed red 
line) and deceleration of the flow (in blue), in accordance with the 
studies by Kinoue et al., which sustained that it can be associated with 
the separation on the blade suction side near the hub [60]. Particular 
attention must be paid on what happens once dynamic stall occurs. 
Indeed, marked damped oscillations emerge and persist during the 
deceleration phase, postponing the flow reattachment. The amplitude of 
these oscillations decreases as the flow rate decreases during the 
clockwise hysteresis loop. As a result, the machine shows unstable tor-
que coefficients during deceleration phase. 

In order to highlight how the stall triggers this phenomenon, an 
additional test was carried out at lower rotational speed (i.e., N = 1500 
rpm). This allowed to test the machine under unstalled conditions with 
flow rate coefficients close to the stall condition, without exceeding it. 
Indeed, looking at Fig. 15(b), it is possible to notice how the Wells 
turbine shows the typical hysteresis loop following the steady state 
points without torque oscillations. Then, the turbine is well controlled 

Fig. 15. Torque coefficient T∗ vs flow coefficient U∗ under unstalled conditions at N = 1750 rpm (a) and N = 1500 rpm (b) (case with T = 15 Hz, f = 20 Hz, Δf = 15 
Hz); and dynamic stall conditions at N = 1750 rpm (c) and N = 1500 rpm (d). 
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during the cyclic operating conditions. The deep stall condition at 1500 
rpm is reported in Fig. 15(d), where it is possible to notice torque co-
efficient fluctuations as seen in the previous Fig. 15(c). This highlights 
that the passing of the stall condition triggers this phenomenon. The 
presence of these fluctuations are also reported in the aforementioned 
study by Kinoue et al. (see Fig. 6 in Ref. [60]), which sustained that the 
hysteresis loop under deep stall condition can be associated with the 
separation on the blade suction side near the tip. Moreover, according to 
the recent numerical investigations by Geng et al., the stall condition is 
characterized by loss sources related to kinetic energy and mixing losses. 
In details, as the leading-edge vortices expand toward the blade tip, the 
intensified leading-edge vortex interacts with the casing suction-side 
corner vortex and accelerates the dissipation of the tip-leakage 
vortices [66]. 

5.2. Effects of the inverter frequency amplitude Δf 

With the aim to focus on the impact of the inverter frequency 
amplitude, Δf , on the turbine performance, two test sets have been 
selected. For the sake of clarity, the two extreme cases have been 
selected, i.e., the cases with periods T = 13 s and 20 s. Specifically, for 
each period the comparison has been carried out by keeping constant the 
mean frequency f = 35 Hz, but changing the frequency amplitude (i.e., 
Δf = 5, 10 and 15 Hz). In details, Figs. 16 and 17 show the comparison 
between the time evolution over the period of the torque coefficient at 
different Δf for T = 13 s and 20 s, respectively. Moreover, each figure 
shows both T∗ curves acquired over 30 cycles and the corresponding 
phase-averaged values. 

Specifically, Fig. 16(a) shows the less stressful working condition 
with Δf = 5 Hz, highlighted by the sinusoidal trend of T∗. Indeed, the 

Fig. 16. Effects of the frequency amplitude, Δf , on the time evolution of the 
torque coefficient (case with T = 13 s, f = 35 Hz and Δf = 5 Hz (a), Δf = 10 Hz 
(b), Δf = 15 Hz (c)). 

Fig. 17. Effects of the frequency amplitude, Δf , on the time evolution of the 
torque coefficient (case with T = 20 s, f = 35 Hz and Δf = 5 Hz (a), Δf = 10 Hz 
(b), Δf = 15 Hz (c)). 
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frequency amplitude is not large enough to induce dynamic stall, as it 
occurs in Fig. 16(b) and (c). These two figures highlight the effect of the 
stall on the torque coefficient of the turbine. At the beginning, T∗ grows 
regularly up to the stall condition, emphasized with the red circle, which 
corresponds to the aforementioned U∗ = 0.21. After the stall, the 

investigated Wells turbine experiences a drastic reduction of the torque 
coefficient of about 90%. Then, T∗ starts to show oscillations which are 
damped up to the end of the period, hence the cycle begins again. The 
same considerations can be done looking at Fig. 17, related to T = 20 s. 

Nevertheless, these torque fluctuations are due neither to fluctua-

Fig. 18. Phase averaged of the stagnation pressure drop coefficient in no stall condition (a) and dynamic stall condition (b); Phase averaged of the mass flow rate in 
no stall condition (c) and dynamic stall condition (d) (case with T = 13 s). 

Fig. 19. Phase averaged of the stagnation pressure drop coefficient in no stall condition (a) and dynamic stall condition (b); Phase averaged of the mass flow rate in 
no stall condition (c) and dynamic stall condition (d) (case with T = 20 s). 
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tions of the mass flow rate nor of the pressure drop coefficient. This is 
confirmed by looking at Figs. 18 and 19. Each figure compares the ef-
fects of the frequency amplitude variation (Δf from 10 Hz to 15 Hz) on 
the pressure drop and the flow rate, by keeping constant the mean fre-
quency (f = 35 Hz) and the period (T = 13 s in Fig. 18 and T = 20 s in 
Fig. 19). In both cases, phase-averaged Δp∗ curves show a regular and 
sinusoidal behavior without abnormal fluctuations (see Fig. 18(a) and 
(b), Fig. 19(a) and (b)). The same considerations can be also applied to 
the mass flow rate (see Fig. 18(c) and (d), Fig. 19(c) and (d)). For these 
reasons, they cannot be the cause of the fluctuations present in T∗ un-
steady curves. 

5.3. Effects of the period T 

Fig. 20 focuses on the effect of the period, T, on the time evolution of 
the torque coefficient, T∗. Since different periods are analyzed, the 
comparison has been carried out by normalizing the time over the 
period, t/T. Also in this case, the comparison has been carried out by 
keeping constant f = 35 Hz and Δf = 15 Hz. Indeed, it is possible to note 

how the accelerating phase is not affected by any fluctuation up to the 
stall condition for each period. Indeed, the four sections relating to the 
unstalled conditions overlaps. Then, during the decelerating phase all 
the T∗ curves are characterized by dynamic stall, highlighted by the 
drastic reduction of the torque coefficient, followed by fluctuations. 

A confirmation of these effects can be verified by looking at Fig. 21, 
where four phase-averaged hysteresis loops under dynamic stall condi-
tions can be compared. Specifically, the comparison regards the more 
stressful condition, i.e. f = 35 Hz, Δf = 15 Hz with all the periods under 
investigation. In all the four cases, the decelerating phase is character-
ized by strong torque fluctuations triggered once the stall occurs. 

As a result, the machine shows unstable torque coefficients during 
deceleration phase. The presence of these fluctuations are also reported 
also in the aforementioned study by Kinoue et al. (see Fig. 6 in 
Ref. [60]), which sustained that the hysteresis loop under deep stall 
condition can be associated with the separation on the blade suction side 
near the tip. Moreover, looking at Fig. 21, the case corresponding to T =
20 s shows a greater number of peaks (4) than those related to the other 
cases (3). As reported also by Kinoue et al. [60], the mechanism behind 
the clockwise loop can be explained by the concept of the dynamic stall 
on an airfoil (i.e., the flow separates and reattaches with the time delay 
for the unsteady flow case, as reported also in Refs. [71,72]. Then, the 
greater number of peaks can be associated to the greater period in which 
a single cycle has to be completed. Moreover, according to the recent 
numerical investigations by Geng et al., the stall condition is charac-
terized by loss sources related to the kinetic energy and mixing losses. In 
details, as the leading-edge vortices expand toward the blade tip, the 
intensified leading-edge vortex interacts with the casing suction-side 
corner vortex and accelerates the dissipation of the tip-leakage 
vortices [66]. This work also takes as a reference the same 1:10 scaled 
model of the aforementioned REWEC (Resonant Wave Energy Con-
verter) breakwater [67]. Despite the same design parameters of the rotor 
with respect to the one investigate in this study (i.e., turbine solidity, 
hub-to-tip ratio and blade airfoil), they added inlet and outlet guide 
vanes and the numerical investigation is performed by means of URANS 
approach under steady inlet flow conditions; hence, the hysteretic 

Fig. 20. Effects of the period, T, on the time evolution of the torque coefficient 
(case with f = 35 Hz and Δf = 15 Hz). 

Fig. 21. Comparison between clockwise phase-averaged hysteresis loops for different periods in stall condition.  
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behavior of the machine during stall is not evaluated. Indeed, the 
operating points of the machine under dynamic stall conditions do not 
always correspond to the ones retrieved under steady inlet flow 
conditions. 

Finally, the rotational speed control has been analyzed, since the 
rotational speed of the machine is kept constant at 1750 rpm by means 
of a controller during cyclic working conditions (both under unstalled 
and deep stall phases). Fig. 22 compares the ratio between the instant 
value of the read rotational speed, N, and the reference value Nref =

1750 rpm vs. the flow rate coefficient for all four periods. It is possible to 
notice how during hysteresis loops, the ratio N/Nref remains within 1%. 

6. Conclusions 

In this work a monoplane Wells turbine has been investigated by 
carrying out an experimental campaign at the GaVe laboratory of the 
Polytechnic University of Bari, Italy. The aim of these tests was to 
investigate the behavior of this turbine under unsteady flow conditions, 
especially in terms of hysteresis loops during unstalled and dynamic stall 
conditions. Indeed, due to the oscillating nature of the flow rate in this 
kind of applications, Wells turbines are affected by dynamic stall, which 
has significant effects in terms of performance, fatigue, noise and 
structural integrity of the turbine. Actually, during stall the Wells tur-
bine experiences evident torque fluctuations, which overlay on the 
typical hysteresis loop, mainly during flow deceleration. The amplitudes 
of these fluctuations are damped as the flow rate decreases toward 
reattachment. Often these fluctuations are not evident because hyster-
esis loops are usually provided with phase-averaged data, which can 
significantly smoothen or even conceal them. 

With the aim to better investigate this phenomenon, this work pro-
poses a 3D-printed monoplane Wells turbine, which has been tested at 
the open wind tunnel of the Polytechnic University of Bari, Italy. The 
novel contribution of this work consists in proposing a comprehensive 
experimental analysis of the machine working under cyclically varying 
flow conditions in order to highlight how the stall triggers this phe-
nomenon. The interest is mainly focused on the effects of frequency, 
amplitude and period of the oscillating flow rate on the performance of 
the machine. In order to replicate typical unsteady working conditions 
in OWC systems, an unidirectional sinusoidal oscillating flow has been 
generated by varying the frequency signal sent to the vector control 
drive of the blower. The machine has been firstly investigated under 
steady state conditions, then under dynamic stall conditions. A total of 
36 tests have been carried out by changing the three main parameters, 
which characterize the oscillating flow (i.e., the period, T, the mean 
frequency, f , and the amplitude, Δf , of the frequency signal sent to the 
vector control drive). 

The first study has been focused on finding out the period below 
which the flow rate does not follow the sinusoidal trend imposed by the 

blower (i.e., T = 13 s). Then, a series of analyses has been carried out in 
order to evaluate the effect of a parameter, by keeping constant the other 
ones. 

Different tests for unstalled working conditions have been carried 
out by proving that turbine shows its typical hysteresis loop which is not 
altered by torque oscillations even with flow coefficients close the stall 
condition without exceeding it. Then, the turbine is well controlled 
during the cyclic operating conditions. 

Increasing the mean frequency or the frequency amplitude of the 
inverter involves the machine working towards stall condition, due to 
the increase of the flow rate. In addition, during dynamic stall, the shaft 
torque experiences damped fluctuations at frequencies higher than that 
of the main flow. This phenomenon happens during the flow decelera-
tion and the flow reattachment. The torque coefficient shows a number 
of peaks during deceleration phases ranging from 2 to 4. Specifically, in 
correspondence of the case with the maximum period (i.e., T = 20 s) 
shows a greater number of peaks (4) than those relative to the other 
cases (about 3). Then, the greater number of peaks can be associated to 
the greater period in which a single cycle has to be completed. 

Moreover, it has been found out how this unsteady behavior is not 
caused by both the mass flow rate crossing the turbine and the stagna-
tion pressure drop. Indeed, these two performance parameters does not 
show perturbations or fluctuations over the period, resulting in a sinu-
soidal trend, as imposed by the blower. Moreover, the rotational speed 
control is performed correctly keeping the rotational speed within 1% of 
the target value. Actually, some works have tried to explain the behavior 
under deep stall condition by means of numerical simulations. Despite 
their valuable results, the numerical assessments were carried out under 
steady inlet flow conditions; hence, the hysteretic behavior of the ma-
chine during stall is not evaluated. Indeed, the operating points of the 
machine under dynamic stall conditions do not always correspond to the 
ones retrieved under steady inlet flow conditions. 

Then, this experimental campaign can be used to understand the 
complex mechanisms behind the dynamic stall condition of a Wells 
turbine by means of unsteady numerical simulation aimed to simulate 
the entire hysteresis loop under dynamic stall condition. Finally, 
detecting these oscillations can be relevant in the turbine design phase to 
enhance the structural strength of the Wells turbine. 
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Nomenclature 

Symbols 
c Blade chord [m] 
D Diameter [m] 
f Frequency [Hz] 
G Mass flow rate [kg/s] 
h Hub-to-tip ratio [− ] 
N Rotational speed [rpm] 
Nb Number of blades [− ] 
P Power [W] 
Rhub Hub radius [m] 
Rtip Tip radius [m] 
s Solidity [− ] 
T Period [s] 
T∗ Torque coefficient [− ] 
V Air axial velocity [m/s] 
Δf Frequency amplitude [Hz] 
Δp∗ Stagnation pressure drop coefficient [− ]  

Greek letters 
β Orifice diameter ratio [− ] 
η Efficiency [− ] 
ρ Density [kg/m3] 
ω Angular velocity [rad/s]  

Abbreviations 
CFD Computational Fluid Dynamic 
DOE Design Of Experiments 
LCOE Levelized Cost of Energy 
OWC Oscillating Water Column 
PTO Power Take-Off 
SCADA Supervisor Control and Data Acquisition 
TRL Technology Readiness Level 
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