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ABSTRACT 17 

OutFlow Radial (OFR) Turbines have been recently proposed for Oscillating Water Column (OWC) 18 
devices based on a Twin Turbine Configuration (TTC). Previous experimental studies showed that 19 
these turbines are a feasible alternative to axial unidirectional turbines without rectifying systems. 20 

In this paper, a validated CFD model is employed to achieve a better understanding on how the OFR 21 
turbine is working in an OWC energy converter for both direct and reverse modes. The turbine 22 
geometry corresponds to a second prototype proposed in a previous publication, with a total-to-static 23 
peak efficiency of 54%. The key of the performance in reverse mode is the vortical structure created 24 
within the blade-to-blade passage, almost choking the flow rate through the rotor. It is also concluded 25 
that increasing the outer blade angle leads to a worse performance in reverse mode, although the 26 
global performance is improved due to the rotor efficiency gain in direct mode. Finally, it has been also 27 
observed that the kinetic energy at the outlet during direct mode still remains as the major source of 28 
loss, penalizing the attainable maximum efficiency. Future work should be focused on the reduction of 29 
this residual energy to boost the application of these OFR turbines for TTCs. 30 

 31 
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NOMENCLATURE 34  𝐴ோ  = 𝜋𝑏𝐷௠  Characteristic area 
b Blade span 𝐶஺ = 2∆𝑃𝑡−𝑠 𝑄 ቀ𝜌൫𝑣𝑅2 + 𝑢𝑅2൯𝜋𝑏𝐷𝑚𝑣𝑅ቁൗ Input coefficient 𝐶் = 4𝑇𝑜 𝜌൫𝑣𝑅2 + 𝑢𝑅2൯𝜋𝑏𝐷𝑚2⁄ Torque coefficient 
Dm Mean turbine diameter 
Q, q Flow rate 
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Qmax Flow rate amplitude in unsteady conditions 
To Output mechanical torque 
T Period 𝑢𝑅 =  𝜔𝐷௠/2 Blade velocity at mean radius  
vR = Q/ AR Reference radial velocity at mean radius  
u, v, w Velocity components (peripherical, absolute and relative) 
α, β Absolute and relative flow angles 𝜂 = 𝑇௢ 𝜔/ Δ𝑃 𝑄 Steady Efficiency 
∆P Pressure difference  𝜂௩௢௟ Volumetric efficiency 𝜂̅௜௡௣௨௧ Input mean efficiency 𝜂̅௧௨௥௕௜௡௘ Mean efficiency of twin-turbines set 𝜂̅௦௬௦௧௘௠ = 𝜂̅௧௨௥௕௜௡௘ 𝜂̅௜௡௣௨௧   Mean efficiency of the whole system 
ρ Air density 𝜙 = 𝑣ோ/𝑢ோ Flow coefficient 𝛷 Flow coefficient in unsteady conditions 
ω Rotational speed 
 
Subscripts/superscripts 
  
D / R Direct / Reverse 
t - s Total-to-static 
t - t Total-to-total 
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1. INTRODUCTION 2 

It is well known that ocean energy, despite being a great engineering challenge, it will be a hot spot 3 
among renewable energy resources. It is expected to steadily grow in the next years as one of the 4 
most promising renewable energy sources worldwide. It has been reported that several private 5 
companies have confirmed significant projects to be deployed in the next future [1,2]. In addition, the 6 
scientific community is promoting the use of these clean technologies through new investigations that 7 
shows their increasing applicability and functionality. Among Wave Energy converters, the Oscillating 8 
Water Column (OWC) concept appears as a top option because the most important parts of the 9 
device are placed out of the sea water, increasing the life expectancy and reducing maintenance. 10 
Detailed information and many references about the OWC concept can be found in [3]. 11 

Very first OWCs were equipped with unidirectional turbines in combination with a flow rectification 12 
system to take advantage of the bidirectional air flow in the chamber. However the use of these 13 
systems was soon discarded for being considered unpractical for large devices [3]. Therefore, the use 14 
of high-efficiency unidirectional turbines within OWC devices moved towards the introduction of 15 
bidirectional turbines to avoid the mechanical complexity of flow rectification system. A wide number of 16 
reports on bidirectional turbines is available in the open literature [3–5].  17 

Nevertheless, the consideration of unidirectional turbines for OWC devices was never abandoned, and 18 
they have even gained popularity in recent times. The seed of this renewed interest on unidirectional 19 
turbines is probably based on several considerations such as new manufacturing technologies, new 20 
operational procedures, new control systems, etc. However, in the authors’ opinion, the presentation 21 
of the Twin Turbines Configuration (TTC) in [6] has probably played a major role on the reborn of 22 
unidirectional turbines for OWC devices. The key of this system is that the malfunction of an 23 
unidirectional turbine when working in reversed flow, makes the turbine itself to act as a backflow 24 
preventer, thus avoiding the need of any flow rectification system. Therefore, the TTC is based on the 25 
use of two turbines, one of them working normally (direct mode) while the other is working as a 26 
backflow preventer (reverse mode). A sketch of this system is shown in Figure 1. Basically, the air 27 
from the chamber is pushed towards the atmosphere (namely exhalation), so the flow generated by 28 
the OWC goes through the turbines. One of the turbines is working in direct mode (producing energy), 29 
whereas the other one is working in reverse mode (not producing energy). Following, due to the 30 
oscillating movement of the waves, when the exhalation process is over, the inhalation starts and the 31 
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air is aspirated from the atmosphere to the chamber with the turbines switching their roles. Note that 1 
the flow rate distribution between the turbines, which are working under the same pressure difference 2 
(chamber-ambient), is determined by the performance curve of both turbines, which differs depending 3 
on the working mode. 4 

The pioneering work made by V. Jayashankar [6], based on unidirectional axial impulse turbines 5 
previously published [7], showed that a remarkable efficiency could be reached in a TTC, thus 6 
encouraging for further investigations. Following works such as [8–11] analysed TTC based on a pair 7 
of axial impulse turbines, revealing in that these turbines have a poor performance as a backflow 8 
preventer, compromising the efficiency of the whole system [11]. In order to overcome this problem, 9 
OutFlow Radial (OFR) turbines were suggested as a solution [12,13], since these kind of turbines can 10 
reach non-steady efficiencies comparable to those achieved by axial turbines. 11 

 12 

Figure 1. OWC equipped with twin radial turbines. 13 

Recently, the performance of non-axial unidirectional turbines has also been studied to work as the 14 
Power Take-Off (PTO) element within other configurations of OWC devices. In particular, two new 15 
patents conceived by the IST Wave Energy Group have appeared in 2018 [14,15]. The first one is 16 
equipped with a rotor composed of two InFlow Radial (IFR) turbines in combination with guide vanes 17 
and a check valve, whereas the second one shows a system to be equipped with two turbines, either 18 
IFR or axial impulse turbines, in combination with a rectification system. It has been reported that, 19 
neglecting the loss at the diffuser, a peak efficiency of 74% can be reached in steady performance for 20 
the first design [16]. 21 

In parallel, another configuration has been recently patented by Wave Swell Energy Limited [17] 22 
already showing some promising results with its new system [18]. This configuration is a different 23 
concept of the OWC since it produces energy only when the free surface within the chamber is 24 
descending. With such constraint, it is clear that an unidirectional turbine is obviously the ideal 25 
selection for such device. The design process of a IFR turbine to be installed in this device can be 26 
seen in [19,20].  27 

All these recent works consider the use of radial turbines as the best option for new designs of OWC 28 
devices. Moreover, speaking about bidirectional turbines and depending on the OWC location, a radial 29 
turbine could be the best choice due to its larger damping [21]. Therefore, considering all this lately 30 
research, the position of radial turbines as PTO for OWCs has been significantly strengthened.  31 

In this paper, the work presented by the authors is focused on the development of a TTC equipped 32 
with two OFR turbines, as shown in Figure 1, right. It is a similar design to that presented in [15] but 33 
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with no flow rectification system, which clearly differentiates this new proposal. Therefore, the 1 
performance of the turbine to choke the flow in reverse mode has been treated carefully because this 2 
is completely critical to guarantee the viability of the design. Otherwise, like previously observed in 3 
[11], up to one third of the flow generated by the OWC can be wasted through the turbine that is 4 
supposed to be working as a backflow preventer. Precisely, the authors have demonstrated that the 5 
use of OFR turbines reduces that air leakage tremendously, with a blockage effectiveness over 90% 6 
[13] . On the other hand, it is also prescribed that the efficiency in direct mode must be improved so 7 
the non-steady efficiency could be increased over 40% for sinusoidal flow conditions. 8 

The performance of the OFR turbine presented in [13] is now analysed using CFD techniques to 9 
describe the flow field and envisage geometrical modifications for further optimization. Special 10 
attention has been devoted to study the effect of changing certain geometrical parameters like the 11 
outflow angle, the blade chord or the number of blades. The obtained results have been compared to 12 
those obtained by the first prototype [12]. The numerical model developed, its validation through 13 
comparison with experimental data and the detailed discussion of the results are the main 14 
contributions of the present paper.  15 

 16 

2. MATERIALS AND METHODS 17 

2.1. GEOMETRY 18 

The geometry of the OFR turbine analysed in this paper is taken from a previous work [13], being 19 
composed of a single rotor with 2-D blade profiles. Neither downstream nor upstream guide vanes 20 
have been considered for this turbine. Figure 2 shows the general shape of the blade profile, defining 21 
the basic geometrical parameters. The main dimensions of both optimized and first prototype blades 22 
are given in Table 1.  23 

 24 

Figure 2. Main view and dimensions of the blade profile for the OFR turbine. 25 

 26 

Table 1. Main dimensions [mm] of the optimized and first prototype blades 27 

 Chord 
[mm] 

R1 ; R2 
[mm] 

Rinner 
[mm] 

Router 
[mm] 

β1  
[º] 

β2  

[º] 
Blade 

number 

Optimized Prototype 43.2 28.8 ; 28.8 75 100 65 11 24 

First Prototype 50.4 28 ; 29 75 99.2 65 5 30 

 28 

 29 
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2.2. NUMERICAL MODEL 1 

The ANSYS Fluent Solver v16 was used to solve the incompressible (U)RANS set of equations over 2 
one single rotor passage of the turbine because of the circumferential periodicity of the domain. This is 3 
a common solution used for CFD models to save computational resources, and it is typically 4 
implemented following the sidewalls parallel to the centerlines of blades and vanes. However, This 5 
usually leads to highly-twisted domains which are difficult to mesh when orthogonal or hexaedrical 6 
grids are desired. In this case, a special feature concerning the periodic boundaries of the numerical 7 
domain has been adopted to improve que mesh quality (see Figure 3, left), thus introducing straight 8 
periodic surfaces in the radial direction. Although this results in rotor blades that are cut in the mid-9 
passage, the numerical results (which are shown later) were found to be accurate to validate this 10 
strategy. 11 

The mesh and the boundary conditions implemented are shown in Figure 3. The mesh has been built 12 
using the grid modeller GAMBITv2.4.6 over an angular sector comprising 15 deg (1/24 of the full 13 
annulus). A total number of 740K cells has been employed for the whole domain, which was divided in 14 
three separated blocks: 1) the rotor volume which is non-regular mesh composed of hexaedrical cells 15 
with boundary layer mesh on the blades; 2) and 3) inner and outer domains respectively, both are 16 
completely mapped mesh with structured cartesian cells. The resulting mesh is of a mid-high quality 17 
with a maximum skewness of 0.77 (Gambit criteria) and the 80% of the mesh below 0.4. 18 

For convenience, two set of interfaces have been introduced in the computational domain. This 19 
allowed the use of non-conformal grids between the different blocks of the geometry and the relative 20 
displacement of the blades with the sliding mesh technique. Note that, despite not being necessary 21 
due to the absence of guide vanes, the Moving Mesh approach was used because this single rotor 22 
geometry was simulated in batch within other geometries equipped with guide vanes.   23 

 24 

 

Figure 3. Left: Computational domain and boundary conditions. Right: Mesh details. 25 

 26 

For the turbulent closure, the realizable k-ε turbulence model, already validated in previous works on 27 
radial turbines [12,22], has been used for the bulk of simulations. In addition, an Enhanced Wall 28 
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treatment was also adopted, employing special care on the walls to obtain y+ values in the correct 1 
range. The time-dependent term was discretized with a second-order implicit scheme. The pressure-2 
velocity coupling was recreated through the SIMPLE algorithm. The high-order Monotone Upwind 3 
Scheme for Conservation Laws (MUSCL) has been used for the discretization of the convection terms 4 
and the classical central difference approximation was considered for the diffusion terms. 5 

The time step was set to 10-4 s, resulting in 40 time steps per blade passing period. The residuals 6 
were set to 10-4 and the convergence was met after approximately 30 iterations per time step for all 7 
the resolved equations. Four full-annulus rotations of the periodical domain were simulated to reach 8 
global convergence, with approximately 4 hours of CPU time per case simulated. The simulations 9 
were performed in a 4-units cluster of the following characteristics: intel i5 2.67GHz, 2x2 GB RAM. 10 

The simulations were performed considering that the turbine rotates unsteadily but under quasi-steady 11 
flow conditions. This assumption is perfectly justified through the reduced frequency of the turbine (the 12 
ratio between the blade passing period and the period of the wave cycle) which turns to be of order 13 
103. This allows to maintain constant the boundary conditions (flow rate and rotational speed) in each 14 
simulation. Finally, the performance of the turbine for other thorough-flow conditions is obtained by 15 
adjusting the inlet boundary conditions. 16 

 17 

2.3. DATA POST-PROCESSING 18 

The performance curve of the turbine is given in terms of the usual non-dimensional coefficients used 19 
for OWC applications.. The torque, input and flow coefficients (CT , CA , ϕ) as well as the total-to-20 
static efficiency (η) are defined as: 21 𝐶்  = 4 · 𝑇௢𝜌 · ሺ𝑣ோଶ + 𝑢ோଶሻ · 𝜋 · 𝑏 · 𝐷௠ଶ        𝐶஺ = 2 · ∆𝑃௧ି௦ 𝑄𝜌 · ሺ𝑣ோଶ + 𝑢ோଶሻ · 𝜋 · 𝑏 · 𝐷௠ · 𝑣ோ       𝜙=

vR

uR
       𝜂 = 𝐶்𝐶஺ · 𝜙 Eq. 1 

where ρ is the air density, To is the mechanical torque, ΔPt-s is the total to static pressure drop, Q is the 22 
flow rate, Dm is the rotor diameter ad midspan, b is the blade span, AR is the cross-flow area at the 23 
midspan radius (Dm/2), vR is the reference velocity and uR is the blade speed at Dm/2. Note that, the 24 
efficiency, which is the ratio of shaft power output to pneumatic power input, can be expressed in 25 
terms of the previous non-dimensional coefficients. 26 

In order to extend the analysis, the CFD results obtained from the steady flow conditions for the 27 
turbine performance are employed as input data for a further analytical study under non-steady flow 28 
conditions. This methodology, widespread in the bibliography [9,11,23], is based on the assumption of 29 
the quasi-steadiness of the flow through a OWC turbine with respect to the wave motion time-scale, 30 
which is typically modelled with a sinusoidal response according to: 31   𝑄்௢௧௔௟ = 𝑄௠௔௫ · 𝑠𝑖𝑛 (ଶగ௧் )        Eq. 2 32 

Where Qmax is the maximum flow rate generated by the OWC within a wave cycle, T is the period of 33 
the wave (typically a few seconds) and t is the current time. 34 

During operation, both turbines of the twin system are exposed to the same pressure difference. 35 
However, their performance is switched from direct to reverse mode and vice versa according to the 36 
sign of the pressure difference. Hence, the total outgoing flow rate transferred from/towards the 37 
chamber is the combination of both direct (QD) and reverse (QR) mode flow rates: 38   𝑄்௢௧௔௟ = 𝑄஽ + 𝑄ோ      Eq. 3 39 

Consequently, the volumetric efficiency of the OWC device can be determined as the ratio between 40 
those direct and the total flow rates, according to: 41 𝜂௏ = ொವொ೅೚೟ೌ೗ = ொವொವାொೃ         Eq. 4 42 
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On the other hand, the turbine efficiency is also relevant, so it must be evaluated in combination with 1 
the efficiency of the twin system. Precisely, this can be assessed, splitting the OWC efficiency in two 2 
terms, according to the following expression: 3 𝜂̅௦௬௦௧௘௠ = భ೅׬ ఠ· ೚்·ௗ௧೅బభ೅׬ ௱௉೟షೞ·ொ೅೚೟ೌ೗·ௗ௧೅బ =   భ೅׬ ௱௉೟షೞ·ொವ·ௗ௧೅బభ೅׬ ௱௉೟షೞ·ொ೅೚೟ೌ೗·ௗ௧೅బᇣᇧᇧᇧᇧᇤᇧᇧᇧᇧᇥఎഥ೔೙೛ೠ೟

· భ೅׬ ఠ·(்೚ವା்೚ೃ)·ௗ௧೅బభ೅׬ ௱௉೟షೞ·ொವ·ௗ௧೅బᇣᇧᇧᇧᇧᇤᇧᇧᇧᇧᇥఎഥ೟ೠೝ್೔೙೐
  Eq. 5 4 

Or more compactly: 5 𝜂̅௦௬௦௧௘௠ = 𝜂̅௜௡௣௨௧ · 𝜂̅௧௨௥௕௜௡௘      Eq. 6 6 

The so-called input efficiency, 𝜂̅௜௡௣௨௧ is related to the volumetric efficiency (𝜂௩௢௟) of the OWC chamber, 7 
but in terms of power instead of flow rates only. Additionally, the turbine efficiency, 𝜂̅௧௨௥௕௜௡௘ is the net 8 
efficiency of the twin turbines, considering the resistant torque (𝑇௢ோ) produced in the reverse mode. In 9 
this case, the torques must be introduced within the calculation taking into account their sign. 10 

Alternatively, the system flow coefficient is also defined as the ratio between the bulk velocity through 11 
both turbines, considering the total flow rate, and the reference tangential velocity, i.e.: 12 𝛷் = ொ೅೚೟ೌ೗గ·஽೘·௕·௨ೃ      Eq. 7 13 

Apart from the main dimensionless coefficients, a closer look to the flow pattern in the different 14 
elements of the turbine will be also presented. In particular, the local pressure drop through the 15 
different sections A, B, C and D (see Figure 4) will be discussed in detail to characterize the internal 16 
losses of the turbine. Additionally, the kinetic energy at the outlet will be also quantified for different 17 
flow conditions as another significant source of loss. 18 

 19 

Figure 4. Streamwise sections for the analysis of the loss distribution in the turbine. 20 

 21 

To conclude this section, the reference criteria adopted for the discussion of the blade angles in 22 
following sections is now shown in Figure 5. Note that the angles are always measured counter-23 
clockwise for both performance modes, direct and reverse. The zero reference is different between the 24 
modes in order to obtain angles below 180 degrees. 25 

 26 
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 1 

Figure 5. Reference angles and velocity relationships for both direct and reverse modes. 2 

 3 

3. CFD VALIDATION, RESULTS AND DISCUSSION 4 

3.1. VALIDATION  5 

For validation purposes, the CFD results of the model are compared to the experimental results for the 6 
same geometry (extracted from [13]) in Figure 6. All the non-dimensional coefficients reveal the close 7 
agreement achieved by the numerical model to reproduce the performance of the turbine in both 8 
modes, direct and reverse, which corresponds to positive and negative flow coefficients respectively. 9 
The agreement in case of the input coefficient (𝐶஺) (Figure 6, top) presents higher differences, with 10 
maximum deviations of 10 and 16% in the direct and reverse modes respectively, but without 11 
compromising the overall trends that are perfectly reproduced. The agreement in case of the torque 12 
coefficient (𝐶் ) (Figure 6, middle) is particularly good, with maximum discrepancies always below 6% 13 
in direct mode. In the reverse mode relative differences up to 15% are reached for the smaller flow 14 
coefficients. The comparison in terms of steady total-to-static efficiency (Figure 6, bottom) is also 15 
remarkable, showing differences always below 5%. 16 
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 1 

Figure 6. Comparison between the CFD results and the experimental tests from [13]. 2 

 3 

The comparison concludes the reliability of the CFD model to predict the performance of the turbine. It 4 
also reveals that the employment of radially-straight sidewalls as boundary conditions allowed to 5 
reduce the complexity of meshing operations with no penalty on the accuracy of the results. This 6 
validation also encourages to go further in the analysis of the flow patterns computed by the model, 7 
even promoting its use for the optimization of some parts of the turbine. 8 

From now on, and to avoid confusion with the explanations, only CFD results will be presented in the 9 
following sections. In particular, these will concern the comparison between computational results of 10 
the first prototype [12] and the optimized one [13]. 11 

 12 

3.2. GENERAL PERFORMANCE  13 

As a starting point, the numerical curves of both first and optimized geometries are compared in 14 
Figure 7. It is noticeable that the total-to-static efficiency of the optimized geometry is superior by 8-9% 15 
in direct mode with respect to the first design (Figure 7, bottom). This improvement is not associated 16 
to a larger torque, as expected from the lower flow deflection made by the optimized rotor (simple 17 
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kinematics considerations within the momentum equation would confirm that - see Table 1). In fact, 1 
the optimized rotor provides even less torque than the first prototype (Figure 7, middle). The 2 
explanation is given by the significant loss reduction in the optimized rotor when is working in direct 3 
mode, which leads to that remarkable efficiency increase. On the other hand, it is well reported that 4 
the performance when working as a backflow preventer (negative flow coefficients) is critical. With 5 
respect to the input coefficient 𝐶஺ (Figure 7, top), a similar performance is found for both turbines in the 6 
reverse mode, but with larger values in case of the first prototype when works in direct mode. This 7 
implies that, under the same pressure difference, one TTC equipped with the optimized geometry 8 
would have a larger flow rate running through the turbine working in direct mode, thus implying a 9 
larger total efficiency of the system under non-steady conditions will be higher. 10 

 11 
Figure 7. Performance comparison of CFD results between the first prototype, from [12], and the 12 

optimized one (present study). 13 

 14 

Additional results corresponding to the turbine performance under non-steady conditions are shown in 15 
Figure 8. The plot, which compares the volumetric efficiency (see eq. 4) presented by both prototypes, 16 
gives a clear idea about the blockage achieved during the reverse mode. The optimized geometry 17 
reaches values above 90% whereas the maximum value for the first prototype never exceeds the 18 
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78%. Note that this feature, in combination with the efficiency rise gained in the direct mode, 1 
contributes to an impressive global improvement of the optimized turbine. This is also shown in Figure 2 
9 (bottom), where the maximum system efficiency rises above 11% with respect to the original 3 
prototype. This improvement in the non-steady efficiency of the system (𝜂̅௦௬௦௧௘௠) is sustained in both 4 
input and turbine non-steady efficiencies ( 𝜂ഥ௜௡௣௨௧ and 𝜂̅௧௨௥௕௜௡௘ in Figure 9, top and middle, respectively). 5 

 6 

 7 

Figure 8. Volumetric efficiency of both prototypes under sinusoidal flow conditions. 8 

 9 
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 1 

Figure 9. Non-steady efficiency of the system for both prototypes under sinusoidal flow conditions. 2 

 3 

Following, the numerical flow fields obtained from the CFD model will be analysed in detail to provide 4 
further physical insight over the improvement gained with the optimized turbine. In addition, this 5 
analysis will help to identify other possible design limitations and propose new geometrical 6 
modifications. 7 

 8 

3.3. ANALISIS OF THE FLOW PATTERN IN DIRECT MODE 9 

Note that, as reported in [13], the changes made on the optimized geometry were positive concerning 10 
two points of view: 1) Improvements in direct mode were achieved mainly by the reduction of the residual 11 
kinetic energy at the outlet and, 2) better performance as a backflow preventer was obtained due to the 12 
lower losses in direct mode whereas the performance in reverse mode remains similar. However, the 13 
following CFD results have provided more insight, revealing that the impact of these modifications is 14 
broader, showing additional unexpected features..  15 
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 1 

Figure 10. Contours of normalized total pressure for both optimized (top) and first (bottom) prototypes 2 
in direct mode. 3 

 4 

Figure 10 shows the contours of normalized total pressure for both geometries in direct mode. Low 5 
(ϕ = 0.5), nominal (ϕ =0.75) and high (ϕ =1.5) flow rate coefficients are represented in the blade-to-blade 6 
plane of the rotor at midspan. Both prototypes present a similar flow pattern, characterized by (1) an 7 
almost negligible flow detachment at the rotor leading edge, (2) unnoticeable difference in the flow 8 
separation at the suction side and (3) wakes gaining importance as the flow coefficient increases. 9 
However, the effects of the new blade profile are also significant, mainly observed as (1) weaker 10 
pressure gradient at the rotor outlet (compared to the first prototype) and (2) a lower intensity of the 11 
wakes, associated to less tangential component of the flow velocity at the rotor outlet (see wake 12 
orientation). Note that most of these differences are gathered close to the rotor discharge, indicating 13 
that the rotor performance is strongly affected by the outlet geometrical parameters. Precisely, Figure 14 
11 demonstrates that after increasing the rotor external angle from 5 to 11 deg (Table 1), the total-to-15 
total rotor efficiency is significantly increased (up to 15% ), also implying a valuable reduction of the 16 
residual kinetic energy at the outlet. Although this fact may basically explain the improvement of the 17 
total-to-static efficiency of the optimized prototype (Figure 7, bottom), a deeper analysis is required to 18 
take into account the change in the rotor solidity. 19 

The impact of increasing the external angle on the geometry is associated to a lower curvature on the 20 
blades and a wider cross-section at the outlet, that leads to a lesser flow deflection. In addition, less 21 
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turbulence is generated within the blade passages and the intensity of the wakes is also reduced. 1 
Alternatively, the position of the best efficiency point of the rotor, which is placed around 𝜙 ൎ 1 for both 2 
geometries, is determined by the inner blade angle (corresponding to the leading edge during direct 3 
mode). Figure 12 compares the flow angles (β) with respect to the blade angles (β*) in both geometries, 4 
revealing that they matched when the flow coefficient is 𝜙 ൎ 1.5. This is consistent with the bibliography 5 
where it is well reported that the optimum incidence angle does not correspond to the perfect matching. 6 
Typically, small incidence angles use to lead to a better performance of the blades [24]. However, radial 7 
outflow turbines are relatively insensitive to the incidence angle within the range of [-20,10] degrees with 8 
respect to the perfect matching [25]. Effectively, this is confirmed for the present OFR turbine where the 9 
total-to-total rotor efficiency (Figure 11) is maintained close to the maximum for that range of incidence 10 
angles. Moreover, the flow deviation at the rotor outlet with respect to the trailing edge angle is 11 
independent of the incidence angle, as  reported in [25,26] for outflow turbines. Figure 12 shows that 12 
the flow deviation is around 10 degrees for both geometries at any flow coefficient, being completely 13 
independant of the incidence angle. 14 

 15 

Figure 11. Comparison of the total-to-total efficiencies of first and optimized rotors. 16 

 17 

 18 

Figure 12. Comparison of flow angles (𝛽ଵ , inlet and 𝛽ଶ  outlet) and blade angles (𝛽ଵ∗, LE and 𝛽ଶ∗, TE) in 19 
direct mode for the first prototype (Left) and the optimized turbine (right). 20 

 21 

On the other hand, the modification of the rotor solidity results in two opposite effects over the turbine 22 
in direct mode: (1) as expected, a higher solidity improves the flow guidance. This is shown in Figure 23 
13, where the relative flow deviation is plotted against the flow coefficient for different solidity values. 24 
Large solidities also increase the output torque, with a flow deviation which is slightly dependant on the 25 
flow incidence. Alternatively, solidities below 1.08, which corresponds to 18 blades, are not 26 
recommended because the guidance is severely penalized, plunging the turbine efficiency off. (2) Higher 27 
solidity values also leads to a smaller cross-section of the blade passage, generating larger velocities 28 
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with major losses and wake deficits. Hence, the residual kinetic energy at the turbine outlet will be larger 1 
as well, mainly associated to a higher tangential velocity. 2 

In summary, the optimum solidity in direct mode has been found for 20 blades as it can be deduced 3 
from Figure 14, where maximum steady efficiencies for both rotor only and complete optimized turbine 4 
are represented for different blade numbers (i.e. against the solidity). Anyway the solidity also plays a 5 
major role in the performance of the reverse mode. In particular, the performance as a backflow 6 
preventer improves if the solidity increases, but the performance in direct mode gets worse as the solidity 7 
is progressively increased with respect to the optimum value. As an intermediate solution, a turbine 8 
equipped with 24 blades provides a well-balanced behaviour, as it was reported in [13]. 9 

Obviously, the changes made on the rotor geometry, turning the external angle from 5 to 11 deg and 10 
the solidity from 30 to 24 blades, affect the performance of the downstream components. Figure 15 11 
shows the relative loss distributions across the turbine for both prototypes, according to the parts 12 
presented in Figure 4. Note that two considerations are relevant here: (1) the loss of the first prototype 13 
is larger in absolute values, see Figure 7, and 2) the results are plot for each element in terms of 14 
percentage of loss with respect to the total loss, where the power generated by the rotor has been 15 
excluded and the kinetic energy at the outlets have been considered also as a loss. 16 

 17 

Figure 13. Percentage of flow angle deviation with respect to the external blade angle. 18 

 19 

 20 

Figure 14. Rotor and turbine maximum steady efficiencies in direct mode as a function of the number 21 
of blades (i.e. solidity). 22 

 23 

The distribution of losses in Figure 15 reveals that the loss within the rotor has been reduced by 4-24 
10% in the optimized turbine depending on the flow coefficient, being this reduction more important for 25 
higher flow rate coefficients. In addition, it is observed that the most relevant source of loss in both 26 
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turbines is the outlet kinetic energy, despite the reductions introduced in the blade external angle to 1 
minimize the outlet tangential velocity. At higher flow rates, this component is larger in the optimized 2 
geometry (68% against 59% in the original prototype at 𝜙 = 2). However, in absolute terms, the value 3 
of the kinetic energy loss had been reduced with respect to the levels of the first turbine. Whatever the 4 
case, this high kinetic energy at the outlet, specially manifested as an important tangential velocity, is 5 
significant at flow coefficients over the best efficiency point, and envisages the opportunity for 6 
introducing a counter-rotating rotor at the outlet to take advantage of this residual energy. 7 

It is also interesting to see how a downscaling of the outlet velocity in the rotor in the case of the 8 
optimized geometry has led to a notable reduction of the losses in the diffuser in the direct mode. 9 
Moreover, the connection elbow, with the same geometry for both prototypes, has increased its 10 
relative importance because of the loss reduction in the rest of the elements. 11 

 12 

Figure 15. Comparison of the loss distribution in direct mode between the different elements of the first 13 
(left) and the optimized prototype (right). 14 

 15 

3.4. ANALYSIS OF THE FLOW PATTERN IN REVERSE MODE 16 

Figure 7 concluded that the total loss are slightly lower for the optimized prototype in reverse mode. 17 
Hence, it is expected that the flow patterns and the loss distribution in both geometries will present 18 
very similar characteristics in a closer look to the turbine performance. Figure 16 represents the 19 
normalized total pressure in the blade-to-blade plane for both geometries and two different flow 20 
coefficients. The contour maps reveal two clear regions within the blade passage, separated by a 21 
strong pressure gradient, which do not depend on the geometry or the flow coefficient. The first one is 22 
a low-velocity recirculation zone in the vicinity of the pressure side of the blades, while the second one 23 
a high-speed jet close to the suction side of the blades. Those regions are plainly discerned in Figure 24 
17, where the pathlines through the rotor have been plotted for the optimized geometry at 𝜙 ൎ −0.45. 25 
Figure 17 also shows that the stagnation point is not placed at the blade leading edge in reverse mode 26 
(the external edge of the blade). On the contrary, it has been displaced at the suction side towards the 27 
70% of the chord approximately. From the stagnation point, the flow is diverted with one portion going 28 
inwards through the rotor passage, while the other moves outwards creating a strong swirl at the rotor 29 
inlet (external part in reverse mode) that chokes most of the rotor inlet. Therefore, the flow crossing 30 
the rotor is forced to pass through a narrow path, creating a high velocity jet within the rotor passage 31 
and a secondary vortex at the inner part of the rotor channel. All these phenomena explain why the 32 
blockage in reverse mode is so good for these OFR turbines, reaching values of the volumetric 33 
efficiency over 90% as previously reported in Figure 8. 34 

 35 
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 1 

Figure 16. Contours of normalized total pressure in reverse mode for both optimized (top) and first 2 
(bottom) prototypes. 3 

Figure 16 also illustrates some relevant differences in the flow patterns of both prototypes. The trail 4 
followed by the reverse flow within the rotor passage is even narrower in the first prototype as 5 
suggested in the contour maps of the figure. This is particularly clear in the case of the higher flow 6 
coefficient of the reverse mode (𝜙 ൎ −0.45) and explains why the rotor of the first prototype shows a 7 
better performance as a backflow preventer at higher flow coefficients (advanced in Figure 7). To 8 
quantify the differences, Figure 18 compares the pressure drop coefficient in the rotor (made non-9 
dimensional with the blade kinetic energy) as a function of the flow coefficient. It is observed that the 10 
blockage is similar for all the flow coefficients (slightly increased for higher ones), being almost four 11 
times more intense in the case of the first prototype than in the optimized one (almost four times 12 
higher).  13 

Finally, Figure 16 also reveals flow separation in the trailing edge of the blades in the case of the first 14 
prototype. This is responsible for the progressive rise of the dimensionless loss reported in Figure 18 15 
for smaller flow coefficient (𝜙 ൎ −0.2). 16 

 17 
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 1 

Figure 17. Pathlines in reverse mode within the rotor passages of the optimized geometry at flow 2 
coefficient ϕ=-0.45. 3 

 4 

 5 

Figure 18. Dimensionless pressure difference across the rotor for both geometries in reverse mode. 6 

 7 

To conclude this section, the loss distribution across the turbines is also analysed in the reverse mode 8 
(Figure 19). A first look to the results highlights the major role played by the elbow where a strong swirl 9 
is created due to the tangential flow velocity that leaves the rotor during the reverse mode. Since the 10 
flow pattern at the rotor outlet in reverse mode shows some differences between both prototypes, the 11 
intensity of the swirl created at the elbow differs as well. Actually, this was already pointed out as a 12 
critical source of loss for IFR turbines [12,22], even more critical than the rotor itself.  13 

In fact, he most noticeable result is that, the importance of the loss generated in the elbow for the 14 
optimized geometry (significantly larger than in the first prototype). This is clearly related to the power 15 
dissipated by the rotor, which is relatively more important in the first prototype, reducing the 16 
contribution of the loss at the elbow (already discussed in Figure 18). The loss intensity, associated to 17 
the highly- narrowed section presented by the rotor of the first prototype, is definitive to understand 18 
these distributions. This explains that the real difference between both geometries for the reverse 19 
mode is due to the geometrical changes in the rotor profile, related to the external blade angle. 20 
Another typical feature of the reverse mode, as shown in Figure 19, is that the contribution of the 21 
kinetic energy loss at the outlet is practically equal in both prototypes, with a completely negligible loss 22 
in the diffuser. 23 
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 1 

Figure 19. Comparison of the loss distribution in reverse mode between the different elements of the 2 
first (left) and the optimized prototype (right). 3 

 4 

4. CONCLUSIONS 5 

In this paper, a CFD numerical model has been created and validated to analyse the flow patterns of 6 
two different OutFlow Radial turbines (first and optimized prototype), designed to be installed in a Twin 7 
Turbine Configuration of an Oscillating Water Column Wave energy devices. 8 

The numerical model is characterized by the employment of radially-straight sidewalls for the periodic 9 
boundaries, which makes the construction of the model and the meshing operations much easier for 10 
non-experienced researchers. The comparison of the results with respect to previous experimental 11 
data has been really accurate for this new modelling strategy.  12 

The results obtained from this numerical model have been also compared to a formerly published 13 
prototype to gain deeper knowledge of the performance of the turbine. Special attention has been paid 14 
to the reverse mode when the prototypes are working as a backflow preventer.  15 

The study has demonstrated that the use of OutFlow Radial turbines within a Twin Turbines 16 
configuration is very interesting due to the complex structures created at the rotor inlet during the 17 
reverse mode. This produces an extremely good blockage of the flow that leads to an exceptional 18 
performance as an aerodynamic backflow preventer. It has been verified that modifying the blade 19 
geometry which resulted in a significant narrowing of the effective blade passage of the rotor is 20 
positive to improve its performance as backflow preventer. However, special care must be done during 21 
the optimization process in order to preserve the turbine efficiency in direct mode and do not penalize 22 
the overall suitability of this turbine for OWC devices.  23 

Regarding the direct mode, it has been also verified that efficiencies above 75% can be reached 24 
without losing the blockage capacity in reverse mode. This is mainly achieved by the advantageous 25 
performance of the elbow, critical in reverse mode which resulted significantly dependant on the inner 26 
blade angle. Nevertheless, the results have shown that the kinetic energy in the diffuser continues to 27 
be the main source of loss in direct mode. Near future work will be focused on a new promising 28 
geometry to deal with this pending drawback. 29 

It is finally concluded that the efficiency of the OutFlow Radial turbine could compete with axial turbines 30 
in the case of Twin Turbines Configuration. In any case, more research is required to compare, in a 31 
more global perspective, the suitability of these radial turbines with respect to axial architectures, 32 
considering manufacturing and operation costs and final energy production. In addition, it is necessary 33 
to open the scope and compare a Twin Turbines Configuration equipped with radial turbines with respect 34 
conventional bidirectional turbines, not only in terms of efficiency, but also in a wider perspective using 35 
a wave-to-wire model. 36 

 37 
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