
Abstract-Oscillating water column (OWC) uses air 

turbine for the conversion of pneumatic energy to 

mechanical energy, is one of the simple and popular 

methods for wave energy extraction. The turbine 

induces damping (i.e. ratio of square root of the 

pressure drop to the volume flow rate) on the OWC 

which affects its overall efficiency. In the past only a 

few turbines have been used in order to study 

damping characteristics. Thus, a bi-directional 

airflow impulse turbine of 196 mm diameter was 

fabricated and tested in an oscillatory airflow test rig 

facility at Wave Energy and Fluids Engineering 

Laboratory, IIT Madras. The test rig has a piston-

cylinder arrangement and the stroke length of the 

piston was fixed at 0.4 m. The reciprocation of the 

piston is achieved through the rotation of crank 

which was varied at a different cycle time of 6, 8, 10 

and 12 s. This article reports the time series analysis 

of the pressure drop across the turbine and its speed. 

Furthermore, the turbine induced damping and its 

effect on turbine characteristics were estimated and 

studied based on the varying airflow rates. 

 

Keywords-wave energy, oscillating water column, 

impulse turbine, test rig, turbine induced damping 

 

 

I.    INTRODUCTION 

     OCEAN wave is one of the renewable energy 

resources which has immense potential for 

extraction of energy [1]. Wave energy is relatively 

less explored as compared to the other renewable 

sources of energy. If compared to wind energy the 

wave energy has greater power intensity and is 

more persistent [2]. One of the popular methods for 

the wave energy extraction is by the method of 

oscillating water column (OWC) which was first 

conceptualized by a Japanese naval officer Yoshio 

Mashuda. The OWC is a hollow structure which 

might be oscillating or fixed and has the bottom 

surface exposed to the sea, in which air is trapped 

above the exposed sea. Due to the movement of 

waves, the air present in the column gets 

compressed and decompressed. The other end of 

the chamber is exposed to a turbine and in the 

process of alternative wave action, the air is forced 

to flow through the turbine which is used to harvest 

the energy [3]. OWCs have several advantages over 

other wave energy extraction devices because of its 

simplicity. The moving parts are not exposed to 

water, thus, making it reliable and easy to maintain 

[4]. 

     The commonly used turbines for wave energy 

conversion are Wells turbine and impulse turbine. 

The impulse turbine shows better performance and 

starting characteristics when compared with Wells 

turbine under irregular flow conditions [5]. A one-

dimensional analysis of aerodynamic characteristics 

of an impulse turbine was done and self-pitch-

controlled guide vanes were proposed for further 

improving the efficiency of impulse turbine [6]. For 

the purpose of optimizing the hub to tip ratio (H/T) 

of the impulse turbine, several experiments were 

carried out on 0.6  and 0.7 H/T ratios of an impulse 

turbine with a different range of Reynold’s number. 

It was found that the turbine performance for 0.6 
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H/T was better and also gave wider Reynold’s 

number range for higher efficiency [7]. 

     Simulations on an OWC geometry was done by 

using wave data from real sea conditions and the 

turbine characteristics were simulated with the help 

of experimental data which considering quasi-

steady unidirectional flow. The results showed that 

the turbine performance mainly depended on the 

turbine damping as well as input wave conditions 

[8]. At the Vizhinjam plant in India, an impulse 

turbine based wave energy plant was set up and the 

results showed that it worked as a  better power 

takeoff device than the Wells turbine [9]. 

     Capture factor defines as the ratio of the power 

captured by the OWC to the incident wave power. 

It depends on the damping which is induced by the 

turbine on the OWC. It also varies for different 

damping values and for each wave condition there 

is a certain damping value for which the capture 

factor is maximum. This damping is most affected 

by the wave height and time period of the wave [10], 

[11]. 

     In previous analytical studies, it was noted that 

the damping values of 196 mm bidirectional 

impulse turbine (BDI) matched with the 196 mm 

uni-directional impulse turbine (UDI). It is seen that 

the UDI has higher efficiency than the BDI but BDI 

has better performance for a wider flow coefficient 

range. In an attempt to study the damping 

characteristics of the BDI, a 196 mm diameter 

turbine was manufactured, which is the scaled 

down model of an optimized 298 mm diameter The 

performance parameters of the 298 mm turbine 

were analytically assessed and keeping the 

efficiency constant the model was scaled down [12]. 

The experiment was carried out for a particular 

stroke length and different time periods. The 

damping characteristics were studied from the data 

obtained from the experiments using the non-

dimensional parameters namely power coefficient, 

pressure coefficient and damping coefficient. The 

relation of turbine characteristics with the turbine 

induced damping was obtained. The general trend 

of power coefficient and pressure coefficient 

variation for different damping values was also 

found out. 

 

II.    EXPERIMENTAL SETUP AND TESTING    

FACILITY 

      

      The Experiments on the turbine were conducted 

in the Wave Energy and Fluids Engineering Lab, IIT 

Fig. 1.  Oscillating airflow test rig (1, cylinder; 2, piston; 3, connecting rod; 4, crank; 5, gearbox; 6, motor; 7, air flow passage             

             for exhalation and inhalation [13]. 
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Madras. The setup consists of an oscillatory air flow 

test rig, as shown in the Fig. 1. The rig consists of a 

motor, gearbox, crank, connecting rod, cylinder,  

piston, duct, and generator. A 3-phase induction 

motor (6) acts as the prime mover of the system. The 

motor’s maximum speed is 2890 rpm, capable of 

delivering power up to 15 kW. It has rated voltage 

of 440 V and current rating of 26 A. The induction 

motor is driven by the variable frequency drive 

(VFD), which controls the input voltage and 

frequency, allowing the motor to run at different 

speeds.  An automobile gearbox (5) with the gear 

ratio of 1:40 is used to transmit power from the 

crankshaft to the drive shaft. The crank (4) has a 

diameter of 0.5 m and is rotated by the prime mover. 

The connecting rod (3) has a length of 1.4 m and it 

connects the piston rod with the crank. It passes 

through a crosshead guide which enables the 

connecting rod to move freely outside the cylinder. 

A piston of diameter 1.2 m is fixed in the cylinder. 

The piston (2) is sealed by O-ring and lubrication is 

provided for minimizing friction during the 

reciprocating motion of the piston. The cylinder (1) 

has a length of 1.5 m, used to convert the mechanical 

energy to the electrical energy. The piston is present 

on one end of the cylinder and the other end has a 

duct in which the turbine is placed. A DC generator, 

180 V, 0.745 kW is used to convert the mechanical 

energy of the turbine to electrical energy. A 

differential pressure transmitter, ABB 266DSH was 

used to measure the pressure drop across the 

turbine. The device is capable of autoconfiguration. 

It has a range of ±5 kPa and an accuracy of 0.06% of 

the calibrated range. Peppel + Fuchs universal 

frequency converter was used as a rotational speed 

frequency converter. It has a range of 0-5000rpm 

and an accuracy of ±5% of reading. Kimo C-310 was 

used as an air flow meter. It is an averaging type 

pitot tube multifunctional transmitter. It has a range 

of 0-0.9 m3/sec with the accuracy of ±3% of the 

reading.  

III.    IMPULSE TURBINE MODEL 

     The tip diameter of the manufactured turbine is 

196mm. It is the scaled down model of a previously 

manufactured 298 mm diameter turbine using the 

principle of dynamic similarity. The blade and the 

guide vane design is shown in Fig. 2. The design of 

298mm diameter turbine was taken from the 

optimized turbine by Badhurshah and Samad [14].                                                                                                                                                                       
 

TABLE. I 

DESIGN SPECIFICATIONS OF THE MANUFACTURED 

TURBINE 

 

     The turbine blades were 3D printed using 

selective laser sintering (SLS).In this process, SLS 

uses a finely powdered polymer which is fused 

together with the help of lasers. Polyamide-PA2200 

was used in the present case for the manufacturing  

of the turbine. The guide vanes (GVs) are made of 

stainless steel using 1.5 mm thick plates which were 

bent to the appropriate profile using a bending die. 

Grooves were made on the hub side using a 5 axis 

CNC machine. The GVs are fitted in the groove in  

Design 

symbols 

Parameters BDI 

(units in mm) 

lg Chord length 46 

ls Length of straight 

line of guide vane  

23 

Ra Radius of camber of 

guide vane 

24.5 

δ Camber angle of 

guide vane 

60˚ 

θ Setting angle of 

guide vane 

30˚ 

S Spacing between 

circular and elliptic 

arc 

11 

l Chord length of rotor 36 

Ea Semi major axis of 

ellipse 

82.74 

Rp Radius of circular arc 

on pressure side 

19.86 

Ri Radius of circular arc 

at intersection of 

pressure and suction 

side 

0.32 

Ee Semi minor axis of 

ellipse 

27.23 

Fig.2. Design specifications of the BDI turbine 
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the desired alignment. A 3 mm thick, 50 mm wide 

stainless steel sheet was rolled and welded to make 

the outer ring of the GVs. 

      Guide vanes (upstream guide vane (UGV), 

downstream guide vane (DGV)): The GVs shown in 

Fig. 3 are 24 in number. The whole pressure drop of 

this turbine takes place in the GVs. The pressure 

energy is converted to kinetic energy in the GVs. 

They also direct the flow to the turbine blades. The 

role of the UGV and DGV depends on the inhalation 

and exhalation process, which determines the 

direction of incoming air flow. 

      Rotor Blade: There are in total 38 rotor blades in 

the turbine. The blades use the kinetic energy of the 

incoming fluid to rotate the blades and hence the 

shaft attached to it. The manufactured rotor is shown 

in Fig. 4. 
 

IV.    EXPERIMENTAL PROCEDURE 

       

     The experimental testing of the 196 mm 

bidirectional turbine was carried out for the stroke 

length of 0.4 m. The stroke length was set by 

adjusting the connecting rod’s position on the 

crank. The VFD was used as a controlling unit as it 

controls the voltage and frequency of the power 

supply. The frequency was changed manually in the 

VFD until the crank moved at the required time 

period (TP). The TP for the experiment was set for 

6, 8, 10 and 12 seconds and testing of the turbine was 

done for each of those cases. When the system was 

switched on, the frequency was set in the VFD to 

obtain the desired TP of the piston oscillation. Once 

the motor started it made the crank to rotate. Thus, 

resulting in the piston movement by the help of 

connecting rod. The differential pressure 

transmitter which had its inlets fixed on the duct at 

the start and end of the turbine measured the 

pressure drop across the turbine. The pitot type 

flow meter was installed ahead of the turbine and it 

measured the flow rate in the duct.  

 

 

Fig.3. Fabricated guide vane  

 

Fig.4. 3D printed rotor  

 

Fig. 5. Groves cut in the hub  

 

Fig. 6. Differential pressure drop for cycles of time periods  
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     The rotational speed frequency converter was 

attached at the exit of the turbine shaft and 

measured the angular speed of the turbine. 

The signals of the instruments were processed and 

recorded by the Lab View software installed on the 

computer. The sampling rate was 100 milliseconds 

and the data were taken for a total period of 3 

minutes. Thus, a total of 5400 data samples were 

taken for each case. Accordingly, the values of 

pressure drop, flow rate and rpm were obtained.  

 

V. RESULTS AND DISCUSSIONS 

  The pressure drop was measured for each time 

step of 0.1 sec. The graph of non-dimensional 

pressure drop (∆p*) vs non-dimensional time graph 

(t*) was plotted (Fig.6). Here ∆p* is ∆p/∆pmax and t* is 

TP/TPmax. The graph was produced to show a 

comparison of various pressure drops for the 

different TPs of 6,8,10 and 12 seconds.                    

 

 

 

 

 

 

 

 

 

 

 

 

 

            

   All these graphs were made for the stroke length 

corresponding to 0.4 m. The exhalation and 

(a) 

 

     (b)  

 

(c)  

 

(d)  

 
Fig. 7. Rotor speed for different time periods  

 

 
Fig. 8. Peak pressure drops obtained for different time period 
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inhalation of air in the turbine is depicted by the 

crest and the trough of the pressured drop curves. 

The Fig. 6 also shows the pseudo-sinusoidal 

variation of the pressure drop with respect to time. 

The reciprocating motion of the piston in the test rig 

causes this variation in the pressure drop.  It can 

also be observed that the pressure drop in the 

inhalation process which corresponds to the trough 

part is less as compared to the pressure drop taking 

place in during the exhalation, this is because of the 

pressure losses due to the generator mounting at the 

entrance of the duct.  

    The Fig. 7 indicates the rotor speed variation of 

the impulse turbine with time. For crest and the 

trough parts of the pressure drop curves, the 

corresponding variations of the rpm is observed 

and it is seen that the rpm increases with the 

increase in the pressure drop and vice versa. The 

speed variations are different for the different TPs 

and is observed maximum in case of 6s TP and 

minimum in case of 12sec TP. The Fig. 8 shows the 

peak pressure drops obtained for each case of the 

TP. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

     The non-dimensional pressure drop (∆p*) vs non-

dimensional flow rate (Q*) variation is shown in Fig. 

9. Here Q*  is Q/Qmax These represent the variation 

only for the exhalation part of the complete cycle 

because of the setup limitation of the unidirectional 

flowmeter. The acceleration, as well as deceleration 

parts of the half cycle, are represented in the figures 

.The variations in the acceleration and deceleration 

curve is because of the hysteresis effect. This 

phenomenon is caused due to the compressibility 

effect taking place within the air chamber during 

reciprocal movement of the piston [15]. As the 

magnitude of the flow rate differs for the different 

cycle time, the pressure drop also varies along with 

it. The representation of these quantities are very 

important as non- dimensional coefficients studied 

here depend on them. 

 

(a) 

 

(b)  

 

(c) 

 

(d) 

 Fig. 9. Pressure drop for various flow rate values obtained 

during acceleration and deceleration of the half cycle  
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     The dimensional analysis of the turbine was 

done and three non-dimensional coefficients were 

studied by the help of variables such as flow rate 

(Q), pressure drop (∆p), angular speed (ω), turbine 

diameter (D), and fluid density (ρ). These 

coefficients are:  

 

Turbine power coefficient: ψtw = 
Wout√ρ

D2 (∆p)
3

2⁄
      (1) 

 

Turbine pressure coefficient: ψtp = 
ωD√ρ

√∆p
         (2) 

 

Turbine damping coefficient: ψtd = 
Q√ρ

D2√∆p 
       (3) 

 

     

 Here Wout is the instantaneous power output        

values obtained.   

The change in the power coefficient values with 

the variation of pressure coefficient was obtained                            

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

for cases of different cycle time as shown in Fig. 10. 

It can be seen that the ψtw  values increase with the 

increase of  ψtp values. The maximum value of  ψtw  

is 0.04 which is obtained for the 6s TP at the  ψtp 

value of 0.47. The maximum ψtw  value keeps 

decreasing with increasing cycle time and has a 

minimum value of 0.013 for the  ψtp value of 0.175 

for 12sec TP.  

      The Fig. 11 shows  ψtd variations with the 

change in  ψtp.It is seen that the peak damping 

values are dominated by the acceleration part of the 

half cycle. As seen from the previous discussion the 

maximum  ψtw for each TP corresponds to the 

maximum  ψtp achieved during that cycle. Thus it 

can also be concluded that the value of  ψtd 

(a) 

 

(b) 

 

(c) 

 

(d) 

 Fig. 10. Turbine power coefficient with respect to turbine 
pressure coefficient for different time periods 
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corresponding to the maximum value of  ψtp needs 

to be achieved for getting maximum ψtw.The 

information of optimum damping can also be used 

to determine the dimension of a suitable OWC for it 

[16]. 

 

VI.     CONCLUSION 

 

The following conclusion was made after analyzing 

the data of the experiment conducted. 

• The pressure drop achieved across the turbine 

depends on the flow rate in the duct. The pressure 

variations are also slightly different during the 

cycle inhale and exhale, which is due to the losses 

occurring because of generator mounting. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

• The RPM of the turbine rotor depends on the flow 

rate of air. For larger flow rate, greater RPM was  

achieved. 

• The turbine power coefficient increases or 

decreases with the increase or decrease of the 

turbine pressure coefficient. Also for lower time 

periods (keeping the stroke length constant), the 

value of the turbine power coefficient is more. 

Maximum turbine power coefficient value for 

each case is seen at the point of maximum turbine 

pressure coefficient value. 

• For every cycle, there is a certain turbine damping 

coefficient value which is optimum, 

corresponding to the maximum turbine pressure 

coefficient value. Thus the maximum power 

(a) 

 

(b) 

 

(c) 

 

(d) 

 
Fig. 11. Turbine damping coefficient with respect to turbine 

pressure coefficient for different time periods. 
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coefficient value can be achieved if we maintain 

the obtained optimum damping coefficient value. 

    

NOMENCLATURE 

 

Acronyms 

 
BDI Bi-directional impulse turbine 

DGV Downstream guide vane 

GV Guide vane 

H/T Hub to tip ratio 

OWC Oscillating water column 

SLS Selective laser sintering 

TP Time period 

TPmax Maximum time period 

UDI Uni-directional impulse turbine 

UGV Upstream guide vane 

VFD Variable frequency drive 

 

Symbols 
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