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ABSTRACT: 

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. Nevertheless, thanks to a raising awareness of 

the gravity related to the climate changes, energy poverty and energy security, the Nations are expressing a common 

willingness to increase also the global installed capacity by ocean 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, vibration, 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 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. With the aim to better investigate 

this phenomenon, this work proposes a new 3D-printed monoplane Wells turbine, which has been tested at 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 flow rate (mean frequency, frequency amplitude and period of the vector 

control drive of the squirrel cage blower) on the performance of the machine. The machine has been firstly investigated 

in steady state, then under dynamic stall working conditions. As a result, unsteady torque fluctuations occur during the 

flow deceleration till the flow reattachment; moreover, this phenomenon is intensified as the amplitude of the oscillating 

flow rate increases and the wave period decreases. Hence, detecting these oscillations can be relevant in the turbine design 

phase to enhance the structural strength of the turbine. 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, but only to the detachment of vortices 

generated from the leading edge and travelling along the suction side of the blade. 
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6 Abstract

7 Marine energy still plays a marginal role in the current global energy scenario, despite the incessant effort by research 
8 for more than thirty years in the exploitation of the so-called blue energy. Nevertheless, thanks to a raising awareness of 
9 the gravity related to the climate changes, energy poverty and energy security, the Nations are expressing a common 

10 willingness to increase also the global installed capacity by ocean energy. 
11 Among the wide range of marine technologies, wave energy harvesting can play a significant role in view of its 
12 potential and Oscillating Water Column (OWC) systems, coupled with Wells turbines, can be considered among the most 
13 mature wave energy technology. Due to the oscillating nature of the flow rate in this kind of applications, Wells turbines 
14 are affected by dynamic stall, which has significant effects in terms of performance, vibration, noise and structural 
15 integrity of the turbine.
16 Actually, during dynamic stall, the Wells turbine experiences evident high frequency torque fluctuations which overlay 
17 on the typical hysteresis loop, mainly during flow deceleration. The amplitudes of these fluctuations are damped as the 
18 flow rate decreases toward reattachment. Often these fluctuations are not evident because hysteresis loops are usually 
19 provided with phase-averaged data, which can significantly smoothen or even conceal them. Indeed, it is difficult to find 
20 in the literature high frequency torque measurements able to show these fluctuations. With the aim to better investigate 
21 this phenomenon, this work proposes a new 3D-printed monoplane Wells turbine, which has been tested at the open wind 
22 tunnel of the Polytechnic University of Bari, Italy. The interest of the experimental campaign has been mainly focused on 
23 the effects of main parameters of the oscillating flow rate (mean frequency, frequency amplitude and period of the vector 
24 control drive of the squirrel cage blower) on the performance of the machine. The machine has been firstly investigated 
25 in steady state, then under dynamic stall working conditions. As a result, unsteady torque fluctuations occur during the 
26 flow deceleration till the flow reattachment; moreover, this phenomenon is intensified as the amplitude of the oscillating 
27 flow rate increases and the wave period decreases. Hence, detecting these oscillations can be relevant in the turbine design 
28 phase to enhance the structural strength of the turbine. Moreover, it has been found that this unsteady behavior is due 
29 neither to the mass flow rate crossing the turbine nor to the stagnation pressure drop, but only to the detachment of vortices 
30 generated from the leading edge and travelling along the suction side of the blade.
31
32 Keywords: Wells Turbine; Wave Energy; OWC; Ocean Energy; Marine Energy; Blue economy.

33 1. Introduction

34 Nowadays the effects of climate change are so tangible that they can no longer be ignored and direct counter actions 
35 cannot be postponed anymore. The widespread adoption of renewables and related technologies represents an essential 
36 solution to fight worrisome issues such as climate change, energy poverty and energy security. One of the latest report by 
37 the International Renewable Energy Agency (IRENA) outlines that CO2 emissions related to the energy production sector 
38 increased by 1.3% annually, on average, between 2014 and 2019 [1]. Despite the sharp trend inversion caused by the 
39 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 
40 production rebounded in 2021. Indeed, they rose by 1.2 billion tons in 2021 [2] [3] [4].
41 In this scenario, the recent COP 26 has represented an important milestone in giving a strong signal with an even more 
42 explicit desire to global zero net emissions by 2050 and to limit the increase in temperatures to 1.5 °C. In order to achieve 
43 these ambitious goals, Nations are called to accelerate the phase-out of coal, curtail deforestation, speed up the switch to 
44 electric vehicles and encourage investment in renewables [5][6][7].
45 Regarding renewables, it must be said that a continuous and ongoing effort is made by Nations in developing and 
46 installing more and more renewables based technologies for electric generation. Indeed, as reported in figure 1, the 
47 renewable share of annual capacity expansion has increased in the last 20 years, starting from 25% in 2001 and reaching 
48 an overall of 82% in 2020. Moreover, the same trend has been showed in terms of renewable capacity addition with a 
49 record level of 260 GW added in 2020 and a global renewable generation capacity of about 2.8 TW [1]. As depicted in 
50 figure 2, the key role among renewables share is played by hydropower with a capacity of 1.2 TW (43% of the global 
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51 total). Hydropower is followed by solar and wind energy with their share of about 26% each. The remaining part consists 
52 of 127 GW provided by bioenergy, 14 GW by geothermal, plus 500 MW of ocean energy [8].
53

54

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

56

57

58 Fig. 2. Renewable generation capacity by energy source.

59 1.1. Ocean Energy Status

60 Unlike other renewable sources, which are currently used on a large scale, the marine energy sector shows a significant 
61 resource potential that has not yet been exploited. Indeed, the potential of ocean energy resources can range from 40000 
62 TWh to 130000 TWh per year and depends on the technology involved, as illustrated in Figure 3 [9], [10].
63
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64

65 Fig. 3. Ocean energy resource potential.

66 Actually, although Academia and Industry are working on the use of marine energy for more than thirty years, the so-
67 called blue energy is not yet an established reality in the global energy mix. Indeed, most of the technologies show a low 
68 Technology Readiness Level (TRL) value and are still in the R&D stage [9]. As shown in figure 4, the most developed 
69 technologies are related to tidal and wave energy in terms of global installed capacity, which totally reaches about 530 
70 MW.
71 Moreover, it must be considered that few countries have this energy resource available and can become leading actors 
72 in the economic scenario related to the ocean energy. In addition to the European countries (e.g., Finland, France, Ireland, 
73 Italy, Portugal, Spain, Sweden), the UK, Australia, Canada and the USA are the major players in the blue energy market, 
74 thanks to the biggest amount of projects designed and deployed [9].
75 In order to increase the global installed capacity, the European Union has proposed the European offshore renewable 
76 energy strategy with the aim to reach at least 1 GW of tidal and wave energy by 2030 and 40 GW by 2050 [12]. Obviously, 
77 this development must also be economically feasible, for instance guaranteeing an appropriate levelized cost of energy 
78 (LCOE) [11]. According to current estimates, the LCOE for tidal energy is estimated between USD 0.20-0.45/kWh and 
79 for wave energy between USD 0.30-0.55/kWh, but they are expected to decrease as the technology becomes more and 
80 more established. For example, the LCOE of tidal and wave energy based technologies are forecast to reach about USD 
81 0.11/kWh and USD 0.165/kWh by 2030, respectively [12][13][14].
82

83

84 Fig. 4. Total ocean energy deployment.

85 1.2. Oscillating Water Column (OWC) systems and Wells Turbine

86 Wave energy is suitable for those areas characterized by advantageous conditions of wave height, wave speed and 
87 wavelength. Typically, these physical properties maximize the exploitable power in areas at latitudes within 30 and 60 
88 degrees and in deep water (greater than 40 m). Despite the seasonal variation, waves can be considered a valid energy 
89 source, since it is possible to accurately forecast them with the current level of technology.
90 Among the wide range of technologies, Oscillating Water Column (OWC) devices can be considered among the most 
91 mature ones for wave energy harvesting [15], showing a TRL equal to 8 [9]. Basically, OWC systems consist of an ad 
92 hoc designed chamber, which is semi-submerged in the water. The periodic motion of the waves causes an oscillating 
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93 movement of the water contained in the structure. This effect, in turn, alternately compresses and expands the volume of 
94 overlying air, which is conveyed into a duct containing the Power Take-Off (PTO) system. Since the air flow direction 
95 alternatively changes, OWC systems require self-rectifying machines, for instance Wells turbines [16]. Indeed, the Wells 
96 turbine shows its distinctive feature in rotating in the same direction irrespective of the oscillating air flow direction. This 
97 can be explained by the operating principle behind the development of this machine, which dates back to 1980’s [17]. As 
98 depicted in figure 5, its blades with symmetrical airfoils, staggered at a 90 deg angle, allow the tangential force always 
99 directed in the same direction.

100

101

102 Fig. 5. Forces acting on a typical Wells turbine blade under oscillating flow rate.

103 As an example of an OWC technology-based power plant, Mutriku wave energy plant, located in the bay of Mutriku 
104 (Spain), can be mentioned. The power plant is able to provide a total rated power of about 296 kW thanks to 16 OWC 
105 chambers, each of them coupled with a 18.5 kW self-rectifying Wells turbine. As reported in [18][19], the operation of 
106 this kind of plants is not easy, due do the high energy content of the area. Indeed, from the construction (in 2006) to the 
107 inauguration (in 2011), the plant suffered severe damages due to strong storms. During its first five years of operation, it 
108 supplied over 1.3 GWh of power to the grid. In 2020, the Mutriku plant produced a cumulative total of 2 GWh [20] [21]. 
109 Falcão et al. [22] presented a comprehensive review on OWC technology, analyzing all the power plants that have been 
110 built since the 2000s.
111 However, Wells turbine shows a series of drawbacks, such as low aerodynamic efficiency, narrow operating range, 
112 poor self-starting characteristics, high axial force coefficient and low tangential force coefficient [23]. For this reason, a 
113 significant number of numerical and experimental works have been carried out to improve the performance of Wells 
114 turbines. Gato et al. [24] carried out an experimental campaign on two types of blades: the former with constant thickness 
115 and the latter with a variable thickness by keeping unchanged the solidity, the number of blades and chord length. 
116 Moreover, it was investigated the beneficial effect of guide vanes to remove flow swirl at the exit. Also Takao et al. [25] 
117 conducted a similar analysis. Indeed, they considered a blade with a thickness increasing from the hub to the tip (in details, 
118 NACA0015 at hub, NACA0020 at midspan and NACA0025 at tip). From experimental tests, both efficiency and stall 
119 operating conditions were improved thanks to this geometry with respect to the conventional one. Torresi et al. [26] 
120 performed a detailed CFD analysis on a Wells Turbine by comparing numerical results with experimental ones. This 
121 analysis showed how the blade tip gap was a key affecting parameter for the overall performance in terms of torque 
122 coefficient and efficiency.
123 Among the most recent studies, Abassi et al. [23] numerically investigated the effects of addition of micrometer 
124 protrusions similar to shark skin on blades of a Wells turbine. As results, covered blades caused 18.36% increase in the 
125 torque and an increase of the turbine efficiency of 2.3%. Kotb et al. [27] studied the effect of Gurney flap geometry on 
126 the Wells turbine performance. In details, their study outlined how a circular cavity in a rectangular Gurney flap allows 
127 to increase the torque coefficient of the machine of about 27% with respect to the conventional Wells turbine. Geng et al. 
128 [28] carried out an audit and quantification of losses that occur inside the Wells turbine, highlighting how the secondary 
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129 flow loss coupled together with friction losses present the greatest weight. Ciappi et al. [29][30] proposed wave-to-wire 
130 models with an interesting compromise between accuracy and computational costs. Gurnari et al. [31] performed unsteady 
131 numerical simulations to study the interaction between waves and a U-shaped OWC breakwater equipped with a Wells 
132 turbine, focusing on energy conversion process form wave to the turbine power output. Shaaban et al. [32] numerically 
133 investigated the effects of a Venturi duct geometry in order to enhance the Wells turbine performances, reaching up to 9% 
134 with the optimized geometry.
135 Alves et al. [33] carried out experimental tests on a Wells turbine with specially designed guide vanes. The presence 
136 of the guide vanes was found to increase the peak efficiency by seven percentual points, while reducing (for fixed 
137 rotational speed) the damping provided by the turbine. The addition and the design of the guide vanes was investigated 
138 also by Mahrooghi et al. [34] by using hybrid artificial neural fuzzy networks. Starzmann and Carolus [35] proposed a 
139 novel blade design method based on skewed blades. After numerical and experimental analysis, they found that optimal 
140 backward/forward blade skew from hub to tip delayed the onset of stall by increasing the range of unstalled operation 
141 with respect to the conventional straight blade design. Kumar et al. [36] proposed a new design of the Wells turbine blade, 
142 able to increase the performance range by 22% and the power by 97%, but decreasing the efficiency by 7.7% due to 
143 increased pressure drop. This changing in performance was due to a solution with a blade characterized by a variable-
144 thickness, a curved radial edge blade and an extended trailing edge.
145 Although a Wells turbine could reach high efficiencies, its performance is strongly affected by dynamic stall 
146 phenomenon, which involve its typical hysteretic behavior during high amplitude flow rate oscillations. Actually, a 
147 considerable number of works have been performed with the aim to analyze both experimentally and numerically the 
148 hysteresis loop of a Wells turbine during unsteady working conditions. For instance, Paderi et al. [37] and Puddu et al. 
149 [38] found out that hysteresis is more evident during outflow and negligible during the inflow period. Setoguchi et al. [39] 
150 carried out a numerical investigation to understand the influence of blade thickness, solidity and mounting angle. This 
151 analysis found out that the hysteresis loop was less affected by blade thickness than the other two parameters. Thakker 
152 and Abdulhadi [40][41] performed an experimental and a numerical campaign on a Wells turbine under unsteady 
153 conditions by focusing on the effects of blade profile and solidity. Kim et al. [42] focused on the tip clearance and the 
154 hub-to-tip ratio, showing how the former (specifically its increase) has a greater effect on the hysteresis loop than the 
155 latter.
156 All these works focused on hysteresis phenomenon in working conditions not characterized by the so-called deep stall. 
157 Indeed, as depicted in figure 6, when the machine experiences strong variations of flow rate, the stall occurs with a 
158 clockwise hysteresis loop. Indeed, figure 6 shows typical performance curves of a Wells turbine in terms of non-
159 dimensional parameters, which will be discussed in detail in the next sections (i.e., the torque coefficient, , vs. the flow 𝑇 ∗

160 coefficient, ). This phenomenon is due to the flow separation, close to the tip, on the blade suction side, as evidenced 𝑈 ∗

161 by experiments performed by Setoguchi et al. [43] and Kinoue et al. [44]. Moreover, Ghisu et al. [45] argued that the 
162 cause of the hysteresis loop was related to the compressibility effect in the OWC system. M’zoughi et al. [46] proposed a 
163 rotational speed control based on artificial neural network in order to avoid stall operating conditions of a Wells turbine 
164 installed in a OWC.
165 Actually, during stall the Wells turbine experiences evident torque fluctuations, which overlay on the typical hysteresis 
166 loop, mainly during flow deceleration. The amplitudes of these fluctuations are damped as the flow rate decreases toward 
167 reattachment. Often these fluctuations are not evident because hysteresis loops are usually provided with phase-averaged 
168 data, which can significantly smoothen or even conceal them. Indeed, it is difficult to find in the literature high frequency 
169 torque measurements able to show these fluctuations.
170 With the aim to better investigate this phenomenon, this work proposes a new 3D-printed monoplane Wells turbine, 
171 which has been tested at the open wind tunnel of the Polytechnic University of Bari, Italy. The interest is mainly focused 
172 on the effects of frequency and amplitude of the oscillating flow rate on the performance of the machine. Hence, detecting 
173 these oscillations can be relevant in the turbine design phase to enhance the structural strength of the turbine.
174 In this framework, the work initially gives an overview on renewable energy mix, focusing on the current blue energy 
175 scenario and its related technologies. In details, OWC systems and Wells turbine are particularly investigated (section 1). 
176 Then, section 2 describes the Wells turbine designed and tested at the GaVe lab of the Polytecnic University of Bari, 
177 which is described in section 3. Afterwards, section 4 and 5 illustrate the experimental campaign voted to characterize the 
178 turbine under steady and dynamic stall flow conditions, respectively. Finally section 6 ends up the work with a sum up 
179 and the discussion of the results.
180
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181

182 Fig. 6. Comparison of a hysteresis loop in unstalled and deep stall condition.

183 2. The Wells turbine

184 Figure 7 shows a view of the 3D printed Wells turbine under investigation, whose design parameters (i.e., turbine 
185 solidity, hub-to-tip ratio and blade airfoil) have been chosen in order to design a prototype suitable for a 1:10 scaled model 
186 of a REWEC (Resonant Wave Energy Converter) breakwater, located in Reggio Calabria, Italy [47]. As previously 
187 mentioned, the turbine rotor has been created by means of a 3D printer (named Stratasys Object30 Pro) and it is made of 
188 VeroClear material, a transparent PolyJet photopolymer.
189

190

191 Fig. 7. 3D model of the designed Well turbine (a); Manufactured 3D-printed model of the Wells turbine (b).

192 Figure 8 represents the technical drawing of the designed blade, characterized by a constant chord (  = 74 mm) and a 𝑐
193 NACA0015 profile. In details, hub and tip radii are 100 mm and 155 mm, respectively. Finally, the rotor is constituted 
194 by 7 blades ( ). Hence, the prototype shows a solidity  = 0.6466, which is defined according to equation 1.𝑁𝑏 = 7 𝑠
195
196 (1)𝑠 =

𝑁𝑏 𝑐
2𝜋𝑅𝑚𝑖𝑑

197
198 where  is the mid span radius, defined as follows:𝑅𝑚𝑖𝑑
199
200 (2)𝑅𝑚𝑖𝑑 =

(1 + ℎ)𝑅𝑡𝑖𝑝

2
201 with  the hub-to-tip ratio.ℎ =  𝑅ℎ𝑢𝑏 𝑅𝑡𝑖𝑝
202 Performance of a Wells turbine can be evaluated by means of non-dimensional parameters. These parameters are the 
203 flow coefficient, , the stagnation pressure drop coefficient, , the torque coefficient, , and the efficiency, . 𝑈 ∗ ∆𝑝 ∗ 𝑇 ∗ 𝜂
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204 Specifically, the flow coefficient, , is defined as the ratio between the bulk axial velocity of the air, evaluated upstream 𝑈 ∗

205 the turbine, and the peripheral velocity evaluated at the blade tip (see equation 3).
206
207 (3)𝑈 ∗ =

𝑉
𝜔𝑅𝑡𝑖𝑝

208
209 Equation 4 defines the stagnation pressure drop coefficient, , as follows:∆𝑝 ∗

210
211 (4)∆𝑝 ∗ =

∆𝑝0

𝜌𝑎𝑖𝑟 𝜔2 𝑅 2
𝑡𝑖𝑝

212
213 with  and  the air density and the stagnation pressure drop, respectively.𝜌𝑎𝑖𝑟 ∆𝑝0
214

215

216 Fig. 8. Technical drawing of the blade of the Wells turbine under investigation

217
218 The torque coefficient, , is determined by equation 5:𝑇 ∗

219
220 (5)𝑇 ∗ =

𝑇𝑡

𝜌𝑎𝑖𝑟 𝜔2 𝑅 5
𝑡𝑖𝑝

221 Where  is the aerodynamic turbine torque, i.e. the torque applied by the flow to the blade. As explained in a previous 𝑇𝑡
222 work [48][49], this torque is different from that measured by means of the torque meter, , because of the 𝑇𝑇𝑜𝑟𝑞𝑢𝑒 𝑚𝑒𝑡𝑒𝑟
223 aerodynamic windage and mechanical frictions. From an experimental point of view, it is possible to assess these two 
224 contributions. Precisely, the turbine is motored by an electric motor without air flow in a wind tunnel, which will be 
225 described in the next section. The absence of air is achieved by keeping the blower off. In this way, the torque meter is 
226 able to measure , which include not only windage and friction losses, but also the drag of blades. Indeed, 𝑇 𝑛𝑜 𝑓𝑙𝑜𝑤

𝑇𝑜𝑟𝑞𝑢𝑒 𝑚𝑒𝑡𝑒𝑟
227 without air flow (i.e.,  = 0 m/s), the angle of attack of the flow is equal to 0 deg. The torque related to the drag, , 𝑉 𝑇𝑛𝑜 𝑓𝑙𝑜𝑤

𝑡
228 was derived from 3D CFD simulations performed in previous works by Torresi et al. [26]. Hence, the aerodynamic turbine 
229 torque, , can be computed as follows:𝑇
230
231 (6)𝑇𝑡 =‒ 𝑇𝑇𝑜𝑟𝑞𝑢𝑒 𝑚𝑒𝑡𝑒𝑟 + 𝑇 𝑛𝑜 𝑓𝑙𝑜𝑤

𝑇𝑜𝑟𝑞𝑢𝑒 𝑚𝑒𝑡𝑒𝑟 ‒ 𝑇𝑛𝑜 𝑓𝑙𝑜𝑤
𝑡

232
233 Once computed , the efficiency of the turbine, , can be evaluated by means of equation 7, where  is the available 𝑇𝑡 𝜂 𝑃𝑃
234 pneumatic power, .𝑃𝑃 = 𝑄∆𝑝0
235
236 (7)𝜂 =

𝜔 𝑇
𝑃𝑃
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237 3. The test rig

238 Figure 9 shows the view of the test rig employed in the experimental campaign. Fundamentally, it consists of an open 
239 circuit wind tunnel (of the suction type) and is located in the GaVe lab at the Polytechnic University of Bari, Italy. The 
240 Wells turbine is installed inside the first duct (3.5 m long), which is constituted of a first convergent duct (with a length 
241 of  = 1 m, inlet and outlet diameters  = 445 mm,  = 314 mm, respectively). Then, a settling chamber (1.5 m 𝐿 𝐷𝐼𝑁 𝐷𝑂𝑈𝑇
242 long, 1.0 m wide and 1.0 m high) with an inner honeycomb structure is installed with the aim to cancel tangential velocity 
243 components. This chamber is connected to the blower by means of a 4.5 m long duct, where the flow rate measurements 
244 are performed according to the ISO 5147-1 standard. Indeed, this part is equipped with a section where it is possible to 
245 install different orifice plates chosen as pressure differential devices. Each plate is characterized by a diameter ratio, , 𝛽
246 (precisely 0.2, 0.3, 0.4, 0.5, 0.6 and 0.75) in order to reduce measurement uncertainty for different flow rates. The relative 
247 pressure upstream the orifice is measured by means of a Honeywell 163PC01D36 amplified pressure transducer (pressure 
248 range of ±5ʺ H2O – accuracy ± 2%). In addition, the differential pressure value across the orifice is measured by means 
249 of a Honeywell 164PC01D76 amplified pressure transducer. This device is characterized by a pressure range of 0÷5ʺ H2O 
250 and accuracy ± 2%. A squirrel cage blower (model A0 112M – 4 by ELPROM) is installed at the end of the wind tunnel. 
251 The blower has the key role to generate the oscillating air flow in order to simulate the typical operating conditions of an 
252 OWC system. It is driven by an AC electric motor (2 poles, nominal power equal to 4.1 kW at 1430 rpm), which in turn 
253 is powered by a vector control drive, model V1000 by Omron (nominal power of 5.5 kW).
254 Regarding the equipment useful to measure the performances of the Wells turbine, a second Honeywell 163PC01D36 
255 amplified pressure transducer is used to measure the stagnation pressure drop across the turbine. In order to measure the 
256 pressure difference, one side of the transducer is connected at a pressure tap in the settling chamber, whereas the other 
257 side is open to the atmosphere. Moreover, a P-Series SanyoDenky Servo Motor with an embedded encoder is coupled to 
258 the turbine as electric generator. In addition, the torque is measured by the torquemeter T22/5NM by HBM (  = 5 𝑇𝑚𝑎𝑥
259 Nm, accuracy class 0.5). Finally, an in-house Supervisor Control and Data Acquisition (SCADA) developed in the NI 
260 LabVIEW® environment manages and controls the entire rig during tests.
261
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262

263 Fig. 9. Views of the test rig (GaVe lab at the Polytechnic University of Bari, Italy).

264 4. Experimental characterization - steady working conditions

265 As a first step, the Wells turbine has been tested under steady state boundary conditions at 1750 rpm. The performance 
266 of the Wells turbine under steady state conditions are reported in figures 10, 11 and 12. Each flow rate is generated by 
267 varying the frequency of the control vector drive (hence, the velocity of the blower) up to 60 Hz with steps of 5 Hz. In 
268 details, these figures show the experimental , , and , vs. , respectively. As mentioned in the previous section, 𝑇 ∗ ∆𝑝 ∗ 𝜂 𝑈 ∗

269 it is important to note how this test has been carried out by using orifices with different diameter ratios, in order to reduce 
270 measurement uncertainty for different flow rates.
271 Looking at figure 10, it is possible to notice how the turbine is not self-starting. Indeed, the torque coefficient becomes 
272 positive only after a determined value of the flow coefficient, i.e.  = 0.07. Below this value, the machine is driven by 𝑈 ∗

273 the electric motor. As the flow rate, and therefore the flow coefficient, increases, the torque coefficient also increases up 
274 to a value close to  = 0.21 and then drops suddenly due to the stall. In this condition, the flow around the blade profile 𝑇 ∗

275 separates at the so-called static stall angle. The significant performance drop of the turbine is due to higher angles of 
276 attack than the stall limit [50].
277 Moreover, figure 11 highlights the intrinsic characteristic of this type of machine, regarding the stagnation pressure 
278 drop. Indeed, the Wells turbine shows a linear correlation of  in function of . Finally, the efficiency curve in figure ∆𝑝 ∗ 𝑈 ∗

279 12, shows null values for  up to 0.07, then increases as the flow rate increases up to its maximum  = 36.1%. After 𝑈 ∗ 𝜂
280 that, stall occurs and the efficiency significantly drops for higher flow rates as the torque coefficient does.
281
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282

283 Fig. 10. Steady state experimental curve in terms of torque coefficient vs flow coefficient .𝑇 ∗ 𝑈 ∗

284

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

286

287 Fig. 12. Steady state experimental curve in terms of stagnation pressure drop  vs flow coefficient 𝜂 𝑈 ∗

288
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289 5. Experimental campaign - unsteady working conditions

290 As previously mentioned in the introduction, several tests have been carried out on the Wells turbine under unsteady 
291 flow conditions, with the aim to focus on the effects of amplitude and frequency of the flow rate oscillations on the 
292 hysteresis loops in unstalled and deep stall conditions. Actually, in order to replicate flow oscillations such as in the real 
293 working conditions of OWC systems, the blower has been driven cyclically with a frequency, , which changes 𝑓
294 sinusoidally according to equation 8, for 30 cycles. Indeed, this frequency sinusoidal changing of the frequency involves 
295 the same oscillating variation of the flow rate. In addition, the turbine has been tested at 1750 rpm.
296
297 (8)𝑓(𝑡) = 𝑓 + ∆𝑓𝑠𝑖𝑛(2𝜋𝑡/𝑇)
298
299 The design of experiment (DOE) carried out in this work is represented in the scheme of figure 13. Different values of 
300 periods, , have been considered (i.e.,  = 10, 12, 13, 14, 15 and 20 s). In order to evaluate both hysteresis loops in 𝑇 𝑇
301 unstalled and deep stall conditions, two mean frequency values, , have been selected (i.e.,   = 20 and 35 Hz). Then, for 𝑓 𝑓
302 test identified by each set of  and , two frequency amplitude values, , have been considered (i.e.,   = 10 and 15 𝑇 𝑓 ∆𝑓 ∆𝑓
303 Hz). Definitely, 36 tests have been carried out. In order to summarize the results, not all the cases will be shown but only 
304 the most interesting in terms of specific working conditions.
305

306

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

308 The reason behind the choice of different periods is related to the objective of understanding what are the operating 
309 limits of the machine. Looking at figures 14(a) and 14(b), it is possible to evaluate the time evolution of the mass flow 
310 rate, , for different periods. For the sake of brevity, the comparison has been carried out by keeping constant  = 20 Hz 𝐺 𝑓
311 and = 15 Hz, and changing the period, . In figure 14(a), the lowest periods ( = 10 and 12 s) have been compared ∆𝑓 𝑇 𝑇 
312 with the highest one ( = 20 s), in order to better highlight the significant difference between their time evolutions. Indeed, 𝑇 
313 the flow rates acquired at = 12 and 10 s lose the typical sinusoidal trend, that is expected during normal operating 𝑇 
314 conditions. This can be caused by the delay between the induced flow rate crossing the turbine and the variation of the 
315 blower rotational speed. This issue does not happen for the cases at = 13, 14, 15 and 20 s, as visible in figure 14(b). 𝑇 
316 Then, the period = 13 s has been selected as the minimum period above which the machine is crossed by a coherent 𝑇 
317 mass flow rate.
318
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319

320 Fig. 14. Comparison of the mass flow rate time evolutions for different periods of the sinusoidal frequency signal sent to the blower. Comparison 
321 between = 10, 12, 20 s (a), and = 13, 14,15 20 (b) (case = 20 Hz, = 15 Hz).𝑇 𝑇 𝑓 ∆𝑓

322 5.1 Effects of the mean frequency 𝑓

323 Figure 15 shows the clear difference between hysteresis loops under unstalled (15(a)) and deep stall conditions (15(b)). 
324 In both the figures, the unsteady curves are compared with respect to the steady state torque coefficient curve. Figure 
325 15(a) shows the typical cycle without stall (case at  = 15 s, = 20 Hz, = 15 Hz). It is possible to notice how the 𝑇 𝑓 ∆𝑓
326 unsteady curve is constituted of the upward branch (the dashed red line) and the downward branch (in blue), which follow 
327 the steady state curve. Moreover, this curve has been obtained by means a phase averaging over the 30 cycles and no 
328 hysteresis loop occurs. Indeed, as reported by Ghisu et al. [51], when the actual angle of attack is lower than the stall 
329 angle, the hysteresis cycle is actually due to compressibility within the air chamber (i.e. a phase delay between mass-flow 
330 rate variation and piston speed variation) and not by an aerodynamic effect of the turbine.
331 The unsteady curve in figure 15(b) has been obtained by changing only the mean frequency = 35 Hz, keeping 𝑓
332 unchanged the period and the frequency amplitude with respect to the case of figure 15(a). In this way, the turbine works 
333 with larger mass flow rate, reaching and passing the stall condition. This results in a clockwise hysteresis loop, which is 
334 due to the different turbine behavior during the acceleration (the dashed red line) and deceleration of the flow (in blue). 
335 Particular attention must be paid on what happens once dynamic stall occurs. Indeed, marked damped oscillations emerge 
336 and persist during the deceleration phase, postponing the flow reattachment. The amplitude of these oscillations decreases 
337 as the flow rate decreases. As results, the machine shows unstable torque coefficients during deceleration phase, due to 
338 vortices, which are released from the leading edge, grow and travel over the blade suction side, as reported by McCroskey 
339 [52]. The same phenomenon occurs during dynamic stall of a pitching airfoil [53].
340

Electronic copy available at: https://ssrn.com/abstract=4175903



341

342 Fig. 15. Torque coefficient vs flow coefficient  in unstalled condition (case with = 15 Hz, = 20 Hz, = 15 Hz) (a); and in dynamic stall 𝑇 ∗ 𝑈 ∗ 𝑇 𝑓 ∆𝑓
343 condition (case with = 15 Hz, = 35 Hz, = 15 Hz) (b).𝑇 𝑓 ∆𝑓

344 5.2 Effects of the frequency amplitude ∆𝑓

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

351 Figure 16(a) shows the less stressful working condition with  = 5 Hz, highlighted by the sinusoidal trend of . ∆𝑓 𝑇 ∗

352 Indeed, the frequency amplitude is not large enough to induce dynamic stall, as it occurs in figure 16(b) and 16(c). These 
353 two figures highlight the effect of the stall on the torque coefficient of the turbine. At the beginning, grows regularly 𝑇 ∗

354 up to the stall condition, emphasized with the red circle, which corresponds to the aforementioned  = 0.21. Then,  𝑈 ∗ 𝑇 ∗

355 starts to show oscillations which are damped up to the end of the period, hence the cycle begins again.
356 The same considerations can be done looking at figure 17, related to  = 20 s. Additionally, in both cases it is worth 𝑇
357 to notice how the number of fluctuations increases from  = 10 Hz to  = 15 Hz. This can be explained by considering ∆𝑓 ∆𝑓
358 the fact that frequency amplitude sent to the vector control drive of the blower increases, while the period in which a 
359 single cycle has to be completed remains fixed. This means that the flow rate amplitude has to increase in a shorter period 
360 of time, hence the angle of attack changes more quickly. This involves a faster vortex shedding along the suction side of 
361 the blades, increasing the number of torque fluctuations. Moreover, focusing on the single curves (not phase-averaged) 
362 of the last case (  = 15 Hz), it is possible to notice how the  = 13 s case shows larger oscillations at stall with respect ∆𝑓 𝑇
363 to  = 20 s.𝑇
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364

365 Fig. 16. Effects of the frequency amplitude, , on the time evolution of the torque coefficient (case with = 13 Hz, = 35 Hz and = 5 Hz (a), = ∆𝑓 𝑇 𝑓 ∆𝑓 ∆𝑓
366 10 Hz (b), = 15 Hz (c)).∆𝑓
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367

368 Fig. 17. Effects of the frequency amplitude, , on the time evolution of the torque coefficient (case with = 20 s, = 35 Hz and = 5 Hz (a), = ∆𝑓 𝑇 𝑓 ∆𝑓 ∆𝑓
369 10 Hz (b), = 15 Hz (c)).∆𝑓

370 Nevertheless, these torque fluctuations are not due neither to fluctuations of the mass flow rate or the pressure drop 
371 coefficient. This is confirmed by looking at figures 18 and 19. Each figure compares the effects of the frequency amplitude 
372 variation (  from 10 Hz to 15 Hz) on the pressure drop and the flow rate, by keeping constant the mean frequency (  = ∆𝑓 𝑓
373 35 Hz) and the period (  = 13 s in figure 18 and  = 20 s in figure 19).𝑇 𝑇
374 In both cases, phase-averaged  curves show a regular and sinusoidal behavior without abnormal fluctuations (see ∆𝑝 ∗

375 figures 18(a) and 18(b), figure 19(a) and 19(b)). The same considerations can be also applied to the mass flow rate (see 
376 figures 18(c) and 18(d), figure 19(c) and 19(d)). For these reasons, they cannot be the cause of the fluctuations present in 
377  unsteady curves.𝑇 ∗
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378

379

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

382

383 Fig. 19. Phase averaged of the stagnation pressure drop coefficient in no stall condition (a) and dynamic stall condition (b); Phase averaged of the 
384 mass flow rate in no stall condition (c) and dynamic stall condition (d) (case with = 20 s).𝑇
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385 5.3 Effects of the period 𝑇

386 Figure 20 focuses on the effect of the period, , on the time evolution of the torque coefficient, , versus time. Since 𝑇 𝑇 ∗

387 different periods are analyzed, the comparison has been carried out by normalizing the time over the period, . Also in 𝑡/𝑇
388 this case, the comparison has been carried out by keeping constant  = 35 Hz and  (10 Hz in figure 20(a) and 15 Hz in 𝑓 ∆𝑓
389 figure 20(b)). Indeed, it is possible to note how the accelerating phase is not affected by any fluctuations up to the stall 
390 condition for each period. Regarding this point,  curves at 20 s and 15 s reach higher values than the ones at 14 s and 𝑇 ∗

391 13 s. Then, during the decelerating phase all the  curves are characterized by dynamic stall, highlighted by the strong 𝑇 ∗

392 oscillations. Moreover, the amplitude of these oscillations increases as the period decreases (see for example the dotted 
393 green line with respect to the red and dashed black ones). In addition, at the lowest period (i.e., 13 s), the curve loses the 
394 marked fluctuations, resulting smoother. The increase of  from 10 Hz to 15 Hz (see figure 20(b)) involves a greater ∆𝑓
395 number of torque fluctuations for the case at 20 s and 15 s with respect to the cases at  at 10 Hz in figure 20(a). Instead, ∆𝑓
396 also the curve at 14 s seems to be smoother than the one with  at 10 Hz in figure 20(a). This can be explained by the ∆𝑓
397 higher flow rate that the turbine has to work with in less time.
398 A confirmation of these effects can be verified by looking at figure 21, where four hysteresis loops under dynamic stall 
399 conditions can be compared. Specifically, the comparison regards the more stressful condition, i.e.  = 35 Hz, =15 Hz 𝑓 ∆𝑓
400 with the other three periods. In all the four cases, the decelerating phase is characterized by strong torque fluctuations 
401 triggered once the stall occurs.
402

403

404 Fig. 20. Effects of the period, , on the time evolution of the torque coefficient (case with = 35 Hz and = 10 Hz) (a), Effects of the period , , on 𝑇 𝑓 ∆𝑓 𝑇
405 the time evolution of the torque coefficient (case with = 35 Hz and = 15 Hz) (b).𝑓 ∆𝑓

406
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407

408 Fig. 21. Comparison between clockwise hysteresis loops for different periods in stall condition.

409 6. Conclusions

410 In this work a 3-D printed monoplane Wells turbine has been investigated by carrying out an experimental campaign 
411 at the GaVe laboratory of the Polytechnic University of Bari, Italy. The aim of this tests was to investigate the behavior 
412 of this new turbine under unsteady flow conditions, especially in terms hysteresis loop during unstalled and dynamic stall 
413 conditions. 
414 Indeed, due to the oscillating nature of the flow rate in this kind of applications, Wells turbines are affected by dynamic 
415 stall, which has significant effects in terms of performance, vibration, noise and structural integrity of the turbine. Actually, 
416 during stall the Wells turbine experiences evident torque fluctuations, which overlay on the typical hysteresis loop, mainly 
417 during flow deceleration. The amplitudes of these fluctuations are damped as the flow rate decreases toward reattachment. 
418 Often these fluctuations are not evident because hysteresis loops are usually provided with phase-averaged data, which 
419 can significantly smoothen or even conceal them.
420 With the aim to better investigate this phenomenon, this work proposes a new 3D-printed monoplane Wells turbine, 
421 which has been tested at the open wind tunnel of the Polytechnic University of Bari, Italy. The interest is mainly focused 
422 on the effects of frequency and amplitude of the oscillating flow rate on the performance of the machine.
423 In order to replicate typical unsteady working conditions in OWC systems, an unidirectional sinusoidal oscillating 
424 flow has been generated by varying the frequency signal sent to the vector control drive of the blower.
425 The machine has been firstly investigated in steady state, then under dynamic stall working conditions. A total of 36 
426 tests have been carried out by changing the three main parameters, which characterize the oscillating flow (i.e., the period, 
427 the mean frequency and the amplitude of the frequency signal sent to the vector control drive).
428 The first study has been focused on finding out the period below which the flow rate does not follow the sinusoidal 
429 trend imposed by the blower (i.e.,  = 13 s). Then, a series of analyses has been carried out in order to evaluate the effect 𝑇
430 of a parameter, by keeping constant the other ones.
431 Increasing the mean frequency or the frequency amplitude involves the machine working towards stall condition, due 
432 to the increase of the flow rate. In addition, during dynamic stall, the shaft torque experiences damped fluctuations at 
433 frequencies higher than that of the main flow. This phenomenon happens during the flow deceleration and the flow 
434 reattachment and it is intensified as the amplitude of the oscillating flow rate increases and the wave period decreases.
435 Moreover, it has been found out how this unsteady behavior is not caused by both the mass flow rate crossing the 
436 turbine and the stagnation pressure drop. Indeed, these two performance parameters does not show perturbations or 
437 fluctuations over the period, resulting in sinusoidal trend, as imposed by the blower. For this reason, these torque 
438 fluctuations during dynamic stall conditions are related to the detachment of vortices generated from the leading edge and 
439 travelling along the suction side of the blade. Finally, detecting these oscillations can be relevant in the turbine design 
440 phase to enhance the structural strength of the Wells turbine.
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447
448 Nomenclature

449 Symbols
450 Blade chord [m]𝑐
451 Diameter [m]𝐷
452 Frequency [Hz]𝑓
453 Mass flow rate [kg/s]𝐺
454 Hub-to-tip ratio [-]ℎ
455 Number of blades [-]𝑁𝑏
456 Power [W]𝑃
457 Hub radius [m]𝑅ℎ𝑢𝑏
458 Tip radius [m]𝑅𝑡𝑖𝑝
459 Solidity [-]𝑠
460 Period [s]𝑇
461 Torque coefficient [-]𝑇 ∗

462 Air axial velocity [m/s]𝑉
463 Frequency amplitude [Hz]∆𝑓
464 Stagnation pressure drop coefficient [-]∆𝑝 ∗

465
466 Greek letters
467 Orifice diameter ratio [-]𝛽
468 Efficiency [-]𝜂
469 Density [kg/m3]𝜌
470 Angular velocity [rad/s]𝜔
471
472 Abbreviations
473 CFD Computational Fluid Dynamic
474 DOE Design Of Experiment
475 LCOE Levelized Cost of Energy
476 OWC Oscillating Water Column
477 PTO Power Take-Off
478 SCADA Supervisor Control and Data Acquisition
479 TRL Technology Readiness Level
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