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ABSTRACT 14 

The optimization of OWC devices has deserved much attention in the last few years. However, despite of this 15 

intense research activity, the most suitable turbine for OWC applications is still under debate. Recently, the twin-16 

turbine configuration, where two unidirectional turbines are employed simultaneously, has emerged as a promising 17 

design. Although axial turbines are typically employed for those systems, the present paper demonstrates that the 18 

use of radial turbines can be also an interesting option. 19 

Experimental data on radial turbine performance for OWC applications is quite scarce in the literature. Since 20 

experimental results are essential to validate both numerical studies and theoretical estimations, more 21 

experimental testing is necessary for these new developments. In this work a radial geometry, specifically designed 22 

to be used in a twin-turbine configuration, has been manufactured at a reasonable cost for a lab-scale facility taking 23 

advantage of 3D printing technology. 24 

Encouraging preliminary results were obtained in an aerodynamic database of the turbine. In particular, the total-25 

to-static efficiency under stationary conditions (i.e. at constant flow coefficients) reached remarkable high values. 26 

Hence, the performance curve of the turbine under such stationary conditions has been used to make an 27 

assessment of its non-stationary performance in order to compare this new radial turbine with respect to axial types 28 

available in the literature. The results revealed that radial turbines are clearly competitive against to axial ones 29 

when introduced in a twin-turbine configuration for OWC power plants.   30 
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NOMENCLATURE 

      

Ar=π b Dm Reference area m2 uR = Dm·ω/2 Reference tangential velocity  m/s 

b: Blade Span m VAB: Tachogenerator terminal voltage V 

CA: Input coefficient   vR = Q/(π·b ·Dm) Reference radial velocity m/s 

CT: Torque coefficient   WAB: Power in terminals of tachogenerator W 

DIN: Inlet diameter of  turbine m Wcu: Joule losses W 

Dm: Mean diameter of turbine m We: Electric power W 

FEM: Electromotive force V WFE: Iron losses W 

I: Tachogenerator Intensity A WMEC: Mechanical losses W 

lb: Chord blade  m WIN=∆Pt-e vR Ar Input power  W 

N: Tachometer rotation speed rpm WOUT: Outlet power W 

P: Barometric pressure hPa Wr: Resistant power W 

Pe: Static pressure Pa Z: Blades number   

POWC: Pressure in OWC chamber Pa β1, β2: Inner and outer blade angles  

Q: Flow rate m3/s ∆Pt-e:  Total to static pressure drop Pa 

QD: Direct flow rate m3/s ∆Pe:  Static pressure drop Pa 

QR: Reverse flow rate m3/s 𝜂
𝑖𝑛𝑝𝑢𝑡

: Input efficiency   

QT: Total flow OWC chamber m3/s 𝜂
𝑠𝑦𝑠𝑡𝑒𝑚

: Efficiency of the whole system   

R1 , R2: Blade curvature  𝜂
𝑡𝑢𝑟𝑏𝑖𝑛𝑒

 Net efficiency of the twin turbines  

Rinner , Router Inner and outer rotor dimensions  ηv Volumetric efficiency  

Ri: Tachogenerator internal resistance Ω ρ: Air density Kg/m3 

T: Wave period s σ: Rotor solidity   

To: Total torque N·m ϕ: Flow coefficient  

ToD: torque in direct mode N·m ΦT: Flow coefficient of twin system  

ToR: torque in reverse mode N·m ω: Angular velocity rad/s 

 31 

 32 

1. Introduction 33 

Ocean’s energy shows high potential for mid/long-future to make an important contribution to low-carbon 34 

electricity generation. Due to the technological barriers, only small facilities, mainly for research purposes, 35 

are operative at the present time, so a large amount of energy is still available for harnessing if those barriers 36 



are crossed. On the other hand, the marine environment is really challenging and very aggressive to the 37 

assembly and maintenance of ocean energy converters.  In spite of this, different technologies to harvest 38 

these resources have been analysed in the last years (Falcão, 2010; IPCC, 2012), with the wave energy 39 

emerging as the most interesting option due to its high energy density (Drew et al., 2009), location 40 

possibilities (onshore, nearshore, offshore) and relative low environmental impact (Iglesias and Carballo, 41 

2014; Palha et al., 2010). 42 

A wide number of patents for wave energy converters (WEC) has been registered in the last decades, 43 

proposing different alternatives for the exploitation of wave energy. (Drew et al., 2009; Falcão, 2010; López 44 

et al., 2013). In particular, the OWC device is probably the most widespread selection due to its installation 45 

possibilities and the less exposure to critical sea conditions (Falcão and Henriques, 2016). 46 

The basic principle of an OWC device is the conversion of wave energy into pneumatic energy in a 47 

submerged chamber opened at the bottom to the incoming waves (Figure 1). The waves produce an 48 

oscillatory movement of the water free surface, which is acting as a reciprocating piston so the air is 49 

alternatively discharged from the chamber to the atmosphere and then aspirated from the atmosphere 50 

towards the chamber. These processes, called exhalation and inhalation, take place sequentially according 51 

to the wave motion, generating a pulsating flow which can be used to drive an air turbine and thus generate 52 

electricity.  53 

The main feature of OWC devices is the non-steady airflow conditions:  the change of the airflow direction 54 

within every wave cycle as well as the oscillating variation of its magnitude. In particular, the wide range of 55 

instantaneous operating conditions is the key for the design of efficient turbines used as Power Take Off 56 

(PTO) for OWC devices. Early prototypes introduced non-return valves as the simplest solution to avoid 57 

changes in the airflow direction within the turbine, but their use was rapidly discouraged due to the high 58 

maintenance costs of their associated moving parts (Setoguchi and Takao, 2006). A recent proposal, 59 

though, has recovered its use for  a new turbine equipped with a special non-return valve (Falcão et al., 60 

2015). Another possibility considers the production of energy in both directions of the flow using bidirectional 61 

turbines. Hence, the valve system can be completely removed, despite of the severe penalty for the turbine 62 

overall efficiency. These bidirectional turbines are typically classified in two different families: Wells turbines 63 

(Raghunathan, 1995; Wells, 1980) and impulse turbines (Setoguchi and Takao, 2006) , both  broadly 64 

referenced in the literature concerning OWC devices: Well turbines with or without guide vanes and/or 65 

orientable blades and axial or radial impulse turbines also with or without guide vanes (Falcão and 66 



Henriques, 2016; Setoguchi and Takao, 2006). Nevertheless, the poor efficiencies of bidirectional turbines 67 

have led to the development of a relatively new concept: the twin turbine configuration (Figure 1), where 68 

two unidirectional turbines are assembled to the same rotating axis. Since the turbines are installed to 69 

provide an opposite performance, one of the turbines must produce energy when the air is exhaled, while 70 

the other has to drive power when the air is inhaled. Note that due to the absence of non-return valves, a 71 

special design is required for the turbines to prevent the reverse flow. At present time, numerical and 72 

experimental studies of twin-turbine systems have been carried out on axial turbines only (Jayashankar et 73 

al., 2009; Mala et al., 2011; Pereiras et al., 2014; Takao et al., 2011; Takao and Setoguchi, 2012). However, 74 

in spite of being known that radial turbines for OWC work under larger pressure differences than axial ones 75 

(Pereiras et al., 2011; Setoguchi and Takao, 2006), what could be a real advantage working as backflow 76 

preventers , there are hardly any studies (Rodríguez et al., 2018) on the radial-flow turbine for twin systems.  77 

 78 

Figure 1 Twin turbines system layout 79 

 80 

A preliminary evaluation of the performance of radial turbines for twin systems has been recently published 81 

by the authors (Rodríguez et al., 2018) . The restrictions observed during the analysis of that initial design 82 

has led to the development and construction of a brand-new model which increases the turbine efficiency 83 

and strengthens its performance as backflow preventer. In this paper, the new geometry, the manufacturing 84 

conception, the experimental rig and the testing procedure are presented. Additionally, the results from a 85 

test campaign in steady conditions are shown and a non-steady analysis based on such steady results is 86 

finally made in order to compare this new turbine to those available within the bibliography. 87 

 88 



2. Dimensionless coefficients 89 

In the literature the performance of the turbine in steady conditions is assessed using the following non-90 

dimensional coefficients: 91 

𝜙=
vR

uR
       𝐶𝑇  =

4·𝑇𝑜

𝜌·(𝑣𝑅
2+𝑢𝑅

2)·𝜋·𝑏·𝐷𝑚
2        𝐶𝐴 =

2·𝑊𝐼𝑁

𝜌·(𝑣𝑅
2+𝑢𝑅

2)·𝜋·𝑏·𝐷𝑚·𝑣𝑅
      𝜂 =

𝐶𝑇

𝐶𝐴·𝜙
   (Eq. 1) 92 

Being ϕ the flow coefficient, CT, the torque coefficient, CA  the so-called input coefficient and η the total-to-93 

static efficiency. The detailed definitions of the variables introduced in these coefficients are given in the 94 

nomenclature section. 95 

On the other hand, the wave energy converter behaves non-steadily with typical time scales in the order of 96 

the waves period, so a temporal description of its relevant parameters is also needed. Fortunately, the time 97 

scales within the turbine stages (i.e., the blade passing frequencies) are two or three orders of magnitude 98 

lower than the global fluctuations in the OWC system (the incoming waves at the boundaries), so it can be 99 

perfectly assumed that the turbine  works under quasi-steady boundary conditions in regard to the wave 100 

time scales (Inoue et al., 1986; Takao et al., 2011). This means that the steady characterization of the 101 

turbine can be used as input data to perform a further non-steady analysis of the whole system, where the 102 

input variable is the manometric static pressure inside the chamber defined according to a sinusoidal wave 103 

motion as: 104 

  𝑃𝑂𝑊𝐶 = 𝑃𝑚𝑎𝑥 · 𝑠𝑖𝑛 (
2𝜋𝑡

𝑇
)        (Eq. 2) 105 

Where Pmax is the maximum pressure at the OWC within a wave cycle, T is the period of the wave and t is 106 

the current time. 107 

During operation, both turbines of the twin system are exposed to the same pressure difference. Their 108 

performance is switched from direct to reverse mode and vice versa according to the sign of the pressure 109 

difference. Hence, the total outgoing flow rate transferred from the chamber is the combination of both direct 110 

(QD) and reverse (QR) mode flowrates: 111 

  𝑄𝑇 = 𝑄𝐷 + 𝑄𝑅      (Eq. 3) 112 

 113 

So, the volumetric efficiency of the OWC can be determined as the ratio between those direct and the total 114 

flow rates, according to: 115 

𝜂𝑉 =
𝑄𝐷

𝑄𝑇
=

𝑄𝐷

𝑄𝐷+𝑄𝑅
          (Eq. 4) 116 



 117 

 However, the turbine efficiency is also relevant, so it must be evaluated in combination with the efficiency 118 

of the twin system. This can be assessed according to the following expression: 119 

�̅�𝑠𝑦𝑠𝑡𝑒𝑚 =
1

𝑇
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0
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𝑇
∫ 𝛥𝑃𝑡−𝑒·𝑄𝐷·𝑑𝑡
𝑇
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�̅�𝑡𝑢𝑟𝑏𝑖𝑛𝑒

    (Eq. 5) 120 

Or more compactly: 121 

�̅�𝑠𝑦𝑠𝑡𝑒𝑚 = �̅�𝑖𝑛𝑝𝑢𝑡 · �̅�𝑡𝑢𝑟𝑏𝑖𝑛𝑒      (Eq. 6) 122 

 123 

Note that the so-called input efficiency, �̅�𝑖𝑛𝑝𝑢𝑡 is related to the volumetric efficiency (𝜂𝑉) of the OWC 124 

chamber, but in terms of power instead of flow rates only; and that the turbine efficiency, �̅�𝑡𝑢𝑟𝑏𝑖𝑛𝑛𝑒 is the net 125 

efficiency of the twin turbines, considering the resistant torque (𝑇𝑜𝑅) produced in the reverse mode.  126 

Alternatively, the system flow coefficient is also defined as the ratio between the mean flow velocity of both 127 

turbines and the reference tangential velocity in the turbine mean diameter of the turbine: 128 

𝛷𝑇 =
𝑄𝑇

𝜋·𝐷𝑚·𝑏·𝑢𝑅
      (Eq. 7) 129 

Where QT is the total flow rate, Dm is the mean diameter of turbine, b is the blade span and uR is the 130 

reference tangential velocity at midspan. 131 

 132 

3. Geometry optimization 133 

To enhance the performance of a radial turbine for the twin-system configuration, a geometry optimization 134 

has been firstly completed, taking advantage of a previous CFD analysis (Rodríguez et al., 2018). The 135 

model of the turbine is composed of three main parts: elbow, rotor and diffuser, was initially designed to 136 

work with a centrifugal flow (or “direct mode” operation, from now on).  Figure 2 shows a 3D view of the 137 

model (a single passage with circumferential periodicity) and the corresponding boundary conditions (more 138 

details can be found in (Rodríguez et al., 2018). 139 



 140 

Figure 2. CFD model 141 

 142 

When this turbine, installed in the twin configuration, is to be operated in the centripetal direction (or “reverse 143 

mode”), it is extremely important that the turbine could perform as an optimal backflow preventer to 144 

maximize the overall efficiency of the system. Thus, a design criterion can be declared as the larger the 145 

input coefficient in reverse mode, the better performance as backflow preventer. 146 

In (Rodríguez et al., 2018) it was revealed that this kind of radial turbine shows several strong points, making 147 

it suitable for working in a twin turbines configuration. Nevertheless, some penalties were also observed 148 

after analyzing the results in the first numerical model, mainly related to a weak performance when working 149 

in reverse mode as a backflow preventer (1) and an excessive kinetic energy loss at the diffuser in direct 150 

mode (2).  151 

 Consequently, for this investigation, a re-design of the original geometry has been carried out to include 152 

some new modifications in the turbine and correct all those detrimental problems. In particular l. 153 

a) To improve the performance as a backflow preventer in reverse mode: 154 

The suppression of three structural ribs, originally introduced for rigidity, in the connection of the 155 

shroud at the elbow (Figure 3), which were acting as guide vanes during the reverse mode, breaking 156 

the swirl generated rotor downstream, and thus reducing the (desirable) loss at the elbow. A 157 

complementary CFD model of the single elbow (with and without ribs) demonstrates the significant 158 

improvement of the unribbed elbow with higher losses  helping to strengthen the performance as a 159 

backflow preventer (Figure 4), and enhance the twin system efficiency. Therefore, any guide 160 

vanes/ribs were suppressed in order to optimize the performance as a backflow preventer in the 161 



reverse mode. Overcoming this issue forced a change in the mechanical conception of the turbine 162 

(see Figure 8 later) with respect to that shown in (Rodríguez et al., 2018). 163 

 164 

Figure 3. Connection of the shroud at the elbow.  165 

 166 

Figure 4. Effect of the structural ribs in the elbow loss during reverse mode. 167 

 168 



b) To reduce the kinetic energy loss at the outlet in direct mode 169 

One of the most remarkable problem of the original geometry was the large difference between the 170 

total-to-total and the total-to-static efficiency when working in direct mode. After an initial 171 

reconsideration of the diffuser, the in-depth analysis of the numerical results redirected the attention 172 

towards the rotor outlet.   173 

Therefore, in order to obtain a real reduction of the kinetic energy at the outlet, actions were taken 174 

on the rotor, focusing on the blade profile and the rotor solidity. In the original model the outer angle 175 

(β2, Figure 5) of the blade was fixed to 5 degrees, resulting in very closely spaced blades, a very 176 

reduced outlet section and a really high velocity magnitude at the outlet. Several CFD simulations 177 

were then conducted for various blade profiles equipped with different β2 while maintaining the inlet 178 

angle (β1) to 65 degrees, aiming to find the optimal β2 for this application. Note that, since the kinetic 179 

energy was affecting the performance of the direct mode, simulations were carried out in the 180 

centrifugal direction only, using the rotor efficiency as the relevant parameter for the optimization. 181 

 182 

Figure 5. Blade profile. 183 

 184 

The increment of the maximum efficiency obtained with the modified blade profile with respect to 185 

the original airfoil is plotted as a function of the blade external angle (β2) in Figure 6.  A parabolic 186 

fitting was finally used to determine the optimum blade angle, corresponding to 11 deg for a 9% 187 

higher efficiency. 188 



 189 

Figure 6. Increment of the maximum efficiency in direct mode with respect to the external blade angle β2 190 

 191 

Alternatively, it was also found that the rotor solidity plays a major role in the turbine performance. 192 

Furthermore, not only presents a relevant impact on the efficiency in the direct mode, but it is also crucial 193 

in the performance of the turbine as a backflow preventer during the reverse mode. To quantify that 194 

influence, several simulations were additionally carried out for different rotor solidities, 1.83, 2.20 and 2.75, 195 

which correspond to 20, 24 and 30 blades respectively. The rotor solidity was defined as:  196 

𝜎 =
𝑙𝐵·𝑍

𝜋·𝐷𝑚
        (Eq. 8) 197 

Where lB is the blade chord, Z is the number of blades and Dm is the rotor mean diameter. 198 

The results, shown in Figure 7, reveal  that the overall efficiency �̅�𝑠𝑦𝑠𝑡𝑒𝑚 is quite similar for the whole set of 199 

cases. Actually, since there are many effect involved, some comments are needed at this point. It has been 200 

confirmed that increasing the solidity improves the guidance of the flow and lead to gain efficiency in direct 201 

mode in spite of having larger velocities at the rotor outlet due to the finite thickness of the blades. In 202 

addition, the performance as a backflow preventer is also affected because larger solidities reduce the 203 

vorticity at the elbow in reverse mode reducing the  �̅�𝑖𝑛𝑝𝑢𝑡. Both effects compensate each other to show no 204 



clear difference in the �̅�𝑠𝑦𝑠𝑡𝑒𝑚. The real effect of the solidity on the twin system efficiency, in this kind of 205 

turbine, is that the maximum is produced at different system flow coefficients. 206 

 207 

Figure 7. Influence of the rotor solidity on the twin system performance. 208 

 209 

Considering these results, the intermediate solution was adopted for the new design, using 24 blades with 210 

the following characteristics.  211 

Table 1. Main dimensions [mm] of the new blade 212 

Chord  43.2 

R1=R2 28.8 

Rinner 75 

Router 100 

β1 65 deg 

β2 11 deg 

 213 



4.  Experimental tests 214 

The final concept of the manufactured model is shown in Figure 8, where the whole set of elements that 215 

compose the model are exploded. The number of moving parts has been minimized to simplify operation 216 

and reduce maintenance costs. Rotating parts (2, 3, 9 and 10) are mounted on the shaft (5) which is 217 

supported by a ball bearing (7). The whole set of moving parts, including the diffuser as well, is fixed by one 218 

single nut (8). The inlet connection (1), separated from the rest of the components, is assembled coaxially 219 

with the rest. 220 

 221 

Figure 8. Conceptual model of turbine 222 

 223 



The geometrical dimensions of the turbine main components are referred at the bottom of Figure 8. Most of 224 

the non-commercial components (1, 2, 3, 4a, 4b) have been designed with the help of CAD software and 225 

built in a 3D printer model Witbox (manufacturer BQ). Precisely, the turbine has been printed taking 226 

advantage of the whole printer capacity of 297x210x200 mm (length x width x height) and the maximum 227 

print quality: 50 microns. Under these conditions, the printer spent 57 hours to complete the whole assembly 228 

using PLA (biodegradable polylactic acid derived from corn starch, sugar cane, etc.) as the building material. 229 

The shaft, the bracket and the nuts have been manufactured in aluminum, using a conventional machine-230 

tool while the support plate (11) is made of steel. The bearing, the screw and the washer are standard 231 

commercial elements.  232 

The upper Figure 9 shows the elements 1, 2, 3 and 4 built with 3D printer, while the bottom Figure 9 shows 233 

the turbine assembly on the test bench. 234 

 235 

 236 

Figure 9. Top: components built with the 3D printer. Bottom: Turbine assembled. 237 

 238 

A sketch of the setup is shown in Figure 10. The whole rig, mounted on a steel structure, is made of PVC 239 

tubes (3-6) with 103 mm in diameter. The air flow is supplied by a centrifugal fan (2) connected to a 240 

frequency inverter (15) in order to obtain variable flow rates. According to the manufacturer data the fan 241 



provides a maximum flow rate of 1250 m3/h (free exit) and maximum static pressure (at zero flow rate) of 242 

1600 Pa. The flow rate is measured with a Venturimeter (5) using a testo 435/9 (9) differential pressure 243 

sensor. To reduce turbulence levels and assure an inlet unidirectional velocity, a honeycomb is also installed 244 

between the centrifugal fan and the Venturimeter 245 

 246 

Figure 10. Experimental set up. 247 

 248 

The experimental tests were carried out with a tachogenerator (8) running as a generator or a motor 249 

depending on the test to be made. To perform as a generator, the tachogenerator was connected to a grid 250 

of resistors using circuit no.1 (Figure 10) so the power generated by the turbine (7) could be dissipated for 251 

a variable range of loads (from 22 to 80 kΩ). When the tachogenerator is required to run as a motor it is 252 

connected to a DC power supply (13) using circuit no 2. In this case, the required rotational speed is 253 

obtained modifying the voltage of the DC power supply. 254 

Additional measuring devices are both Fluke 83 and 289 multimeters (10 and 11) that provide the 255 

measurements of voltage and current respectively. Besides, the torque and the rotating speed of the turbine 256 

were given by the tachogenerator (8) whose basic characteristics are shown in Table 2. Note that in the 257 

case of free rotation tests (i.e., the tachogenerator is disconnected), the rotating speed is measured with an 258 

optical tachometer (14), model Hibock 22. 259 

 260 



Table 2. Tachogenerator specifications 261 

Maker: Predilec Radio Energie 

Model: RE 0444 N1S 006 EG 

ωmax: 10000 rpm 

Vmax: 600 V 

V/ω: 0,06V/rpm 

Ri: 100 Ω 

Imax: 0,180 A 

Wmax: 108 W 

 262 

Finally, the atmospheric pressure, temperature and humidity are measured with a Weather station DAVIS 263 

VANTAGE VUE 6351 and multifunction Testo 435/4 in order to calculate the air density. Details of the 264 

accuracy of measurement equipment are shown in the Table 3. 265 

 266 

Table 3. Accuracy of measurement equipment 267 

ACCURACY OF MEASUREMENT EQUIPMENT 

Magnitude Symbol Measurement equipment Minimum accuracy 

Barometric pressure P Station DAVIS VANTAGE VUE 6351 ±1 hPa 

Room temperature t Testo 435/4  ±0,3 ºC 

Relative humidity Hr Testo 435/4  ±2 % 

Static pressure inlet turbine Pe Testo 435/4  ±2 Pa 

Differential pressure in Venturi ∆Pe Testo 435/4  ±2 Pa 

Angular velocity ω Tachometer Hibok 22 ±0,15 rpm 

Voltage DC V Multimeter Fluke 83 ±(0,1%+0,1) V 

Intensity DC  I Multimeter Fluke 289 ±(0,15%+0,02) mA 

Resistance DC R Multimeter Fluke 83 ±(0,4%+0,1) Ω 

Tachogenerator terminal voltage VTD Tachogenerator RE 0444 N1S 006 EG ±1 % 

 268 

The impact of the uncertainty of those measuring devices towards the accuracy of the complete measuring 269 

chain has been estimated using Klein’s theory on uncertainty transmission (Marigorta and Tajadura, 1994). 270 



Hence, the turbine performance is complemented with the expected uncertainties in every working point of 271 

the steady experimental tests, as it will be shown later in Figure 13  and Figure 14. 272 

 273 

5. Experimental tests 274 

The performance curves of the turbine under steady conditions for both direct and reverse modes have 275 

been obtained experimentally. For that purpose, it was necessary to conduct different types of tests in order 276 

to address the contribution of friction losses. In particular, the following tests are described in this section. 277 

a) A tachogenerator loss test (in order to determine mechanical/electrical loss of the tachogenerator) 278 

b) A turbine + tachogenerator loss test (in order to determine mechanical loss of the turbine) 279 

c) Both turbine tests in direct mode (centrifugal) and reverse mode (centripetal) to determine the 280 

turbine performance 281 

Table 4 summarizes all the measured variables and how they are obtained with the available equipment.. 282 

 283 

Table 4. List of measured variables. 284 

 
   Measure 

  Magnitude Variable Geometric Measured Calculated Equipment 

D
im

e
n
s
io

n
le

s
s
 c

o
e
ff
ic

ie
n
ts

 

Φ
, 
C

T
, 

C
A
 

 uR 
Tangential velocity of 

rotor 

Dm x       

ω   x   

Tachogenerator 

(8) 

Tachometer (14) 

vR 

Radial velocity of the 

flow 

Q     x 

Venturi (5),  

Testo 435 (9) 

Dm x       

b x       

To Total torque       x 

Tachogenerator 

(8) 

Tachometer (14) 

∆Pe 

Differential pressure of 

the turbine 
    x   Testo 435 (9) 



θa Air temperature     x   Testo 435 (9) 

Hr Relative humidity      x   Testo 435 (9) 

Pat Atmospheric pressure     x   Weather Station 

ρ Air density θa, Hr, Pat     x   

 285 

 286 

5.1. Tachogenerator loss test 287 

This first test is performed to measure, for different rotating speeds,  the voltage and current consumed by 288 

the unloaded tachogenerator when running as a motor, for different rotating speeds. The voltage applied to 289 

the terminals of the tachogenerator is ranged between 0 and 85 V DC and the resulting intensities are 290 

recorded to be processed according to the theory of electric machines, as follows: 291 

𝑊𝐴𝐵 = 𝑉𝐴𝐵 · 𝐼         𝑊𝐶𝑈 = 𝑅𝑖 · 𝐼
2          𝑊𝐹𝐸 +𝑊𝑀𝐸𝐶 = 𝑊𝐴𝐵 −𝑊𝐶𝑈           𝑁 =

𝑉𝐴𝐵−𝑅𝑖·𝐼

𝑉/𝜔
   (Eq. 9) 292 

 293 

Where VAB  is  the voltage applied in the terminals, I is the intensity, Ri is the internal resistance of the 294 

tachogenerator,  WFE is the iron loss,  WMEC is the mechanical loss, WCU is the copper loss, WAB  is the 295 

power in terminals, N is the rotation speed and V/ω is the tachogenerator constant, equal to 0,06 V/rpm. 296 

Basic specifications of the Tachogenerator were extracted from the manufacturer documentation. 297 

The mechanical loss of the tachogenerator as a function of the rotating speed is represented with a solid 298 

line in Figure 11. 299 

 300 

5.2. Turbine+Tachogenerator loss test 301 

This second test is completed to determine the friction loss of the turbine. The turbine, decoupled from the 302 

test bench, is driven by the tachogenerator at different rotating speeds, recording the voltage and the 303 

intensity consumed. The difference between the input power and the calculated copper loss is the combined 304 

loss of the tachogenerator and the turbine. 305 

Figure 11 also shows the results obtained as a function of the rotating speed (dashed line). As a 306 

consequence, the  difference between the results obtained in the two former tests allow to obtain the 307 

mechanical loss of the turbine. 308 



 309 

Figure 11.Turbine and tachogenerator losses 310 

 311 

5.3. Turbine test in direct mode 312 

In these tests, when the turbine is working in direct mode with a centrifugal flow (radially outwards), different 313 

values of the flow rate coefficient are obtained changing the fan speed for the incoming flow, which makes 314 

the turbine to rotate at velocities within the range of 122-1780 rpm.  315 

Under steady conditions, the average values of differential pressure in the Venturi, the inlet static pressure 316 

at the inlet and the rotating speed are measured and recorded to determine the input/output power. Note 317 

that for this test, the mechanical loss is equal to the torque applied on the turbine blades, so the output 318 

power can be extracted from the data obtained in the previous turbine+tachogenerator loss tests. Results 319 

for input power against the rotating speed are shown in Figure 12. 320 



 321 

Figure 12. Power input in direct flow 322 

 323 

Taking advantage of the previous tests to characterize the mechanical losses of the facility, the aerodynamic 324 

performance of the centrifugal turbine can be finally determined. The results have been obtained in a 325 

dimensionless form in Figure 13.  326 

The range of flow coefficients tested, which spreads from 0.6 up to 2.5, is consistent with the typical ranges 327 

of flow coefficients found for this type of OWC applications. Moreover, flow coefficients below 0.6 present a 328 

sharp drop in efficiency and with small magnitudes of both input and output power so they can be considered 329 

negligible for further analysis. 330 

Note that the maximum total-to-static efficiency (right y-axis) reaches values over 50% (in the ϕ = 0.7 range), 331 

exceeding by 10% the maximum efficiency reached by previous models (Rodríguez et al., 2018). This great 332 

improvement is achieved due to the blade profile modifications which lead to a significant reduction in kinetic 333 

energy loss at the outlet, as previously discussed. 334 

 335 



 336 

Figure 13. Measured coefficients in direct mode 337 

 338 

Figure 13 also shows both torque and power coefficients with their corresponding uncertainties. In particular, 339 

the uncertainty of the flow coefficient is between 0.68% and 5%, whereas the uncertainties of the torque 340 

coefficient and the input coefficient are between 0.88% - 8.44% and 2.12% - 18.32% respectively. The 341 

efficiency uncertainty is between 2.39% and 20.8%. 342 

 343 

5.4. Turbine test in reverse mode 344 

This final test evaluates the performance of the turbine working in the reverse mode. To obtain a centrifugal 345 

flow, the duct is now connected to the aspirating region of the fan, while the turbine is driven by the 346 

tachogenerator that maintains the rotating speed between 420 and 547 rpm. In addition, the honeycomb is 347 

placed at the outlet of the turbine to reduce turbulence and suppress swirls motion, enhancing the Venturi 348 

measurement. For every flow rate tested, the following variables are recorded for further post-processing: 349 

static pressure at the outlet of the flow corrector, differential pressure in the Venturi and outlet voltage and 350 

current of the tachogenerator. After subtracting the mechanical loss, the performance curves of the turbine 351 

on reverse mode are obtained. 352 



The turbine pressure difference with respect the atmospheric condition is measured at the outlet of the flow 353 

honeycomb, discounting the honeycomb pressure losses previously assessed. Because the turbine works 354 

steadily at equilibrium (the rotating speed is constant), the available output power of the turbine can be 355 

measured from the power introduced in the tachogenerator, subtracting the losses by joule effect (eq. 9) 356 

and the tachogenerator + turbine mechanical friction (section 5.2). Finally, the torque is calculated by the 357 

expression: 358 

  𝑇𝑂 =
𝑊𝑟

𝜔
          (Eq. 10) 359 

Where Wr is the brake power of the turbine and ω is the rotating speed. 360 

The corresponding flow, torque and input coefficients are then calculated and shown in Figure 14 in 361 

dimensionless shape. Note that the torque coefficient is negative, which indicates that the turbine is braking. 362 

In this case, the efficiency is meaningless for the analysis so it is not represented here. 363 

 364 

Figure 14. Torque and input coefficients in reverse mode 365 

 366 

The figure also represents the evolution of the power coefficient, including the uncertainties for all the 367 

variables. In this case, the uncertainty of the flow coefficient is between 0,5% and 6%. The uncertainty of 368 

the torque coefficient is between 1,3% and 16,4% while the uncertainty of the input coefficient is between 369 



0,94% and 9,2%. Note that in these tests, the smaller flow coefficients are achieved by reducing the flow 370 

rate, not by a large increase of the rotation speed such as in direct mode tests. This involves that the largest 371 

relative uncertainties correspond to the smaller values of the flow coefficient. 372 

 373 

The comparison of Figure 13 and Figure 14 reveals the key point of this radial turbine to work in a twin 374 

turbine system. The input coefficient in the reverse mode is practically one order of magnitude higher than 375 

its value in the direct mode. This means that most of the flow rate generated by the OWC will flow through 376 

the turbine working in direct mode because the other turbine, working in reverse mode, will block the flow 377 

due to its large amount of loss.   378 

 379 

6. Study of the twin turbines system under non-steady conditions 380 

 381 

Following, the steady performance of the turbine is employed to characterize the overall, unsteady 382 

performance of the twin system according to the formulation presented in section 2.  383 

The evolution of the instantaneous volumetric efficiency and the direct, reverse and total flow rates in a 384 

dimensionless form is obtained over a wave cycle in Figure 15 for a given pressure coefficient in the OWC 385 

chamber (𝛷𝑇 = 1.2). 386 

  387 



Figure 15. Flow Rates and volumetric efficiency (𝛷𝑇 = 1.2). 388 

 389 

The maximum reverse flow rate is 13% of the total flow rate generated within the OWC. Therefore the 𝜂𝑉 390 

is, at least, above 87%. This is a remarkable success when it is compared to the usual 60-65% reached by 391 

typical axial turbines  (Takao et al., 2011); and also a significant progress with respect to the 76% of the 392 

previous radial model (Rodríguez et al., 2018).  393 

Figure 16 shows the evolution of the efficiencies associated to the non-steady performance of the twin 394 

system, defined in eq. 6,  as a function of the flowrate coefficient for the system.  395 

 396 

Figure 16. Efficiency of new twin radial system 397 

 398 

The maximum non-steady efficiency reached by the twin turbines is 0.41 for a flow coefficient close to unity. 399 

Note that the system efficiency is practically reproducing the efficiency of the turbine due to the extremely 400 

high values of the volumetric efficiency. This fact represents the key contribution of this new design of a 401 

radial turbine for an OWC application.  402 

 403 

7. ANALYSIS OF RESULTS 404 

 405 



In this final section the results obtained for the present investigation are compared to those of the original 406 

twin radial turbine (Rodríguez et al., 2018) and the twin axial turbine referred in (Takao et al., 2011).  407 

 408 

7.1. Steady conditions 409 

Firstly, the results of the new radial turbine are compared in Figure 17 with the quasi-steady performance 410 

curve of the twin axial turbine from (Takao et al., 2011). There are four basic ideas to be highlighted from 411 

the comparison of these steady results: 412 

a) The new radial geometry produces a strong pressure difference in reverse mode which will involve 413 

a better performance working as a backflow preventer. 414 

b) Although the torque in direct mode is being reduced from previous radial geometries, it is clear that 415 

the efficiency is better due to the reduction of loss. The maximum efficiency is up to 11% better 416 

than previous geometries (Rodríguez et al., 2018). 417 

c) The torque in the reverse mode is neither suppressed nor reduced with respect to the previous 418 

radial turbine. However, the better performance as a backflow preventer will minimize this effect 419 

when working under non-steady conditions. 420 

d) This new radial turbine is more efficient than any other radial turbine previously published for twin 421 

systems (at least, in a steady fashion). Moreover, the reached efficiency is almost as high as the 422 

typical values found for axial geometries (Takao et al., 2011). 423 



 424 

Figure 17. Compared results. Axial results from (Takao et al., 2011). 425 



 426 

7.2. Non-steady conditions 427 

In this subsection, the non-steady performance of the twin system is evaluated as a function of the turbine 428 

geometry to be installed. Basically, the results of the new radial turbine are shown with respect to the axial 429 

turbine extracted from (Takao et al., 2011) and respect to the original radial turbine taken from (Rodríguez 430 

et al., 2018).  Other geometries have not been included in the graph for a better readability. The three 431 

different efficiencies previously defined in eqs. 4-6 for non-steady conditions (i.e., the OWC input  432 

efficiency  �̅�𝑖𝑛𝑝𝑢𝑡, the net efficiency of each turbine �̅�𝑡𝑢𝑟𝑏𝑖𝑛𝑒, and the system efficiency �̅�𝑠𝑦𝑠𝑡𝑒𝑚) are 433 

represented in Figure 18.  434 

Focusing on the efficiency of the total system, �̅�𝑠𝑦𝑠𝑡𝑒𝑚, the comparison reveals that the results of the axial 435 

turbine are improved by the new radial turbine presented in this work up to 2%. This result could seem 436 

surprisingly if only the efficiency of the turbine is taken into account because the efficiency of the axial 437 

turbine is larger than the one reached by the radial one, as shown in the bottom plot of Figure 17. However, 438 

as it was mentioned before, the system performance under non-steady conditions not only depends on the 439 

turbine. The performance working as a backflow preventer, which is critical during the reverse mode, is 440 

approximately between 18% an 30% better in case of the new radial turbine with respect to the axial one. 441 

This implies that a larger part of the flow generated by the OWC is taken in advantage which finally turns 442 

into a clear improvement of the system efficiency..   443 

 444 



 445 

Figure 18. Non-stationary regime 446 

 447 



8. Conclusions 448 

This paper presents the experimental study of an improved design for a radial turbine to be installed in a 449 

twin turbine system for an OWC device. The investigation concludes that radial impulse turbine can be a 450 

reliable and competitive solution for OWC applications. 451 

The new radial turbine developed for this work includes some geometrical modifications intended to solve 452 

both mechanical and aerodynamic problems observed in a previous geometry. In particular, restrictions in 453 

the flow circulation that led to significant penalties in the efficiency of the turbine have been now corrected. 454 

The experimental results presented confirm the expected improvements and the suitability of the centripetal 455 

sense to enhance the performance of the reverse mode. The flow blockage achieved with this configuration 456 

is extremely good and it reduces the importance of having negative torque while the air is flowing in 457 

centripetal direction because the flow rate is almost negligible in the reverse mode. Definitively, this is the 458 

key point that makes radial turbines particularly suitable for twin turbine systems. 459 

Furthermore, the performance in direct mode has been also improved with a redesign of the rotor blades, 460 

exhibiting steady efficiencies (total-to-static) close to those obtained by typical axial turbines, supposedly 461 

much more efficient. The basic reason for this improvement in the direct mode has been the development 462 

of a new blade profile which improves the rotor efficiency and also reduces the kinetic energy loss at the 463 

turbine outlet. 464 

All these improvements had led to a clear progress in the performance of twin turbine systems under non-465 

steady conditions, reaching up to a 38% of total system efficiency, which is even higher than previous results 466 

obtained by other axial turbines available in the literature. Therefore, radial turbines have demonstrated a 467 

definitive potential to be a real solution for twin turbine systems in OWC devices. 468 

 469 
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