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8 Abstract

9 Power generation from tidal currents is currently a fast developing sector of the renewable 

10 energy industry. A number of technologies are under development within this sector, of 

11 which the most popular one is based on the use of horizontal axis turbines with propeller-type 

12 blades. When such a turbine is operating, the interaction of its rotating blades with seawater 

13 induces pressure fluctuations on the blade surface which may cause cavitation. Depending on 

14 its extent and severity, cavitation may damage the blades through erosion of their surface, 

15 while underwater noise caused by cavitation may be harmful to marine life. Hence, it is 

16 important to prevent cavitation or at least limit its harmful effects. The paper presents a 

17 method for predicting the probability of cavitation on blades of a horizontal axis tidal stream 

18 turbine. Uncertainties associated with the velocities of seawater and water depth above the 

19 turbine blades are taken into account. It is shown how using the probabilistic analysis the 

20 expected time of exposure of the blade surfaces to cavitation can be estimated.

21 Keywords: Tidal stream turbine, rotor blades, cavitation, turbulence, waves, probability

22 Highlights:

23  A probabilistic approach to predicting the cavitation on the rotor blades of a tidal 

24 stream turbine is proposed

25  Probabilistic models describing uncertainties associated with the velocities of 

26 seawater and water depth above the turbine blades are introduced

27  A case study illustrating the application of the new probabilistic approach as well as 

28 an existing deterministic approach is presented

29  It is shown that the existing deterministic approach does not provide sufficient data 

30 for rational and economically efficient design of tidal stream turbines for cavitation

* Corresponding author: Tel.: +44 1314514622; fax: +44 1314514617. 
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31 1. Introduction

32 Harnessing the kinetic energy of tidal currents is a fast developing sector of the 

33 renewable energy industry [1, 2]. A horizontal axis turbine with propeller-type blades is one 

34 of the popular devices used for this purpose. During the turbine operation its rotating blades 

35 interact with flowing seawater. This interaction causes pressure fluctuations on the blade 

36 surfaces and may lead to the inception of cavitation. Cavitation is a process of formation of 

37 gas-vapour structures in a liquid when pressure reduces below a certain critical level at 

38 constant ambient temperature [3, 4]. The possibility of cavitation inception on the turbine 

39 blades is supported by experimental evidence [2, 5-8] and computational studies [9-11]. 

40 Depending on the blade geometry, hydrodynamic conditions and fluid properties, a number 

41 of cavitation forms can develop on the turbine blades: blade tip vortex cavitation, leading 

42 edge sheet cavitation and back side bubble cavitation [4, 6, 7, 9]. Numerical modelling of 

43 cavitation inception on the turbine blades indicated that cavitation clouds could cover up to 

44 two thirds of the blade [9]. Experimental investigation showed that the sheet cavitation could 

45 extend over 20% of the blade chord from its leading edge becoming unstable at the sheet tail 

46 end and transforming into the cloud cavitation [6]. Cavitation, depending on its extent and 

47 severity, can cause breakdown of turbine operation, blade surface erosion, noise and vibration 

48 [6, 7]. In particular, cavitation erosion can damage the turbine blades by removing the 

49 protective coating and exposing the blade shell to aggressive marine environment, followed 

50 by gradual damage to the blade shell material. The latter weakens the blades and negatively 

51 affects the turbine performance so that eventually the blade replacement is required. The 

52 possibility of cavitation inception can be reduced by limiting the rotational speed of the 

53 turbine rotor, shortening the blades and placing the rotor deeper under water. However, these 

54 measures negatively affect the power production efficiency of such a turbine [12]. Thus, 

55 cavitation is one of the major factors influencing the design of a tidal stream turbine and the 

56 choice of its operational conditions [2]. The need in maximising the power production drives 

57 the engineers towards the limits in ‘cavitation-safe’ design. So far, the evaluation of 

58 cavitation inception on the turbine blades has been carried out using a deterministic approach, 

59 aimed at keeping the blades out of the ‘cavitation window’ (i.e. completely avoiding the 

60 cavitation inception) (e.g., [8, 10, 11]). However, there are significant uncertainties associated 

61 with seawater velocities and quality, the distance from the sea surface to the turbine blades 

62 and a model used to estimate the pressure distribution on the blade surface. Under such 
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63 conditions the use of probabilistic analysis, which explicitly takes into account the 

64 uncertainties, is advantageous.

65 Both deterministic and probabilistic approaches are used in this paper for the 

66 evaluation of cavitation inception on the rotor blades of a pitch-controlled tidal stream turbine. 

67 The main purpose of this evaluation and based on it design is to prevent (or limit) damage to 

68 the turbine blades due to cavitation erosion. In this context, the most damaging form of 

69 cavitation is cloud cavitation, which can develop from sheet and bubble cavitation [4]. Thus, 

70 although the inception of tip vortex cavitation may occur earlier than that of sheet cavitation 

71 the former is not considered in the paper. To simplify further analysis the engineering 

72 definition of cavitation is adopted, according to which cavitation occurs at a certain point on 

73 the blade surface when the local pressure at this point drops below the vapour pressure of 

74 seawater [4]. The distribution of the pressure (or the pressure coefficient, Cp, representing it) 

75 around the blade surface is derived using the 2D vortex panel code XFoil [13]. The 

76 deterministic approach is used to evaluate the minimum depth of the turbine rotor for given 

77 turbine and tidal current parameters to avoid cavitation inception. In principle, cavitation may 

78 cause damage to the blade surface in a relatively short period of time since the time history of 

79 a small transient bubble is measured in milliseconds [3]; however, a noticeable damage does 

80 not occur instantaneously but accumulates over time. By that reason, the probabilistic 

81 approach is employed to estimate the expected time of exposure of the blade surfaces to 

82 cavitation. In accordance to the adopted definition of cavitation, the blade surface is assumed 

83 to be exposed to cavitation whenever the local pressure is below the seawater vapour pressure. 

84 The model used in the probabilistic approach takes into account uncertainties associated with 

85 the velocities of seawater and water depth above the turbine blades. Uncertainties associated 

86 with the temperature and salinity of seawater, as well as the model for calculation of Cp are 

87 not considered in the analysis due to insufficient data for their quantification; however, they 

88 can easily be taken into account if such data are available. An important parameter affecting 

89 cavitation, which is also not considered in the following analysis, is the water quality (i.e. 

90 nuclei content) [4]. In this case, in addition to the lack of data to quantify uncertainties 

91 associated with this parameter and its influence on cavitation, taking it into account would 

92 significantly increase the complexity of the cavitation prediction. Thus, in order to keep the 

93 analyses, in particular probabilistic analysis, reasonably simple this phenomenon is omitted 

94 from consideration in this study.    

95
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96 2. Modelling cavitation inception

97 It is assumed that cavitation occurs at a point on the blade surface where the local 

98 pressure, PL, drops below the vapour pressure of seawater, PV (e.g., [4, 8])

99 (1)VL PP 

100 The local pressure consists of the contributions of the pressure applied by the flowing 

101 seawater, PF, the atmospheric pressure, PAT, and the immediate hydrostatic pressure of 

102 seawater, gH

103 (2)VATFL PgHPPP  

104 where H is the immediate distance from the seawater surface to the point under consideration 

105 on the blade surface, g the acceleration of gravity (= 9.81 m/s2) and ρ the density of seawater 

106 (= 1025 kg/m3). Rearranging Eq. (2) and dividing its both sides by  leads to25.0 totU

107  (3)22 5.05.0 tot

VAT

tot

F

U
PgHP

U
P









108 or 

109 (4)CaC p 

110 where  is the pressure coefficient,   𝐶𝑝 = 𝑃𝐹/(0.5𝜌𝑈 2
𝑡𝑜𝑡)  𝐶𝑎 = (𝑃𝐴𝑇 + 𝜌𝑔𝐻 ‒ 𝑃𝑉)/(0.5𝜌𝑈 2

𝑡𝑜𝑡)

111 the cavitation number and Utot the total velocity of the flow around the considered section 

112 along the blade. Utot is defined as a combination of the flow velocity through the rotor disk, 

113 U(z,t)(1 – a), and the tangential velocity of the blade section, ωr(1+aω) (see Figure 1)

114 (5)      22 11,  aratzUU tot 

115 where U(z,t) is the upstream velocity of seawater at the distance z from the seabed at time t, a 

116 and a the axial and tangential induction factors, respectively, ω the angular velocity of the 

117 rotor and r the distance along the blade from the rotor axis to the considered blade section 

118 (e.g., at the blade tip r equals the rotor radius R).

119

rotor
plane

r(1 + a)

U
(1
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 a

)

Utot
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120 Figure 1. Total flow velocity at the rotor plane
121
122 The distribution of pressure applied by seawater on the blade surface depends on the 

123 angle of attack, α, which is the angle between the plane of the blade foil chord and the 

124 direction of Utot (see Figure 1) and can be expressed as

125 (6) 

126 where  is the angle between the rotor plane and the chord of the foil and  is the angle 

127 between the rotor plane and the direction of Utot. In pitch-controlled turbines  equals the sum 

128 of the immediate pitch angle of the blade, p, and the local twist angle of the considered blade 

129 section, t

130 (7)tp  

131 whereas  can be found as (see Figure 1)

132 (8) 
 


ar

atzU



 

1
1),(tan 1

133 Two approaches are applied to the analysis of cavitation inception on the surface of 

134 rotor blades of a tidal stream turbine, namely, (i) deterministic and (ii) probabilistic. In the 

135 deterministic approach, the minimum distance from the sea surface to the rotating blade 

136 required to prevent cavitation inception is determined using the model described above. All 

137 parameters appearing in the model are treated as constants or deterministic functions. The 

138 latter concerns U(z,t), which is represented by the average current velocity, Ū(z,t). For 

139 simplicity, the variation of the average current velocity over time, Ū(t), takes into 

140 consideration only the main semi-diurnal cycle with the period T1 = 12.4 hours and the 

141 spring-neap-spring cycle with the period T2 = 14.8 days (or 354.4 hours) so that

142 (9)

























21
10

2cos2cos)(
T

t
T

tKKtU 

143 where the coefficients K0 and K1 depend on the maximum average velocities in spring and 

144 neap tides. The variation of Ū(z,t) over the water depth, i.e., tidal current profile, is described 

145 by the 1/7th power law [14]

146 (10)
hzhtUtzU

hztU
h

ztzU











5.0)(07.1),(

5.00)(
32.0

),(
71

147 where h is the total water depth.
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148 In the probabilistic approach, the probability of cavitation, i.e., the probability that –

149 Cp exceeds Ca, and based on that the expected time of cavitation over a given time period are 

150 estimated. Uncertainties associated with the velocity of seawater and the water depth above 

151 the blade surface are taken into account. In this case, U(z,t) is expressed as the sum of the 

152 average tidal current velocity, Ū(z,t), and the fluctuations, u(z,t), caused by turbulence, utr(t), 

153 and wind waves, uw(z,t), i.e.,

154 (11)
),()(),(
),(),(),(

tzututzu
tzutzUtzU

wtr 


155 To simplify the analysis, the spatial variability of turbulence is not considered and only the 

156 horizontal particle velocity due to wind waves is taken into account.

157 To account for uncertainty of the water depth, the distance H in Eq. (3) is presented as

158 (12)wwtwim hhhH 

159 where him is the immediate depth of the considered blade section for the mean sea level, 

160 which varies cyclically due to the rotation of the turbine rotor, htw the depth change induced 

161 by a tidal wave and hww the surface elevation due to a wind wave. According to Eq. (3), the 

162 possibility of cavitation inception is the highest near the blade tip when the blade passes 

163 through the top region of the turbine rotor disk. This occurs because compared to other blade 

164 sections the blade tip has the highest tangential velocity and at the top point its distance to the 

165 water surface is minimal so that  has the smallest values. Further in the paper only 𝐶𝑎

166 cavitation on this section of the blade is considered. To apply the probabilistic approach 

167 models describing the turbulence, tidal wave, wind waves and their interaction with tidal 

168 current are needed and will be described in the following sections.

169 It is important to note that the implementation of this cavitation inception model is 

170 based on the blade element momentum theory and the 2D vortex panel code XFoil [13]. As a 

171 result, the model can only account for the leading edge sheet cavitation and front/back side 

172 bubble cavitation developing on the blade segment near the blade tip, while the vortex 

173 cavitation which may occur right at the blade tip is ignored. This simplification seems 

174 reasonable since the sheet and bubble cavitation can become unstable and develop into the 

175 cloud cavitation, which is among the most damaging cavitation types [4, 6].

176
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177 3. Turbulence model

178 Turbulence is characterised by its intensity, Iu, which is defined as the ratio of the 

179 standard deviation of the velocity fluctuations caused by turbulence, σu, to the average 

180 velocity, i.e.,

181  (13)
U

I u
u




182 According to available data, Iu depends on the average current velocity and for current 

183 velocities faster than 1.5 m/s is about 10%, e.g., [15]. Another characteristic of turbulence 

184 required in various turbulence models is the integral length scale, L. There are limited data 

185 about this characteristic. It has been suggested that for an open channel L can be set 

186 approximately equal to 0.8 of the channel depth [16]. Stochastic properties of turbulence are 

187 described by its power spectrum (or spectral density), Su(f), which is obtained by the Fourier 

188 transform of the autocorrelation of utr(t), where f represents the frequency of fluctuations. In 

189 this paper the tidal flow turbulence is described by the von Karman spectrum, which in non-

190 dimensional form can be expressed by as

191 (14) 
   6522

78.701

4

ULf

ULffSf

u

u






192
193 It is also assumed that utr(t) is a stationary Gaussian process with zero mean and standard 

194 deviation σu.

195
196 4. Modelling of waves

197 4.1 Tidal wave

198 Assuming that the tidal wave amplitudes are small compared to the water depth and 

199 the depth is relatively small compared to the wavelength, the tidal wave can be modelled as a 

200 purely progressive wave [17]. This formulation adopts a linear relationship between the 

201 height of the tidal wave and the velocity of the tidal current. The changes of the depth 

202 introduced by the tidal wave can then be calculated as

203  (15)   21gdtUhtw 

204 where d is the depth of water at the location of the turbine corresponds to the mean sea level. 

205 This is obviously a simplistic approach since Eq. (15) does not take into account possible 

206 effects of shoaling/funnelling, damping due to bottom friction, reflection against the estuary 
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207 boundaries and deformation due to differences in velocities of flood and ebb tides. Ū(t) can 

208 take both positive (flood tide) and negative (ebb tide) values. The latter are of higher 

209 importance for cavitation inception since they correspond to the reduction of the height of the 

210 water column and, consequently, of Ca.

211 4.2 Wind waves

212 Only short-term variations of wind waves are considered. According to [18], the 

213 random variable representing the wave height, Hw, is then can be modelled by the following 

214 Rayleigh distribution

215 (16) 





















2

exp1
sH

w
wwH H

hhF


216 where Hs is the significant wave height and . The parameter ρ represents band   15.0H

217 width effects of the wave spectrum and typically is in the range -0.75 to -0.6. The distribution 

218 of the wave period, Tw, is conditional on the wave height

219 (17) 












 


ww

w

ww
HT

Tw
wwHT

t
htF




220 where Φ(.) is the standard normal cumulative distribution function and

221 11 wT TC
w



222 (18)12 w
w

s
HT T

h
HC

ww


223 The coefficients C1 and C2 depend on the mean wave period Tw1.

224 4.3 Wave-current interaction

225 The above wave model is applicable in the absence of current. However, tidal current 

226 is present in the problem considered herein. Hence, the interaction between the waves and the 

227 current should be considered since it affects both the wave height and the particle velocity 

228 associated with the wave. In the following, a reasonably simple approach for taking into 

229 account the wave-current interaction is described. It is assumed that the waves are linear and 

230 the current is slow varying (i.e., it changes little over a wave length) and uniform. The latter 

231 contradicts the current velocity variation over depth previously introduced by Eq. (10). 

232 However, it was found in the past that linear waves over a current flow of nearly 1/7th power 

233 form responded only to the surface current velocity [19]. Thus, for the purpose of modelling 
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234 the wave-current interaction, the current velocity, Uc, will be taken equal to 1.07Ū. It is also 

235 assumed that the current and wave directions are parallel, i.e., the current is either following 

236 or opposing the waves, and the current is negligible outside the region of the turbine location. 

237 These are reasonable assumptions when the turbine is located in a narrow strait.

238 The dispersion relation in this case is (e.g., [20]) 

239 (19)  ccccw Ukdkgk  tanh

240 where ωw=2π/Tw is the apparent (or absolute) angular wave frequency and kc the wave 

241 number in the presence of tidal current. This wave number is unknown but can be found by 

242 numerically solving Eq. (19). It should be noted that when the current is opposing the waves 

243 Eq. (19) may not have a solution for kc or yield a negative number. This means that the waves 

244 are blocked by the current at the strait entrance.

245 After kc has been calculated, the wave height in the region with the tidal current (i.e., 

246 within the strait), Hwc, can be found based on the conservation of wave action as [20]

247 (20)
w

wc

cgc

g
wwc UC

C
HH







248 where ωwc is the intrinsic (or relative) angular wave frequency, Cg and Cgc the wave group 

249 velocities without and with tidal current, respectively. These parameters can be calculated 

250 using the following formulae:

251  (21) dkgk ccwc tanh

252  (22)









)2sinh(
21

2 kd
kd

k
C w

g


253  (23)









)2sinh(
21

2 dk
dk

k
C

c

c

c

wc
gc



254 where k is the wave number in the region without tidal current, which can be found by either 

255 solving Eq. (19) with Uc=0 or using an approximate formula given in [18]. In addition, it has 

256 been shown that in the case of opposing current waves usually oversteepen and break before 

257 the actual blocking condition is reached [21]. To check if this happens Hwc needs to be 

258 compared with the breaking wave height, Hw,max, which can be estimated using Miche’s 

259 criterion [25]

260 (24) dk
k

H c
c

maxw tanh28.0
,




261 i.e., Hwc > Hw,max means that the waves break near the strait entrance.
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262 If the waves are blocked or break then uw in Eq. (11) and hww in Eq. (12) are equal to 

263 zero. Otherwise, they are calculated as

264 (25)   
   t

dk
zkHtzu wc

c

cwcwc
w  cos

sinh
cosh

2
, 

265 (26) tHh wc
wc

ww cos
2



266 where z = d - him.

267
268 5. Case study

269 5.1 Turbine design and location

270 The phenomenon of cavitation is studied in this paper on the example of a horizontal 

271 axis pitch-controlled turbine with a three-bladed rotor. The selection of the turbine 

272 parameters is explained in detail in [22]. The turbine is intended to produce 1 MW power 

273 before losses at the rated current velocity of 2.6 m/s, its operating current velocity range is 1 

274 – 3.5 m/s. The rotor diameter is 18 m (i.e., its radius R = 9 m). The turbine has a fixed 

275 rotational speed  rpm and its power coefficient is slightly above 0.45 [22]. The turbine 𝜔 = 14

276 blades are designed using NREL S814 foil [23]. The blade geometry is such that the twist of 

277 the blade tip is 4o. The pitch angle of the turbine blades changes when the average current 

278 velocity, Ū, exceeds its rated value to ensure the production of the rated power. Table 1 

279 shows the relationship between Ū and the pitch angle obtained from the analysis of the 

280 turbine performance.

281 Table 1: Pitch angle vs. Ū

 (m/s)𝑈 Pitch, θp  (o)
1.0 0.0
2.6 0.0
2.7 4.4
2.8 6.0
2.9 7.3
3 8.4

3.1 9.4
3.2 10.3
3.3 11.2
3.4 12.1
3.5 12.9

282
283 It has been recommended to select the rotor diameter as 50% of the water depth at the 

284 turbine location and place the rotor hub at the midpoint of the depth [24]. In accordance to 
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285 these recommendations, it is assumed that the turbine is located in 36 m deep waters and its 

286 hub is 18 m from the seabed. It has also been assumed that the significant wave height at the 

287 turbine location is 4 m and the mean wave period is 8 s, i.e., Hs = 4 m and Tw1=8 s, and that 

288  = -0.7. For such wave conditions values of the coefficients C1 and C2 in Eq. (18) can be 

289 selected as 1.20 and 0.22, respectively [18]. It is also assumed that at the turbine location the 

290 maximum values of Ū in spring and neap tides are 3.5 m/s and 1.7 m/s, respectively. The 

291 corresponding values of the coefficients K0 and K1 in Eq. (9) are 2.6 m/s and 0.9 m/s, 

292 respectively.

293 5.2 Induction factors 

294 In order to find the angle of attack α and Utot, values of the axial and tangential 

295 induction factors (a and a) need to be known (see Figure 1). These values have been 

296 calculated for the tip segment of the blade using the NWTC Subroutine Library [25], which is 

297 based on the blade element momentum theory. It has been found that a and a depend on 

298 both Ū(z,t) and u (see Eq. (11)). However, for simplicity the dependency of aω on u has been 

299 neglected since it has been checked that the influence of aω on Utot is less than 1%. The 

300 following relationships between a and Ū(z,t) and u, and a and Ū(z,t) have been obtained by 

301 regression analysis:

302 (27)2
210 uauaaa 

303 (28)
   
   

   













 m/s7.2,8468.71
m/s7.26.25107.4,4876.1

m/s6.25317.0,0573.0

4862.5
0

tUtzU
tUtzU

tUtzU
a

304 (29)
   

   
     














m/s7.24820.0,3274.0,04911.0
m/s7.26.20161.3,6023.1

m/s6.20395.0,0077.0

2
1

tUtzUtzU
tUtzU

tUtzU
a

305 (30)
   
   

   













m/s7.20660.0,0151.0
m/s7.26.23741.0,1373.0

m/s6.20013.0,0033.0

2

tUtzU
tUtzU

tUtzU
a

306 (31)
   
   
   














m/s7.20133.0,0033.0
m/s7.26.20407.0,0127.0

m/s6.20017.0,0025.0

tUtzU
tUtzU

tUtzU
a
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307 5.3 Minimum pressure coefficient

308 The pressure coefficient is expressed as

309 (32)25.0 tot

F
p U

PC




310 The distribution of PF (and so of Cp) over the blade surface depends on the angle of attack , 

311 which defines the direction of Utot in relation to the blade foil chord and is influenced by 

312 changes in the values of Ū and u. According to the cavitation inception model given in Eq. 

313 (4), the cavitation occurs initially at the point on the blade surface where the pressure 

314 coefficient is at its minimum value, i.e., -CP,min. Therefore, Eq. (4) can be written as

315 (33)CaC minp  ,

316 The value and location of Cp,min on the blade surface can be found from the 

317 distribution of Cp over the blade tip segment and can be connected to  through a –Cp,min vs. 

318  diagram. This diagram can be seen as a type of the cavitation bucket diagram (e.g., see [8]) 

319 and is derived in this study for the NREL S814 foil and the range of values of  between -25o 

320 and 25o. The 2D vortex panel code XFoil [13] was found in the past to be suitable for the 

321 calculation of Cp [8] and used in this study to obtain values and locations of a Cp,min. XFoil 

322 utilises a linear-vorticity second order accurate panel method coupled with an integral 

323 boundary-layer method and an en-type transition amplification formulation. The Newton 

324 solution procedure is used in this software for computing of the inviscid/viscous coupling. 

325 The NREL S814 foil has been modelled in XFoil using 280 panels. The panels varied in 

326 length and were distributed by the default XFoil’s panelling routine non-uniformly around the 

327 foil perimeter.

328 The adopted range of  (-25o  25o) is deemed to cover all possible combinations of 

329 the following angles: twist θt= 4o, pitch θp corresponding to the turbine operating range of Ū 

330 (see Table 1) and the angles generated by the seawater velocity fluctuations due to turbulence 

331 and wind waves u = 0  5 m/s. The resulting –Cp,min vs.  diagram is shown in Figure 2, 

332 where each point represents one simulation. The analysis of the Cp distributions derived for 

333 the considered range of  indicates that Cp,min occurs at three different points on the foil 

334 surface shown in Figure 3. The –Cp,min vs.  diagram can be divided into four regions where 

335 one of these points is dominant (see Figure 2). Figure 4 depicts examples of distributions of 

336 Cp on the foil surface for each region, i.e.,  = -15o for Region 1 where Point 3 is dominant,  

337 = -5o for Region 2 where Point 1 is dominant,  = 2o for Region 3 where Point 2 is dominant 
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338 and (d)  = 9o for Region 4 where Point 3 is dominant. Note that Figure 4 presents Cp curves 

339 obtained using viscous (solid curves) and inviscid (dashed curves) flow, while only the 

340 viscous flow simulation results were used in this study. From the analysis of Figure 4 follows 

341 that these three points (shown in Figure 3) define zones with lowest Cp on the foil surface. 

342 The abscissae of the three points along the foil chord are as follows:

343  Point 1: -Cp,min occurs at the front side at x = 0.2182

344  Point 2: -Cp,min occurs at the back side at x = 0.2944

345  Point 3: -Cp,min occurs at the foil leading edge
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352 Figure 3. Locations of -Cp,min on NREL S814 foil.
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353
354 It is important to note that experiments carried out on small scale turbine prototypes 

355 [6, 7] showed that sheet cavitation developed at the leading edge and extended over a part of 

356 the back (suction) side of the blade at its top half. Additionally, bubble cavitation developed 

357 on the back side of the blade away from the leading edge. Figures 3, 4a and 4b additionally 

358 suggest that in pitch controlled tidal stream turbines, cavitation (possibly bubble cavitation) 

359 can also occur on the front (pressure) side of the blade for very low and negative values of the 

360 angle of attack.
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365 Figure 4. Distributions of Cp on back and front sides of NREL S814 foil for (a)  = -15o, (b) 
366  = -5o, (c)  = 2o and (d)  = 9o. The dashed curves represent inviscid flow while solid 
367 curves viscous flow. The figure also shows flow separation at the foil trailing edge.
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368 5.4 Deterministic analysis

369 The aim of the deterministic analysis is to find the minimum water depth to the tip of 

370 the rotating blade that is required to prevent cavitation, i.e., to ensure that -Cp,min < Ca. It 

371 starts with derivation of the -Cp,min vs. Ū relationship. This relationship (rather than the -Cp,min 

372 vs.  diagram in Figure 2) is used here for its convenience, since only Ū varies while the 

373 velocity fluctuations u are ignored and the angular velocity of the rotor is constant. Figure 5 

374 shows that the –Cp,min vs. Ū curve is piecewise with three distinct maximum points 

375 corresponding to the minimum (1 m/s), rated (2.6 m/s) and maximum (3.5 m/s) operating 

376 current velocities. Additionally, –Cp,min occurs at different places on the blade surface with 

377 increasing Ū, i.e., it occurs on the front side of the blade (at Point 1) for relatively low and 

378 high Ū and on the back side (at Point 2) for intermediate Ū close to the rated velocity. The 

379 locations of Points 1 and 2 on the surface of the blade tip segment are shown in Figure 3. The 

380 relationship between Ca and Ū has then been calculated for various values of H (see Eq. (3)) 

381 until the condition -Cp,min ≥ Ca has been reached for H = 5.3 m at Ū just below 3.5 m/s (see 

382 Figure 5). This means that if the distance from the sea surface to the rotor blades is greater 

383 than 5.3 m then according to the deterministic approach there should be no cavitation 

384 inception on the blade surface within the operating current velocity range.

385

386

0.6

0.8

1.0

1.2

1.4

1.6

1.8

0 1 2 3 4

C
a

&
  –

C
p,

m
in

Ū (m/s)

minimum  velocity
rated  velocity
maximum  velocity

Ca

-Cp,min

rotor top depth = 5.3 m

Point 1 Point 2 Point 1

387 Figure 5. Ca and -Cp,min vs. Ū for H=5.3 m.
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389 5.5 Probabilistic analysis

390 The probabilistic approach is aimed to estimate the expected time of the blade surface 

391 exposure to cavitation during a given time interval (e.g., the design life of the rotor blades). 

392 To achieve that the probability of cavitation (i.e. of –Cp,min ≥ Ca) is initially estimated for 

393 different possible values of Ū. This is carried out using Monte Carlo simulation. For a given 

394 value of Ū (e.g., -2.6 m/s) 100,000 samples are generated. Each sample represents the time of 

395 passage of one wind wave over the turbine. Thus, for each sample the wind wave height is 

396 first generated in accordance to Eq. (16) followed by the generation of the wave period in 

397 accordance to Eq. (17). The wave period is then converted to the relative wave period 

398 Twc = 2π/ωwc to take into account the wave-current interaction; if a wave is blocked or breaks 

399 the duration of the sample is set equal to 10 s. In each sample, the initial position of the 

400 considered blade is also randomly generated. The time interval associated with each sample is 

401 divided into 0.2 s subintervals. For each subinterval, a value of the stochastic process 

402 representing rapid fluctuations of the current velocity due to turbulence utr(t) is generated in 

403 accordance to the previously described model using the inverse Fourier transform (for more 

404 detail see [22]). The variation of the wind wave height over the turbine and the change of the 

405 blade position due to rotation are considered so that values of him and hw are changing from 

406 one subinterval to another as well as values of uw(z,t) and Ū(z,t) (for the latter this occurs due 

407 to its variation over the water column in accordance to Eq. (10)). The expected relative time 

408 of cavitation exposure for a given value of Ū is then the ratio of the number of subintervals 

409 within which cavitation inception occurs to the total number of the subintervals in 100,000 

410 samples. It is worth to note that almost the same procedure can be used to estimate the 

411 distribution of the relative time of cavitation exposure if more information about this random 

412 variable than just its expected value is needed. In this case, instead of directly aggregating 

413 results for all 100,000 samples the ratios are calculated separately for each sample and then, 

414 based on these results, a histogram of the relative time of cavitation exposure is constructed.

415 Results of the analysis are shown in Figure 6. As can be seen, the highest probability 

416 of cavitation is during ebb tides at the highest operating current velocity of -3.5 m/s. It drops 

417 sharply at lower average velocities and then increases again at the rated current velocity of -

418 2.6 m/s. For the ebb current velocity below -1.6 m/s the probability of cavitation is less than 

419 1×10-3. The probability of cavitation is low for flood tides; the highest value is 1.3×10-3 for 

420 the rated current velocity of 2.6 m/s.

421
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423 Figure 6. Probability of cavitation vs. Ū.
424
425 To estimate the expected time of cavitation exposure for a given time interval the 

426 results presented in Figure 6 are combined with Eq. (9) so that the function of the probability 

427 of cavitation vs. lifetime of the turbine during the spring-neap-spring cycle is obtained – see 

428 Figure 7. Numerically integrating this function over the duration of the cycle and then 

429 dividing the result by this duration yields the expected relative time of cavitation exposure. 

430 For the considered example it equals 0.014. This means that for, e.g., 10-year service life the 

431 surface of the blade near its tip will be exposed to cavitation on average 51 days.

432
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434 Figure 7. Probability of cavitation exposure over the spring-neap-spring cycle.
435

436 Next, let’s compare the deterministic and probabilistic approaches. According to the 

437 deterministic approach the water depth of 5.3 m above the rotor blades is needed to prevent 

438 cavitation inception. If to take into account the maximum change of the depth due to an ebb 

439 tidal wave at Ū = -3.5 m/s, which is 6.7 m, this means that the turbine rotor hub should be 21 

440 m below the mean sea level, i.e., placed 3 m deeper underwater. This will decrease the 

441 turbine efficiency in terms of power production and increase its cost but not completely 

442 eliminate the possibility of cavitation. The probability of cavitation vs. Ū has been also 

443 calculated for this case and the results are shown in Figure 6. As can be seen, the probability 

444 of cavitation has decreased but is it acceptable now or should the turbine be placed even 

445 deeper underwater? In order to answer this question a model predicting the accumulation of 
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446 damage caused by cavitation to the blade material over time is needed. The model should 

447 relate the level of damage induced by cavitation with the time that the blade has been exposed 

448 to it. In addition, an acceptable level of the damage (e.g. cavitation erosion remains within the 

449 incubation period), i.e. limit state, and the corresponding target probability of failure need to 

450 be defined. The latter can be determined from economic considerations. The design of turbine 

451 blades for cavitation is then should ensure that the probability of failure (i.e. probability of 

452 violating the limit state) does not exceed its target value. The probability of failure can be 

453 calculated by using the model for cavitation-induced damage to construct a curve relating the 

454 probability of exceeding the specified level of damage with a given time of cavitation 

455 exposure and then combining this curve with the distribution of the relative time of cavitation 

456 exposure obtained by the procedure presented in this paper. Uncertainties associated with a 

457 cavitation-induced damage model can be naturally taken into account in such an analysis. 

458 Thus, the probabilistic approach can answer the above question and provide a rational and 

459 efficient tool for the design of tidal turbine blades for cavitation. However, there is currently 

460 no model capable to predict cavitation-induced damage (i.e. erosion) in composite materials 

461 of tidal turbine blades so that further experimental and numerical studies are needed before 

462 the probabilistic approach can be implemented in design practice.

463 Returning to the deterministic approach, it is incapable by itself to answer what values 

464 of uncertain parameters (e.g. water depth, velocity of seawater) should be used in the design 

465 for cavitation to ensure that the turbine blades do not suffer unacceptable damage but, at the 

466 same time, the turbine power production is not unnecessarily negatively affected. For 

467 example, if the static head (i.e. water depth) above the blades is to be determined by taking 

468 into account the wave height what value of the latter should be used (e.g. mean, mean plus 

469 standard deviation, etc.)? Similar, what value should be added to the seawater velocity to 

470 account for the fluctuations due to turbulence? By taking larger and larger values of these 

471 parameters, the probability of cavitation will be further and further reduced but the design 

472 will become more overconservative and inefficient. The problem can be resolved by initially 

473 employing the probabilistic approach to determine what values of the uncertain parameters 

474 (or corresponding safety factors) should be used in the design to ensure that the probability of 

475 failure (i.e. of unacceptable cavitation-induced damage) does not exceed its target value. This 

476 would then exclude the need for carrying out a complex probabilistic analysis each time when 

477 the blades of a tidal turbine are designed for cavitation and in essence similar to the 

478 calibration of modern design standards (e.g. [26]). Since in such an approach the values used 
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479 in deterministic design have been derived based on probabilistic analysis it would more 

480 correct to refer to the approach as semi-probabilistic rather than deterministic. 

481 In the probabilistic analysis various sources of uncertainty, e.g., uncertainties 

482 associated with the seawater properties (i.e. temperature, salinity) and quality (i.e. nuclei 

483 content) and the employed models, have been neglected. Taking them into account will lead 

484 to an increase of the probability of cavitation and, subsequently, of the expected time of 

485 cavitation exposure. Eq. (15) does not account for a number of important factors affecting 

486 tidal waves and, as a result, usually overestimates the height of such waves. At the same time, 

487 the value of the significant wave height (Hs = 4) used for modelling wind waves may either 

488 increase or decrease depending on the turbine location. Thus, among the factors not fully 

489 considered in this analysis there are the ones that lead to an increase of the time of cavitation 

490 exposure and those that lead to a decrease of this time. Their effects need to be further 

491 investigated in the future.

492 It is also worth to note that the blade design used in the paper could probably be 

493 improved in terms of cavitation avoidance, e.g. by pitch reduction near the blade tip or 

494 increase in the blade chord. However, it would not completely eliminate the probability of 

495 cavitation. Thus, the above analyses and discussion would still be valid although the –Cp,min 

496 vs. α diagram (Figure 2) would change. 

497

498 6. Conclusions

499 A probabilistic approach to the evaluation of cavitation on blades of tidal stream 

500 turbines has been presented. Although not all major sources of uncertainty associated with 

501 such analysis have been taken into account it has been demonstrated that the blades of a tidal 

502 turbine may be exposed to cavitation over relatively long periods of time during their service 

503 life even when a deterministic analysis predicts that cavitation inception is not possible. 

504 Moreover, it has been explained that the current deterministic approach does not provide 

505 sufficient information for rational design of tidal turbine blades for cavitation. For such 

506 design, an approach based on the combination of probabilistic estimation of the expected time 

507 of cavitation exposure and a model for prediction of cavitation-induced damage in the blade 

508 material can be very beneficial. However, in order to implement this approach models of 

509 material damage by cavitation are needed.

510
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