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ABSTRACT 9 

Before initiating a study on the interaction of multiple wakes, it is imperative that turbine 10 

wake hydrodynamics are studied in isolation. In this paper CFD computer simulations of 11 

downstream turbine wakes have been run using a scale-resolving hybrid turbulence model 12 

known as a detached eddy simulation. To allow validation of the CFD simulations the 13 

computer models were supported by flume measurements with a lab scale tidal stream turbine 14 

run at three tip-speed ratios and three turbulence conditions, varying both turbulence intensity 15 

and length-scale. 16 

From the study it was demonstrated that turbulence intensity has a significant impact on the 17 

wake development for both recovery and width. The turbulence length scales of between 0.25 18 

and 1.0 rotor diameter did not have a significant impact on the wake. 19 

The turbine operating condition also had an impact on the resulting wakes. In the near 20 

wake, centreline velocity recovery was found to increase with increasing turbine thrust due to 21 

flow being diverted towards the turbine nacelle. For a volumetric averaged wake, greater 22 

power extraction was found to cause the greatest near-wake deficit. Wake width was found to 23 

increase with increasing tip-speed ratio (and therefore turbine thrust). 24 

 25 

Keywords: Turbine Wake characteristics, Turbulence, Tip speed ratio, CFD modelling, 26 

Experimental analysis. 27 

 28 

1. INTRODUCTION 29 

As with many industries reliant on the exploitation of fluid flows, the tidal stream turbine 30 

industry has used a combination of numerical modelling and scale testing in order to reduce 31 

the financial risks involved in installing full-scale turbines at tidal sites [1-5]. Much of the 32 

numerical modelling of tidal turbines has examined a diverse range of factors from blade 33 

design to flow-misalignment to ambient turbulence and their impacts on turbine performance 34 

[2, 3, 5]. Largely due to the computational costs associated with large, detailed models of 35 

turbines, the majority of this work has concentrated on the performance of individual, 36 

isolated turbines. In order to most effectively exploit the tidal stream resource, which is found 37 

in areas of limited geographical extent, tidal turbines are expected to be deployed in arrays, 38 

and the close proximity of turbines to one-another in these arrays has the potential to lead to 39 

interactions between them. In contrast to the wind, the tidal resource is highly predictable in 40 

both speed, direction and temporal variations [4]. Therefore, there is more potential for 41 

optimisation in the array layout of tidal stream turbines, by minimising detrimental 42 

interactions and maximising positive interactions between the turbines. In order to achieve 43 

this end, it is crucial to improve the current understanding of the physical processes occurring 44 

in the wake of tidal stream turbines by exploring what factors influence the size and shape of 45 

the wake, and what is the nature of the turbulent flow in the wake region. Knowledge of this 46 

will inform array layout, allowing the right compromises to be made in order to maximise 47 
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energy extraction whilst reducing turbine loading and capital costs, and minimising any 48 

potential impacts that turbine arrays might have on the wider environment. This can be 49 

achieved by building confidence in a numerical model of turbine wakes through validation 50 

against flume experiments and/or full-scale models and prototypes. These models can 51 

subsequently be used to explore a wider range of conditions experienced by the turbines to 52 

increase understanding of the interaction of wakes and turbines, leading to optimised array 53 

designs. To date, most modelling of tidal turbine wakes has been conducted using Reynolds-54 

Averaged Navier-Stokes (RANS) turbulence models or vortex methods [1], however, these 55 

have been shown to overpredict the extent of the wake when compared to experimental 56 

measurements [6, 7], demonstrating the need for a different approach. 57 

1.1 Wakes of isolated turbines 58 

Early work on wake development was conducted by Lissamann [8] and Jensen [9]. 59 

Frandsen et al. [10] adapted the work of Jensen and applied it to arrays of offshore wind 60 

turbines. The ‘top-hat’ profile, which underestimates velocity deficit at the centre of the wake 61 

and overestimates it at the wake edges, was replaced by Bastankhah and Port´eAgel [11] with 62 

a Gaussian profile. Lam and Chen [12] combined axial momentum theory across an actuator 63 

disc with flume measurements from Maganga et al. [13] to develop analytical equations for 64 

the prediction of the axial velocity deficit and its lateral distribution downstream of a tidal 65 

turbine which were later adapted to include the effects of the turbine hub and predict the 66 

region of “double-dip” wake deficit seen in the near-wake region [14]. The improved 67 

equations showed good agreement with measurements made by Mycek et al. [15]. One of the 68 

earliest studies of the wake of a tidal turbine was conducted in a flume experiment by 69 

Maganga et al. [13]. They found that the turbulence intensity (TI) had a significant effect on 70 

the length of the wake. 71 

Early numerical studies sought to reduce computational expense through the use of porous 72 

discs to simplify the geometry of a turbine, whilst still producing a wake. Models have been 73 

presented by Harrison et al. [16], Malki et al. [17] and Bai et al. [18], amongst others, which 74 

all combine an actuator disc approach with RANS-based CFD modelling for the flow field 75 

around and downstream of the disc. These steady-state models however fail to capture the 76 

transient effects in the near wake. Attempts to make the actuator disc model more closely 77 

match a physical turbine have been made by Nishino and Willden [19], to account for 78 

turbulence from the turbine blades, to more accurately reproduce the near wake mean flow. 79 

Measurements have been made in the wakes of actuator discs [20] and in some cases 80 

behind individual turbines [13, 21, 22]. The work of Maganga et al. [13] showing that an 81 

increase in TI causes faster wake recovery, was confirmed by Mycek et al. [21], who 82 

concluded that, whilst an increase in ambient TI only had a limited effect on the mean power 83 

coefficient (CP) and thrust coefficient (CT), the wake was “deeply influenced” by the 84 

upstream turbulence, and that the “wake shape, length and strength largely depend on the 85 

upstream turbulence conditions”. Investigations into the turbulence produced in the near 86 

wake (between 1.5 and 7 diameters downstream of the rotor) were made by Tedds et al. [23] 87 

who noted that the rotation of the turbine blades induced significant anisotropy into the 88 

turbulence, and suggested that numerical models which rely on the assumption of isotropic 89 

turbulence may struggle to accurately reproduce the flow.  90 

1.2 Interactions within small groups of turbines 91 

As with studies on the wakes of single turbines, much of the initial research into blockage 92 

effects used actuator discs, either experimentally or using (Blade Element Momentum-CFD) 93 

BEM-CFD models [19, 24]. Turnock et al. [25] used a coupled BEM-CFD model to examine 94 

the effects of turbine separation both laterally and longitudinally. They found that a lateral 95 

spacing of 2 turbine diameters provided the highest power output from a row of turbine. This 96 
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has been supported by other studies using a BEM-CFD method [18, 26] and with full-rotor 97 

RANS CFD [27]. These studies found that lateral spacing of 2.5D [18] (where D represents 98 

the diameter of a turbine) and 2D [26, 27], gave the highest CP for turbines in this row.  It was 99 

also found that a second row of turbines should be at least 5D downstream of the first row 100 

and staggered for the best overall performance [27].  101 

The effects of lateral and longitudinal spacing on the wakes of tidal turbines has been 102 

studied by Stallard et al. [28]. The study found that for lateral spacing ≥3D, the wakes of the 103 

individual turbines are unchanged from the case of an isolated turbine, but for spacing of ≤2D 104 

the wakes from the individual turbine merge to form one single wake by 4D downstream of 105 

the rotors. Another study, this time using PIV measurement techniques, demonstrated the 106 

complex nature of turbine interactions within an array [29]. This found that the lateral 107 

spacing between turbines effected the array centreline wake recovery, potentially having a 108 

detrimental impact on downstream turbines. Field tests of multiple turbines have also been 109 

conducted to examine the interactions between turbines and the dependence on turbine 110 

spacing by measuring the change in CP due to the presence of a second turbine [30]. The 111 

study examined both lateral and longitudinal spacing of two identical turbines, finding that 112 

lateral a spacing of 2D produced a performance increase of up to 6%. Due to the restrictions 113 

on the towing rig used, a maximum longitudinal spacing of 6D was measured, which revealed 114 

a 59% reduction in performance, However, when the downstream turbine was offset by 1.5D 115 

or 3D from the centreline of the upstream turbine, no negative effects were observed, giving 116 

an idea of the effective width of the wake. 117 

Other studies have examined the rate of wake recovery behind the turbine, both 118 

numerically and experimentally [6, 13, 31, 32]. Examining the length of the wake’s feeds into 119 

considerations of longitudinal spacing of turbines within arrays. An increase in ambient 120 

turbulence causes faster wake recovery [13, 20, 33-35]. Hence the position of a downstream 121 

turbine will be dependent on the wake-length and width of an upstream turbine. However, the 122 

characteristics of the turbulence is also important [13, 32]. As mentioned above, the 123 

anisotropy in the wake induced by the turbine [7, 36, 37] has been investigated in the context 124 

of arrays [27, 36] and found to have notable influence.  125 

 126 

2 WAKE ANALYSIS METRICS 127 

The length, width and characteristics of a wake are dependent on the shape of an object in 128 

the flow [38], the nature of the flow and the fluid itself. The wake induced by the presence of 129 

the object is a region of slower moving fluid with increased turbulence when compared to the 130 

free-stream (Figure 1). Mixing takes place between the higher velocity free-stream and the 131 

lower velocity wake, and the associated change in momentum causes the wake to gradually 132 

return to the same velocity as the free-stream. This is known as wake recovery. Just behind 133 

the object, the lower velocity wake and higher velocity free-stream regions are distinct from 134 

one another, separated by a thin, highly sheared layer; flow recirculation is often observed in 135 

this near wake region. As the fluid progresses downstream, momentum exchange takes place 136 

across the shear layer, leading to wake recovery taking place from the outside towards the 137 

centre. At the same time, the shear layer becomes thicker, extending outwards into the free-138 

stream and inwards towards the centre of the wake, whilst simultaneously decreasing in 139 

strength. The overall area affected by the wake becomes wider, but the strength of the wake 140 

itself (the velocity deficit) decreases. At some point downstream of the object, the shear layer 141 

reaches the centreline of the wake. Beyond this point, the flow is still affected by the presence 142 

of the object upstream, exhibiting increased turbulence and a remaining velocity deficit, but 143 

the bounds of the wake become less defined. Eventually, very far downstream of the object, 144 

viscous effects will damp down and dissipate any remaining turbulence and the wake will 145 

continue to recover, until it is indistinguishable from the upstream flow.  146 

Jo
urn

al 
Pre-

pro
of



4 

 

This qualitative description of a wake will be recognised by flow physicists, but in order to 147 

compare wakes, quantitative metrics must be developed. Clearly, an area of reduced flow 148 

velocity and increased turbulence has the potential to impact downstream turbines through 149 

reduced flow velocity and increased turbulence. Whilst the importance of being able to 150 

quantify both the strength of the wake as well as the size of the region it affects is clear, 151 

developing quantitative metrics by which to do this is more difficult. Developing quantitative 152 

metrics is difficult because of the highly turbulent nature of the wake, meaning that the width 153 

and length can fluctuate with time [39]. 154 

 155 

Figure 1: A schematic of the wake description. Flow direction is from left to right. 156 

 157 

2.1 Wake length 158 

In general, wake recovery occurs at a higher rate in the near wake, where the difference 159 

between the velocities of the wake and the free-stream is greatest, and the exchange of 160 

momentum is most effective. As the wake and free-stream become more similar to each 161 

other, the effect of momentum mixing reduces, and the rate of recovery decreases and the 162 

wake velocity approaches that of the free-stream in an asymptotic manner. For practical 163 

measurements of wake length, it is necessary to take a velocity threshold where it can be said 164 

that the wake has `recovered'. The choice of this velocity threshold is essentially arbitrary, 165 

but for the purposes of this work, a 90% wake recovery (10% deficit) is used. The paper will 166 

use terms that are ubiquitous to the subject matter, but the authors will define some of the 167 

terms next for clarity.  168 

 169 

2.1.1 Centreline velocity recovery 170 

The simplest, and most widely used, method of quantifying the length of the wake is by 171 

analysing the recovery of the time-averaged axial velocity along the turbine centreline. This 172 

has the advantage of being easily extracted from CFD modelling or measured experimentally. 173 

However, it only provides information about the centreline axial velocity, and does not 174 

contain any information about the distribution of velocity in the wake region - information of 175 

critical importance to turbine and array developers. In addition to this, wake recovery occurs 176 

from the outside towards the centreline, meaning that centreline measurements can 177 

potentially under-estimate the level of wake recovery since the turbine blades are located 178 

some radial distance from the centreline. Using this information alone could lead to a turbine 179 

developer using an unnecessarily large downstream spacing for the layout of a turbine array, 180 

reducing the amount of energy which can be extracted from a site of limited geographical 181 

extent. 182 

 183 
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 184 

2.1.2  Volumetric averaged velocity 185 

To account for the distribution of flow velocity behind the turbine, the volumetrically 186 

averaged velocity has also been used. This is an area-weighted estimate of the time-averaged 187 

axial velocity through the swept area of the turbine. This was recorded at regular intervals 188 

downstream from the turbine and has been shown to give a better estimate of the energy 189 

available to a downstream turbine [6]. This is trivial to extract from CFD data; the time-190 

averaged velocity is integrated over the swept area of the turbine at different downstream 191 

stations. However, due to the time required to make measurements in a flume, these were 192 

only taken on a horizontal plane. To obtain an estimate of the volumetric flow over the swept 193 

area of the turbine, a shell (or disc) integration was performed on the measured velocity 194 

profiles, following the procedure used by Mycek et al. [21]. The same procedure was also 195 

carried out on the CFD data to provide comparative results. 196 

 197 

2.1.3  Wake width 198 

Initially, a turbine wake is approximately as wide at the turbine rotor itself. However, as 199 

the wake develops downstream, mixing takes place between the high-velocity free-stream, 200 

and the lower velocity wake region, causing a layer of sheared flow. Initially this shear is 201 

high and the shear layer thin, but as the wake develops, the thickness of this shear layer 202 

increases, and the velocity gradient (shear) decreases. This simultaneous change in both 203 

thickness and strength of the shear layer makes a simple definition of a wake difficult.  This 204 

difficulty is only compounded by the fact that the turbine wake may meander in time [33, 35]. 205 

Therefore, three different methods have been proposed and used in the analysis of turbine 206 

wakes in this paper: 207 

1) a width metric based on the point of maximum-shear,  208 

2) a width metric based on a fixed velocity threshold, and  209 

3) a width metric based on a full-width half minimum method. 210 

All three methods have been designed to be implemented for measurements of time-averaged 211 

axial velocity in a rake parallel to the plane of the turbine rotor. 212 

 213 

2.2 Wake width based on the point of maximum-shear 214 

In this case the position of the edges of the wake is defined by the point of maximum-shear 215 

which is defined as the position with the greatest rate of change in the time-averaged axial 216 

velocity in the cross-stream direction. As shown in Figure 2, the wake width is then the 217 

distance between the points at which this shear is a maximum.  218 

 219 
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Figure 2: Wake width: the maximum-shear method. 220 

2.3 Wake width based on a fixed velocity threshold 221 

For array designers, a more useful definition of wake width may be the width of the region 222 

with a velocity deficit above a certain threshold, i.e. 90% wake as stated earlier (Figure 3). As 223 

the wake recovers from the outside inwards due to the mixing of momentum from the free-224 

stream, it is expected that the wake width will decrease as it develops downstream of the 225 

turbine. Once all of the wake has recovered to more than 90%, the wake width will become 226 

zero [40]. 227 

 228 

Figure 3: Wake width: the fixed velocity threshold method. 229 

2.4 Wake width based on the full-width half-minimum of the velocity deficit 230 

A third approach, which recognises that the width of the region affected by the wake 231 

increases even as the velocity deficit decreases, is taken by a width measurement metric 232 

based on the idea of a full-width half-minimum (Figure 4). The full-width half-maximum is a 233 

concept often used in statistics and signal processing to analyse the width of a peak. This 234 

method is also a velocity threshold, but the threshold at a particular downstream position is 235 

chosen as half of the maximum velocity deficit at that downstream position in the wake, 236 

rather than being a fixed proportion of the free-stream velocity. Once half of the maximum 237 

velocity deficit has been calculated, the width is calculated as the cross stream extent of the 238 

wake which has a velocity deficit equal to this value.  239 

 240 
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Figure 4: Wake width: Full-Width Half-Minimum (FWHM) method. 241 

3 TURBINE AND EXPERIMENTAL SETUP  242 

The turbine used for this work was a 0.5 m diameter three-bladed, horizontal axis design, 243 

with blades based on a Wortmann FX 63-137 section. The blades have a twist of 30° from 244 

root to tip and were attached to a 100 mm diameter hub via root stubs and grub screws. The 245 

details of the rotor geometry and outputs has been reported in detail elsewhere [6, 37, 41-44]. 246 

The turbine nacelle was 763 mm long and a maximum diameter of 160 mm. The turbine hub 247 

is directly connected to a Bosch Rexroth type MST130E-0035 synchronous torque motor 248 

which is housed within the nacelle along with a slip ring, and associated electronics for 249 

control and instrumentation. Electric power and sensor cables are routed out of the 250 

downstream face of the nacelle. The motor torque was measured via the electrical current 251 

required to either drive or brake the turbine. For all the experiments detailed in this paper, the 252 

constant rotational velocity mode was used, replicating the constant rotational velocity used 253 

in the CFD study. The turbine assembly is suspended under water by means of a 71 mm 254 

diameter stanchion. 255 

3.1 Sensors, data recording and instrumentation 256 

The turbine was designed for physical testing to measure loads on, and power output of a 257 

turbine, with a specific focus on condition monitoring [44] but has also been used for work 258 

investigating the impact of misalignment [45], and surface waves. Data acquisition (as well 259 

as turbine control) was carried out using a National Instruments PXIe-8135 embedded 260 

controller and PC. A sample rate of 200Hz was used, which allowed 41s of data to be 261 

sampled. This gives a sample rate identical to that from the CFD simulations, with data being 262 

sampled over a similar amount of time to the 50s simulated numerically. 263 

3.2 Uncertainty analysis 264 

Uncertainty analysis was conducted for the turbine performance characteristics of CP, CT 265 

and Cθ. Detailed uncertainty analysis used in the commissioning of the turbine are provided 266 

by Allmark [44]. When collecting the data for the power curves presented in this paper, the 267 

upstream velocity was not simultaneously measured, but characterised before the tests. 268 

Subsequently the flume pump set-point used in the wake measurements was used. Hence, the 269 

reference velocity used for the calculation of CP, CT and Cθ was based on a mean velocity. 270 

3.3 Flume description 271 

Testing was carried out in the flume facility of the Institut Francais de Recherche pour 272 

l'Exploitation de la Mer (IFREMER) in Boulogne-sur-Mer. A description of the flume can be 273 

found in [21]. This recirculating flume has a working section 4m wide, 2m deep and with a 274 

useable length of approximately 18m. It is capable of flow speeds of 0.1-2.2ms-1, but for 275 

turbine testing was only used to a maximum of 1.5ms-1. 276 

3.4 Flow measurement techniques 277 

Flow measurement was made using a 2D DANTEC FiberFLOW two-axis Laser Doppler 278 

Velocimeter (LDV) system and calibrated ±0.001 ms-1. The LDV system was attached to a 279 

2D traverse and allowed the measurement procedure to be automated in the cross stream and 280 

vertical directions. The measurement positions and times were pre-programmed, allowing 281 

measurements to be made for one downstream station (in a plane perpendicular to the turbine 282 

axis), before being moved to the next downstream position with errors of the order of ±5 mm. 283 

Relative position errors in the cross-stream direction were of the order of ±1 mm. 284 

3.5 Flow conditions 285 

Flume testing was conducted in three stages. Each stage sought to examine the wake under 286 

three different types of flow condition; a low turbulence condition (1.75%), obtained using all 287 
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available flow-smoothing at the tank, and two test sets which used grids constructed of 288 

aluminium frames and marine plywood and placed upstream of the turbine to induce 289 

turbulence (Figure 5). The dimensions of the grids followed those used by Blackmore et al. 290 

[46]. In their study length scales of between 0.18 - 0.82 m were achieved, approximately 291 

0.35-1.5 times the diameter of the turbine rotor studied in this paper. Using grids about which 292 

data had already been published allowed an estimation of the TI and length scales to be 293 

expected before going to the flume. The grids were installed by fastening it to the base of the 294 

flume and an I-beam above the surface of the water.  295 

 296 

 297 

 298 

Figure 5: The fine grid installed in the IFREMER flume, viewed from downstream 299 

 300 

Before installing the turbine in the flume, the flow downstream of the grid was 301 

characterised. This was done via a sequence of LDV measurements in the centre of the cross 302 

sectional area of the flume. These were carried out for 1000s each, in order to obtain high 303 

confidence in the higher-order statistics. Plots showing velocity, TI and integral length scale 304 

(LT) with distance downstream of the grid are shown in Figures 6a-c respectively for the fine 305 

grid, and 6d-f for the coarse grid. Error bars have been omitted from these figures for clarity, 306 

as in all cases 95% confidence intervals were less than 0.5% of the values shown. The figures 307 

for the fine grid show that the velocity behind the grid increases with downstream distance 308 

(most likely due to the near-grid velocity being affected by the position of individual bars, 309 

with this effect becoming less influential as downstream distance increases), TI decreases 310 

with downstream distance, showing the dissipation of turbulence, and integral length scale 311 

tends to increase, indicating the dissipation of the shorter length scales with time. Based on 312 

the analysis of flow development behind the grid, as well as consideration of the space 313 

required to carry out wake measurements, the turbine rotor was placed at 4m downstream of 314 

the fine grid. 315 

The figures for the coarse grid show similar trends to that of the fine grid, albeit as 316 

anticipated with a higher TI and greater turbulence length scale. No measurements were made 317 

closer than 5m from the grid, as the TI was measured to be over 30% at this point. The 318 

turbine was placed 9m downstream of the coarse grid, as this was the greatest distance that it 319 

could be placed from the grid, whilst still leaving enough space downstream of the turbine for 320 

wake measurements. 321 

Once the centreline measurements had been made and the turbine position chosen,  flow 322 

uniformity across the swept area of the turbine was assessed by re-measuring at the chosen 323 

position on the flume centreline, as well as ±0.25m in both the horizontal and vertical 324 

directions, at the limits of the turbine swept area. Each of these measurements was made for 325 
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500s and show the flow to be reasonably uniform across the turbine swept area, with the 326 

integral length scale being approximately that of the turbine rotor radius behind the fine grid 327 

and that of the turbine rotor diameter behind the coarse grid. Turbulence generated from these 328 

grids can be expected to be largely isotropic (in the vertical and transverse directions). It is 329 

worth noting that turbulence at potential tidal sites is unlikely to be isotropic [47 - 50], 330 

however, the specific turbulence characteristics will be specific to individual sites and would 331 

need to be investigated in detail. 332 

 333 

 334 

a: Velocity behind the fine grid 335 

 336 

 337 

b: 1D turbulence intensity behind the fine 338 

grid 339 

 340 

 341 

c: Integral length scale behind the fine grid 342 

 343 

 344 

d Velocity behind the coarse grid 345 

 346 

 347 

e: 1D turbulence intensity behind the 348 

coarse grid 349 

 350 
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 351 

f: Integral length scale behind the coarse 352 

grid 353 

 354 

Figure 6: Flow characteristics downstream of the fine and coarse grids, measured at the centre 355 

of the cross-sectional area of the flume. 356 

For the test conducted in the low turbulence conditions without any grid, vertical profiles of 357 

axial velocity and TI were made across the region where the turbine was present. This showed 358 

the velocity to vary by ±1.5% and the TI by ≤2% across the diameter of the turbine, indicating 359 

a low turbulence, highly uniform flow. A summary of the flow conditions and tip-speed ratios 360 

for which wake measurements were made can be seen in Table 1.  361 

Table 1 Test flow conditions at the turbine rotor position. 362 

 363 

4. CFD METHODOLOGY 364 

4.1  CFD setup, geometry and boundary conditions 365 

The work contained within this thesis was conducted using the commercial CFD code 366 

Ansys Fluent. Fluent uses a finite volume method for solving the continuity and momentum 367 

equations for fluid flow. Flume-scale simulations were carried out using Fluent 18.0 on HPC 368 

facilities at Cardiff University. 369 

Simulation of the rotating turbine was achieved via a sliding mesh scheme as used by 370 

Morris [37]. This involves the creation of two separate domains, with two independent 371 

meshes. For the turbine, a cylindrical domain is created within the main domain, 372 

encompassing the rotating parts of the turbine. This cylinder is then physically rotated with 373 

each timestep, in accordance with the pre-determined rotational velocity. The mesh of the 374 

rotating domain and the main domain are not necessarily conformal, and the two meshes slide 375 

past each other at the mesh boundaries. This scheme allows for flow interactions between the 376 

turbine blades and stanchion and allows these cyclic interactions and the resultant wake to be 377 

evaluated. 378 

The turbine was suspended in the centre of the cross-sectional area of a flume, with a width 379 

of 4 m and depth of 2 m, giving a blockage ratio by turbine swept area of approximately 380 

Grid None Fine Coarse 

Distance from grid / m n/a 4.0 9.0 
Velocity / ms−1 1.5 1.02 1.03 
1D Turbulence intensity / % 1.75 11.7 17.5 
Integral length scale / m 0.5 0.19 0.43 

Tip-speed ratios tested 
2.5  X X 
3.65 X X X 
4.5  X X 
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2.5%. The CFD domain extended 1.5 m upstream of the rotor, and 7.5 m downstream, 381 

representing a modelled domain of from z/D = -3 to z/D = 15. The upstream domain boundary 382 

was set as a constant velocity inlet with specified turbulent conditions, including the addition 383 

of synthetic turbulent perturbations. Inlet turbulence was specified via turbulence intensity 384 

and a length scale, described by Ansys as representing the length scale of the turbulence 385 

features containing the most energy; similar to the definition of the integral length scale [46]. 386 

Production of turbulence perturbations using this method is based on a Biot-Savart rule, and 387 

1000 seed vortices were chosen, in keeping with the Ansys recommendation that the number 388 

of seed vortices should be approximately ¼ the number of cell faces at the inlet.  389 

The downstream domain boundary was a constant pressure boundary with a gauge pressure 390 

of 0 Pa. A zero-shear condition was applied to the upper domain boundary rather than 391 

representing a free surface, in common with other low-blockage numerical simulations. All 392 

other boundaries (both flume walls and turbine) were treated as stationary no-slip walls, using 393 

the default roughness coefficient of 0.5. 394 

A comprehensive mesh independence study was carried out by varying the mesh densities 395 

in the area immediately around the turbine rotor, the nacelle region, the wake region, and the 396 

surrounding volume of fluid. The resulting mesh contained a total of 11.38*10^6 cells and is 397 

detailed in [51]. 398 

4.2  Turbulence model 399 

To date, the majority of numerical research on tidal turbines and their wakes has been 400 

conducted using RANS turbulence models. These models recognise that, for most engineering 401 

flows, users are more interested in the time-averaged values of flow variables such as 402 

velocity, than the instantaneous values. RANS models are based on the idea that the 403 

instantaneous value of a flow variable, e.g. velocity, can be represented by its mean and a 404 

fluctuating component. This process is known as Reynolds decomposition, and is represented 405 

mathematically in equation 1, where U is the time-averaged flow velocity, and u’(t) represents 406 

the fluctuating component of velocity. 407 

 u(t) = U + u’(t) (1) 408 

The Reynolds-decomposed variables are then substituted into the incompressible 3-409 

dimensional Navier-Stokes equations. This yields the time-averaged Navier-Stokes equations 410 

for U, which are formally identical to the Navier-Stokes equations for instantaneous flow 411 

variables, with an additional term, shown in equation 2, and  known as the Reynolds stresses. 412 

Here u’ i and u’ j  represent instantaneous velocity components in the I and j directions 413 

respectively, ρ represents density, and τij  represents the tensor stress component in the ij  414 

direction. 415 

 416 

      (2) 417 

 418 

The Reynolds stresses represent the exchange of momentum between the mean and the 419 

fluctuating flow components, and must be modelled in order to close the Navier-Stokes 420 

equations and obtain a solution for U. Various schemes have been developed for the 421 

modelling of the Reynolds stresses, each with differing levels of complexity, from the mixing 422 

length model, through two-equation models such as the k-ε and k-ω through to the Reynolds 423 

Stress Model, which requires seven equations to be solved for closure to be achieved [52]. 424 

The advantage of RANS equations is that they provide a good compromise between 425 

computational cost and accuracy. They are well characterised, and it is known which ones 426 
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perform best for different types of flow. Variations such as the k-ω SST model exist, which 427 

attempt to combine the best characteristics of the k-ε and k-ω models. However, these models 428 

struggle with flows which demonstrate a large turbulence length scale or a high degree of 429 

turbulence anisotropy like that shown to be present in the wake of a tidal turbine [23]. This is 430 

thought to be due to the reliance of two-equation RANS models on the Boussinesq 431 

approximation, which assumes isotropy of turbulence. This assumption is usually valid for 432 

small-scale turbulence, but it becomes less appropriate for larger turbulent length scales [48], 433 

such as those found at potential tidal energy sites [53]. In addition to this, the focus on time 434 

averaged values means that some data regarding fluctuating quantities is unavailable. 435 

A different approach to accounting for turbulent fluctuations is provided by Large Eddy 436 

Simulation (LES). This approach applies a spatial filter to the Navier-Stokes equations, with 437 

fluctuations larger than the filter width (typically the local cell size) being resolved, and 438 

fluctuations smaller than the filter width being treated with a sub-grid scale model, in a way 439 

analogous to a RANS model. LES allows for much more information to be gathered about 440 

fluctuating quantities than RANS models. This is because the fluctuations themselves (or at 441 

least, the large ones) are directly resolved, allowing the user to carry out their own statistical 442 

analysis on them, in a way similar to how measurements in a flume would be analysed. In 443 

addition to this, treating large and small eddies differently means that LES can accurately 444 

model flows with large turbulence anisotropy and length scales. However, LES is 445 

significantly more computationally expensive than two-equation RANS models for two main 446 

reasons; firstly, LES has higher mesh requirements in boundary regions, and secondly, in 447 

order for converged statistical values of fluctuating quantities to be obtained, the model must 448 

be run for significantly more time steps. 449 

The DDES (Delayed Detached Eddy Simulation) method used in this work is a hybrid 450 

turbulence model which endeavours to combine the advantages of LES in the wake region 451 

with RANS in near-wall areas in order to more accurately model the wake, whilst reducing 452 

computational expense to less than would be required for a pure LES model. This is achieved 453 

by recognising that, once averaging has been carried out (time averaging in the case of RANS, 454 

or spatial averaging for LES), information about the averaging method is lost, and both RANS 455 

and LES models become turbulence viscosity models. The DDES model compares the local 456 

turbulence length scale to the local cell size and uses this to decide to what extent the 457 

turbulence viscosity of the model should be modified from that obtained from a k-ω SST 458 

model (if at all). This results in a RANS model being applied in near wall areas, and LES-like 459 

behaviour being recovered in the wake region. Due to space requirements, the mathematics of 460 

the model will not be described in detail here, as the necessary information has been 461 

previously detailed in [47] and [54]. 462 

5 TURBINE PERFORMANCE, EXPERIMENTAL 463 

Uncertainties were calculated using standard procedures[55, 56] and applying central limit 464 

theorem to quantities which have been obtained by averaging multiple samples of a 465 

population. These have been applied to measurements of flow velocity, turbulence intensity 466 

and turbine performance. Where error bars are displayed on charts, they represent confidence 467 

intervals of 95%. Where error bars are not displayed, they have either not been calculated (in 468 

the case of numerically integrated quantities such as Lt which would require very advanced 469 

methods to calculate and are beyond the scope of this work) or the calculated bounds of the 470 

95% confidence intervals were within 1% of the reported value. In these cases, they have been 471 

omitted for clarity. Both CFD and experimental data are presented as curves, with crosses 472 
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marking the positions where an experimental measurement was taken. If error bars are 473 

present, then the crosses may have been omitted, for clarity. 474 

5.1 Flume results, lab scale turbine 475 

Plots of CP, CT and thrust coefficient (Cθ) for the low turbulence, medium turbulence and 476 

high turbulence cases are shown in Figures 7a, b, c. Information regarding CT was only 477 

available from the low-turbulence tests. The thrust data was determined via strain gauges on 478 

the stanchion at a clamping point above the waterline, so producing a bending moment from 479 

the force acting on the turbine and stanchion. It has therefore been included for indicative 480 

purposes but does not provide data for direct comparison with the CFD results, as these record 481 

the force on the turbine blades and hub only. Error bars on CP and Cθ have been calculated 482 

using the procedure outlined in [45], with an assumed uncertainty in the mean velocity of 483 

±0.02 ms−1, due to the use of the flume set-point rather than making simultaneous 484 

measurements of the flume velocity.  485 

The curves of CP and Cθ from the flume experiments show agreement, within the 486 

experimental uncertainties, between all three turbulence cases, demonstrating the same trends 487 

and similar magnitudes for all cases. As found in previous experimental work with this 488 

turbine, the position of maximum CP was found to occur at λ = 3.65, with maximum torque 489 

occurring at λ = 2.5. Nonetheless, it appears that the medium-turbulence case has, in general, 490 

the lowest CP, the high-turbulence case the highest CP, and the low-turbulence case between 491 

the two. This could be an indication of transition effects in the boundary layer of the turbine 492 

blades. As the Re at which the blade is operating is around the point of transition from 493 

laminar to turbulent flow. In general, it might be expected that an increase in turbulence, 494 

which will disrupt the flow over the turbine blade, will lead to a decrease in turbine 495 

performance, explaining the drop in performance from the low-turbulence case to the 496 

medium-turbulence case. However, due to the transitional nature of the boundary layer, it is 497 

possible that a separation bubble is being formed in these cases. With the large amount of 498 

turbulence in the high-turbulence case, it is unlikely that any separation bubble will survive 499 

due to the increase of energy in the boundary layer. If separation does not take place, then it is 500 

possible that, the turbine performance will actually increase in the high-turbulence case, 501 

reflecting the behaviour seen in Figure 7a. 502 

 503 

a 504 
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 505 

b 506 

 507 

c 508 

Figure 7 Flume results for a) CP vs. λ. b) CT vs. λ. C) Cθ vs. λ 509 

5.2 Wake recovery 510 

5.2.1  CFD results 511 

Wake recovery will be primarily examined using centreline and volumetric averaged wake 512 

recovery curves, Figure 8. However, in order to fully understand some of the effects and 513 

impacts (particularly the impact of λ on the wake width), it is useful to present wake profiles 514 

for a typical case. Figures 9 present wake profiles for the low-turbulence CFD conditions. 515 

These profiles show that the shape of the wake is dependent on λ; with low λ, low-thrust cases 516 

leading to v-shaped wake profiles, and high λ, high-thrust cases leading to wake profiles 517 

which approximate a top-hat shape, the highest thrust cases leading to profiles with three 518 

minima. 519 

5.2.2 Flume results 520 

Results for the low TI, fine grid and coarse grid tests were analysed, with the centreline 521 

(Figure 8a), and volumetric averaged velocity recovery (Figure 8b). 522 

Both of these figures show a clear trend - that higher TI is associated with faster wake 523 

recovery. This is expected, and follows trends found in previous experimental studies [13, 524 

21]. Further to this, for the tests using grid-generated turbulence, the three λ values were used, 525 

and a trend is also apparent in all cases; λ = 2.5 shows the fastest overall recovery, with λ = 526 
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3.65 and λ = 4.5 showing similar rates of wake recovery. This would appear to then show a 527 

similar trend to that shown by the CT curve (Figure 7b) with a larger difference between the 528 

thrust at λ = 2.5 and λ = 3.65, than between the λ = 3.65 and λ = 4.5 cases. 529 

530 

 531 

            a) Centreline wake recovery.                            b) Volumetric averaged wake recovery 532 

Figure 8: Wake recovery for flume measurements at all measured tip-speed ratios and 533 

turbulence intensities. 534 

As expected for a wake recovering due to mixing with the free-stream, the centreline 535 

velocity (Figure 8a) is consistently lower than the volumetric average velocity (Figure 8b) 536 

until approximately z/D= 9 downstream of the turbine, where the normalised velocities 537 

becomes similar, regardless of which metric is used. This suggests that by this point the wake 538 

region has become homogeneous, and that the mixing layer has reached the centreline. One 539 

area of interest is the near wake (z/D ≤ 4) centreline recovery for the turbine downstream of 540 

the fine grid. In this region, the λ = 2.5 case is less recovered than the λ = 3.65 or 4.5 cases, in 541 

contrast to the overall trend for the rest of the wake. This suggests that the λ = 2.5 wake is 542 

demonstrating a large amount of inhomogeneity in this near wake region. This could be due to 543 

the fact that the blades in the λ = 2.5 case are producing less thrust, and therefore the 544 

influence of the nacelle is greater, leading to a lower velocity core when compared to the rest 545 

of the wake region. In addition to this, the λ = 2.5 case has the greatest rotational motion in 546 

the wake, which could be hindering wake mixing in this near-wake region. This trend is not 547 

apparent in the highest TI case, but this could be due to the greater level of turbulence leading 548 

to more mixing, making this effect less apparent. This is supported by CFD results presented 549 

in section 6.3.550 

551 

 552 

a: λ = 1.5. 553 
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 554 

b: λ = 2.5. 555 

 556 

c: for λ = 3.0. 557 

 558 

d: λ = 3.65. 559 

 560 

e: λ = 4.0. 561 

 562 

f: for λ = 4.5. 563 

 564 

g: λ = 5.5. 565 

 566 

 567 

Figure 9: CFD wake profiles for the low-568 

turbulence intensity569 

 570 
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 571 

Figure 10: Wake profiles for the fine- (subfigures a, c, e) and coarse-grid (subfigures b, d, f) flume cases. 572 
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 573 

 574 

a: centreline wake recovery. 575 

 576 

b: volumetric wake recovery. 577 

 578 

Figure 11: Validation of low turbulence CFD 579 

 580 

a: centreline. 581 

 582 

 583 

b:Volumetrically averaged 584 

.585 

 586 

Figure 12: Wake recovery validation using flume results with the fine grid  587 

 588 

a: centreline 589 

 590 

b: volumetric averaged. 591 

 592 

Figure 13: Wake recovery validation using flume results with the coarse grid. 593 
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5.2.2 Validation of CFD 594 

Validation of the CFD for prediction of wake recovery is made for the low turbulence case 595 

by comparison of flume results to CFD along the centreline (Figure 11a) and for volumetric 596 

averaged wake recovery (Figure 11b). These both show good agreement in the region for 597 

which both CFD and flume data are available, with excellent agreement from z/D = 8 for the 598 

centreline recovery, and from z/D = 6 for the volumetric averaged recovery. It can be 599 

expected that the volumetric-averaged method will provide slightly better matching, as the 600 

combination of area-averaging as well as time-averaging makes this metric less sensitive to 601 

slight changes in the velocity distribution within the wake. The small discrepancies between 602 

flume and CFD results in the near-wake region can be explained by the fact that the flow field 603 

in this region is likely to be more complex and thus more difficult to accurately reproduce in a 604 

simulation. Mixing and recovery in the far wake is likely to be dominated by the outer shear 605 

layer of the wake, and therefore less dependent on the mesh directly around the turbine 606 

nacelle. This suggests that the DDES model has the ability to provide accurate predictions of 607 

the recovery of a turbine wake from at least the mid-wake region, in low-ambient turbulence 608 

conditions. 609 

The validation plots for wake recovery for the tests behind the fine grid are presented in 610 

Figure 12a for the centreline wake, and Figure 12b for the volumetric averaged wake. As with 611 

the low TI case, agreement is better in the volumetric averaged wake, again probably due to 612 

the combination of both time and area-averaging. Agreement is generally good, although 613 

deteriorates beyond approximately z/D = 7, where the CFD under predicts the recovery by 614 

approximately 8%. The difference in recovery rates for the different λ values is well 615 

reproduced; in the volumetric-averaged recovery λ = 2.5 recovers faster than the other two 616 

cases, which show similar rates of recovery, with a tendency for the λ = 3.65 case to recover 617 

slightly faster than the λ = 4.5 case. Along the centreline, this trend of λ values showing faster 618 

recovery is reversed in the near wake region, but this is reflected in both the CFD and the 619 

flume results. At a downstream distance of 3 ≤ z/D ≤ 5, the trend in wake recovery with λ 620 

reverts to that seen in the volumetric averaged wakes. Whilst the agreement between CFD and 621 

flume results behind the fine grid may not be quite as close as in the low-turbulence case, this 622 

is to be expected as it is unlikely that the CFD domain inlet will exactly reproduce the precise 623 

turbulence characteristics of the flume. 624 

The validation plots for wake recovery for the testing campaign behind the coarse grid are 625 

presented in Figure 13a for the centreline wake, and Figure 13b for the volumetric averaged 626 

wake. Agreement in the mid- and far-wake is good, with a tendency for the CFD to slightly 627 

under-predict the recovery in the far wake, albeit only by around 5%. The CFD also tends to 628 

overpredict the recovery at distances of z/D ≤ 6. As with the two previous flow conditions, the 629 

near-wake may be better reproduced with a finer mesh in the near-turbine region, but the 630 

discrepancies could also be explained by the high level of turbulence, and the CFD not 631 

exactly reproducing the turbulence characteristics of the grid-generated turbulence. 632 

 633 

6 IMPACT OF TURBULENCE ON WAKE RECOVERY 634 

6.1 Turbulence intensity 635 

The impact of ambient TI on wake recovery is examined using the results in Figures 8 for 636 

flume centreline and volumetric averaged velocities. In addition, four selected CFD cases 637 

were compared which have similar turbulence conditions to each other except in respect of TI. 638 

The flume results with higher TI exhibiting more rapid wake recovery for both centreline and 639 

volumetric averaged results (Figures 8). For the volumetric averaged wake recovery curves, 640 

the wakes produced behind the fine grid and those behind the coarse grid still show only a 641 

slight difference, suggesting that there may be an upper limit beyond which an increase in TI 642 

has little further effect on wake recovery. 643 
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The CFD results are in general agreement with the flume results, with the figures for 644 

centreline and volumetric averaged wake showing very similar behaviour (Figures 11 - 13). 645 

Here it can also be seen that a higher TI promotes faster wake recovery, with the two cases of 646 

greatest TI showing similar results from the mid-wake onwards. These results follow trends 647 

seen in previous experimental work [13, 21], with the consensus being that higher ambient 648 

turbulence promotes mixing and transfer of momentum across the wake shear layer, 649 

increasing the velocity of the wake region, and promoting wake recovery.  650 

6.2 Turbulence length scale 651 

The impact of turbulence length scale on wake recovery was explored using three selected 652 

CFD runs. The results are presented in Figures 14 for the centreline and volumetric averaged 653 

wake recovery, respectively. In both cases the medium Lt case (0.78 m) initially shows a fast 654 

recovery to approximately 90% of the free-stream velocity, after which very little further 655 

recovery takes place. From z/D = 8 the case with the largest Lt (1.5 m) shows the greatest 656 

recovery. The cases with the smaller Lt sizes (0.45 and 0.78 m), showing a reduced rate of 657 

recovery. This suggests that Lt may have an impact in the far wake as the case presented with 658 

the largest Lt also has the lowest TI, which would tend to reverse the order seen in the far 659 

wake. 660 

In the near- to mid-wake (z/D< 7), the shortest Lt has a faster centreline recovery than the 661 

largest Lt, however, this trend is reversed for the volumetric averaged recovery. This could 662 

indicate that the short length scales increase mixing within the wake region (and therefore 663 

promote centreline wake recovery) in the near wake, with the larger length scales dominating 664 

the mixing between the wake and the free-stream, which ends up dominating overall wake 665 

recovery. The effect of momentum transfer across the outer shear-layer of the wake will first 666 

be apparent in the volumetric-averaged recovery, with this trend reaching the centreline later. 667 

This could indicate that larger length scales lead to slower initial, but faster overall wake 668 

recovery. Nonetheless, the behaviour is complex and is difficult to completely isolate the 669 

effects of Lt and TI. In addition, this study only compares three different length scales, 670 

making non-linear effects difficult to identify. 671 

 672 

 673 

 a: ambient turbulence intensity  674 

 675 

b: ambient turbulence length scale 676 

Figure 14: Impact of a) ambient turbulence intensity and b) length scale on centreline wake 677 

recovery, CFD cases. 678 

6.3 Impact of tip-speed ratio on wake recovery 679 

The impact of turbine operating condition on wake recovery can be examined using Figures 680 

15 which examines the impact on the volumetric averaged wake recovery. The example 681 

shown is from CFD in the low-turbulence case at λ = 3.65 (Appendix: Table A.1, runs 34 - 682 
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40). Comparison of the two metrics allows assertions to be made about the homogeneity of 683 

the velocity distribution in the wake region. If the trends are similar, this suggests a more 684 

homogeneous wake, where they are not, which indicates that the velocity has a strong 685 

dependence on radial position. 686 

The centreline velocity recovery shows a clear trend with tip-speed ratio. The higher the 687 

tip-speed ratio, the greater the initial wake recovery. Nonetheless, beyond approximately z/D 688 

= 10, the tip-speed ratio seems to have little impact on the centreline wake recovery. This 689 

appears to follow the trend of the thrust curve of the turbine, with higher thrust cases showing 690 

a higher centreline recovery. This might appear counter intuitive, as a turbine with higher 691 

thrust will be presenting more resistance to the flow, causing flow to divert around the rotor 692 

swept area. However, most of the thrust is produced by the outer portion of the blades, 693 

causing flow to be diverted not only outside and around the swept area, but also inwards 694 

towards the blade roots and nacelle. This increases the velocity towards the centreline, 695 

encouraging centreline wake recovery. This effect can be seen by comparing Figures 9a-g, 696 

showing the wake velocity profiles for tip-speed ratios of 1.5 ≤ λ ≤ 5.5, at downstream 697 

positions from 2 ≤ z/D ≤15. Low-thrust, low tip-speed ratios have profiles which are v-698 

shaped, but as the tip-speed ratio and thrust increases, the shapes of the wake profiles become 699 

more like an inverted top-hat, with the highest-thrust cases exhibiting 3-dips in the nearest 700 

profiles. The peaks between these dips indicate flow being diverted inwards, towards the 701 

turbine nacelle, leading to the wake recovery curves seen in Figures 15. This trend in the 702 

shapes of wake profiles with tip-speed ratio agrees with the wake profiles measured in the 703 

flume, presented in Figure 10. The triple-dip profile at z/D = 2 is not seen in these profiles 704 

from the flume; however, given the much higher levels of turbulence and increased recovery 705 

it is to be expected that this level of detail in the profiles may not be seen. Indeed, the change 706 

in profile shape becomes less clear between the fine grid (Figures 10a, 10c and 10e) and 707 

coarse grid case (Figures 10b, 10d and 10f). An exception to the overall trend is the λ = 1.5 708 

case. In the very near wake, this curve appears to approximately fit the trend for tip-speed 709 

ratio, but thereafter recovers at a much greater rate than any of the other curves, such that, by 710 

z/D = 5, it has shown the most recovery - a trend which continues further downstream. Frost 711 

provided detailed characteristics of the turbine and showed that at a tip-speed ratio of λ = 1.5 712 

the turbine is operating in the stall-region [45]. A stalled blade can be expected to produce 713 

increased turbulence in the near-wake region than an un-stalled blade (due to flow separation 714 

over the blades themselves), contributing to more mixing in this region, whilst at the same 715 

time producing less thrust. Given this, it might be expected that the influence of the turbine 716 

nacelle might be greater in the very near wake for the λ = 1.5 case than for other tip-speed 717 

ratios, but that the effect of increased blade turbulence causes rapid mixing and consequently 718 

rapid wake recovery. 719 

 720 

a: centreline   721 

 722 

b: volumetric averaged. 723 

Jo
urn

al 
Pre-

pro
of



22 

 

 724 

Figure 15: Impact of TSR on wake recovery for low ambient turbulence condition. 725 

The volumetric-averaged wake recovery curves presented in Figure 15b show a slightly 726 

different trend, whereby the λ values with the highest CP tend to show the largest deficit in the 727 

near wake. This makes sense as the high CP cases will extract more energy from the flow, by 728 

means of reducing flow velocity. Nonetheless, this effect is only apparent in the near-wake; 729 

beyond z/D ~ 4, all cases except for λ = 1.5 and λ = 5.5 are virtually indistinguishable from 730 

each other, with the λ = 5.5 case merging at ~ z/D = 8. 731 

As with the centreline wake recovery, the λ = 1.5 case appears to be an outlier, showing 732 

greater wake recovery than any other case. This case has the lowest power and thrust 733 

coefficients of all of the cases in the figure, meaning that the turbine neither extracts much 734 

energy from the flow, nor provides great resistance to it. This leads to flow passing through 735 

the turbine swept area without being slowed down, and hence the wake is well recovered. A 736 

comparison of Figures 15 shows that the λ = 1.5 case is highly inhomogeneous in the near 737 

wake, with a low velocity centreline surrounded by an otherwise well recovered wake. 738 

For array designers, the most important conclusion to be drawn from Figure 15b is that 739 

(with the exception of the stalled case of λ = 1.5) beyond z/D = 8, tip-speed ratio has little 740 

impact on the volumetric-averaged wake recovery. This means that even in the case where a 741 

turbine uses an over-speed regime to maintain rated power, there will be no impact on the 742 

longitudinal spacing (assuming the turbines are separated by at least 8D). 743 

 744 

7 WAKE WIDTH 745 

7.1 Flume results 746 

Flume results for the wake width using the fixed-threshold, full-width half-minimum and 747 

maximum-shear methods are shown in Figures 16. Examining Figure 16a for the fixed-748 

threshold method, it can be seen that, for all cases, the wake at z/D= 2 is between 1-1.5D in 749 

width, with the width decreasing as the wake develops. This is to be expected as the fixed-750 

threshold wake method is intrinsically linked to the wake recovery. 751 

Recalling that the fixed-threshold method measures the width of the wake region which is 752 

less than 90% recovered, it is clear that, as the wake recovers, the region which is less than 753 

90% recovered will tend to decrease. Assuming that recovery is symmetrical about the 754 

centreline, when the centreline velocity recovery reaches 90% of the free-stream, the wake 755 

width using this metric will become zero. This connection between wake recovery and fixed-756 

threshold wake width explains the differences between the low-turbulence case (TI = 1.75%) 757 

and the cases behind the coarse and fine grids. The centreline wake recovery (Figure 8a) 758 

shows that both grid-generated turbulence cases demonstrate 90% wake recovery in the 759 

region 7 ≤ z/D ≤ 9, whereas the low-turbulence case has only achieved approximately 80% 760 

recovery by z/D = 11 downstream, where the measurements ended. This lack of mixing and 761 

recovery in the low-turbulence case explains why the wake persists for longer, leading to a 762 

wake that retains its width for longer (Figures 16a 16b). It appears that a higher ambient TI 763 

leads to a slightly greater wake width in the near wake region, but the coarse and fine grid 764 

cases (TI = 11.7% and 17.5% respectively) show little difference from one another beyond 765 

z/D= 6. In addition to this, for the cases of grid-generated turbulence, there appears to be a 766 

dependence of wake width on tip-speed ratio, with greater λ leading to slightly wider wakes 767 

throughout their entire length. This is thought to be due to increased thrust on the turbines at 768 

the higher λ causing more flow to divert sideways and around the turbine, increasing the wake 769 

width.  770 
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A greater thrust on the turbine will tend to divert the oncoming flow outside and around the 771 

turbine swept area, causing a wider wake. The wake width results following the full-width 772 

half-minimum method for all flume cases are presented in Figure 16b. The shapes of the 773 

curves are slightly different to those seen in Figure 16a as the two metrics are affected in 774 

different ways by the shapes of the velocity profiles, however, the major trends from the 775 

fixed-threshold method are also apparent in the full-width half-minimum method. The same 776 

dependence of wake width on tip-speed ratio is apparent, with higher tip-speed ratios (and 777 

therefore higher thrust) leading to wider wakes. In addition to this, as before, the width of the 778 

wake in the low-turbulence case seems to persist for much further downstream than in the 779 

higher-turbulence cases. It is thought that this is due to less mixing being present, allowing 780 

the wake to maintain its shape further downstream. Again, as in the fixed-threshold case, the 781 

wake width in the high-turbulence case is initially highest of all, perhaps due to increased 782 

mixing broadening the shear layer between the wake and the free-stream. As the wake 783 

develops downstream, the high-turbulence case seems to narrow at a faster rate than the other 784 

cases, possibly due to increased mixing. 785 

Wake width results for the flume cases following the maximum shear approach are 786 

presented in Figure 16c. It could be suggested that the case with the highest turbulence tends 787 

to produce a wider wake, but beyond this, no clear trends are visible. The much longer wake 788 

for the low TI case is due to the unusually small amount of mixing taking place, and whilst 789 

interesting for gaining insights into the mechanics of wake mixing, is of little relevance to 790 

turbines in practical marine locations. 791 

 792 

a: fixed-threshold method. 793 

 794 

795 

c: maximum-shear method   796 

797 

b: full-width half-minimum method. 798 

 799 

 800 

 801 

 802 

 803 

Figure 16: Flume wake width 804 

 805 

 806 

 807 

 808 

 809 

 810 

 811 

7.2 CFD 812 
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Validation of the CFD against the low-turbulence flume tests can be seen for the fixed 813 

threshold method, full-width half-minimum method and maximum-shear method in Figures 814 

17. Validation of the CFD using the fixed-threshold method in Figure 17a, shows good 815 

agreement between the CFD and the flume results, with both showing a slight narrowing of 816 

the wake as it develops downstream, and only a slight under-prediction of wake width by the 817 

CFD. A slight under-prediction of wake width by the CFD is also apparent in Figure 17b, 818 

which compares CFD and flume results using the full-width half-minimum method. As with 819 

the fixed-threshold method, there is good agreement with the trend of wake development, this 820 

time with both methods showing a slight widening of the wake with downstream distance. 821 

Agreement between the CFD and flume results using the maximum-shear method (Figure 822 

17c) is less clear, although as mentioned in the discussion of Figure 16c, and further discussed 823 

in section 7.3, results for the maximum-shear method suffer from convergence difficulties. 824 

Nonetheless, both CFD and flume results indicate a slight widening for the wake with 825 

increasing downstream distance, and CFD and flume results show a wake width of the same 826 

order of magnitude. Agreement is not as good as with the fixed-threshold and full-width half-827 

minimum methods. 828 

The flume and CFD results using the fixed-threshold method found that both sets of results 829 

follow the same overall trends; starting with a near-wake width of 1.1 - 1.5D and staying 830 

almost constant for 3 – 5D downstream, before narrowing. The CFD results show the same 831 

trends with λ as the flume results. The CFD does though tend to under-predict the rate of 832 

wake narrowing, with changes in the CFD predicted wake occurring 2 - 4D further 833 

downstream than that seen in the flume. 834 

 835 

 836 

a fixed-threshold method. 837 

 838 

c maximum-shear method 839 

 840 

b the full-width half-minimum method. 841 

 842 

 843 

 844 

 845 

 846 

 847 

Figure 17c Validation of low-848 

turbulence wake width  849 

 850 

 851 

 852 

The flume and CFD results using the full-width half-minimum method found that initially 853 

there is close agreement between the flume and CFD results in the near-wake, but that from 854 

this point the results diverge, with the CFD results trending slightly wider than the flume 855 

results. The trend with λ seen in the flume results is reproduced in the CFD results. Using the 856 
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full-width half-minimum method, the increase in wake width with downstream distance might 857 

be expected, as the method gives an indication of the width of the region being in some way 858 

affected by the wake, and this will tend to get wider as the wake mixes with the free-stream. 859 

The reason for the flume results showing a narrowing with downstream distance is not 860 

entirely clear, but if the wake profiles in Figure 10 are examined, then it can be seen that, 861 

outside of the wake region, the profiles indicate an increased axial velocity, and show a slight 862 

asymmetry and inhomogeneity in the flume outside of the immediate wake region. This will 863 

affect the shapes of the profiles as well as making the choice of a reference velocity for 864 

normalisation and calculation of deficit less clear, therefore affecting the width calculated 865 

using the full-width half-minimum method. For the flume results the axial velocity used for 866 

normalisation and deficit calculation is that which appears in Table 1, following measurement 867 

of the centreline flow conditions in the flume at the point at which the turbine was placed. 868 

CFD results were normalised and wake deficits calculated using the measured values for axial 869 

velocity . 870 

For the coarse grid wake widths calculated using the fixed-threshold method again showed 871 

good agreement between the CFD and flume results. All wakes show an initial width of 872 

between 1 - 1.5D, which remains nearly constant until 5 ≤ z/D ≤ 7, at which point they narrow 873 

rapidly. For both flume and CFD results the initial wake width narrowing, and the rate of 874 

narrowing are all well matched, as is the trend of an increasing wake width with λ. 875 

Agreement between CFD and flume results for the fixed-threshold method appears to be 876 

slightly better in the case of the coarse grid than for the fine grid. This is thought to be due to 877 

the increase in mixing due to the higher TI conditions, and the inherent link between this 878 

width metric and wake recovery. The turbulence in the coarse grid cases increases the mixing 879 

and consequently the wake recovers very rapidly, with the 90% threshold being very quickly 880 

achieved. This means that the wake widths very quickly drop to zero following this metric. A 881 

more gradual wake recovery means there is less rapid mixing in the fine grid cases. 882 

As with the full-width half-minimum results for the fine grid case, the flume and CFD 883 

results for the coarse grid show good agreement in the near-wake region, before diverging, 884 

with the flume results indicating a narrowing of the wake, whilst the CFD results indicate a 885 

widening of the wake Again, examination of Figure 10 indicates that there is some asymmetry 886 

and inhomogeneity in the flume (due to the presence of the grid), and this will tend to distort 887 

the shape of the profiles, and affect the width calculated using the full-width half-minimum 888 

method. 889 

Agreement, for all cases of turbulence and operating conditions, is only reasonable at best 890 

when using the maximum-shear method. There is a general indication that higher-thrust cases 891 

yield a wider wake as expected, however, the lack of convergence using this method means 892 

that there is no clear trend in the far wake.  893 

 894 

7.3 Evaluation of different width metrics 895 

Three different wake width measurement metrics have been applied in this paper: 896 

1. the fixed-threshold method,  897 

2. the full-width half-minimum method, and  898 

3. the maximum-shear method.  899 

As the wake width can be difficult to define, these three metrics were applied as they each 900 

provide a slightly different insight into the wake behaviour. The fixed-threshold method 901 

yields the width of the region strongly impacted by the wake. In this work, the threshold was 902 

chosen to be 90% wake recovery, which in conditions of high ambient TI meant that the wake 903 

width reduces to zero within the region studied (i.e. z/D ≤ 15). By contrast, the full-width 904 

half-minimum method applies a threshold, but calculates that threshold based on the 905 
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maximum deficit at that downstream distance. Consequently, this method provides a value for 906 

wake width which is related to the total width of the region impacted by the wake (i.e. the 907 

region where the velocity has been changed due to the presence of the turbine). It may be seen 908 

as a measure of the extent to which the wake has extended out into the flow region 909 

surrounding that directly downstream of the turbine. Applying both the fixed-threshold and 910 

full-width half-minimum methods allows an assessment to be made of how the wake is 911 

developing/recovering; for example, it might be found that the full-width half-minimum 912 

method indicates a widening of the wake, whilst the fixed-threshold method indicates a 913 

narrowing of the wake. This would indicate that the width of the region affected at all by the 914 

wake is increasing, but that this impact grows weaker as downstream distance increases. 915 

The maximum-shear method does not try to define the wake width in terms of regions of 916 

greater or lesser impact, but rather uses the velocity shear to attempt to define the mid-point 917 

between the wake region and the free-stream. It is useful in as much as it defines a point 918 

within the flow, but as the wake develops and width of the shear layer between the wake and 919 

free-stream increases, the shapes of the wake profiles also change, and this definition of a 920 

point between the wake and free-stream regions becomes less useful as a comparison metric 921 

between wake profiles of different shapes. This is, in part, because this method as applied in 922 

this paper only accounts for the position of the point of maximum shear but pays no regard to 923 

the strength of the shear. In addition, when applying these three methods it was found that 924 

they respond differently to wake profiles of different shapes. In particular, the maximum 925 

shear method showed itself to be particularly sensitive to slight changes in the mean flow-926 

field when the wake profiles were approximately v-shaped. The three methods have been 927 

applied to the low turbulence CFD case, λ = 3.65. Each of the metrics has been applied to the 928 

same velocity data, so any difference in the rates of convergence are due to sensitivity 929 

inherent in the metrics themselves, rather than a lack of convergence in the velocity data. For 930 

reference, wake velocity profiles for this run can be seen in Figure 9. The reader will notice 931 

some slight asymmetry in the wake. This is thought to be due to the asymmetry in the 932 

experimental setup (and CFD). The walls and floor of the flume were modelled as no-slip 933 

boundaries, whereas the upper domain boundary was set to a zero-shear condition. 934 

As the wake develops with downstream distance, the shape of the velocity profiles changes 935 

from one with very steep sides (shaped approximately like an inverted top-hat) to profiles 936 

which are v-shaped, with an almost linear change in velocity with cross-stream position, and 937 

therefore an almost uniform velocity shear from near the centre to the very edge of the wake. 938 

This transition is a gradual one, but by approximately z/D= 6, the profiles have become 939 

distinctly v-shaped. For the inverted top-hat profiles, their steep-sides mean that the point of 940 

maximum-shear is located within a relatively small cross-stream extent. Any small changes in 941 

the mean flow field have little impact on the cross-stream position of the point of maximum-942 

shear, and therefore the value of wake width in this region converges quickly. In contrast to 943 

this, for v-shaped wake profiles the almost linear change in velocity with cross-stream 944 

position means that there is a large cross-stream extent with an almost identical amount of 945 

velocity shear, the value of which is approximately the same as that of the maximum-shear. 946 

The result of this is that any small changes to the mean velocity field (and therefore the wake 947 

profiles) can cause the position of maximum-shear to move from nearly the centreline to the 948 

very edge of the wake, despite there being no significant change to the wake profile itself. 949 

This means that the wake width based on the point of maximum-shear can vary greatly, and 950 

the metric is very sensitive to slight changes in the velocity profiles. A schematic comparing 951 

the three different metrics is presented in Figure 18. This comparison varies depending on the 952 

precise tip-speed ratio and inlet flow conditions; the representation here is based on the 953 

behaviour for tip-speed ratios around the point of maximum CP for low turbulence conditions 954 

and is intended to show the general behaviour of the metrics, but is not intended to be to-955 
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scale. All three metrics initially have a similar width, slightly larger than the turbine diameter. 956 

The width measured using the fixed-threshold method tends to decrease as mixing takes place 957 

and the wake recovers. In contrast to this, the full-width half-minimum method initially shows 958 

a decrease in width as the wake velocity profile changes from an inverted top-hat shape to a v-959 

shape, before showing a steady increase as the mixing region between the wake and the free-960 

stream spreads outwards. A similar trend occurs with the maximum-shear method, which 961 

initially exhibits a nearly constant width (due to the inverted top-hat shape of the wake 962 

velocity profiles). As the wake profiles become more v-shaped, the maximum-shear method 963 

starts to demonstrate convergence issues, and only a general trend of increasing width can be 964 

identified. This is represented in this schematic by the movement and fading of the line 965 

representing this metric. Comparing Figure 18 to Figure 1, it can be seen that the fixed-966 

threshold method behaves in a similar way to the inner edge of the shear layer (between the 967 

shear layer itself and the wake core), whereas the full-width half-minimum method comes 968 

closer to representing the general expansion of the wake into the free-stream region. 969 

 970 

Figure 18 Schematic (not to scale) comparing the general behaviour of the three different 971 

wake measurement metrics. 972 

The maximum-shear method always gives a wake `edge' within the shear layer, but as the 973 

shear layer increases in thickness and the wake velocity profiles become v-shaped, this could 974 

be anywhere from the boundary between the shear layer and core region to the boundary 975 

between the shear layer and free-stream, which leads to this metric's poor convergence. The 976 

maximum-shear method only gives reliably converged results in the near wake, where the 977 

shear layer between wake core and free-stream is thin and distinct. 978 

Given that the maximum-shear method shows convergence difficulties for v-shaped 979 

profiles which appear both in CFD results and the fact that the fixed-threshold and full-width 980 

half-minimum methods provide information with direct applicability to array designers, it is 981 

suggested that the maximum-shear method is of limited value in the discussion of wake 982 

width. 983 

 984 

7.4 Impact of turbulence on wake width 985 

7.4.1 Turbulence intensity 986 

The impact of TI on wake width is explored using the fixed threshold, full-width half-987 

minimum and maximum-shear methods. 988 
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The fixed-threshold metric shows that, regardless of ambient TI, all wakes initially have 989 

very similar widths. These start to diverge from approximately z/D= 5 downstream, with the 990 

cases with higher TI showing a more rapid narrowing than those with lower TI. This is due to 991 

the increased levels of mixing encouraged by the higher turbulence intensities. The fixed-992 

threshold method provides an indication of the width of the region strongly affected by the 993 

presence of the turbine; more mixing and faster wake recovery means that the region of the 994 

highest velocity deficit will reduce more rapidly, narrowing the wake by this metric. 995 

The full-width half-minimum metric shows a general steady increase in wake width for all 996 

TI cases, whilst showing that the higher TI cases yield a wider wake. This can again be 997 

explained by the increased levels of mixing from the higher TI ambient flow. The full-width 998 

half-minimum method gives an indication of the width of the region impacted at all by the 999 

wake; increased mixing between the wake and free-stream leads to a faster transfer of 1000 

momentum to the wake region from the free-stream (leading to faster wake recovery), but also 1001 

means that the effect of the velocity deficit in the wake region will be moved further and 1002 

faster into the free-stream. This leads to a greater width being affected to some extent by the 1003 

wake in the higher TI cases, whilst simultaneously reducing the width of the region strongly 1004 

affected by the wake.  1005 

The maximum-shear method also indicates a dependence of wake width on TI, with the 1006 

higher turbulence cases there is a trend to increasing wake width. This gives some 1007 

information about the shape of the wake recovery profiles and suggests that they become 1008 

flatter with slightly steeper sides as TI increases. Another way to see this is that the wakes 1009 

become more homogeneous with increased TI, reflected in the increased centreline velocity 1010 

recovery (Figure 14a). As discussed, choosing to define the point of maximum-shear in the 1011 

wake as the `edge' of the wake, has less meaning than the fixed-threshold and full-width half-1012 

minimum methods, which either give the region strongly affected by the wake, or the region 1013 

affected to some extent, and, whilst it is interesting to see a dependence of the maximum-1014 

shear method on TI, it does not give any real insight for array designers. 1015 

Overall, it can be said that an increase in ambient TI has an impact on the width of the 1016 

wake of a tidal stream turbine. The increase in mixing associated with the increase in TI 1017 

means that the width of the region of highest velocity deficit reduces more rapidly, whilst at 1018 

the same time, the overall wake width increases (albeit with its impact weakened). This result 1019 

will be important for array designers and suggests that, combined with the results for velocity 1020 

recovery, arrays in areas of higher ambient TI may benefit from a reduced longitudinal 1021 

spacing, and increased lateral spacing. In effect, higher TIs tend to shorten and widen wakes. 1022 

 1023 

7.4.2 Turbulence length scale 1024 

The impact of turbulence length scale on wake width is examined using the fixed 1025 

threshold, full-width half-minimum and maximum-shear methods. The fixed threshold 1026 

method shows that the width in the case with medium Lt (0.78 m) remains fairly constant, 1027 

whereas that with the shortest Lt (0.45 m) shows the widest initial width with rapid narrowing. 1028 

The case with the longest Lt (1.5 m) shows a similar trend to that of the shortest Lt, albeit 1029 

with a less rapid narrowing. There is, however, no clear overall trend of wake width with 1030 

length scale using this method. The full-width half-minimum method resulted in the mid-1031 

wake region (3 ≤ z/D ≤ 11) with the shortest Lt having the widest wake, whilst the longest Lt 1032 

shows the narrowest. From z/D ~ 11, the longest length scale, then results in the widest width. 1033 

This could suggest that the largest turbulence length scales demonstrate less initial mixing 1034 

(and therefore the narrow wake in the mid-wake region), but a more thorough mixing in the 1035 

far wake region. Similar behaviour is also found when the maximum-shear method is applied. 1036 

Overall, there is no clear trend of impact of Lt on wake width, regardless of which metric is 1037 

used. However, only three different length scales have been compared here, and it has not 1038 
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been possible to completely isolate the effects of TI and length scale. It might also be the case 1039 

that turbulent length scales smaller or larger than those used here could have a different 1040 

impact and would be worthy of further investigation to establish any possible impact. 1041 

 1042 

7.5 Impact of tip-speed ratio on wake width 1043 

Regardless of which metric is used, there is a clear trend in the data that an increase in λ 1044 

results in a wider wake. This trend is clearest when the fixed-threshold method is used. Here, 1045 

all wakes maintain their initial width or widen slightly, before tending to narrow with 1046 

downstream distance. All the wakes show the same general trends, but with the lowest thrust 1047 

cases in general being the narrowest. The differences in width are most apparent for the low λ 1048 

values, whilst the higher λ values are more closely grouped together. This corresponds well to 1049 

the thrust curve. The same overall trend was found in wake widths calculated using the full-1050 

width half-minimum method. As with the fixed-threshold method, the cases where the turbine 1051 

is operating at a higher thrust demonstrate a greater wake width. However, with the full-width 1052 

half minimum method, the overall trend is that the wake width steadily increases with 1053 

downstream distance. This difference, when compared to the fixed-threshold method, is due 1054 

to firstly, the way that the two methods respond to wake profiles of different shapes, and 1055 

secondly, as the full-width half-minimum method is a measure of the width of the region 1056 

impact to some extent by the wake, this can be expected to increase as the wake spreads out 1057 

downstream, even if its strength diminishes. The cases closest to peak power, with 3.0 ≤ λ ≤ 1058 

4.5 initially show a reduction in wake width until z/D ~ 6 downstream of the rotor, after 1059 

which they steadily increase in width. λ ≥ 3.65 all show the same initial width, with the λ = 1060 

3.0 case showing a similar initial width as well. All of these cases show a profile with very 1061 

steep sides, similar to an inverted `top-hat' shape, in the near wake. These steep sides are only 1062 

slightly wider than the turbine and are in the same position regardless of the velocity deficit in 1063 

this region. Applying the full-width half-minimum method to an inverted top-hat shape will 1064 

give an almost identical result for wake width, regardless of the maximum velocity deficit. 1065 

This leads to the near-wake width of each of these cases being nearly identical. In contrast, 1066 

the low thrust cases with tip-speed ratios of λ = 1.5 and 2.5 do not show these inverted top-hat 1067 

profiles but show v-shaped profiles instead. As these v-shaped velocity profiles develop 1068 

downstream, they reduce in depth and become proportionally wider, which is reflected in the 1069 

steady increase in width measured using the full-width half minimum method. For the cases 1070 

where the initial profile is that of an inverse top-hat, as the wake develops and mixes with the 1071 

free-stream this inverse top-hat first becomes U-shaped, then v-shaped (leading to the 1072 

apparent decrease in wake width), from which point the profiles reduce in depth and become 1073 

proportionally wider, matching the trend shown with the low-thrust cases. These profiles, for 1074 

different λ values, can be seen in Figures 9. It is interesting to note that the λ values for which 1075 

the reduction in wake width is greatest are around the point of maximum CP. 1076 

Trends in wake width with λ are still apparent when the maximum shear method is used, 1077 

however, due to the convergence difficulties associated with this method, the differences are 1078 

less clear. There are two distinct regions: z/D< 5 and z/D> 5. The reason for this is again the 1079 

wake shape, being either an inverted top-hat, or approximately v-shaped. λ ≥ 3.0 exhibit the 1080 

inverted top-hat profile until z/D ~ 5, hence the width using the maximum-shear method is 1081 

well defined. Beyond this point, the profiles become v-shaped; this means there is a large 1082 

cross-stream extent with an almost identical amount of shear, which itself is approximately 1083 

the maximum-shear in the wake. Any slight changes in the profiles can radically change the 1084 

measured width, explaining the fluctuations visible in the region z/D> 5. 1085 

All three metrics demonstrate a clear impact of tip-speed ratio on wake width, with the 1086 

high λ values, high thrust cases demonstrating a wider wake. An increase in width with 1087 

increasing turbine thrust can be explained by the increase in resistance to the flow causing 1088 
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more of the flow to be divert outwards and around the swept area of the turbine, creating a 1089 

wider wake. 1090 

7.6 CFD 1091 

The low-turbulence flume tests found that the CFD overpredicts TI in the near wake 1092 

region. However, from z/D= 9 to the end of the available flume data the agreement is very 1093 

good, and an extrapolation of the results from the flume would show good agreement with the 1094 

CFD from this point onwards, suggesting that the CFD accurately reproduces the wake by this 1095 

point. Part of the reason for the over prediction of TI in the near wake will be down to the 1096 

CFD's slight under-prediction of velocity recovery in this region (Figure 11a), meaning that 1097 

the same magnitude of fluctuations would yield a higher value of TI. However, this is not 1098 

enough to completely explain the difference. The poor agreement in the near-wake may be 1099 

improved by further increasing the mesh density, or by further investigation into possible flow 1100 

separation as the blade boundary layer transitions from being laminar to being turbulent.  1101 

Good agreement between flume and CFD from z/D ~ 4 onwards was found using the fine 1102 

grid. The CFD does reproduce the trend in the near-wake of the flume results and a 1103 

dependence of TI on λ. Further upstream, the CFD tends to overpredict the TI. The CFD 1104 

reproduces both the trend of lower λ values producing the highest initial TI, but also that any 1105 

difference between these cases becomes indistinguishable from z/D ~ 4. 1106 

Good agreement was also found between flume and CFD using the coarse grid throughout 1107 

the region. However, neither the flume data nor the CFD results demonstrated a dependence 1108 

of wake TI on λ. 1109 

Centreline wake Lt has been validated using data from the low-turbulence flume test. As 1110 

for the TI the CFD tends to overpredict Lt in the near- and mid-wake regions, but agreement is 1111 

good from z/D ~ 9 onwards. As with TI, it is thought that the poor agreement in the near-1112 

wake may be improved by increasing mesh density in the region surrounding the turbine. 1113 

The CFD results for the fine grid, for λ = 2.5 and λ = 3.65, reflect the trend in the flume 1114 

results of a gradual rise in Lt as the wake develops, but show an under-prediction in the rate of 1115 

increase. Larger changes in λ = 4.5 indicate a possible convergence issue; other studies have 1116 

shown that a sample time of 50 s is at the lower bound of what is required to obtain reliable 1117 

well converged results for a higher order statistic such as integral length scale, in flows of this 1118 

nature using a sample rate similar to the 200 Hz used in this study [46]. As the smallest time 1119 

scales were typically approximately 0.2 s, a sample rate of 200 Hz was more than adequate to 1120 

accurately capture these fluctuations. 1121 

The CFD results for the coarse grid for the three λ values modelled show similar values, in 1122 

the wake, of Lt ~ 0.25 m, which remains nearly constant throughout the wake, in contrast to 1123 

the steady increase of Lt seen in the flume results. The agreement is good in the near-wake 1124 

region, but deteriorates as the wake develops, indicating a general trend in the CFD to under-1125 

predict length scale. The value of Lt in the CFD models for the coarse grid cases is slightly 1126 

higher than those found in the fine grid cases, which reflects the trend between in the flume 1127 

results. More detailed explanations can be found in Ebdon [51]. 1128 

 1129 

7.6.1 Impact of turbulence on wake turbulence characteristics 1130 

7.6.1.1 Turbulence intensity 1131 

The impact of ambient TI on wake centreline TI was analysed using four CFD cases. The 1132 

results indicated a possible weak dependence of wake TI on ambient TI, with a higher 1133 

ambient TI leading to a higher wake TI. This agrees with the mild dependence on ambient TI 1134 

found in the flume results. The largest difference between the cases was in the near- to mid-1135 

wake region; by z/D= 10, there is little difference in the centreline turbulence intensities, 1136 

regardless of the ambient TI upstream. 1137 
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In general, there is little difference between the cases, with all cases showing a slight 1138 

increase in length scale with increasing downstream distance. Both the trends in, and the 1139 

magnitudes of Lt, are similar for all cases, indicating that ambient TI has little dependence on 1140 

wake Lt.  1141 

7.6.1.2 Turbulence length scale 1142 

The ambient Lt on wake centreline TI was assessed through three CFD runs with identical 1143 

λ values, similar TIs, but differing Lt values. No clear trend was observed, although it could 1144 

be said that the cases with the shortest and longest values of ambient Lt show similar 1145 

behaviours, with the medium Lt showing a significantly lower initial TI. This could indicate a 1146 

non-linear response of wake centreline TI to Lt, for example suggesting that wake mixing 1147 

might not simply increase or decrease with increasing ambient Lt, but rather that there might 1148 

be a value of ambient Lt which causes most mixing, and a longer or shorter Lt leads to 1149 

reduced wake mixing. 1150 

The effect of ambient Lt was that in all cases a sharp initial rise in Lt was found followed 1151 

by a reduction, before resuming a steady rise towards the far wake. All cases show similar 1152 

results beyond approximately z/D= 10. Here there appears to be some dependence of wake Lt 1153 

on ambient Lt. Possibly a larger ambient Lt leads to a larger value of Lt in the near- to mid-1154 

wake, but it also seems to cause the point at which Lt peaks before reducing to move further 1155 

downstream. 1156 

7.7 Impact of tip-speed ratio on wake turbulence characteristics 1157 

The impact of λ on centreline TI was examined via seven different CFD cases in a low-1158 

turbulence environment of approximately 1.5%. The lowest λ values (λ = 1.5 and λ = 2.5) 1159 

initially demonstrated a very high initial TI, which very quickly drops. λ values around the 1160 

point of peak CP (λ = 3.65; 4.0; 4.5) start at approximately 25% at z/D= 2, rising to 1161 

approximately 30% at z/D= 5, before reducing as the downstream distance increases further. 1162 

This initial increase in TI followed by a decrease has been observed in studies such as that by 1163 

Maganga et al. [13] and Baba-Ahmadi and Dong [57], and is thought to be due to the shear 1164 

layers from either side of the wake merging in the centre. The high initial Lt for the lowest 1165 

values of λ may be due to blade stalling changing the characteristics of the turbulence in these 1166 

cases; two λ values are within or close to the stall region. The initial high TI followed by a 1167 

rapid reduction in the λ = 1.5 case may be related to the rapid centreline wake recovery in this 1168 

case: a higher level of turbulence promoting more rapid mixing and wake recovery 1169 

For array designers concerned with the placement of turbines, the region of increased TI in 1170 

the near wake will be of some interest, however it is unlikely to be of great relevance if the 1171 

turbines are to have a longitudinal spacing of more than approximately z/D= 8, or even 1172 

possibly less in conditions of higher ambient turbulence. Perhaps of more interest would be 1173 

that, from z/D ~ 10, λ (and therefore turbine operating condition) has little impact on wake TI. 1174 

The centreline turbulence length scale, Lt, for each of the λ values, used in the low-1175 

turbulence CFD case, generally displayed a gradual increase value as the wake develops. This 1176 

is consistent with that seen in the flume results and is due to the smaller length scales 1177 

dissipating due to viscous forces, leaving larger length scales dominant. However, there is a 1178 

significant difference between the cases in their initial behaviour, with some cases showing an 1179 

initial increase in Lt, followed by a comparable decrease, before gradually increasing once 1180 

more. This complex behaviour initially appears to be linked to CP, as tip-speed ratios with 1181 

higher values of CP appear to show a larger initial increase than those with a lower value of 1182 

CP. However, the representative length scales of the dominant turbulent features might be 1183 

dependent on the rotational frequency of the turbine, rather than the operational condition (i.e. 1184 

where it is operating on the curves of CP, CT and Cθ). The ambient Lt in these cases is 1185 

approximately 0.8 m, meaning that Lt downstream of the turbine is much smaller than 1186 
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upstream of it. The presence of the turbine leads to a reduction in length scale, which may be 1187 

caused by large turbulent features being broken up by their passage through the rotating 1188 

turbine blades. The greater the rotational frequency, the smaller the resultant turbulent 1189 

features, explaining why higher λ values have a smaller initial length scale. The exceptions to 1190 

this, λ = 1.5 and λ = 2.5, may not fit this pattern due to the blade-stall effects discussed above. 1191 

A stalled blade can be expected to produce turbulence with different characteristics to that of 1192 

an unstalled blade, with effects such as flow separation leading to higher wake TI, which 1193 

could explain the differences between these two cases. This more complex behaviour is only 1194 

apparent in the near wake, however; from z/D~ 10, the length scales become similar 1195 

regardless of λ, suggesting that it need not be considered for array layouts for z/D ≥ 10. 1196 

 1197 

 1198 

 1199 

8 CONCLUSIONS 1200 

Impact of turbulence on: 1201 

• Performance 1202 

For all tip-speed ratios, an increase in turbine characteristics and magnitude of fluctuations 1203 

is seen at higher turbulence intensities. Turbulence length scale seems to have little impact.  1204 

• Wakes  1205 

Turbulence intensity was found to strongly impact wake recovery, both centreline and 1206 

volumetric averaged velocity. An increase in TI always led to increased recovery, there is 1207 

some suggestion that, beyond the near wake, turbulence intensities above 10% have similar 1208 

results.  1209 

Turbulence intensity has an impact on wake width. An increase in TI causes the fixed-1210 

threshold width to narrow, but the full-width half-minimum and maximum-shear widths to 1211 

widen. Taken together, this indicates that the overall wake width is increasing, but that the 1212 

region strongly impacted by the wake is decreasing. Finally, turbulence length scale was not 1213 

found to have a strong impact on turbine wakes. 1214 

Wake width metrics 1215 

The fixed-threshold and full-width half-minimum methods were found to be less sensitive 1216 

to wake shape than the maximum shear method, with each providing subtly different 1217 

information about the wake. Due to the way these metrics complement each other, providing a 1218 

more complete picture of the nature of the wake when used together, the authors recommend 1219 

that both are used in future studies.  1220 

The impact of operating condition on wakes 1221 

Turbine operating condition strongly impacts the wakes of tidal turbines, although with the 1222 

exception of the impact on wake width, these differences become small by ~z/D= 10.  1223 

The turbine operating condition has been shown to have an impact on wake width, with 1224 

wider wakes occurring as turbine thrust increases. This impact can be seen throughout the 1225 

wake length. 1226 

Implications for tidal turbine arrays 1227 

The ambient TI of a site must be taken into account for the placement of turbines in an 1228 

array.  1229 

The relationship between TI and wake recovery and wake width suggests that, for an array 1230 

site with higher ambient TI, longitudinal spacing may be reduced, while lateral spacing may 1231 

need to be increased due to the widening of the overall area affected by the wakes.  1232 
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Arrays of turbines designed to maintain rated power through overspeed will require a 1233 

greater lateral spacing as both the overall width of the region affected by the wake, as well as 1234 

the width of the region most heavily impacted, increase with greater CT. 1235 
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 1400 

Appendix:  1401 

Table A.1: Turbine performance metrics, all CFD runs. The velocity used for the calculations 1402 

of CP, CT and Cθ are the target velocities. 1403 

v / ms−1 TI /% Lt /m λ CP CT Cθ σ
CP 

σ
CT 

σ
Cθ 

run no. 

1.1 5 0.25 2.5 0.35 0.67 0.14 0.0118 0.017 0.0047 1 
1.1 5 0.25 3.65 0.43 0.85 0.12 0.0192 0.024 0.0052 2 
1.1 

1.1 

5 

5 

0.25 4.5 0.41 0.89 0.09 0.0182 0.025 0.0041 3 
0.50 2.5 0.35 0.67 0.14 0.0200 0.036 0.0080 4 

1.1 5 0.50 3.65 0.44 0.86 0.12 0.0398 0.050 0.0109 5 
1.1 

1.1 

5 

5 

0.50 4.5 0.42 0.90 0.09 0.0203 0.025 0.0045 6 
1.00 2.5 0.35 0.67 0.14 0.0101 0.016 0.0040 7 

1.1 5 1.00 3.65 0.43 0.85 0.12 0.0200 0.025 0.0055 8 
1.1 

1.1 

5 1.00 4.5 0.41 0.89 0.09 0.0217 0.026 0.0048 9 
10 0.25 2.5 0.35 0.67 0.14 0.0289 0.040 0.0116 10 

1.1 10 0.25 3.65 0.41 0.82 0.11 0.0468 0.058 0.0128 11 
1.1 

1.1 

10 

10 

0.25 4.5 0.44 0.92 0.10 0.0486 0.055 0.0108 12 
0.50 2.5 0.34 0.66 0.14 0.0237 0.046 0.0095 13 

1.1 10 0.50 3.65 0.44 0.86 0.12 0.0210 0.031 0.0057 14 
1.1 

1.1 

10 

10 

0.50 4.5 0.44 0.93 0.10 0.0463 0.058 0.0103 15 
1.00 2.5 0.34 0.66 0.14 0.0213 0.033 0.0085 16 

1.1 10 1.00 3.65 0.43 0.85 0.12 0.0431 0.051 0.0118 17 
1.1 

1.1 

10 1.00 4.5 0.44 0.92 0.10 0.0486 0.055 0.0108 18 
20 0.25 2.5 0.36 0.70 0.14 0.0529 0.075 0.0212 19 

1.1 20 0.25 3.65 0.43 0.84 0.12 0.0815 0.100 0.0223 20 
1.1 

1.1 

20 

20 

0.25 4.5 0.43 0.91 0.10 0.1086 0.126 0.0241 21 
0.50 2.5 0.33 0.65 0.13 0.0407 0.061 0.0163 22 
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1.1 20 0.50 3.65 0.50 0.91 0.14 0.1304 0.151 0.0357 23 
1.1 

1.1 

20 

20 

0.50 4.5 0.44 0.92 0.10 0.1121 0.135 0.0249 24 
1.00 2.5 0.33 0.65 0.13 0.0447 0.081 0.0179 25 

1.1 20 1.00 3.65 0.42 0.83 0.12 0.0878 0.107 0.0241 26 
1.1 20 1.00 4.5 0.40 0.88 0.09 0.0653 0.080 0.0145 27 
1.02 11.7 0.19 2.5 0.33 0.66 0.13 0.0365 0.070 0.0146 28 
1.02 11.7 0.19 3.65 0.44 0.85 0.12 0.0678 0.090 0.0186 29 
1.02 11.7 0.19 4.5 0.42 0.90 0.09 0.0802 0.102 0.0179 30 
1.03 17.5 0.43 2.5 0.34 0.68 0.14 0.0728 0.136 0.0292 31 
1.03 17.5 0.43 3.65 0.45 0.86 0.12 0.1105 0.144 0.0303 32 
1.03 17.5 0.43 4.5 – – – – – – 33 
1.5 1.75 0.50 1.5 0.14 0.49 0.10 0.0028 0.010 0.0019 34 
1.5 1.75 0.50 2.5 0.35 0.67 0.14 0.0074 0.010 0.0030 35 
1.5 1.75 0.50 3 0.42 0.79 0.14 0.0062 0.009 0.0021 36 
1.5 1.75 0.50 3.65 0.44 0.86 0.12 0.0081 0.010 0.0022 37 
1.5 1.75 0.50 4 0.44 0.88 0.11 0.0148 0.017 0.0037 38 
1.5 1.75 0.50 4.5 0.42 0.90 0.09 0.0158 0.018 0.0035 39 
1.5 1.75 0.50 5.5 0.33 0.90 0.06 0.0164 0.019 0.0030 40 
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Highlights 

• Wake widths and lengths for a tidal turbine using three different analysis metrics are 
presented. 

• Three levels of turbulent conditions are presented using upstream grids. 
• The impact of the turbine operating conditions, on the wake characteristics, are 

analysed. 
• The impact of turbulence intensity and Integral length scales on the wake 

characteristics are analysed. 
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