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Abstract 

The development of marine current turbines has progressed rapidly with prototypes and full 

scale devices being deployed in sea. With research focusing on the hydrodynamic and design 

aspects of the technologies used, little is known of the impact of marine current turbine 

operation on marine life and environment. This paper looks at the underwater radiated noise 

(URN) produced from the operation of a novel tidal turbine, the Hydro-Spinna. URN 

measurements were taken from a 280 mm diameter model tested in Newcastle University. The 

model results were extrapolated to predict the full scale URN level for three turbine diameters 

of 5 m, 10 m and 15 m and compared to the fish reaction level acoustic level provided by the 

International Council for the Exploration of the Sea (ICES) as a reference. Analysis showed an 

increase in noise level with turbine diameters and that for all diameters, the highest noise levels 

were observed at Tip Speed Ratio = 1 where the thrust on the turbine is at its maximum. The 

noise levels predicted for the Hydro-Spinna at this off-design condition is above the ICES 

threshold, it was found that at optimal operating conditions the noise level would be below the 

threshold. 
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 Introduction 

Tidal current turbine energy devices have been developed to extract the energy content of a 

tidal current. Significant developments have been achieved over recent years with the 

establishment of the European Marine Energy Centre (EMEC) in 2003 propelling the progress 

in marine energy technology further. The EMEC site in the north of Scotland is blessed with 

ample marine energy potential having an average tidal velocity of 3.7 m/s (EMEC, 2013). 

However, tidal energy potential is location specific and not all locations in the world are gifted 

with such tidal energy potential. Various prototype devices have been developed with a range 

of energy extraction methods, however most new designs tend to employ the horizontal axis 

turbine concept from the already mature wind energy industry. As reported in (Rosli et al, 

2016), a novel marine current turbine, the Hydro-Spinna, has been developed at Newcastle 

University to operate at low tidal stream velocity and therefore enable energy extraction from 

sites with lower resource potential.  

 

Marine current turbines extract the kinetic energy content of the tides and convert it to useful 

electrical energy. Marine current turbines, like other renewable energy converting devices are 

more environmentally friendly than using fossil fuels. However, little is known about their 

deployment in the actual environment and its impact on marine life acoustics. The potential 

impact of Underwater Radiated Noise (URN) from marine propellers has recently been 

considered by Frisk (2012) concluding an increasing trend in underwater ambient noise due to 

shipping activities. Investigations and measurements of URN of marine propellers as well as 

tidal turbines has also been investigated (Aktas et al, 2016a; Aktas et al, 2016b; Shi et al, 2016) 

although none of these studies here considered the noise impact of tidal current turbines on the 

marine environment. 

 

Marine animals communicate using sound with different pitches and frequencies. This 

communication is essential when migrating, hunting for food and mating. When this channel 

of communication is interrupted, there will be impact on the behaviours and existence of the 

animals (Richardson et al, 2013; White & Pace, 2010). There are five types of noise, ambient 

and radiated noise being two of them (Wenz, 1972). While ambient noise is the baseline noise 

of the underwater environment that comes from different sources, radiated noise is defined as 

the unwanted noise produced by ma-made marine systems such as ships (Ross, 1976). Wenz 

(1972) revealed that shipping noise dominated the low frequency range of the ambient noise. 
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Research into Underwater Radiated Noise (URN) from the marine industries is abundant, 

ranging from propellers and shipping noise (Aktas et al, 2016b; Hildebrand, 2009; Williams et 

al, 2015) to URN from offshore wind turbines (Madsen et al, 2006) and piling noise (Spiga, 

2016; Thomsen et al, 2012).  Additionally, research in the marine science field on the impact 

of radiated noise from marine activities on marine life is also explored (Brownell et al, 2008; 

Hawkins et al, 2008; Spiga et al, 2012). Marine noise pollution is recognized as a significant 

threat to marine diversity and initiatives need to be taken to study the URN characteristics from 

renewable energy devices (Simmonds et al, 2014) before they are extensively deployed. 

 

In terms of URN from marine activities in general, different research projects were conducted 

such as the SILENV (Ships oriented Innovative soLutions to rEduce Noise and Vibrations). 

The AQUO (Achieve Quieter Oceans) and SONIC (Suppression Of underwater Noise Induced 

by Cavitation) exploring underwater cavitation noise related issue. International organizations 

and committees such as the International Maritime Organization (IMO) and the Marine 

Environmental Protection Committee (MEPC) are looking into URN from commercial 

shipping to help develop potential guidelines and regulations (SONIC, 2012).  

 

As the tidal energy industry is rapidly growing, with increasing deployment of devices whether 

for research or grid-connected, the operation of tidal turbines will contribute to the generation 

of URN. With regard to marine current turbines, work on the radiated noise level measurement 

from model testing has been conducted (Shi et al, 2016; Wang et al, 2004; Wang et al, 2007) 

as well as investigations into the influence of turbulence on noise generation using numerical 

approaches (Lloyd et al, 2011; 2013; 2014).  The ÆMORE project (Walsh et al, 2015) proposed 

using URN as a monitoring technique to detect sound anomalies that can be contributed by 

impending component failure of the converters. From the ecological and biological approach, 

various studies have been conducted to understand the impact of URN from tidal energy 

converters on marine animal behaviour and health (Halvorsen et al, 2011; Pine et al, 2016; 

Spiga, 2014; Wilson et al, 2014).  

 

Not only is noise radiated from the operation of marine machinery, but their installation, 

maintenance and decommissioning would also cause disturbance to the ambient noise level of 

the marine environment. Parallels can be drawn with the offshore wind industry, where URN 

from the installation of wind farms is found to interfere with marine mammals’ acoustic range 

which may cause behavioural disturbance (Bailey et al, 2010; Madsen et al, 2006). Similarly, 
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tidal turbine operations also generate URN from the turbulence in the flow due to the turbine 

and installation system, generator noise, and to on-shore power transmission. URN from both 

non-turbine operation as well as turbine operations will have an impact on the natural marine 

acoustic environment in which they are deployed. URN from non-turbine operation activities 

could be detrimental even though it occurs over a shorter period of time , however URN due 

to turbine operations affects the marine habitat and ecology over the long term (Bevelhimer et 

al, 2016).  

 

In addition, tidal turbine operations are susceptible to cavitation which has been observed in 

two independent studies using different turbine designs and test facilities (Bahaj et al, 2007; 

Wang et al, 2007). Both papers studied the different types of cavitation that occurred during 

the test; tip vortex, sheet and cloud cavitation were observed in Emerson Cavitation Tunnel 

tests conducted where noise measurements were also obtained (Wang et al, 2007). Cavitation 

in tidal turbine operations will only increase the URN and cause more disturbance to the marine 

environment. To date, there is no complete full scale tidal turbine URN data from tidal turbines 

available in the literature.    

 

When investigating cavitation on a scaled model, cavitation may not accurately predict the 

cavitation behaviour at full scale level due to scale effects (Ross, 1976). Moreover, Molland et 

al (2004) found numerical calculation under-predicts cavitation observed on laboratory scaled 

models. Another key concern is the difference in Reynold’s Number between a scaled model 

and full scale prototype. It is therefore important to set the scaled Reynold’s Number as high 

as possible to reduce weighty discrepancy in the cavitation observations as well as the 

Reynold’s Number scaled effect. The scaled effect is understood to be negligible when the 

value is above 106 (Wang et al, 2007). Taking consideration of blockage effect and other 

limitation, the Reynold’s Number was set between 1 – 5 x 106 in the test.  

 

This paper aims to look into the URN from Hydro-Spinna turbine operation predicted from a 

model scale measurements and offer an indication on how the full scale turbine model operates. 

Due to its unique design, the Hydro-Spinna turbine is believed to produce a different acoustic 

profile compared to conventional horizontal axis tidal current turbines. The model 

measurements were analysed and extrapolated into full scale noise predictions using the scaling 

law recommended by the ITTC (ITTC, 1987) for marine propellers as at present there is no 
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accepted method for scaling for tidal turbines. The established ITTC scaling law was employed 

due to the similarity between propellers and turbines. 

 

The extrapolations will involve noise data measured at different turbine cavitation numbers 

and observations. The noise was measured using a miniature hydrophone at different Tip Speed 

Ratio (TSR) and different cavitation numbers. Cavitation observations were also conducted by 

using two high speed cameras. The results were then extrapolated using the previously 

mentioned scaling law for propellers to forecast the noise generated from three full scales 

diameters turbine. The full scale noise predictions are plotted against the International Council 

for the Exploration of the Sea (ICES) fish reaction threshold (Mitson, 1995). The ICES criteria 

is imposed on the noise reduction criteria of fishing research vessels conducting fisheries 

related research. Therefore, the comparison of the full scale noise prediction with the ICES 

level is purely on comparison basis.  

 

 Turbine Design and Performance 

2.1 Turbine Design and Model 

The Hydro-Spinna is a turbine with three helicoidal blades. The blades have a cardioid shaped 

profile that is spiralled around the central hub of the turbine, as shown in Fig. 1. The turbine 

model that was tested has blades that have a cardioid shaped leading edge and circular trailing 

edge.   
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Fig. 1: The 280 mm diameter Hydro-Spinna model with NACA 0006 blade profile and blade 

parameters highlighted. 

 

The model blade cross section is shaped as an aerodynamic profile of NACA 0006. The pitch 

length (p) of the model turbine is the distance between the upstream and downstream ends in 

the axis parallel to the flow. The diameter (D) is the diameter of the turbine swept area which 

is 280 mm for this turbine model. The model has a pitch length of 112 mm giving a final pitch 

to diameter ratio of 0.43. The turbine specification is listed in Table 1 to provide details of the 

design.  

 

 Table 1: The chord length and pitch angle distribution with radius of the HS280 Hydro-

Spinna brass model 

r/R C/R Pitch Angle, β(o) 

0.1000 0.2007 57.86 

0.2064 0.2400 37.63 

0.3390 0.3080 25.15 

0.4860 0.3970 18.13 

0.6100 0.5055 14.62 

0.7143 0.8254 12.56 

0.8302 0.7180 10.85 

0.9128 0.5555 9.89 

1.0000 0.0000 9.05 
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2.2 Hydro-Spinna Performance 

The radiated noise level was measured as part of a systematic cavitation test of the Hydro-

Spinna turbine. Power and thrust coefficients were not measured during this round of tests as 

the performance of the Hydro-Spinna turbine had been conducted in an earlier test (Rosli et al, 

2015). For the power and thrust performance investigation, the turbine was driven by an H33 

Kempf & Remmers dynamometer. The dynamometer was used to regulate the turbine 

rotational speed while also measuring the torque and thrust of the turbine. The dynamometer 

has a maximum thrust of 2943 N, maximum torque of 147 Nm and maximum rotational speed 

of 4000 revolution per minute (rpm).  

 

The Power Coefficient (CP), Thrust Coefficient (CT) and TSR are defined in Equations 1 – 3 

below. The experimental power and thrust coefficient of the Hydro-Spinna turbine is presented 

in Fig. 2. The investigation was conducted for a tunnel velocity of 3 m/s and tunnel pressure of 

850 mm Hg which is the normal atmospheric pressure. The power coefficient peaks at a value 

of 0.38 at optimal TSR = 3 where the thrust coefficient is Ct/10 = 0.085, while the thrust 

coefficient peaks at TSR =1, at a value of Ct/10 = 0.12. The thrust loading trend on the Hydro-

Spinna is unique as it peaks at low TSR and then decreases as TSR increased. At the starting 

condition i.e. TSR = 0, the thrust coefficient is approximately Ct/10 = 0.09 and then increased 

until it peaks at TSR = 1. This trend will affect the cavitation behaviour of the Hydro-Spinna 

turbine which will be discussed in detail in Section 4. 

 

𝐶𝑃 =
𝑄Ω

0.5 𝜌𝐴𝑈3
     Equation 1 

𝐶𝑇 =
𝑇

0.5 𝜌𝐴𝑈2     Equation 2 

𝑇𝑆𝑅 =
Ω𝑅

𝑈
     Equation 3 

 

where Q is the torque, T is the thrust, Ω is the angular velocity of the turbine, ρ is the density 

of the fluid, A is the swept area of the turbine, and U is the flow velocity. 
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Fig. 2: The power and thrust coefficient of the Hydro-Spinna turbine 

 

2.3 Numerical Model 

In addition to the experimental data, a numerical study was developed to support the results. 

The numerical model employed Reynolds-Averaged Navier Stokes Equations (RANS) and 

Menter SST k-ω turbulence model for the theoretical analysis. The domain size used in this 

investigation was set to the dimensions of the ECT. The numerical domain has a sub-domain 

which is the rotating domain containing the turbine as shown in Fig. 3. The rotating domain 

modelled the rotation of the turbine using the Moving Reference Frame (MRF) technique. The 

rotating domain had three times the radius of the turbine, with the upstream and downstream 

boundaries set at 2D distance from the turbine centre. The upstream velocity was kept the same 

as the experiment at 3 m/s while the domain wall was set to no-slip condition.  

 

The numerical results obtained was found to agree with the experimental data as shown in Fig. 

4, with the power coefficient results closely corresponding to each other. However, the 

numerical model underpredicted the thrust coefficient by 8% at the peak TSR. Nonetheless, the 

numerical findings have further justified the experimental investigation both in the power and 

thrust coefficient of the Hydro-Spinna turbine. 
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Fig. 3: Numerical model with the ECT dimensions as its main domain and a rotating 

cylindrical sub-domain 

 

 

Fig. 4: The experimental and numerical power and thrust coefficient of the Hydro-Spinna 

turbine 
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 Test Facilities and Procedure 

3.1 Facilities and Equipment 

The noise measurement and cavitation observation tests were conducted in the Emerson 

Cavitation Tunnel at Newcastle University. The tunnel has the following dimensions, while its 

further details can be found in (Atlar, 2011): 

 

 Test Section 

 Dimensions    3.1 m x 1.21 m x 0.8 m (L x B x H) 

 Area     1.008 m2 

 Contraction Ratio   4.271  

 Maximum Velocity   8 m/s 

 

As mentioned previously, the Hydro-Spinna turbine was driven by a H33 Kempf & Remmers 

that controls the rotational speed of the turbine to obtain the power and thrust data for a full 

range of turbine operational speeds. Concurrently, the noise level was measured using a Bruel 

and Kjaer (B&K) Type 8103 miniature hydrophone positioned inside the tunnel 0.38 m away 

from the centre of the turbine as shown Fig. 5. A dedicated (B&K) PULSE Type 3023 system 

with a 6/1 LAN interface data acquisition system was used to process the noise results both in 

1 Hz and 1/3 Octave Band.  
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Fig. 5: An overview of the turbine in the Emerson Cavitation Tunnel and location of the 

B&K miniature hydrophone 

 

Two high speed cameras, Nano Sense MK II and III, were also used during the tests to provide 

visual observation of the turbine operation and any cavitation inception. The cameras were 

triggered by the tunnel rpm counter and synchronized with a continuous Plasma Lite 400 light 

to illuminate the tunnel during recording. The cameras set up is shown in Fig. 6. 
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Fig. 6: High speed cameras set up for cavitation observation 

 

3.2 Test Matrix 

The noise measurement tests were conducted for the full range of TSR at different pressure 

levels, which are the normal tunnel pressures of 850 mm Hg, medium and high vacuum tunnel 

pressures of 550 mm and 250 mm Hg respectively. The test matrix is described in Table 2. 

 

Table 2: Test matrix for the noise measurement and cavitation tests 

Test Pressure Tunnel Velocity TSR Range 
Cavitation 

σ0.7R 

1 

Normal Tunnel Pressure 

i.e. Atmospheric Pressure 

(850 mm Hg) 
3 m/s 

0 (Start) 24.3 

1 16.2 

2 8.02 

3 4.51 

4 2.67 

5 1.80 

2 
Medium vacuum pressure 

(550 mm Hg) 

0 (Start) 15.6 

1 10.2 

2 5.15 
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3 2.84 

4 1.77 

5 1.16 

3 
High vacuum pressure 

(250 mm Hg) 

0 (Start) 6.72 

1 4.66 

2 2.37 

3 1.25 

4 0.75 

5 0.50 

 

A total of 18 tests were conducted where for each pressure, measurements and observations 

were made for a complete range of the Hydro-Spinna operational TSRs each with its cavitation 

number also calculated. 

 

 Cavitation Observations 

Tidal turbines are prone to cavitation at certain operating conditions specifically at high flow 

velocity and turbine rotational speed. Cavitation is undesirable in turbine operation as it can 

erode the turbine blades and disrupt the flow of the fluid as well as generating noise. Cavitation 

occurs primarily when the local pressure around the turbine, PL, is lower than the vapour 

pressure of the flow, PV assumed to be 1200 Pa. Cavitation number is used to describe the 

resistance to cavitation, hence when the cavitation number is low, the turbine is more 

susceptible to cavitation. The cavitation number for the Hydro-Spinna cavitation test was taken 

at the blade section where its radius is 0.7R, where the radius is 0.7 times the radius, R, of the 

turbine as defined in Equation 4. 

 

𝝈𝟎.𝟕𝑹 =
𝑷𝑻−𝝆𝒈(𝟎.𝟕𝑹)−𝑷𝑽

𝟎.𝟓𝝆𝑾𝟎.𝟕
𝟐    Equation 4 

 

where W is the resultant flow velocity at 0.7R defined as 𝑾𝟎.𝟕 = √(𝛀 × 𝟎. 𝟕𝑹)𝟐 + 𝑼𝒐
𝟐, the 

term 𝑃𝑇 − 𝜌𝑔(0.7𝑅) is the static pressure above the location 0.7R, PT  is the tunnel pressure, ρ 

is the water density, 𝑈𝑂 is the flow velocity, and Ω is the rotational velocity of the turbine.  
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Fig. 7: Cavitation observation at normal tunnel pressure 

 

At normal tunnel pressure, it was observed that there was a weak intermittent tip vortex 

cavitation at TSR = 1 where coincidentally the thrust coefficient on the turbine is the highest. 

This was the only condition where cavitation was observed, as shown in Fig. 7. Most 

importantly, the Hydro-Spinna turbine operates cavitation free at its optimal TSR = 3. As the 

pressure is reduced to medium vacuum pressure, a steadier tip vortex cavitation was observed 

at TSR = 1, and a weak intermittent tip vortex was also observed at TSR = 2, as shown in Fig. 

8. As with the normal tunnel pressure case, the tip vortex cavitation tends to dissipate with 

increasing TSR where at optimal operation speed, no cavitation was observed. 

 

 

Fig. 8: Cavitation observation at medium vacuum pressure  
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At high vacuum pressure, strong and steady tip vortices were observed at TSR = 1 and 2. Two 

sets of tip vortex cavitation were observed where the second set appeared to begin from the 

middle section of the turbine. The smaller tip vortex seemed to converge towards the shaft 

rather than expanding as it dissipated downstream, as shown in Fig. 9. The outer tip vortex, 

originating from the outer leading edge of the turbine expanded as it dissipated downstream. 

At the optimal TSR, very weak discontinuous tip vortex cavitation was observed. As with the 

other two cases, the cavitation dissipated with increasing TSR.  

 

 

Fig. 9: Cavitation observation at high vacuum pressure 

 

Typically, with conventional horizontal axis tidal turbine, as TSR increases, the thrust 

coefficient also increases corresponding to a decrease in the cavitation number. Generally, 

cavitation is observed to occur as the cavitation number decreases (Bahaj et al, 2007; Wang et 

al, 2007). Therefore, it is well understood that cavitation will occur with lower cavitation 

number. However, the same cannot be concluded for the Hydro-Spinna turbine as, even though 

the cavitation number deceases with increasing TSR, the thrust coefficient decreases instead. 

For the Hydro-Spinna turbine, the relationship between thrust coefficient and cavitation 

number is unusual to the norm. Therefore, in this case, low cavitation number does not dictate 

that cavitation will occur as it does not represent the increase in thrust coefficient anymore. In 

fact, the cavitation observations were observed to be closely correlated to the thrust coefficient 

trend of the turbine where the turbine only cavitated at high thrust coefficient conditions. Fig. 

10 indicated the cavitation observed at different tunnel pressure against the thrust coefficient. 

At all pressure, cavitation was observed at TSR = 1 where the thrust coefficient is the maximum. 

Table 3 presents a summary of the cavitation observation for more clarity.  
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Fig. 10: Comparison of cavitation observed at different tunnel pressure to the thrust 

coefficient 

 

Table 3: A summary of the cavitation observations on the Hydro-Spinna turbine at different 

tunnel pressure. 

Test Pressure 
TSR Cavitation 

σ0.7R 

Observation 

1 

Normal Tunnel 

Atmospheric 

Pressure 

(850 mm Hg) 

0 24.3 No 

1 16.2 Yes 

2 8.02 No 

3 4.51 No 

4 2.67 No 

5 1.80 No 

2 

Medium vacuum 

pressure 

(550 mm Hg) 

0 15.6 No 

1 10.2 Yes 

2 5.15 Yes 

3 2.84 No 

4 1.77 No 

5 1.16 No 

3 

High vacuum 

pressure 

(250 mm Hg) 

0 6.72 No 

1 4.66 Yes 

2 2.37 Yes 
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3 1.25 Yes 

4 0.75 No 

5 0.50 No 

 

 

 Analysis and Presentation of Noise Model Results 

The noise data was processed using the PULSE lab-shop using Constant Percentage Bandwidth 

(CPB) and Fast Fourier Transform (FFT) analysers in the dedicated software. The 

measurements were made for an average of 50 seconds in 1/3 Octave band level for 20 Hz to 

20 kHz and 1 Hz band levels. The raw output noise measurements were corrected to 1 Hz 

bandwidth and 1 m source level as is the common practice with propeller noise measurements 

(ITTC, 1987). The correction equation for the Sound Pressure Level (SPL) to an equivalent 1 

Hz bandwidth and standard distance of measurements of 1 m are given respectively in 

Equations 5 and 6 below: 

 

SPL𝟏 = SPL𝒎 − 𝟏𝟎𝒍𝒐𝒈∆𝒇   Equation 5 

SPL = SPL𝟏 + 𝟐𝟎𝒍𝒐𝒈(𝒓)   Equation 6 

 

where SPL is the Sound Pressure Level in 1 Hz band in dB relative to 1 µPa at 1 m, r is the 

distance of the location of the hydrophone from the turbine centreline, SPL1 is the Sound 

Pressure Level in 1 Hz band in dB relative to 1 µPa, SPLm is the Sound Pressure Level in 1/3 

Octave band in dB relative to 1 µPa, and ∆𝑓 is the frequency bandwidth for the 1/3 Octave 

band for each centre frequency.  

 

The cavitation noise experiments need utmost attention during the execution of the test as there 

are a number of factors that require correction or disposal of the data. The most influential 

factor is the background noise of the ECT. Background noise was determined during the 

investigation at the exact operational conditions of the cavitation tests, where a dummy boss 

replaces the turbine. The background noise needs to be removed if the difference between the 

background levels and the turbine cavitation noise level is less than 3 dB and a correction is 

applied if the difference is between 3 to 10 dB as described in Equation 7 (ANSI, 2009; 

Bertschneider et al, 2012). The major noise sources contributing to the background noise are 
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turbulent boundary layer noise, turbine noise, the dynamometer and motor noise. The 

background noise corrections were applied to the Hydro-Spinna noise measurements to 

eliminate the impact of background noise as well as the self-noise of the hydrophone due to the 

water flow. 

 

SPL𝑵 = 𝟏𝟎𝒍𝒐𝒈[𝟏𝟎(SPL𝑻 𝟏𝟎⁄ ) − 𝟏𝟎(SPL𝑩 𝟏𝟎⁄ )]   Equation 7 

 

where SPLN is the net Sound Pressure Level, SPLT is the total Sound Pressure Level and SPLB 

is the background noise Sound Pressure Level.  

 

As cavitation tunnels are closed circuits with a chamber type measuring section, they are highly 

reverberant environments. Therefore, the influence of the testing environment on the noise 

transfer function needs to be determined in order to properly relate measured SPL to source 

level at a normalized distance of 1 m (Park et al, 2009). Such correction is determined by 

substituting a calibrated noise source for the turbine. The hydrophone measurement and the 

calibrated source levels are then compared in order to determine the transfer function of the 

sound within the testing section. Transfer functions has been determined for ECT but have not 

been applied for the results of this study. 
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Fig. 11: Net 1 Hz Band Level at all Tip Speed Ratio (TSR) at tunnel pressure 

 

Both the 1 Hz band and the 1/3 Octave band level were corrected and analysed as shown 

respectively in Fig. 11 and Fig. 12. Background noise was eliminated in both cases. The 1 Hz 

band shows a significant increase in radiated noise level at TSR =1 where the thrust coefficient 

is the highest. The 1/3 Octave yields radiated noise data at TSR = 1 and 2 only. The increase in 

noise measured in the 1 Hz band data at TSR = 1 was also observed in the 1/3 Octave band data.  
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Fig. 12: Net 1/3 Octave Band Level revealed data only at TSR = 1 and 2 for normal tunnel 

pressure 

 

The noise surge that occurs at TSR = 1 can be attributed to the presence of the intermittent 

cavitation. In addition, the thrust coefficient is the highest at this TSR, and the turbine is 

subjected to higher than normal axial loading. It is well known from the fundamentals of URN 

of a propeller that the effect of loading on a non-cavitating blade is one of the major 

contributors to the URN (Carlton, 2012). Typical horizontal axis turbines are subjected to axial 

loading with a maximum thrust coefficient between 0.8 ~ 1 at optimal TSR (Bahaj et al, 2007; 

Johnstone et al, 2007). However, the Hydro-Spinna turbine produced a maximum thrust 

coefficient of 1.2 at TSR = 1, which is not the optimal TSR in terms of the power performance. 

Interestingly, at the optimal TSR where maximum power coefficient is observed, there was no 

significant contribution from the turbine noise in the 1/3 Octave band level.  
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Fig. 13: Net 1/3 Octave Band Level for medium vacuum condition where weak tip vortex 

cavitation was observed 

 

As the pressure was reduced to medium vacuum pressure, the turbine was observed to be 

cavitating at TSR 1 and 2. As a result, the SPL increased as the cavitation contributed to the 

URN of the turbine. At TSR = 1, where cavitation was primarily observed, the cavitation noise 

dominated the mid frequency region between 400 Hz and 5000 Hz, at SPL range of 106.5 dB 

to 87.5 dB, as shown in Fig. 13. In comparison, at normal tunnel pressure the cavitation noise 

is in an SPL range of 99 to 90 dB with frequency range between 800 Hz and 5000 Hz.  

 

The tunnel pressure was further reduced to high vacuum pressure to induce cavitation and to 

investigate the cavitation behaviour of the Hydro-Spinna turbine. Fig. 14 presents the net 1/3 

Octave data obtained for the test in which high SPL in the lower frequency region was recorded 

especially at TSR 1 and 2 where the cavitation was more obvious. As the TSR increased, the 

cavitation dissipated and the SPL level decreased.  
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Fig. 14: Net 1/3 Octave Band Level for high vacuum condition where strong tip vortex 

cavitation was observed 

 

It was also noted that at TSR = 1, the cavitation noise dominated over the TSR = 2 case in the 

low frequency region i.e. 50 Hz to 200 Hz, where the turbine was cavitating more. However, 

in the mid frequency range i.e. 300 Hz to 1000 Hz, the noise from TSR = 2 is higher even 

though the turbine is cavitating less. This increase in SPL is believed to have been caused by 

the collapse of the cavitation bubbles as they travel in the slipstream and this was detected by 

the hydrophone. As observed, the turbine was cavitating more at TSR = 1, in this condition, the 

tip vortex was strong due to the high axial load, hence the cavitation bubbles were able to travel 

along the slipstream and passed the hydrophone without collapsing. It was also observed that 

at TSR = 0, high noise data was measured between 300 Hz and 1000 Hz. It is believed that the 

turbine was cavitating in this condition, due to a combination of the low vacuum pressure and 

high axial loading, although no cavitation was visually detected in this condition.  
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Fig. 15: Comparison of the Net 1/3 Octave Band Level for TSR = 2 at high vacuum and 

normal tunnel pressures. 

 

Fig. 15 presents a comparison at SPL at the same TSR = 2, but at different tunnel pressures. At 

normal tunnel pressure, no cavitation was observed at this TSR while tip vortex cavitation were 

observed for the high vacuum pressure condition. This indicates that the presence of cavitation 

contributed to an increase in the URN generated by the turbine. At this TSR = 2, the blade rate 

frequency was calculated to be 20.5 Hz, and noise peaks are observed at its harmonic frequency. 

The noise peaks are more apparent in the normal tunnel pressure where no cavitation was 

observed whereas in the high vacuum pressure condition, the cavitation noise was more 

prominent.  

  

 Full Scale Noise Level 

For propeller noise there are various methods reviewed in Atlar (Atlar et al, 2001) to predict 

the full scale noise level based on model scale measurements. It was also mentioned that 

accurate estimate of full scale noise based on model measurements is challenging without 

detailed knowledge of the model test facility. There was no correlation factor available for the 

Emerson Cavitation Tunnel, the facility where the model test was conducted. In the absence of 

such an in-depth scrutiny of the tunnel performance for noise, linear acoustical coefficients 
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have been utilized for the extrapolation coefficients, as proposed by Starsberg (1977). The 

noise prediction was extrapolated by using the ITTC recommended scaling laws (Bertschneider 

et al, 2012; ITTC, 1987). It is important to note however, the ITTC scaling law is established 

to be used in propeller noise analysis for cavitating cases. The law takes into consideration 

different factors that affect the model scale measurement as well as the full scale operations.  

 

Two extrapolation laws were considered in the noise analysis; they were the increase in noise 

level from model to full scale given in Equation 8 and the frequency shift in Equation 9: 

 

∆𝐿(𝐹) = 20 log [(
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)
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(
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)
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(
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)
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(
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)

𝑦

(
𝜌𝐹

𝜌𝑀
)

𝑦
2⁄

] 𝑑𝐵  Equation 8 

𝑓𝐹

𝑓𝑀
=

𝑛𝐹

𝑛𝑀
(√

𝜎𝐹

𝜎𝑀
)    Equation 9 

 

where subscripts F and M refers to full scale and model scale respectively, D is the turbine 

diameter, r is the reference distance at which the noise level is measured or predicted which is 

equal to 1 m in both cases, σ is the cavitation number, n is the turbine rotational speed and ρ is 

the density of water which is 1002 kg/m3 for the model test and the standard sea water value of 

1025.9 kg/m3 for the full scale turbine, while y = 2 and z = 1. 

 

Full scale cavitation number was calculated using Equation 10: 

 

𝜎 =
𝑃𝑜+𝜌𝑔(𝐻𝑠−0.7𝑅)−𝑃𝑣

0.5𝜌𝑊0.7
2      Equation 10 

 

where HS is the full scale immersion depth of the turbine from the water surface to turbine shaft. 

 

Three full scale turbine diameters were considered in this approximation and their designed 

conditions are defined below: 
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 Turbine Diameter     5 m , 10 m , 15 m 

 Immersion Depth (surface to shaft)   1 x Turbine Diameter 

 Tidal Stream Velocity     2 m/s 

 

A propeller noise study was conducted in the same facility by Aktas et al (2016b) where model 

noise level was compared to that obtained from full scale trials using the same scaling laws. 

The general trend of the investigation was that the prediction underestimated the radiated noise 

level as compared to the full scale measurement especially in non-cavitating conditions. A 

similar methodology was also adopted by Wang et al (2007) in predicting the radiated noise 

level for a 12 m diameter turbine at designed tidal velocity of 3.5 m/s.  

 

In the present study the reduced depth of immersion simulated shallow water and extreme wave 

conditions that would increase the risk of developing cavitating conditions. The radiated noise 

level prediction for the full-scale Hydro-Spinna turbines are intended to provide an indication 

of the real full scale conditions. Although there were no full scale levels to compare with as the 

turbines are still in the model development stage, the authors are confident of the prediction 

levels. The predicted 1/3 Octave band level at all TSR conditions for each full scale turbine is 

presented in Fig. 16-18. 

 

The URN levels are plotted alongside the ICES noise level which is the fish reaction level 

threshold (Mitson, 1995). The ICES level is used in fisheries research vessels as to avoid 

disturbing the fish when conducting research. ICES effectively created a standard for the URN 

of research vessels. In the absence of even any remote standard regarding the fish response to 

sound, the ICES levels provide a good benchmark to compare against the extrapolated Hydro-

Spinna URN levels. It offers an indication of the level of URN the Hydro-Spinna generated 

against a known fish threshold. ICES identified various fish species in their threshold and was 

discussed in detail by Mitson (2002). In addition, as it would be impossible to make the tidal 

turbines absolutely silent, evasion of the turbines would not be a problem. Considering a farm 

of tidal turbines with working at URN levels that are above the threshold of a number of fish 
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species, this might mean that the aqua culture in an area may be disrupted. Therefore, in the 

case, ICES provides an approximate level to compare the turbine generated URN against. 

 

 

Fig. 16: Predicted noise level for 5m diameter full scale Hydro-Spinna turbine 

 

It is observed for all full scale conditions, prominent net noise levels were only present at TSR 

1 and 2 which is not the optimal TSR for the Hydro-Spinna operation. In this condition, a 

combination of the turbine blocking the flow and the consequent hydrodynamics forces 

resulting in the high thrust, caused increased flow separation that contributed to the significant 

increase in noise level.  
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Fig. 17: Predicted noise level for 10m diameter full scale Hydro-Spinna turbine 

 

For TSR = 1, the noise level is observed at the mid frequency range between 20 and 120 Hz. 

As the turbine diameter increases, the noise level increases but also shifted towards the lower 

frequencies. The same trend was observed with TSR = 2 where a wider range of frequencies 

was obtained. More importantly, the turbines produced noise above the fish reaction level 

beginning at the lower frequency region where the highest noise level is observed.  
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Fig. 18: Predicted noise level for 15m diameter full scale Hydro-Spinna turbine 

 

With the largest diameter Hydro-Spinna, a maximum SPL of approximately 160 dB was 

estimated at a very low frequency of approximately 1.5 Hz at TSR = 2 decreasing to 126 dB 

for higher frequencies between 250 to 500 Hz. At the optimum TSR = 3, the maximum SPL 

produced is about 133 dB at a frequency of 31 Hz.  

 

 Conclusion 

The Hydro-Spinna was found to operate cavitation free in its optimal conditions and higher 

TSR. Weak intermittent tip vortex cavitation was observed at TSR = 1 at normal tunnel pressure 

of 850 mm Hg. Vacuum pressure was introduced in the test to understand the cavitation 

behaviour of the turbine. For all tunnel pressure conditions, only tip vortex cavitation was 

observed during the tests and strongest tip vortex cavitation was detected at TSR = 1 where the 

thrust coefficient of the turbine was the highest. The cavitation observation correlated very well 

against the noise measurement data where increased noise was measured when cavitation was 

visually detected.  
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A full scale radiated noise level has been predicted by extrapolating experimental model scale 

data obtained from cavitation tunnel testing. The ITTC approved scaling law was used in this 

study for three different full scale turbine diameters for both cavitating and non cavitating cases. 

To date, no full scale Hydro-Spinna turbine has been developed, hence the extrapolated noise 

level could not be assessed against actual full scale measurements. Nonetheless, the results 

obtained provide a valuable overview on the magnitude of noise level likely to be radiated from 

full scale turbine operations and its potential impact on the marine environment. As background 

noise was eliminated in the analysis, the results presented are solely from the turbine 

hydrodynamic operation and flow characteristics of the marine current as well as cavitation for 

the cavitating case.  

 

The Hydro-Spinna radiated noise results were plotted with ICES level as a reference where it 

was found that at certain off-design TSR, the turbines noise was higher than the threshold fish 

reaction level. This provides a good indicator of the potential noise level produced by the 

Hydro-Spinna turbine against the fish acoustic level. Nonetheless, at the optimal designed 

condition, the Hydro-Spinna was indicated to be operating below the fish reaction acoustic 

threshold.  
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