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ABSTRACT 1 

Tidal currents at many locations around the world have great potential to be used as a large scale renewable 2 

energy resource in the future. For large tidal turbine arrays to be commercially viable, the interactions of large 3 

devices operating in a confined operating environment need to be understood to optimise the layout of arrays to 4 

maximise electricity generation. 5 

This study presents results from a comprehensive experimental investigation of the flow field characteristics 6 

within tidal turbine arrays across a number of array layout configurations and current velocities. Up to four small 7 

scale turbines were placed in a circulating water channel to investigate the effects of changing array configuration 8 

and wake interaction on the flow velocity and turbulence characteristics in small array layouts. Detailed account 9 

of the resulting flow field characteristics has been taken by particle image velocimetry measurements at a number 10 

of locations within the wake of the array thus providing a large set of instantaneous flow recordings for further 11 

analysis of flow features and wake characteristics. 12 

Results are shown for experimental studies of single, three and four turbine arrays and some preliminary 13 

comparison between experimental measurements and numerical results are made.  14 

NOMENCLATURE 15 

ADV Acoustic Doppler Velocimetry 16 

LDV Laser Doppler Velocimetry 17 

PIV  Particle Image Velocimetry 18 

HPC High Performance Computing cluster 19 

  20 
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INTRODUCTION 21 

 Increasing the share of renewable energy sources in electricity production is a key requirement for achieving 22 

goals of reduced fossil fuel dependency and greenhouse gas emissions. With decreasing land area being available 23 

for large scale wind energy farms, the oceans as a vast source of sustainable energy have raised significant interest 24 

of researchers and technology developers alike. Energy extraction by means of horizontal axis tidal current 25 

turbines has seen full scale prototypes deployed at designated testing facilities, supplying electricity to the grid 26 

and is currently moving towards demonstrator projects featuring multiple devices.  27 

Numerical simulations ranging from simplified blade element method [1] to fully resolved CFD calculations 28 

[2], have been used extensively to investigate and optimise the performance of tidal turbine devices and blade 29 

sections. The applicability of various methods of modelling energy extraction from tidal flows that represent 30 

actual tidal energy sites more accurately has been investigated through a number of studies. Some attempts have 31 

been made to investigate array flow fields using a range of methods to model the tidal turbines in CFD simulations 32 

[3, 4], however none of these studies are using experimental data alongside the numerical calculations. 33 

 Tidal turbines operating in densely spaced arrays of turbines can be optimised in design and location to 34 

maximise the electricity generation of the array. Investigating the wake characteristics such as turbulence and 35 

velocity recovery, and interactions of multiple wakes within the array will aid in determining optimal spacing 36 

parameters for first generation tidal turbine arrays. Due to the relatively shallow waters (approximate water depths 37 

of 3 turbine diameters) and confined areas, first generation tidal turbine arrays are likely to experience bounding 38 

surface effects resulting from proximity to river or channel banks, free surface and the seabed. 39 

 Experimental wake characterisation of single and multiple tidal turbine devices have been presented 40 

previously [5-7] utilising actuator disks and scaled three-bladed rotors respectively. Trends in velocity recovery 41 

and decay of turbulence have been similar across different experiments, generally reaching a velocity deficit of 42 

about 10% about 20D downstream of the turbines. Differences in wake characteristics are less pronounced with 43 

increasing downstream distance showing that, for single devices, ambient flow has large influence on the far wake 44 

characteristics while the near wake is dominated by device specific features. 45 

 Experimental array studies have investigated the wake characteristics within tidal turbine arrays by means of 46 

multiple actuator disks [8] and small three bladed rotors [9, 10]. Wake velocity and turbulence statistics are 47 

presented from pointwise ADV and LDV measurements throughout the wake region and show similar trends in 48 

velocity recovery up to 20 diameters downstream. Comparison of turbulence characteristics between actuator 49 

disks and small bladed rotors by Tedds et al. [7] showed over prediction of turbulent kinetic energy decay up to 50 

9D downstream when applying simplified methods to model tidal turbine devices. 51 

Myers, Bahaj [8] and Stallard et al. [9] observed an optimum lateral distance that gave rise to flow acceleration 52 

between two adjacent turbines, hence increasing the available energy to downstream devices. However, it was 53 

also noted in  [8-10] and  that an additional third row of turbines requires increased longitudinal spacing due to 54 

increased velocity deficit and turbulence intensities resulting from the two rows of actuator disks installed.  55 

The use of Particle Image Velocimetry (PIV) in tidal turbine experiments is still limited to date however it has 56 

been applied across a range of wind turbine wake experiments. Unlike ADV and LDV measurements PIV allows 57 

to obtain simultaneous non-intrusive flow field measurements, capturing spatial characteristics of larger coherent 58 

turbulence structures than those identified by single-point measurements. 59 
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This study aims to investigate the wake characteristics within a small array configuration of up to 4 turbines 60 

across a number of different lateral and longitudinal layout configurations and varying current velocities. PIV 61 

measurements are used to investigate the centre-line flow field within and downstream of the array and velocity 62 

as well as turbulence statistics are presented herein. Some initial comparison is made between experimental results 63 

and preliminary numerical modelling of tidal turbine arrays in OpenFOAM. 64 

 65 

 66 

Figure 1 - Array Configuration 67 

FACILITY AND MODEL DESCRIPTION 68 

The experiments were conducted in the large Circulating-Water-Channel (CWC) at Shanghai Jiao Tong 69 

University, Shanghai, China which allows for testing in current velocities ranging from 0.2 m/s to 3.0 m/s with 70 

velocity variations smaller than ±2%, hence representing low ambient turbulence levels. The test section is 8m 71 

long, 3m wide with a water depth of 1.6m, thus presenting a low vertical and lateral blockage scenario. A glass 72 

bottom provides means of sending the vertical laser sheet along the centre-line of the test section with the PIV 73 

cameras being located on the side of the tank. 74 

 One to four scaled tidal turbine devices have been positioned within the test section on a small support frame 75 

that allowed changing the array configuration in terms of lateral and longitudinal spacing (Figure 1). Longitudinal 76 

spacing was altered by changing R1 from 3D to 5D, while the lateral spacing was changed from 1.5D to 3D by 77 

increasing the distance (S) between turbine B and C. For presentation of results, the arrays are named according 78 

to these distances using ‘L’ for longitudinal and ‘T’ for transverse spacing, hence L3T15 would describe the array 79 

with R1=3D and S=1.5D. Current velocities ranging from 0.25 m/s to 0.8 m/s are used with the model turbine 80 

operating at a TSR value of 4 throughout all array tests. 81 

The four identical, bottom supported tidal turbine models have a rotor diameter of D = 0.28m and blades 82 

based on the NREL S814 blade section corresponding to a 1:70th scaled tidal turbine mode. A CAD drawing 83 

showing assembled design is given in Figure 3.  The models are designed to allow further changes in blade size 84 

and configuration, pitch angle and to vary the centre line height of the rotor. In this experiment the rotor centre-85 

line was located at 0.35m for all scale models deployed. The experimental tidal turbine system utilises Panasonic 86 

Minas A5 motors and control unit to record variations in operating conditions of the rotor. 87 

500 PIV recordings were taken at each location with a sampling rate of 4.52Hz and processed using LaVision 88 

DaVis 8.2.2. The number of recordings was deemed to be sufficient using moving average of in-stream velocity 89 

(x-velocity) and velocity fluctuations (Figure 2).  Results are presented in terms of time-averaged quantities unless 90 

otherwise stated. 91 

A 

B 

C 

D 
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 92 

Figure 2 - Moving Average Ux 93 

 94 

Figure 3 - CAD Model of scaled Model with support plate 95 

  96 
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NUMERICAL MODEL 97 

A numerical CFD model was set up in OpenFOAM to simulate the experiment conditions for more detailed 98 

investigation of relevant flow features and further investigations of array layout considerations. 99 

The numerical domain and position of all tidal turbines are re-created from the experiment conditions in the 100 

CWC at Shanghai Jiao Tong University. The inlet velocity is set according to experiment conditions and the 101 

current direction is from left to right in Figure 4. The domain extends from -5D upstream of the first rotor to 22D 102 

downstream, vertically there is a tip-free surface distance of 4D and the seabed to turbine tip clearance is 103 

0.75D.The CWC free surface is not accounted for at this preliminary stage of simulation, hence top, bottom and 104 

the sides of the tank are modelled as walls. 105 

 106 

Figure 4 - Arrangement and extent of numerical domain 107 

The simulations are using the arbitrary mesh interface (AMI) capability of OpenFOAM that enables dynamic 108 

mesh regions with constant rotation to be modelled in a transient rotor-stator type of approach, shown in Figure 109 

5. Each rotor is set to rotate with a TSR of 4. The simulations are currently run on in parallel using the 110 

PimpleDyMFoam solver with k-ω SST turbulence model from the OpenFOAM library. A mesh sensitive study 111 

investigating the mesh resolution, domain size and boundary conditions is currently being performed on the 112 

N8HPC. Depending on experiment configuration and number of turbines being tested, the mesh size varies from 113 

700,000 up to 4.5 million.  114 

 115 
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 116 

 117 

Figure 5 - Rotor-Stator with arbitrary mesh interface 118 

RESULTS AND DISCUSSION 119 

Wake centre-line measurements in the array at specific locations downstream of a single turbine set-up, using 120 

only Turbine A (see Figure 1) show similar trends in velocity recovery with other experimental studies of tidal 121 

turbine devices. The wake characteristics are presented in terms of velocity deficit (Vdef = 1 – U/U∞), where U is 122 

the recorded velocity and U∞ the ambient current velocity and in-stream turbulence intensity (Ti= σU/ U∞). 123 

The velocity deficit reduces gradually throughout the wake down to a deficit of less than 10% of the ambient 124 

current velocity from 6D through to 20D downstream of the rotor as recorded for single turbine and 3 turbine 125 

array shown below in Figure 6. Comparing the velocity recovery between a single turbine and 3 turbine set up, 126 

using turbine A,B,C only with R1=3D and S=3D, shows a lower initial velocity deficit within the array when 3 127 

turbines are operating, and a lower rate of velocity recovery throughout the wake.  128 

The initial velocity deficit in the centre-line of the array is lower for the 3 turbine case than in the wake of a 129 

single turbine. Throughout the array, the rate of velocity recovery between the single turbine and 3 turbine array 130 

differ, though the final velocity deficit recorded is very similar for both cases. This lower velocity deficit is likely 131 

to be caused by the presence of the second row turbines, forcing more water to flow towards the centre line of the 132 

array. The lower rate of wake recovery through the centre part of the array can be explained by the presence of 133 

two wakes, either side of the centre wake that limit the amount of mixing occurring with the ambient flow. The 134 

decrease in velocity recovery from 15D -17D observed in the 3 turbine case could indicate merging of the slow 135 

moving wakes of the second row turbines, followed by a slight increase in wake recovery due to the increased 136 

turbulence. 137 

 138 
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 139 

Figure 6 - Velocity deficit comparison in Wake of Single turbine and 3 Turbines at 0.5m/s 140 

 141 

Figure 7 - Comparison of L3 Arrays with 0.5m/s current 142 

A number of different lateral distances between the middle row turbines have been investigated. Results for 143 

the velocity deficit are presented for an ambient current velocity of 0.5m/s for the array with R1=3D (Figure 7) 144 

and R1=5D (Figure 8). The location of turbine D on the array centre-line is shown as 3rd row 145 

With increasing spacing between the second row turbines located at 3D downstream of the first turbine, the 146 

velocity deficit reduces significantly in the array wake upstream of turbine D (Figure 7). The rate of velocity 147 

recovery is very similar between lateral spacing of 2D and 3D, though showing very slow rate of recovery, while 148 

at 1.5D spacing a faster velocity recovery is observed. This may indicate the influence of close spacing on wake 149 

interactions, increasing local turbulence levels, hence speeding up velocity recovery by increased mixing. On the 150 

other hand, a slow rate of recovery would suggest low mixing activity with the surrounding flow at the array 151 

centre-line, this could mean that the outer wakes have not yet had any impact on the recovery of the centre wake. 152 

However, more detailed investigation is needed to support this. 153 
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Downstream of the array, the rate of velocity recovery shows more similarity among all three cases. The 154 

velocity deficit for all three cases remains at higher levels, resulting from the last turbine being very much located 155 

in the wake of the upstream turbines. A faster rate of recovery in this area does indicate increased levels of 156 

turbulence that aid in re-energising the wake, hence reducing the velocity deficit. 157 

 158 

Figure 8 - Comparison of L5 Arrays with 0.5m/s current 159 

The wake characteristics for array configuration with R1=5D, presented in Figure 8, allow for comparison of 160 

less data points due to the presence of model structures in the recording window which led to some spurious 161 

results in between the two middle row turbines. Some further investigation is needed to determine whether the 162 

increase in velocity deficit seen between 6D and 8D is due to wake interaction with the closer spaced middle row 163 

wakes or a result of processing PIV images. Comparing the velocity deficit within the array, at 8D for all three 164 

lateral spacing, the velocity deficits are lower than the previous array 165 

Velocity recovery downstream of the array shows very similar behaviour to the previous array, showing little 166 

influence of the longitudinal spacing of the upstream turbines on the wake behaviour downstream. Velocity 167 

deficits are slightly higher due to being located closer to the upstream turbine (7D compared to 9D).  168 

The deficit remains highest for the closest spacing with longitudinal distance of 5D between the first two rows, 169 

however, for 3D separation the velocity deficit is highest downstream of the array for the 2D lateral spacing. This 170 

may indicate some flow acceleration occurring between the two turbines that reduces the velocity deficit slightly 171 

stronger. 172 

Figure 9 shows a comparison between the turbulence intensity in the wake of two array configurations. It can 173 

clearly be seen that with reduced spacing of 1.5D of the middle row turbines, the turbulence intensity at the centre 174 

line of the array is increased and persists at higher levels further downstream. This is in good agreement with the 175 

increased rate of velocity recovery, especially between 7D -9D downstream of turbine A, shown above (Figure 176 

7). 177 
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 178 

 179 

Figure 9 - Turbulence Intensity (%) comparison of L3T15 (top) and L3T2 (bottom) 180 

Comparing the turbulence intensity characteristics of all array configurations, Figure 10, shows higher Ti in 181 

the middle part of the array when the longitudinal spacing R1=5D. For both longitudinal spacings of 3D and 5D, 182 

it can be seen that turbulence levels decay faster downstream of the last turbine, however the turbulence remains 183 

at slightly higher levels due to the increased turbulence levels for the inflow to turbine D compared to turbine A 184 

at the front line of the array. 185 
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 186 

 187 

Figure 10 - Comparison of Turbulence Intensity characteristics in arrays with 3D longitudinal spacing (Top) 188 

and 5D (Bottom) 189 
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 190 

Figure 11 - Preliminary comparison between CFD and experiment Results (3Turbine, 0.5m/s) 191 

Preliminary comparison between CFD and Experiment results in Figure 11 shows reasonable agreement in 192 

terms of turbulence intensity. The velocity deficit presented in Figure 12 does not agree well in terms of deficit at 193 

specific locations within the wake, however the trend of velocity recovery, especially for the far wake agrees quite 194 

well with that of the experiments. The preliminary comparison is based on time averaged data of a much shorter 195 

period, which would affect the data extracted from the near wake region more than the far wake region where the 196 

flow is less turbulent. 197 

 198 

Figure 12 - Preliminary comparison between CFD and experiment results (3 Turbines, 0.5m/s) 199 
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 200 

Figure 13 - Wake at hub height from CFD calculations 201 

Regarding beneficial flow effects from locating turbines in close lateral separation, as can be seen in Figure 13, 202 

there are areas between the centre turbine and side turbine wakes that experience some flow acceleration due to 203 

blockage effects that aid in re-energising the wake and reducing the velocity deficit of the centre wake in Figure 204 

14, showing the lateral velocity profile at hub height at two different positions. This would allow a closer 205 

longitudinal spacing for an array, thus increasing the energy density of commercial arrays. 206 

 207 

 208 

Figure 14 - Velocity Profiles of array wake for 3 Turbines 209 
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CONCLUSION 210 

Wake velocity and turbulence characteristics have been recorded for a range of scale mode tidal turbine array 211 

configurations tested in a circulating water channel. 212 

Results suggest, for a low ambient turbulence environment, that longitudinal spacing in a staggered array 213 

configuration has a small effect on the wake recovery in terms of velocity deficit and turbulence intensity. The 214 

lateral spacing of the middle row turbines causes more significant variations due to a shift in location where wakes 215 

of the turbines reach the array centre-line. Some of the results point towards flow acceleration occurring at closer 216 

spacing that reduce initial wake velocity deficit within the staggered set-up. 217 

Preliminary numerical simulation of experiments in OpenFOAM are currently being performed and show 218 

some good agreement in turbulence characteristics, however the velocity data in the near wake region of turbine 219 

A shows significant differences between experiment and numerical modelling. Close lateral spacing aids in 220 

recovering velocity quicker in the centre wake than the two outer wakes.  221 

Further improvements of the numerical simulation to more accurately represent the near wake flow field are 222 

currently being carried out implementing the results of mesh sensitivity and improved boundary conditions. The 223 

final array computations will then be used for comparison of different arrays settings in terms of flow field, as 224 

well as estimated generated power by different arrays using the CFD calculations. 225 
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