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Abstract :   
 
While the world continues to grapple with the increasingly prominent impact on the planet of climate 
change, a shift towards greater reliance on renewable energy sources is observed. Wind, hydro and solar 
have seen a rise in uptake, however, tidal energy represents massive untapped potential. For tidal energy 
to become economically viable, focus must shift towards designing efficient yet structurally sound designs. 
The current study investigates the influence of the tower distance from the rotor plane on turbine 
performance, and on rotor loading. A test scale instrumented tidal stream turbine is studied in a water 
flume tank at the laboratory of IFREMER in Boulogne-sur-Mer, France. Experiments are carried out with 
14 different tower positions and the turbine performance coefficients are compared. Both mean and values 
remain unaffected for these different positions. However, the structural rotor loading is found to fluctuate 
significantly as the distance between the tower and rotor is reduced. Load measurements are analysed 
in terms of coefficient of variation, through frequency analysis, in relation with the azimuthal position of 
the rotor and finally in terms of exceedance. All the experimental measurements associated with this study 
are available from: https://doi.org/10.17882/81077. 
 
 

Highlights 

► Tidal turbine tower distance to rotor affects blade loads. ► Average loads unaffected but load variability 
and extreme values change. ► Experimental investigation in a flume tank with different tower positions. 
► Tower proximity and rotating effect make loads register at blade passing frequency. 
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1. Nomenclature1

1.1. Abbreviations2

DoF Degrees of Freedom
CAD Computer Aided Design
Jo
ur
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-pCp Coefficient of Power

Ct Coefficient of Thrust
TSR Tip Speed Ratio
LDA Laser Dopper Anemometer
LDV Laser Dopper Velocimeter
Re Reynolds Number
CoV Coefficient of Variation
FFT Fast Fourier Transformation
TI Turbulence Intensity
TDC Top Dead Center
TST Tidal Stream Turbine
LCOE Levelized Cost of Energy
CFD Computational Fluid Dynamics
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Symbol Description Units
ω Angular frequency s−1

σ Standard deviation
µ Mean

d̂ Normalised mast position
f0 Turbine rotational frequency Hz
f Frequency Hz
f̄ Normalised frequency
u Streamwise component of velocity m s−1

ū Average streamwise component of velocity m s−1

ν Kinematic viscosity of water m2 s−1

c75 Blade chord length at 75% of rotor radius m
λ TSR
Q Torque N m
ρ Fluid density kg m−3

A Rotor swept area m2

U Stremwise onset flow velocity m s−1

Fx1 Flapwise load on blade 1 N
F̄x1 Mean of flapwise load on blade 1 N

5

2. Introduction6

An increased focus on renewable energy technology is seen in this decade to7

achieve the 2030 climate goals. An EU wide push is observed in develop-8

ing and deploying various onshore and offshore energy capturing devices for9

electricity production. This includes wind turbines, wave energy converters10

and tidal turbines. The Ocean Energy Strategic Road map for the Euro-11

pean Union estimates that the renewable energy industry could develop into12

a staggering €653bn by 2050 [1].13

14

Tidal energy is extracted - as the name suggest - from the tidal currents15

which are energetically dense and offers a high level of predictability on large16

timescales. Tidal energy, due to its reliability and predictability, holds great17

potential. Commercial interest in the sector continues to grow. Full scale de-18

vices have been developed and deployed at test and commercial sites [2, 3, 4].19

Europe is leading the technological development in Tidal Stream Turbines20

(TSTs) as approximately 50% of the TST developers are within Europe [5]21
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of wave and tidal capacity by 2050 [6, 7]. The majority of the tidal turbine23

concepts are based on the horizontal axis configuration [8].24

25

However, for TSTs to develop into a commercially viable technology, they26

must be designed to withstand the extreme marine conditions without be-27

ing over engineered. Due to turbulence in waves the structural loading, and28

the performance of TSTs are impacted by these rapidly evolving unsteady29

conditions, which in turn influence the fatigue of individual components and30

hence the lifespan and by extension the energy yield from the turbines. In31

[9] and [10], using an active grid turbulence generator in a recirculating wa-32

ter tunnel, it is shown that sheared inflows result in a 5 – 10% drop in the33

maximum power coefficient for a three-bladed tidal turbine model, and an34

increase of 30 and 50% in torque and thrust fluctuations respectively, when35

compared to the low turbulent case. The generated turbulence intensities36

in these studies correspond to what is observed at sea for highly energetic37

sites. In the Alderney Race (English channel) for instance, the turbulence38

intensity is estimated to be between 6 and 13% [11], and waves can occa-39

sionally reach significant heights of 7 m during storms according to [12]. The40

bathymetry-generated turbulence associated with this site and its effect on41

a tidal turbine model is investigated in [13, 14].42

43

Previous experimental work with TSTs has explored their performance44

under a variety of flow and wave conditions. Spectral analysis for unsteady45

turbine loading under varying Turbulence Intensity (TI) was studied [15, 16]46

and the frequencies which contribute towards the different loads experienced47

by the TST are well documented [17, 18]. The latter study is further ex-48

panded to investigate the variation in the power spectra of the flow due to49

the rotor aero/hydrodynamics and the deceleration of the incident fluid in50

[19].51

52

Literature on the interaction between the turbine and turbulent flow is53

quite rich. Investigations into how turbulence affects the rotor loads con-54

firm that at deployment sites where the TI averages between 15% - 20 %,55

power coefficients fluctuate by about 10 % and that the rotor loads can56

fluctuate five fold in most extreme cases [20]. Although TSTs have some57

similarities with wind turbines, significant differences in operational aerody-58

namics/hydrodynamics exist, for instance, in the onset of cavitation and the59
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scale TSTs at different pitch angles and Tip Speed Ratios (TSR) for differ-61

ent onset velocities [21]. This experimental campaign also collects important62

data on turbine performance under straight and/or yawed flow, on the effect63

on the performance of the variation in the tip immersion of the rotor, interac-64

tion between twin rotors, and the inception of cavitation. In [22], the impact65

on turbine performance of the unsteady flow experienced at a tidal test site is66

investigated by comparisons with the performance of the same turbine in the67

steady flow conditions of a towing tank. That study also looks at the effect68

of control strategy of the rotor velocity (PID feedback loop versus open-loop69

control) on the turbine performance. The topic of turbine control is further70

investigated using experimental scale models in [23] where different levels71

of stiffness in the speed control loop are explored to analyse their effect on72

loads due to turbulence and waves. In [24], an advanced turbine scale model73

is equipped with a mechanism allowing blade pitch control. This turbine74

is used to implement a control strategy aimed at maintaining power output75

in time varying flow. This blade pitch control approach is compared with76

control strategies based on fixed pitch with rotor overspeed and underspeed.77

78

Another study into the interaction between turbulent flow and TST which79

looked into the wake produced by this interaction showed that for low fre-80

quencies, the instantaneous power produced is influenced by the incident81

turbulent flow. The critical frequency at which the turbine response gets82

decoupled from the incoming turbulent flow varies linearly with the angular83

frequency of the rotor [17]. The measurements however, were not taken di-84

rectly at the rotor or the root of the blades. They were taken from static85

torque sensors mounted between the stator part of the motor and the turbine86

structure. In the current study, the sensors are installed in the roots of the87

blade and the rotor itself to increase accuracy.88

89

The common theme in all these experimental investigations was to de-90

termine the influencing factors in the overall cyclic loading which contribute91

to component fatigue and hence, the lifespan of the turbine which in turn92

affects the levelised cost of energy of a project.93

94

Researchers have also used numerical approaches to calculate the hydro-95

dynamic loading on TSTs. RANS and LES models were developed and vali-96

dated against actual test site data. These models were then used to calculate97
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ther analysed the blockage effect of the tower on the fluctuations in loading99

on the rotor and the blades. Another numerical study with a similar focus to100

the current study investigated the impact of different tower diameters on the101

fluctuation of the loads as the blades passed by the tower [26]. As expected,102

greater fluctuation was observed when the tower diameter was increased.103

104

While the influence of support structures on horizontal axis wind tur-105

bines is fairly well understood and documented [27], this is less true for106

TSTs. The interaction effects between a tidal turbine rotor and two different107

support structures have been investigated using CFD in [28]. It shows that108

the integrated rotor forces are higher in the presence of a cylindrical support109

structure compared to an elliptical one. The velocity deficit just in front of110

the support structure is shown to be 20% higher for the cylindrical support111

structure than for the elliptical one. The impact of the mast on the overall112

performance of a tidal turbine and on its loading has also been investigated113

numerically in [29], where different stanchion profile shapes are explored for114

a fixed distance between the stanchion and the rotor plane. Follow-up nu-115

merical investigations (using CFD) are reported in [30] with a stanchion of116

cylindrical section located at three different distances downstream and up-117

stream of the rotor disc. To the best of authors’ knowledge, the influence118

of mast proximity to the rotor plane has not been researched experimentally119

and is therefore, the subject of the present study.120

121

The experimental setup including the different testing configurations and122

flow parameters used in this study are covered in section 3. Section 4 cov-123

ers the performance characterisation, variation in loading and the analysis124

drawn from these results. Finally, section 5 concludes this investigation.125

The raw experimental data on which this study is based is available from:126

https://doi.org/10.17882/81077.127

3. Experimental Setup128

3.1. Turbine Model129

A three-bladed, horizontal axis turbine mounted on the flume bottom was130

used for these experiments with a rotor diameter of 724 mm. The three131

blades each have a load sensor at their root measuring the three moments as132

well as the flapwise and edgewise forces. A CAD image of the turbine used133
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is to obtain the best possible quality of load measurements. This approach135

required the sensors to be located as close as possible to the location where136

the loads are actually being applied. This was ensured by installing the137

sensors upstream of the rotary seals, hence preventing associated parasitic138

friction from affecting the measurements. However, this puts the sensors in139

a wet environment. Therefore, these sensors were made waterproof. The140

following quantities are analysed in the present study:141

• Rotor torque142

• Rotor thrust143

• Rotational velocity144

• Rotor azimuthal position145

• Flapwise force on each of the three blades146

The turbine mast is 70 mm in diameter and its axis is located 594 mm147

downstream of the rotor plane. It was bolted to the tank floor. Except when148

specified otherwise, the signals from all the turbine sensors were sampled149

at 256 Hz in a synchronous manner and each test run lasted 360 s. More150

information on the turbine and its instrumentation can be found in [31].151
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Figure 1: Cross-Sectional View of the Turbine displaying its sensors

3.2. Testing Facility152

The tests were carried out in the wave and current recirculating flume tank of153

IFREMER at Boulogne-sur-mer, France. The flow channel is 4 m in width,154

18 m in length and was operated at a depth of 2 m [32]. The turbine is kept at155

the centre of the tank with reference to the length and width of the tank. The156

channel-to-turbine blockage ratio came out to be as low as 0.0512, taking into157

account the rotor, tower and hub. The flume tank is capable of functioning at158

multiple velocities. For the experiments carried out in this campaign, three159

different flow velocities were used: U ∈ {0.8, 1.0, 1.2}m s−1. The inlet of160

the flume tank has removable flow conditioning units to alter the turbulence161

intensity within the tank. For these experiments, a turbulence intensity162

(considering on the stream-wise velocity component u) of TIu = 1.5% was163

used. Without the flow conditioning units, the maximum turbulence can go164

upto TIu = 15%. TIu is given by:165

TIu = 100σ(u)
ū

166

where:167

168
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fluid velocity component u.170

• ū is the average of the streamwise incident fluid velocity component u.171

A more detailed description of the flume tank can be found in [33]. Further172

measurements were taken to check the spatial variation in the streamwise173

velocity over the rotor area in the absence of turbine and came out to be less174

than 4 %. A schematic of the tank is shown in figure 2.175

176

177

Figure 2: A schematic of the flume tank at Ifremer summarising the dimensions of the
tank

A 3D Laser Doppler Velocimetry system (LDV) is used for flow velocity178

measurements. It is mounted at a distance of four times the rotor diameter179

upstream of the turbine rotor, aligned with the rotor axis. The system used180

for the experiments is produced by Dantec Dynamics. This three component181

LDV system consists of six laser beams arranged in intersecting pairs asso-182

ciated with three different wave lengths - 514 nm, 488 nm, 532 nm. Velocity183

measurements occur each time a seeding particle crosses the measurement184
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system is therefore nonuniform. An image of the setup in the flume tank is186

shown in figure 3.187

Figure 3: Final setup of the experiment: hexapod (not visible in the picture) holds and
moves the dummy mast above the turbine model which is mounted on to the tank floor.
To the left, the LDV can be seen in operation

Finally, the last item used to complete the experimental setup was the Stuart188

Platform (or hexapod) which was used to control the dummy mast position,189

whose external diameter is the same as the structural mast (70 mm). The190

Stuart Platform provides six degrees of freedom (DoF) - three translations191

and three rotations - motion, and allows positioning of the mast at different192

locations with an accuracy of the order of 0.1 mm. A CAD image of the setup193

with the Stuart Platform, dummy mast and the turbine in place is presented194

in figure 4.195
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Figure 4: CAD view of the setup with turbine, dummy mast and Stuart Platform. It
should be noted that the tank walls and the water free surface are not shown in this
representation.

3.3. Reynolds number196

The chord-based Reynolds numbers at 75% of the blade radius is defined197

by:198

Re75 =
c75ū

√
1 + (0.75λ)2

ν
(1)

where c75 is the blade chord length at 75% of the rotor radius, λ the TSR199

and ν the kinematic viscosity. Table 1 shows values of Re75 for different200

combinations of TSR and onset flow velocity.201

4. Results and analysis202

4.1. Performance Coefficients203

To characterise the performance of a turbine, non-dimensional parameters204

are used. The two parameters used in this study are the Coefficient of Power205

11
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λ
2 4 6

0.8 6.93× 104 1.21× 105 1.77× 105

1 8.66× 104 1.52× 105 2.21× 105

1.2 1.04× 105 1.82× 105 2.66× 105

Table 1: Re75 values

(Cp) and the Coefficient of Thrust (Ct). Cp provides a measure of the power206

generated by a turbine whereas Ct indicates the stream-wise loading the rotor207

is subjected to. They are calculated as per the following equations:208

Cp =
Qω

1
2
ρAŪ3

(2)

209

Ct =
T

1
2
ρAŪ2

(3)

where:210

211

Cp, Ct : Non-Dimensionalised coefficients corresponding to power and thrust212

respectively.213

Q : Torque as measured by the sensor in the rotor214

ω : Angular velocity of the rotor215

ρ : Fluid density216

A : Rotor swept area217

U : Streamwise onset flow velocity218

It should be noted that the velocity measurements were cubed (for eq. 2)219

and squared (eq. 3) before averaging, as suggested in [20].220

221

Test configurations associated with three different flow velocities: 0.8 m s−1,222

1.0 m s−1 and 1.2 m s−1 and four distances between the rotor plane and the223

dummy tower: 594 mm, 427 mm, 260 mm and 93 mm, were investigated. The224

Cp for the three different velocities and the different distances between the225

rotor and the dummy mast are shown in the figure 5, with the distances226

normalised by the rotor diameter and denoted d̂. While this figure does not227

provide conclusive information about effect of the dummy mast position on228

Cp, it does show the impact of Re on the evolution of Cp.229

12
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231

We observe that as the velocity, and hence Re, increases, the maximum Cp,232

taking place around TSR = 4, also increases. However, the rate of increase233

decreases as we move to higher velocity and the difference in performance234

decreases. Strictly speaking, it would have been desirable to use a higher Re235

to make the results Reynolds independent. This would have however led to236

rotor torque values beyond what the model can cope with.237

238

239

The steepest rise in Cp is seen between TSR 2 and 3. This steep gradient240

is believed to be associated with a flow regime transition. The exact TSR of241

that transition is believed to fluctuate and this could explain the variations242

in Cp observed at TSR = 2.5 for the 1 m s−1 case. This could also explain243

the larger Cp standard deviation observed at that TSR on figure 5 where it244

is expressed as error bars.245

246

247

Figure 5 shows that for all onset flow velocities and all TSR values, there is248

little impact of the dummy tower proximity on the mean Cp values. There is249

a notable exception at TSR = 2.5 when the onset flow velocity is 1 m s−1 , but250

this is believed to be due to the transition in flow regime as explained in the251

previous paragraph. Looking at the error bars of figure 5, there is however252

a noticeable effect of the dummy tower proximity on the standard deviation253

of Cp. This is most noticeable for the configuration where the dummy mast254

is the closest to the rotor, hinting towards increased fatigue on the structure255

due to cyclic loading.256

13
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(a) TSR Sweep for Tidal Velocity = 0.8m/s

(b) TSR Sweep for Tidal Velocity = 1.0m/s

(c) TSR Sweep for Tidal Velocity = 1.2m/s

Figure 5: Cp Curves for three onset flow velocities with four different normalised mast
ˆ

14
positions (d) and a control experiment (without dummy mast) for reference. The error
bars correspond to standard deviation.
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signals is carried out. The Coefficient of Variation (CoV) is obtained by258

normalising the standard deviation of the signal by its average value. The259

mathematical formulation for the CoV is given in equation 4.260

CoV =
σ

µ
(4)

The CoV of the performance coefficients is plotted in figure 6 against d̂. The261

onset flow velocity and the TSR for which the standard deviations are plot-262

ted are 1 m s−1 and 4 respectively.263

264

We can notice that the CoV curve associated with Cp is consistently above265

that of Ct. This is because of the normalisation by the mean associated with266

CoV computation and of the fact that at TSR = 4, mean Ct is higher than267

mean Cp.268

269

When the dummy tower is close to the rotor (d̂ < 0.2), there is a clear270

correlation between Cp and Ct CoVs and d̂, with the CoVs decreasing as d̂271

increases. For d̂ > 0.2, the CoV values still exhibit some variations but these272

do not seem to be correlated with d̂. To understand these variations better,273

we have plotted on the bottom graph of figure 6 the CoV of U2 and U3. U2
274

and U3 are respectively used in the computation of Ct and Cp to normalise275

the thrust (for U2) and power (for U3) as can be seen in equations 3 and 2.276

We can see that for d̂ > 0.2 the CoVs of the velocities exhibit variations with277

similar patterns as those observed for Cp and Ct CoVs, hinting at that the278

latter are caused by the velocity variations along the streamwise direction of279

the flume. In summary, for d̂ < 0.2, Cp and Ct CoVs are largely correlated280

with the position of the dummy tower but for d̂ > 0.2, they are caused by281

the variations in the onset flow velocity.282
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Figure 6: Variation in performance coefficients plotted against normalised distance from
the rotor. The distance d̂ between the dummy mast and the rotor plane are normalized
by the rotor diameter. The turbine was tested at a flow velocity of 1 m s−1 and a TSR =
4. The variation in the square and cube of the velocity is plotted for comparison

4.2. Frequency-Domain Analysis283

The frequency domain analysis of the impact of the dummy tower prox-284

imity to the rotor on turbine loads focuses on the flapwise force on blade285

1 (Fx1), but similar results are observed for blade 2 and 3. Figure 7 shows286

the FFT (with log log axes) for Fx1 at TSR = 4 and U = 1 m s−1 for three287

increasing distances of the dummy mast to the rotor.288

289

For the normalised frequency f/f0 < 0.4, the spectra on the three sub-290

plots are very similar and are dominated by onset flow turbulence effects291

(as detailed in [18] and in [19]). For higher frequency values, the spectra292

are dominated by turbine related effects. On the top plot, the first seven293

clear peaks are labelled for convenience. The “1P” peak is associated to294

the passing of blade 1 in front of the dummy tower, which takes place once295

per rotor revolution, hence the associated normalised frequency of f/f0 = 1.296

Given that the frequency of the “2P” peak is twice that of the “1P” peak297

and that its amplitude is lower than that of the “1P” peak, it is believed298

to be the first harmonic of the “1P” peak. The “3P” peak is higher than299

the “2P” peak and is therefore unlikely to correspond only to a harmonic300

of the “1P” peak. It is believed to be associated with the indirect effect of301

16
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Figure 7: Frequency components amplitude (in Newtons) of the flapwise load on blade 1

(Fx1) for increasing values of the distance between the rotor and the dummy mast (d̂).
Measurements were carried out at TSR = 4 and with an onset flow velocity U = 1 m s−1.
Both x and y axes are logarithmic and on the x-axis, the frequency is normalised by the
rotational frequency f0.
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although those measurements are associated with only blade 1, it is likely303

that the loads induced on the rotor by the passing of the other blades in304

front of the dummy tower are felt to some extent by the sensor of blade 1,305

hence the higher value of the “3P” peak compared to the “2P” one. Given306

their frequency (multiples of those of the “1P” and “3P” peaks) and their307

decreasing amplitudes, the “4P” to “7P” peaks are believed to be harmonics308

of the the “1P” and “3P” peaks. Looking at those seven peaks on the dif-309

ferent subplots, it can be seen that their amplitude decreases as the distance310

from the rotor to the dummy mast (d̂) increases. This suggests a decreasing311

impact of the dummy tower on the Fx1 loads at those specific frequencies,312

with increasing distance d̂. It can be interpreted as a reduction of the tower313

shadowing effect with increased values of d̂. Physically, the tower shadowing314

effect corresponds to a reduction in streamwise flow velocity upstream of the315

tower, due to the local blockage created by the tower. The further upstream316

of the tower, the less this velocity reduction phenomenon is pronounced. It317

should be noted that the amplitude values of the peaks displayed in figure 7318

are not very accurate. Indeed, although those peaks are consisting of more319

than one point, they are still very narrow and their maximum values could320

therefore be affected by the smoothing technique used for plotting the FFTs.321

Indeed, in order to reduce noise on those plots, each point of the curves is322

derived through a moving average (in the frequency domain) with the width323

of the averaging window distributed logarithmically to match the log scale324

of the x-axis. In other words there is more averaging at high frequency than325

at low frequency. Nevertheless, we believe that the general qualitative trend326

of the peak amplitudes decreasing with increasing d̂ is genuine. To quantify327

better this phenomenon, the amplitude of the two main peaks (“1P” and328

“3P”) have been computed from raw FFT (i.e. without any smoothing) and329

plotted separately on figure 8 for all the values of d̂ investigated.330

331

It can be seen from figure 8 that the amplitudes of the “1P” and “3P”332

peaks generally decrease as d̂ increases until d̂ = 0.36. For higher values333

of d̂, the amplitude of the peaks remains broadly constant. The variability334

around the general trend of those curves is believed to be due to the difficulty335

in identifying the maximum value of those peaks. Indeed, although figure 8336

was derived from non-smoothed FFT, given the narrowness of those peaks,337

it is likely that some amount of spillage is taking place in the FFT process,338

which distributes some of the amplitude of the main peak to the neighbour-339
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Figure 8: Amplitude (in Newton) of the “1P” and “3P” peaks of Fx1
plotted against the

normalised distance d̂ between the rotor plane and the dummy tower axis.

ing frequencies. Nevertheless, figure 8 provides an indication of the impact of340

the distance between the rotor and the dummy mast on the influence of the341

latter on rotor loads. Ultimately, it also provides indications on the distance342

from which the dummy mast stops affecting those loads. Qualitatively, those343

results are consistent with what is observed in figure 6 for the coefficients344

of variation of Cp and Ct. However, figure 8 shows a clear influence of the345

proximity of the dummy tower on the blade load for values of d̂ up to 0.36346

whereas from figure 6 this influence is not discernible for d̂ > 0.23. This347

suggests that the frequency analysis of a single blade flapwise load is more348

sensitive to the impact of the dummy tower presence on rotor loads than the349

coefficients of variation of Cp and Ct is.350

351

On the top subplot of figure 7, it can be seen that there is a group of sharp352

peaks whose normalised frequency is 8 ≤ f/f0 ≤ 11. It is not entirely clear353

what those peaks are associated with. Their frequencies, which are integer354

multiples of those of the “1P” and/or “3P” peaks, suggests that they are355

harmonics of the “1P” and/or “3P” peaks. However the fact that the am-356

plitudes of some of those peaks are higher than that of the “7P” peak is less357

consistent with that. It could however be that the amplitude of those high358

frequency peaks are not very reliable because of the smoothing technique and359

the potential spillage associated with the FFT process as explained earlier.360

In any case, the amplitudes of those peaks also decrease with increasing dis-361
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peaks are somehow related to the influence of the dummy tower on the loads.363

364

Finally, it can be noticed from figure 7 that aside from the sharp peaks365

discussed above, the general trend of the FFT curves are very similar re-366

gardless of the distance of the rotor to the dummy mast. This holds true367

even when the dummy mast is as far from the rotor as the structural mast368

(d̂ = 0.82) and in the absence of the dummy mast, as seen in figure 9. The369

figure shows the FFT of Fx1 for the configuration with the dummy mast at370

its closest position to the rotor (blue curve), for the configuration where the371

dummy mast is in its farthest position from the rotor and aligned with the372

structural mast (red curve) and for the configuration without any dummy373

mast (yellow curve). Leaving aside the sharp peaks, the rest of the three374

curves are practically identical in trend. This suggests that the physical375

phenomena behind the three triangular peaks highlighted on the figure by376

dashed square boxes, are not associated with the presence of a tower. If377

they were, a difference in those broad peaks would be expected between the378

blue and red curves because of the significant difference in distance between379

the rotor and dummy tower between those two configurations. There would380

also be a difference in frequency of those broad peaks between the red and381

yellow curves. Indeed, the yellow curve is associated with a configuration382

with one tower whereas the red curve corresponds to a configuration with383

two identical towers, which are at the same distance from the rotor and 180°384

apart (with respect to the turbine rotor axis). In this latter configuration,385

the blade would experience a tower effect twice per revolution whereas in386

the former this would be once per revolution. Rather than being associated387

with the presence of the tower, those triangular peaks are believed to be388

caused by the rotational sampling effect of the onset flow by the rotating389

blades. In other words, the spectrum of the onset flow velocity, as measured390

from a fixed location (i.e. Eulerian measurement) is distorted when sampled391

from a point rotating along a circle, whose plan is perpendicular to the onset392

flow direction. One of the consequences of this distortion is the presence of393

narrow-banded peaks of turbulence energy centred on the frequency associ-394

ated with the rotation and multiples of that frequency. This phenomenon was395

observed from experimental measurements and investigated in [34]. This has396

a direct impact on the load experienced by the blades, which are experiencing397

the onset flow through this rotational sampling effect. This phenomenon is398

derived semi-analytically for the turbine used in this study in [19].399
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Figure 9: Frequency components amplitude (in Newtons) of the flapwise load on blade

1 (Fx1
) for the configurations corresponding to the closest position (d̂ = 0.13) of the

dummy tower to the rotor (blue curve), the configuration with furthest dummy tower

position (d̂ = 0.82, red curve) and the configuration without dummy tower (yellow curve).
Measurements were carried out at TSR = 4 and with an onset flow velocity U = 1 m s−1.
Both x and y axes are logarithmic and on the x-axis, the frequency is normalised by the
rotational frequency f0.

4.3. Azimuthal Variation of the loads400

An interesting way to investigate the impact of the proximity of the401

dummy mast onto rotor loads is to analyse those loads as a function of the402

absolutes azimuthal position of the rotor. To do so, starting from synchro-403

nised timeseries of load measurements and absolute azimuthal positions, the404

load values are binned according to their associated angular position, with an405

angular bin width of 1°. Load values are then averaged on a bin by bin basis406

so that the final outcome is one load value per degree of azimuthal position407

of the rotor.408

409

Figure 10 shows the azimuthal analysis, in the form of polar plots, for the410

rotor torque and for different distances of the dummy mast to the rotor plan.411

These measurements are associated with an onset flow velocity of 1 m s−1 and412

TSR = 4.413

414

Looking at the polar plot corresponding to d̂ = 0.13, we observe two main415
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The first one is the “clove-like pattern” with three “leaves” or lobes. Be-417

tween those lobes, there are well defined notches which are 120° apart, with418

one of them at 0°. Those notches are believed to be due to the dummy tower419

shadowing effect which is experienced by the rotor three times per revolution420

i.e. each time a blade passes the dummy tower. Indeed, upstream of the421

dummy tower, the flow velocity is locally reduced, which in turn reduces the422

load experienced by the blades when they pass through that region of the423

flow. The notch at 0° is consistent with the fact that that angle corresponds424

to the top dead centre position for blade 1, i.e. when it is aligned with the425

dummy tower. The 120° gap between the notches is also consistent with the426

angular spacing between the blades of the rotor. It is interesting to note that427

the amplitude of the notches decreases as the distance from the rotor to the428

dummy mast increases, highlighting the diminishing impact of the tower on429

the rotor torque oscillations as the dummy mast is located further away from430

the rotor plane.431

432

The second clear feature is the ripple like pattern of smaller amplitude433

than that of the “clove -like” one but which exhibits 18 oscillations per rev-434

olution. Those oscillations do not seem to be associated with the proximity435

of the dummy tower as their amplitude, frequency and phase remain largely436

unaffected by the dummy tower position. Moreover, observations for other437

TSRs (not shown in figure 10) yield a similar pattern. All this suggests that438

this feature is not related to any hydrodynamic phenomena but to a mechan-439

ical artefact of the drivetrain, possibly due to cogging in the turbine motor440

or gearbox.441

442
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Figure 10: Angle averaged rotor torque (in N m) plotted against the absolute rotor angular
position for six different dummy mast positions. 0◦ corresponds to when blade 1 is at top
dead centre. This data corresponds to TSR = 4 and to an onset flow velocity of 1 m s−1 .
The second image combines the six individual plots to provide a comparitive view point.

Figure 11 shows the azimuthal analysis for the flapwise force for blade 1443

for different values of the normalise distance between the dummy tower and444

the rotor plane.445

The main feature of the curve for d̂ = 0.13 is a notch at 0°. This is once446
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like for figure 10, there is only one notch here because the measurements are448

associated with only one blade, which therefore experiences the flow deceler-449

ation associated with the dummy tower only once per rotor revolution. The450

lobes on each side of the notch are not symmetrical, with the one at 45° being451

larger than the one at 315°. This lack of symmetry is believed to be due to452

the rotational direction of the turbine. In other words, if the turbine was to453

rotate in the other direction, the lobes pattern would be reversed. We notice454

that the notch and lobes pattern is less pronounced as d̂ increases. As for455

figure 10, this is believed to be due to the decreasing influence of the tower on456

the loads with the increasing distance between the rotor and the tower. Fi-457

nally, we notice that the angular position of the notch drifts progressively as d̂458

increases, from 0° for d̂ = 0.13 to reach about 350° for d̂ = 0.23. This angular459

drift is believed to be associated with the swirl in the rotor wake, induced by460

the turbine rotation. The local flow deceleration in the streamwise direction461

upstream of the tower is shifted in the rotor tangential direction by the swirl.462

The larger the distance between the rotor and the tower, the longer the “swirl463

effect” applies to the tower deceleration and therefore the larger the angular464

shift observed. As for the asymmetry in the lobes pattern, it is believed that465

if the turbine was to be spinning in the other direction, the angular drift466

of the notch position with d̂ would be in the opposite direction to what is467

observed in the figure 11 as the swirl would be rotating in the other direction.468

469

To provide some perspective on the magnitude of those tower induced470

loads, they can be compared with loads associated with turbulence and wave.471

From figure 11, it can be seen that the difference between the minimum and472

maximum force values is about 10 N for the shortest distance d̂ = 0.13. This473

difference gradually decreases when d̂ increases, from 8 N at d̂ = 0.15 to 2 N474

at d̂ = 0.23. In [13] and [14] the exact same turbine model is used in the same475

flume to investigate blade loads induced by strong shear flow effects. These476

studies show that the flapwise force on blade 1 records azimuthal-averaged477

variations of between 3 N and 12 N, depending on the turbine position in the478

shear flow, for the same onset flow velocity as for figure 11. That is the same479

order of magnitude as the Fx1 fluctuations observed in the present study. In480

[35], a section is dedicated to the variation of blade root bending moments for481

a turbine model subjected to a combination of irregular wave and shear flow482

conditions, in the same tank as the present study. The turbine experiences483

azimuthal-averaged variations of the out-of-plan blade root bending moment484
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turbine is slightly larger than the one used in the present study, with a rotor486

diameter of 0.9 m. From the measurements provided in [35] we can make a487

rough estimation of the blade flapwise force azimuthal variation, based on the488

assumption that the point of application of the force on the blade is located489

at 75% of the blade span. This yields a range of 8 N to 14 N, corresponding490

to the same order of magnitude as the variations recorded in this study, for491

shorter blades.492
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Figure 11: Angle averaged flapwise force on blade 1 (in N) plotted against the absolute
rotor angular position for six different dummy mast positions. 0◦ corresponds to when
blade 1 is at top dead centre. Those data corresponds to TSR = 4 and to an onset flow
velocity of 1 m s−1 . The second image combines the six individual plots to provide a
comparitive view point.

4.4. Exceedence analysis493

The highest loads experienced by tidal turbine components and their494

probability of occurrence are key information for their engineering design. In495
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the proximity of the tower to the rotor, we have plotted in figure 12 the ex-497

ceedance probability of the flapwise force on blade 1, for different positions498

of the dummy tower. The exceedance probability is a statistical quantity499

providing information on the probability that a certain value (in our case500

of flapwise force on blade 1) is met or exceeded. The curves of figure 12501

were obtained by sorting the load timeseries in ascending order in terms of502

load measurements with the probability of exceedance associated with each503

load value being calculated by dividing the index of that measurement (after504

sorting) by the total number of measurement points. More information on505

the concept of exceedance probability can be found in [36]. On the x-axis,506

Fx1 is normalised by its mean value. Those curves were obtained for tests at507

TSR = 4 and onset flow velocity of 1 m s−1. Each curve corresponds to a test508

run of 4200 s. The runtime for the tests was set to be significantly longer509

than for the other tests of the study in order to increase statistical robustness.510

511
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Figure 12: Exceedance probability of the flapwise force on blade 1 (Fx1) for different
dummy tower positions within onset flow velocity of 1 m s−1 and TSR = 4.

The blue curve is associated with a normalised tower distance to the rotor512
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to the configuration without any dummy tower. The three curves largely514

overlap for Fx1/F̄x1 < 1 but beyond that point, there is a clear pattern of515

higher load for a given probability and higher probability for a given load for516

the d̂ = 0.13 curve compared with the two others. For exeedance probability517

values higher than 10−4, the d̂ = 0.36 curve and the one corresponding to518

the configuration without dummy tower overlap. This means that at that519

distance (d̂ = 0.36), the dummy tower has little effect on the load probability520

distribution over 10−4. For exeedance probability value lower than 10−4, the521

loads are higher for the orange curve compared to the green one, which is522

consistent the “higher load with lower d̂” pattern observed throughout the523

study. It should however be noted that the low exceedance probability tails524

of the curves are less smooth than for higher probability exeedance values.525

This is due to the fact that in those low probability regions, the curves526

are often defined by a limited number of data points. This is actually not527

very statistically robust and the very tail of those curves should therefore be528

considered with caution. Nevertheless, figure 12 highlights the fact that the529

tower distance to the rotor should be taken into account for blade components530

maximum load considerations.531

5. Conclusions532

This study has investigated experimentally the impact of the proximity533

of the tower to the rotor on turbine performance and structural loads. This534

was achieved using a dummy tower whose position was accurately controlled.535

Tests were carried out for different onset flow velocities and different distances536

from the rotor plane to the dummy tower axis.537

538

The results show that there is little impact of the distance between the539

rotor and the dummy tower on the mean values of the Cp and Ct coefficients.540

This is in contrast with the findings reported in [30] where CFD computations541

predicts higher values of mean Cp and Ct with increasing values of d̂. The542

discrepancy could be explained by the fact that the diameter of the mast543

considered in the CFD study is significantly larger than in our study (24%544

of the rotor diameter for [30] versus 10.3% for our study). Moreover, in [30],545

the mast extends through the full height of the water column whereas in our546

study, it only extends from the nacelle to the water surface, which represents547

half of the water column height.548
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those two coefficients are clearly impacted by that distance, with their re-550

spective coefficient of variation being higher when the dummy tower is closer551

to the rotor. For d̂ > 0.23, the influence of the dummy tower is no longer552

discernible.553

554

Results were also examined in terms of frequency analysis, focusing on555

the flapwise load on one of the blades. In that context, the impact of the556

proximity of the dummy tower to the rotor is exhibited by very sharp and557

narrow peaks at the blade passing frequency and its harmonics. The am-558

plitude of those peaks decreases with increasing values of d̂. The frequency559

analysis suggests that the impact of the dummy tower on Fx1 is noticeable560

for values of the up to 0.36, which is more than what was observed for the561

coefficient of variation of Cp and Ct. This difference is believed to be due to562

the fact that the frequency analysis is more sensitive. The frequency analysis563

also highlights the two components of the peaks taking place at the blade564

passing frequency and its harmonics; with one due to the proximity of the565

dummy tower and the other associated with the rotational sampling effect.566

The former is very narrow and its amplitude decreases as the distance be-567

tween the dummy tower and the rotor increases whereas the latter is broader568

and unrelated to the dummy tower position.569

570

The azimuthal analysis also clearly highlights the diminishing impact of571

the dummy tower with the increasing distance from the rotor to the dummy572

mast. It also exhibits how the swirl in the rotor wake shifts the azimuthal573

angle at which tower shadowing effect is “felt” by the rotor with increasing574

d̂. Comparisons with other studies using the same or a similar turbine model575

shows that the recorded azimuthal variations of the flapwise force are of the576

same order of magnitude as the ones caused by wave and shear flow effects,577

especially for the shortest values of d̂.578

579

Flapwise loads on one of the blades are investigated with a load exeedance580

probability analysis. This simple exeedance analysis is not a substitute for581

an in-depth extreme value analysis, which is beyond the scope of this study,582

but it nevertheless provides valuable insight in the distributions of the loads583

and their probability. This analysis shows that when the dummy tower is584

close to the rotor, it significantly increases the value of the highest loads ex-585

perienced by the blade, compared with the when the dummy mast is further586
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this study) and it was therefore not practical to carry out such long tests for588

a large number of values of d̂. As a consequence, we cannot see the grad-589

ual evolution of the exeedance curves with d̂ but only that for d̂ = 0.36,590

the exeedance curve is very similar to that associated with the configuration591

without dummy mast, except for the lowest probability region in which the592

tail of the curves is less reliable.593

594

Overall, this study shows that the proximity of the turbine tower to the595

rotor has little influence on mean values of performance and load coefficients596

but has a clear impact on load and performance variations as well as on597

maximum load values. The general trend is that the closer the tower is to598

the rotor the higher those variations and maximum values are. This suggests599

that the distance between the tower and the rotor should be taken into600

account at turbine design stage. Further studies could involve investigating601

experimentally how the diameter and the section geometry of the mast affect602

rotor loading. It would also be interesting to compare experimentally rotor603

loading for the same dummy mast located upstream and downstream of the604

rotor. Finally, it would be useful expand this type of experiments to higher605

Reynolds numbers to investigate the Reynolds dependency of the value of d̂606

above which the mast has no significant impact on rotor loads.607
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