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Abstract 
As a system using a conventional unidirectional air turbine in oscillating water column (OWC) 
based on a wave energy plant, a twin unidirectional impulse turbine topology has been suggested 
in previous studies. However, the average efficiency of the suggested twin turbine is considerably 
lower than that of a conventional unidirectional turbine in this topology because reciprocating air 
flow can’t be rectified adequately by a unidirectional turbine. In order to improve the efficiency, 
using fluidic diode is discussed. In this study, two different fluidic diodes were discussed by com-
putational fluid dynamics (CFD) and a wind tunnel test. Further, its usefulness is discussed from a 
view point of the turbine efficiency. The fluidic diode was shown to improve rectification of the 
topology. However, it needs more improvement in regards to its energy loss in order to enhance 
the turbine efficiency. 
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1. Introduction 
As an air turbine equipped with oscillating water column (OWC) based wave energy plant, a rectification-valve 
system using a conventional unidirectional turbine has been invented. However, this system has problems with 
the durability of the valves and the complexity of the mechanism. Moreover, it has a major fault that the valves 
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must be large so as to produce high output. Therefore, a twin unidirectional impulse turbine topology has been 
suggested in previous studies in order to use conventional unidirectional turbines without a rectification valve [1] 
[2]. The topology is composed of two unidirectional impulse turbines coupled with an electrical generator, as 
shown in Figure 1. However, the past study indicated that the average efficiency of the topology was shown to 
be low, when the performance prediction of the topology in oscillating airflow was carried out by means of quasi- 
steady analysis [1]. Further, the cause of the low efficiency is that part of the air flow gets through the unidirec-
tional impulse turbine in the direction of low efficiency [1]. 

In this study, a fluidic diode [2] [3] is adopted in order to suppress the air flow rate into the inefficient turbine 
in a twin unidirectional impulse turbine topology for wave energy plant, and the effect of the fluidic diodes on 
the performance of twin unidirectional impulse turbine topology is investigated by a wind tunnel test and com-
putational fluid dynamics (CFD). Further, its usefulness is discussed from a view point of the turbine efficiency. 

2. Twin Unidirectional Impulse Turbine Topology and Fluidic Diode 
In a twin unidirectional impulse turbine topology, two unidirectional impulse turbines coupled with an electric 
generator are installed as shown in Figure 1. In this study, when air flow gets through a turbine or fluidic diode, 
the flow direction that indicates smaller flow resistance is described as “forward flow”, and the flow direction 
that indicates larger flow resistance is described as “reverse flow”. Index “f” stands for “forward flow” and in-
dex “r” stands for reverse flow. A turbine in forward flow and it in reverse flow are respectively described as 
“forward turbine” and “reverse turbine”. 

The principle of a twin unidirectional impulse turbine topology is as followed. Oscillating air flow is pro-
duced in an air chamber. Then, it is rectified into a forward turbine that has the high efficiency by a reverse tur-
bine. Consequently, electricity is produced with high efficiency. However, the average efficiency of the topol-
ogy is considerably lower than that of a unidirectional impulse turbine because part of the air flow gets through 
the reverse turbine resulting in the efficiency of energy conversion being very low [1]. As a way of improving 
this fault, rectifying an oscillating air flow by installing fluidic diode downstream from a forward turbine is 
suggested [2]. 

Fluidic diodes indicate different pressure differences between the front and back against different flow direc-
tions. Figure 2 shows the fluidic diodes adopted in this study. Figure 2(a) shows the fluidic diode which has a 
shape of a conical nozzle (Type I). The projection length is 125 mm and the larger diameter is 240 mm. A wind 
tunnel test and CFD were carried out by varying the taper angle θ. Then, both results were compared. Figure 2(b) 
shows the special type fluidic diode (Type II) which is designed by referring a fluidic diode suggested in refer-
ences [2]. The flow passage is composed of a bluff body (B) that has a hollow (H) rear, a toroidal region (T) and 
a conical nozzle region (N). In this study, CFD for Type II was carried out by changing the taper angle θ of the 
conical nozzle region. 

3. Experiments and Computational Method 
For CFD software, SCRYU/Tetra of Software Cradle Co., Ltd. was used. The governing equation was Reynolds 
averaged Navier-Stokes equation and turbulence model was a standard k-ε model. The working fluid was in-
compressible air at 20˚C. The analyzed region was a flow passage composed of tube and fluidic diodes. The 
analysis region of Type I consisted of approximately 1,500,000 lattices and the analysis region of Type II con-
sisted of approximately 6,470,000 lattices. As a boundary condition, the inner wall of the tube and fluidic diode 
were in a non-slip boundary condition, and the inlet had an inflow in a constant flow rate. The outlet was opened 
to the atmosphere. The forward-flow and reverse-flow pressure differences (Δpf and Δpr) were examined in a 
position far enough from the fluidic diode. In order to calculate the effects of the taper angles θ on RD, CFD was 
executed by varying θ from 10 to 60 in 10 degree intervals in Type I and θ from 0 to 60 in 10 degree intervals in 
Type II. 

In this study, the rectification property of the Type I in steady flow was examined by a wind tunnel test so as 
to indicate the validity of CFD. In the wind tunnel test, the suction test apparatus was composed of a centrifugal 
blower, the fluidic diode Type I and a tube of which the internal diameter was 240 mm as shown in Figure 3. As 
an experimental method, the blower generates a steady flow in the fluidic diode. The flow rate Q was measured 
by a Pitot tube (OKANO WORKS, LK-0). The pressure in the settling chamber was measured by a pressure de-
tector (OKANO WORKS, POP202) in order to examine the pressure differences Δpf and Δpr between the front  
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(a)                                              (b) 

Figure 1. Principle of twin impulse turbine for wave energy conversion: (a) Exhalation; (b) Inhalation. 
 

      
(a)                                                       (b) 

Figure 2. Tested fluidic diode: (a) Type I; (b) Type II. 
 

 
Figure 3. Test apparatus. 

 
and the back of the fluidic diode in both the forward and reverse flow. 

The performance of the fluidic diode is evaluated by the pressure ratio RD and the pressure coefficients Cpf, 
Cpr. The definitions of these parameters are as follows: 

D r fR p p= ∆ ∆                                      (1) 
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( )2
pf f 2C p vρ= ∆                                    (2) 

( )2
pr r 2C p vρ= ∆                                    (3) 

where ρ  and v denote the density of air and axial flow velocity respectively. 

4. Results and Discussion 
Figure 4 shows the effect of the taper angle θ on the pressure coefficients Cpf and Cpr, respectively in both for-
ward and reverse flow in Type I, as the results to the CFD and the wind tunnel test. In the figure, flow rates Q 
are 0.320 m3/s in the calculation and 0.308 m3/s in the experiment. In the figure, both results of calculation and 
experiment are matched well. In Figure 4, both Cpf and Cpr increase as θ increases. 

Figure 5 shows the effect of the taper angle θ on the pressure ratio RD of Type I as the result to the CFD. The 
RD becomes the maximum RD = 2.00 after it increases with θ. The rectification of cascades geometry profitable 
for twin unidirectional impulse turbine topology [4] [5] in the maximum efficiency was calculated by the CA-φ 
curve (CA: input coefficient, φ: flow coefficient). The value is RD = 2.63. The maximum RD of Type I is shown 
to be lower than that of the unidirectional impulse turbine in Figure 7. Therefore, this indicates that the rectifi-
cation of Type I was lower than that of the unidirectional impulse turbine. 

On the other hand, Figure 6 shows the effect of the taper angle θ on the pressure ratio RD, the pressure coeffi-
cients Cpf and Cpr, respectively in both forward and reverse flow in Type II. The tendency of the graph is similar 
to that of Type I. The maximum RD of Type II is 5.03 in the taper angle θ = 40˚. The maximum RD of Type II is 
much higher than that of the unidirectional impulse turbine, as shown in Figure 7. Therefore, rectification of the 
twin unidirectional impulse turbine topology can be improved by installing Type II. However, the efficiency of a 
forward turbine coupled with Type II is lower than that of the only forward turbine because the additional pres-
sure loss is caused by Type II in the forward flow. Therefore, Type II must be improved to decrease the flow re-
sistance in the forward flow. 

Figure 8 and Figure 9 show the velocity vector and pressure distribution respectively around Type II in both 
the forward and reverse flow. Forward flow goes from left to right. Reverse flow goes from right to left. In the 
forward flow, the cause of main pressure loss is the narrower flow passage of the conical nozzle. In the reverse 
flow, the causes of main pressure loss are the narrower flow passage of the conical nozzle, the hollow of the 
bluff body and the toroidal part. Figure 6 shows that Type II doesn’t have sufficient rectification function with-
out the part of conical nozzle. However, it has main flow resistance in the forward flow. On the other hand, the 
toroidal part doesn’t have a large flow resistance in the forward flow while it has large flow resistance in the re-
verse flow. The route of the forward flow is different from that of the reverse flow because of the each flow 
separation. Therefore, changing the flow route by making use of flow separation, so that forward flow avoids 
stagnation zones which reverse flow goes to, is effective. 
 

 
Figure 4. Effect of taper angle on pressure coefficient 
(Type I). 
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Figure 5. Effect of taper angle on pressure ratio (Type I, 
calculation). 

 

 
Figure 6. Effect of taper angle on pressure coefficient 
and pressure ratio (Type II, calculation). 

 

 
Figure 7. Comparison of RD. 
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(a)                                            (b) 

Figure 8. Flow velocity in fluidic diode of Type II (θ = 40˚): (a) Forward flow; (b) Reverse flow. 
 

    
(a)                                            (b) 

Figure 9. Pressure distribution in fluidic diode of Type II (θ = 40˚): (a) Forward flow; (b) Reverse 
flow. 

5. Conclusion 
In this study, the effect of the fluidic diodes on the performance of twin unidirectional impulse turbine topology 
was discussed by using CFD and wind tunnel testing. As a result, fluidic diodes, which have a shape of conical 
nozzle (Type I) are shown to be inadequate for this turbine topology. On the other hand, a special type of fluidic 
diode (Type II), which is designed from the original shape by the authors, was shown to have the possibility of 
improving performance of this turbine topology. However, from a view point of the turbine efficiency, it needs 
improvement in order to diminish the pressure difference in the forward flow. 
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Nomenclature 
CA: Input coefficient 
Cp: Pressure coefficient ( ){ }2

p 2C p vρ= ∆  

Q: Flow rate (m3/s) 
RD: Ratio of pressure difference ( r fp p= ∆ ∆ ) 
v: Axial flow velocity (m/s) 
Δp: Pressure difference (Pa) 
φ: Flow coefficient 
θ: Taper angle of conical nozzle (˚) 
ρ: Air density (kg/m3) 

Subscripts 
f: Forward flow 
r: Reverse flow 
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