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Summary: Numerical calculations have been made of the power that could be delivered by tidal fences at a 

number of locations in the Bristol Channel. The calculations use DG-ADCIRC, coupled with modelling of the 

performance of a THAWT device using performance characteristics derived from a combination of model tests 

and analyses. Optimal positioning of a fence is considered. 

 

Introduction 

 The successful future deployment of tidal stream turbines will rely on the accurate modelling of their 

performance and the optimising of their layout. Several studies [1-3], have revealed that turbines will most 

efficiently be deployed in the form of a permeable fence aligned across the flow, and not in a series 

configuration. The THAWT device [4] is well suited to this geometry, and in addition is able to deliver relatively 

high blockage which further enhances its performance.  

Methods 

 This work extends the study by Serhadlıoğlu [1], using the DG-ADCIRC to solve the shallow water equations 

for a model of tidal flows in a region extending from the Bristol Channel to the edge of the continental shelf. The 

model was carefully calibrated against both elevation and velocity data. The principal difference for this study 

lies in the way the interactions between tidal turbines and the flow was modelled. For this study the performance 

characteristics are based on the data summarised in [3]. The extracted power and thrust curves for a 0.5m model 

THAWT device were fitted by a series of piecewise curves, expressing 𝐶𝑃 and 𝐶𝑇 as functions of tip speed ratio 

𝜆, Froude number Fr and blockage ratio 𝐵. However, the performance characteristics of a small scale turbine are 

inferior to that of a full scale device because it operates at much lower Reynolds number Re. Numerical results 

from [4] were therefore used to adjust the dimensionless performance coefficients to account for an appropriate 

Re for a full scale (e.g. 10m diameter) device. An iterative process was necessary in this adjustment because of 

the coupled effects of Fr and Re. The net effect was to increase 𝐶𝑃 significantly and 𝐶𝑇 slightly. 

Results 

 Analyses were carried out simulating the M2 and S2 tides, both for the locations identified in [1] and for four 

new positions of a tidal fence, see Fig. 1. Of these locations the best performing was found to be the BCL3 

location identified in [1], which was predicted to deliver an average of 91.2MW from a 14.4km fence of 10m 

diameter THAWT turbines, if the maximum available power could be extracted at any given time. Peak power 

production was 383.4MW (26.6MW/km), and the capacity factor 24%. However, it would be uneconomic to 

size generators in order to extract the peak power, so calculations were also carried out in which power capping 

was used. In these analyses it was assumed, when more power was available than the capped value, that the tip 

speed ratio would be reduced to achieve the capped power. The corresponding thrust was calculated, which is 

smaller than the thrust if the uncapped power is extracted, and this in turn reduces the effect on the overall flow. 

 Table 1 summarises the results for the BCL3 fence with various capping and other options. If power is capped 

at 15.625MW/km (59% of the peak power), then the average power drops to 82MW, 90% of the uncapped 

average power, and a capacity factor of 36%. On the other hand, increasing the turbine diameter to 12.5m 

(without capping), increases the power to 125MW (capacity factor 24%). Note that the proportional increase in 

power is greater than the proportional increase in swept area, because the higher blockage ratio makes the 

turbines more effective. Introducing capping allows 112MW average to be generated at a capacity factor of 37%. 

 The BCL3 site crosses a deep shipping channel, and if this is excluded from the array the uncapped power 

drops from 91.2MW to 82.7MW. Alternatively, if the turbine size is adjusted to suit the varying bathymetry at 

the site, it can be increased to 111.9MW, although clearly this depends on the specific distribution of sizes. The 

uncapped power output is in each case at a capacity factor of about 24%. 
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 Finally, the two arrays BCL3 and BCL0 were considered, acting in series upstream and downstream of each 

other. The power available is 166.3MW (capacity factor 24%), significantly less than twice the power available 

from BCL3 alone, indicating the inefficiency of locating turbines in a series configuration. 

Conclusions 

 A pilot study has been carried out examining the power output of THAWT turbines forming fences across the 

Bristol Channel, and indicators are given of the most effective way to deploy the turbines.. 
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Table 1: Performance of different turbine and generator installations at BCL3 site 

Array 
Average 

depth (m) 

Turbine 

diameter (m) 

Average 

blockage ratio B 

Fence 

length (km) 

Capping 

Power 

Average 

power (MW) 

BCL3 26.8 10 0.37 14.4 None 91.2 

BCL3 26.8 10 0.37 14.4 
15.625 

MW/km 
82 

BCL3 26.8 12.5 0.47 14.4 None 125 

BCL3 26.8 12.5 0.47 14.4 
20.83 

MW/km 
112 

BCL3, 

1.2km gap 
25.3 10 0.40 13.2 None 82.7 

BCL3 26.8 10, 12.5, 15 Varies 14.4 None 111.9 

BCL3 + 

BCL0 
27.5 10 0.36 29 None 166.3 

 

 

 
Fig. 1. Locations of tidal fences. 
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Summary: The effect of waves on the tidal-stream energy resource were investigated using a dynamically coupled 

wave-tide oceanographic model (COAWST), and observations of currents and waves at potential sites around the 

Isle of Anglesey, UK. Evidence is presented for waves reducing tidal current speeds, and hence the available 

resource, however the relationship appears complex. Furthermore, waves were observed to frequently (92%) be 

propagating at an angle oblique to the tidal current direction, and this wave-current misalignment may significantly 

affect turbine resilience and performance. Therefore, further realistic oceanographic condition research is needed 

in both turbine-scale (design) and basin-scale (resource) studies, with the challenges associated with waves at 

tidal-stream energy needing to be overcome for the industry to reach its full potential. 

Introduction 

Very few potential tidal-stream energy sites have a quiescent wave climate [1]. If tidal-stream energy is to make 

meaningful contributions to government emission targets and provide the UK with a high tech economy, wave 

resilient turbine designs will need to be developed. Using data from potential tidal-stream energy sites, we seek to 

prove the two hypotheses proposed by Lewis et al. [1]; undisturbed tidal-stream power available (averaged over a 

tidal cycle) reduces by 10% per metre increase of wave height, and wave-tide current misalignment frequently 

occurs at potential tidal-stream energy sites. For completeness, both hypotheses (see [1]) are explained here:  

Surface waves contribute momentum and mass to the mean tidal-flow (Stokes velocities and radiation stresses), 

significantly altering the apparent bed roughness felt by the tidal flow [2]. Thus, the influence of waves is 

hypothesised to reduce the undisturbed tidal-stream power available (averaged over a tidal cycle) by 10% per 

metre increase of wave height [1]. Therefore, resource assessment with depth-averaged “tide-only” hydrodynamic 

models may over-estimate the available resource. Another major assumption within research into the effect of 

waves on tidal turbine performance and resilience, is that wave propagation is aligned with the rectilinear tidal 

flow; with either “waves following” (propagating with the tidal current), or “waves opposing” (propagating against 

the tidal current). As waves propagate into coastal waters, shallow water processes transform their direction; hence, 

waves tend to travel perpendicular to the coastline whilst tidal currents run parallel. Tidal current misalignment to 

the tidal turbine has been shown to increase the loading and failure potential [4]; hence wave – tidal current 

misalignment is likely to further increase the fatigue and extreme loadings of a tidal turbine.  

Methods 

The effect of waves upon the tidal current was investigated using a spectral wave buoy (Datawell wave-rider) 

and a RDI 5-beam 600 KHz ADCP. Both instruments were deployed (53.13ºN 4.73ºW) for a 61 day period (Sept 

– Nov 2014) at the North Wales Demonstration Zone (NWDZ, see seacams.ac.uk). The instruments were deployed 

in a 44m deep region where peak spring tidal currents can exceed 2.5 m/s and the spring-tidal range is ~5m [5]. 

Hourly wave direction and tidal current direction were measured with both instruments, and times of misalignment 

(angle between the direction of wave propagation and the tidal current direction) were identified. The data from 

NWDZ was combined with two further field campaigns at additional tidal-stream energy locations around 

Anglesey (further details in [6]); 53.32ºN 4.79ºW and 53.44ºN 4.30ºW. A moving 25-hour averaging window used 

to calculate a daily depth-averaged M2 (major semi-diurnal lunar constituent) velocity signal, which can be 

correlated (Linear regression and Pearson Correlation) to the daily averaged wave climate. Data near the surface 

(~5m) were removed from analysis to avoid surface effects and we assume this to also remove wind current effects.   

Results 

Times of wave-current misalignment were identified in the NWDZ ADCP record, as shown in Figure 1. We 

find 8% of the time (61 days) the observed wave climate direction was inline to the depth-averaged tidal current 

(with a ±20° tolerance). Although a weak correlation between the M2 depth-averaged tidal current and the daily 

wave climate was found at NWDZ (R2 of 1%), stronger linear correlations were found at the other two sites (21% 

and 29%) with the presence of waves also shown to alter the shape of the velocity profile (see [6]). Hence, the 

weak linear correlation between wave height and current speed may be because of spatial and temporal variability, 

or wave-tide interactions (including wave-current misalignment or wind-driven flows), which indicates a 
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dynamically coupled modelling approach is required. Finally, comparison between measured significant wave 

height from the wave buoy and ADCP, shows evidence of bias, which has a positive trend with tidal velocity speed 

(R2 of 96% with 0.07 bias for Hs ADCP versus Hs buoy and a Pearson correlation of 32% for this δHs compared 

to tidal velocity). Therefore, we believe caution should be exercised when using wave data from the 5-beam 

ADCPs at high velocity sites.   

Conclusions 

Analysis from our observations appears to provide evidence for the two theories proposed by Lewis et al. [1]; that 

waves effect the tidal-stream resource available by slowing the depth-averaged current speed (averaged over a 

tidal cycle), and wave-tide misalignment frequently occurs at potential tidal-stream energy sites. Whilst 

uncertainty remains in the ADCP wave climate observations, some evidence suggests waves reduced the available 

resource (excluding likely extreme condition shut down periods), however this relationship appears complex; for 

example, future work should also investigate wave direction, wave period and wind-induced currents. The 

evidence presented here indicates wave-tide misalignment should be considered in turbine-scale studies and 

dynamically coupled wave-tide models may be required to accurately quantify the technical tidal-stream energy 

resource and aid researchers in characterizing oceanographic conditions.     
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Fig. 1.  Wave-tidal current misalignment observed at a potential tidal-stream energy site.  
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Numerical modelling of two-scale flow dynamics

Paul A. J. Bonar*, Vengatesan Venugopal, Alistair G. L. Borthwick
Institute for Energy Systems, School of Engineering, University of Edinburgh, UK

Thomas A. A. Adcock
Department of Engineering Science, University of Oxford, UK

Summary: Two-scale actuator disc theory is shown to predict qualitatively the performance of a lateral array of
tidal turbines in a depth-averaged channel model. The agreement between the numerical and analytical models is
improved by extrapolating the numerical results to zero background roughness. Increasing background roughness
is shown to reduce the optimal turbine spacing and increase the peak power coefficient of the array.

Introduction
To maximise power output, a tidal turbine array should be designed to sweep the largest permissible fraction

of the flow cross-section [1]. Since it would be impractical to fill a cross-section with turbines, developers must
consider the variation of power output with array width (array blockage, BA) and the size and spacing of individual
turbines (local blockage, BL). The two-scale ADT [2] provides a useful description of the basic effects of BA and
BL on the performance of a lateral array of turbines. Specifically, it predicts an optimal lateral spacing (optimal
BL) to maximise the maximum power coefficient (CPG(max)) of the array. Subsequent studies employing three-
dimensional RANS simulations [3] and physical experiments [4] have shown this theory to predict qualitatively
the power and thrust behaviour of lateral rows of porous discs. The present work shows the theory to predict
qualitatively the power performance of a lateral turbine array in a depth-averaged channel model, and investigates
the effects of background roughness (CF) on array performance.

Model
The discontinuous Galerkin version of ADCIRC is used to simulate steady flow through an idealised tidal

channel (fig. 1). This flow is driven by a head difference between the flow boundaries, which, following [5], are
situated in deep water far upstream and downstream of the channel. Following [6] and [7], turbines are modelled
as line discontinuities based on the finite Froude number ADT [8]. This method accounts for local-scale mixing in
a sub-grid scale model whilst array-scale mixing is simulated directly by the shallow water equations. For a single
row of identical turbine edges, BA is varied and BL adjusted to maintain a global blockage (BG) of 0.1. A constant
BG ensures that, even though the number of edges varies with BA, this is analogous to varying the lateral spacing
between a fixed number of turbines. For each BL, the edges are tuned to produce CPG(max). In this way, the effect of
lateral spacing on CPG(max) is calculated numerically (NM) and compared with the predictions of the theory (AM).

Discussion
In the simple case of fixed BL and constant inflow, the power extracted by a tidal turbine initially increases

with reducing throughflow velocity before decreasing as the applied thrust increasingly diverts flow around the
turbine. The optimal thrust may be defined as that produced by the optimal tuning to maximise the useful power
output. For two-scale flow, CPG(max) also depends on the balance between local-scale slowing and array-scale
choking [2]. As the lateral spacing between turbines is reduced (BL is increased), CPG(max) initially increases as
the decreasing potential for flow diversion around each turbine permits higher optimal thrusts. As BL is further
increased, CPG(max) reduces as the increasing potential for diversion around the entire array necessitates lower
optimal thrusts. The value of BL that maximises CPG(max) is that for which the optimal thrust is maximised.

Fig. 2a shows qualitative agreement between the models, which is improved by extrapolating the numerical
results to CF = 0. Contrary to the findings of [3], the results of the NM are lower than those of the AM for low BL
and higher for high BL. In this case, since the effects of free surface deformation [9] in the NM are expected to have
been small, the disparity between the models is thought to be due primarily to two-dimensional flow effects in the
NM and the approximate extrapolation of the numerical results to CF = 0. Nevertheless, the present NM provides
a suitable basis for qualitative analysis of the effects of CF on array performance. It is worth noting, however, that
due to the low CF selected, the array mixing length-scale in the NM is not short compared to the channel length
(fig. 1), as is assumed in the AM. The significance of this will be considered in future work.

* Corresponding author.
Email address: p.bonar@ed.ac.uk
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As reported in [10], for a given BL, CPG(max) increases with increasing CF (fig. 2b). This is because, firstly,
increasing the resistance of the bypass flow relative to the core flows improves the performance of the turbines,
even for a fixed tuning, and secondly, this change in relative resistance increases the optimal thrust, allowing
the turbines to be retuned to extract even more power. Further, the amount by which an increase in CF enhances
CPG(max) increases with BL because, for optimally tuned turbines, the difference between core and bypass velocities
increases with BL, which also means that, after increasing CF, the additional thrust that can be applied by retuning
also increases with BL. This explains why, for two-scale flow, increasing CF increases both the peak CPG(max) and
the optimal BL (fig. 2b).

It is important to note, however, that measurement of performance in terms of power coefficient neglects the
effect of power extraction on the channel flow rate [1]. In this case, the assumption of constant inflow also conceals
the fact that increasing CF increases frictional dissipation, reducing the amount of power available for extraction.
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Fig. 1: Plan view of domain showing flow around the turbine array (black line) within the channel. A close-up of
the flow around the array is shown below. Contours are of depth-averaged velocity and of arbitrary scale.
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Examining the limitations of depth averaged models for assessing the 

interaction of tidal energy extraction and tidal flow 
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Summary: Modelling tidal energy extraction poses a multi-scale problem. Technological developments in high 

performance computing have made 3D modelling of tidal energy extraction feasible in oceanographic resource 

models. Depth averaged tidal energy extraction leads to a misrepresentation of the velocity profile, which prevents 

accurate analysis of environmental interactions and resource assessments. Here, an idealised comparison of the 

two techniques is undertaken. Furthermore, the 3-D method presented here has been successfully applied to a 3D 

basin-scale hydrodynamic model (ROMS), in-order to examine the hydrodynamic implications of tidal energy 

extraction.    

Introduction 

 Accurate simulations of tidal stream turbines is a multi-scale challenge [1]. The research question posed 

ultimately dictates the suitability of different techniques. Previously, depth-averaged models used the actuator disc 

concept to assess the available power of realistic tidal flows [2, 3]. Tidal energy extraction from depth-integrated 

models results in a uniform thrust force applied throughout the water column, vertical flow bypass around the 

device will thus be misrepresented. The increase in turbulence and velocity deficit caused by upstream turbines 

will impact turbine yield downstream [4]. We hypothesise that beyond 1st generation deployments, the 

combination of flow speeds, water depth and wave climate, may necessitate three dimensional representation of 

tidal turbines for accurate resource and impact estimations. Previous comparisons of flume experiments with tidal 

turbines represented as actuator discs within CFD models have shown similar characteristics between the wake of 

the experimental and modelled discs [5]. After validation against flume experiments, the actuator disc concept has 

been applied to 3D ocean circulation models [6]. In order to effectively apply the aforementioned method at a 

regional scale, tidal energy extraction is implemented as a mid-depth force term. This method is compared with 

an extraction scenario whereby a uniform thrust force is applied throughout the water column (hereafter referred 

to as the 2-D method) to examine the implications of disregarding flow bypass above and below turbine arrays. 

The 3D ROMS (Regional Ocean Modelling System) model has been applied to determine the limitations of using 

depth-averaged tidal energy extraction techniques when assessing tidal resource characteristics and environmental 

impacts.   

Methods 

 An idealised channel domain was simulated with a 3-D, free-surface, terrain-following, hydrostatic primitive 

equation oceanic model (ROMS), typically used for resource assessment [7]. The lateral boundaries were closed 

and a free slip condition applied. A constant inflow of 2m/s was imposed at the upstream channel boundary. The 

downstream boundary was clamped for free surface and a reduced physics, Flather condition applied to depth 

averaged velocities. A radiation condition was used for 3D momentum. A drag coefficient of 0.0025 was imposed 

at the bed and the model was run until a steady state was achieved, where velocities at the turbine location vary 

less than 0.01m/s between time steps. The region of tidal energy extraction is represented by a mid-depth force 

term (Equation (1)).  𝐴𝐷 = 𝛿𝑥 × 𝛿𝑦 × 𝑇𝐷, where 𝛿𝑥 and 𝛿𝑦 equal the model resolution in x and y respectively. 

For 3D tidal extraction, 𝛿𝑥 and 𝛿𝑦 equal 100m, the height of the turbine (𝑇𝐷) is equal to 10m. For the 2-D method, 

𝑇𝐷 is 30m. The region of tidal energy extraction is in the middle of the channel; the blockage ratio equates to 5%. 

The amount of energy extracted by the turbine is equal for both cases (Table 1). 
 

 𝐶𝑇 =
𝐹𝑜𝑟𝑐𝑒

1
2

𝜌𝐴𝐷𝑈∞
2

  

(1) 

Results 
A comparison of the two methods demonstrates that extracting tidal energy at all water depths fails to reproduce 

the velocity profile which is characteristic of tidal energy extraction (Figure 1b). The asymmetric profile created 
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using a 3D extraction method results from the non-linear interactions between surface waters and the turbines 

(Figure 1a). For tidal resource estimations, using either the averaged mid-depth 3-D velocities or the whole water 

column depth averaged velocity to calculate power extraction estimates, results in a 60% discrepancy between 

estimations, where Power = Force x work done (UD) (Table 1). 

 

Table 1. Comparison between depth-averaged current velocity and mean mid-depth disc velocity for 

2D and 3D extraction scenarios. 
 3-D Method:  

Mean hub height velocity (Umid);  

Depth averaged velocity(Ubar) 

2D Method: 

Depth averaged velocity(Ubar) 

TD 10 30 

CT 0.96 0.32 

UIN 2.07m/s; 2m/s 2m/s 
UOUT 2.05m/s; 2m/s 2m/s 
UD 1.4m/s; 1.8m/s 1.8m/s 

Power 2.4MW; 3MW 3MW 
 

Conclusions 
 To accurately represent the implication of tidal energy extraction within a regional model, 3D models are 

required. Depth averaged energy extraction techniques misrepresent the velocity profile, which has consequences 

for subsequent environmental interactions and resource calculations. 3D tidal energy extraction techniques are 

becoming more feasible in regional modelling scenarios with advances in high performance computing and more 

efficient oceanic model parallelisation.   
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Figure 1. Along channel variation in current velocity (m/s) for the 3-D method (a) and 2-D method (b). 
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Coupling of BEM-CFD and coastal area models for assessment of tidal 

stream turbine impacts at regional scales 
 

Iain Fairley, Matt Edmunds*, Alison J Williams, Ian Masters 

College of Engineering, Swansea University, UK 

 
Summary: Assessment of the hydrodynamic impacts of tidal stream turbine (TST) arrays relies on numerical 

simulation of the hydrodynamic regime in the area of interest and a method for turbine implementation. Increasing 

detail in the representation of the turbine leads to increased computational expense and hence reduces feasible 

domain size and practicality of transient simulations. Computationally efficient, transient, large scale simulations 

can be made with coastal area models but accuracy of the turbine representation suffers. This contribution explores 

the concept of coupling a BEM-CFD simulation of the nearfield array area with a coastal area model of the far 

field to provide more detailed description of regional scale impact. 

 

 
Fig. 1.  A comparison between horizontal flow fields for a) the BEM-CFD case and b) the coastal area model. 

Reproduced from [1]. The colour map is the same for both figures. 

 

Introduction 

 An important part of any marine energy project is the assessment of hydrodynamic impact. In the near-field 

wake properties can be explored using a range of CFD techniques. Here we use the BEM-CFD approach [1]. For 

regional scale assessments, coastal area models that solve the shallow water equations are typically used.  

TST’s are resolved in the BEM-CFD simulation using Blade Element theory applied to a control volume 

representing the swept volume of rotor hydrofoils. The control volume averaged computed forces are added to the 

momentum equation. This results in a time averaged representation of TST interaction with the fluid domain [2]. 

A major limitation of this approach is computational requirements restricting domain size and complexity. 

TSTs in coastal area models are typically included as sub-grid structures using either a local increase in bed 

resistance or a momentum sink. Actuator disk theory is used to determine appropriate values for both these 

approaches. Arrays have been implemented both as single entities and as sets of sub-grid turbines.  

Figure 1 shows a comparison between horizontal flow fields predicted by the two model types for a 6 turbine 

fence next to an idealised headland based on [3]. Not only is the nearfield wake different, but differences in the 

far-field also exist. Two aspects of turbine implementation have been discussed which explain inaccuracies in flow 

fields predicted by coastal area models [4, 5]. Firstly, many shallow water models do not include the rotor’s impact 

on turbulence: [4] has shown inclusion of a turbulence term improves wake predictions. Secondly, [5] showed that 

as cell sizes reduce, energy extraction becomes under-represented due to the models assumption that the cell 

velocity approaches the free-stream velocity. 

Here, we look at the potential to improve mid- to far- field impact assessment via a coupling of a coastal area 

model for the regional simulation with a BEM-CFD model of the array area. A simple test case of a channel is 

used to demonstrate the concept. The case tested consists of a channel 10km long with a width of 750m. Mean 

water depths are 30m. A constant hydraulic head of 0.4m drives a current of 3ms-1 through the channel. We 

consider the case of three 10m rotors in a fence arrangement. Figure 2 shows a schematic of this test. 
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Fig. 2.  A schematic showing the test case and the model domains for both the Telemac3D and the OpenFoam 

(BEM-CFD) model. Red lines indicate the turbine location and green lines open boundaries. 

 

Methods 

 Two open-source codes are used in this analysis: the coastal area modelling is conducted using Telemac3D and 

the BEM-CFD using OpenFoam. The BEM-CFD model is used to simulate a fence of three 10m diameter turbines 

which are deployed in the centre of the channel. Thrust is calculated in the BEM-CFD model based on turbine 

specific lift and drag. The BEM-CFD domain encapsulates the nearfield around the turbines, covering 200m 

longitudinally and 150m laterally. Two Telemac3D meshes are used. The first covers the entire channel, this is 

used to generate inflow conditions for the BEM-CFD model. A second Telemac3D mesh is created coving the 

same region as the first but with a ‘black box’ island in the mesh covering the domain of the BEM-CFD mesh. 

The up- and down-stream sides of this box are specified as open boundaries. Data for these boundaries is obtained 

from the BEM-CFD simulations and this second Telemac3D mesh used to assess far field turbine impacts. Local 

and global blockages are implicit in the model coupling. The process used to generate results is as follows: 

1. A Telemac3D simulation using the first mesh is run and inflow conditions extracted at the location of the 

upstream boundary of the OpenFoam model.  

2. The OpenFoam model is run with in-flow conditions extracted from the Telemac3D model is step 1. 

3. The second Telemac3D model is run with up- and down-stream boundary conditions for the ‘black box’ 

extracted from the open foam simulation to assess downstream wakes.  

 

Next steps 

 The end goal of this work is to provide a comparison between a coastal area model and a coupled BEM-CFD 

model under realistic conditions. Various tasks need completing: 

1. Generate a set of results from the initial test case. 

2. Establish a methodology for turbine implantation in Telemac3D for a point of comparison. 

3. Assess running Telemac3D in non-hydrostatic mode. The inclusion of dynamic pressure means the CAM 

and BEM-CFD model are more similar and transfer of boundary conditions between the two may be more 

suitable. Initial tests suggest running a non-hydrostatic simulation triples computation time. 

4. Determine the most efficient way of achieving the inter-model coupling for a transient simulation given 

differences in computational expense. Currently it is envisaged that a look-up matrix may be appropriate. 

5. Test for real-world situation. 
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Fast optimisation of tidal stream turbine positions for power generation in 

small arrays with low blockage based on superposition of self-similar far-

wake velocity deficit profiles 
 

Peter Stansby and Tim Stallard 

School of Mechanical, Aerospace and Civil Engineering, University of Manchester,               

Manchester M13 9PL, UK 

 

 
Far wake velocities of a single horizontal axis three-bladed turbine in shallow flow have been measured 

previously in the laboratory (Stallard et al 2015) and shown to have self-similar velocity deficit profiles. Wake 

velocities of arrays of turbines with one, two and three transverse rows have also been measured and simply 

superimposing the velocity deficits for a single turbine is shown to give accurate prediction of combined wake 

width and velocity deficit, accounting for variable downstream blockage through volume flux conservation. 

Array efficiency is defined as the ratio of total power generated to what would be generated by the same turbines 

in isolation. From prescribed initial turbine positions, generally determined intuitively or by practical 

considerations, adjusting the turbine positions to increase the power from each turbine, using the chain rule, 

shows that relatively small movements of 3-4 rotor diameters may increase array efficiency to over 90%.  

 

Fig.1 shows an example of wake velocity prediction for 3 and 4 turbines in a staggered arrangement with 4D 

longitudinal and 1.5D transverse spacing accounting for blockage .  

 

a)    b)    c)   

 

Fig.1 Transverse velocity deficits at a) 8D, b) 10D and c) 12D downstream of front row for two rows of 3 and 4 

turbines (upstream and downstream) in staggered arrangement with 4D longitudinal spacing and 1.5D transverse 

spacing. Superposition model (blue), experiment (black with grey showing variation). 

 

 

Fig.2 shows optimisation of a 3 row array with 4D longitudinal spacing and 1.5D transverse spacing showing 

initial and final positions with corresponding array efficiencies of 60% and over 90% respectively. The 

maximum turbine movement required is 4D and individual turbine efficiencies are also shown.  

This work has been published in Stansby and Stallard (2016).  
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a)  b)  

c)   d)  

 

Fig.2 (a) Initial () and final positions () after 55 iterations of three rows of 3, 4 and 5 turbines in staggered 

arrangement in bi-directional flow with initial spacings of 4D longitudinal and 1.5D transverse; (b) Variation of 

array efficiency with iteration number, increased by 53%; (c) variation of individual turbine efficiency with 

iteration number; d) variation of array efficiency with maximum turbine movement in units of diameter.  
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Figure 1: Variation of measured thrust and power 

coefficient for rotor-only with minimal support of diameter 

d1=D/18 (o), for which measured thrust reduced by tower 

drag due to onset flow only, and with monopile of diameter 

d2=D/3.5 (●) for which tower drag measured separately  

and shown weighted by swept-area for with (x) and without 

rotor (▬). Prediction by BEMT (---) based on two sets of 

lift and drag coefficients for this blade [1]. 

Wake characteristics of a scaled tidal rotor with monopile support 

structure for co-located wind and tidal farms 
 

David Lande-Sudall
*
, Tim Stallard, Peter K. Stansby 

School of Mechanical, Aerospace and Civil Engineering, University of Manchester, UK 

 
Summary: A series of experiments have been conducted to characterise the influence of a monopile support 

structure, capable of supporting both wind and tidal stream turbines, on near-wake mixing and far-wake 

recovery. Comparison is drawn between wakes due to rotor only, support only and the combined rotor and 

support.   

Introduction 

 Previous experiments [1] characterised the wake of a 1/70
th

 scale, plastic rotor with minimal support structure. 

The near-wake was characterised by a nearly axisymmetric shear layer with width increasing linearly with 

downstream distance and transitioning to a far-wake which follows a two-dimensional, Gaussian self-similar 

form from approximately eight rotor diameters (D) downstream. Superposition of the far-wake of a single rotor 

has been shown to reasonably predict the wake of small arrays of the same turbine [2]. This approach has been 

developed to account for variable blockage downstream and optimisation of turbine positions for power 

generation [3] and used by [4] for estimating the energy yield from a site of co-located wind and tidal stream 

turbines. The smaller diameter of tidal stream turbines allows closer spacing than wind turbines. To minimise 

foundation number, tidal stream turbines may be installed on individual supporting structures or on the same 

support as a wind turbine. For tidal turbines on individual supports, there have been limited studies of the 

influence of the support on wake structure and consequent effects on loading, particularly when operating in 

arrays. For structures supporting both tidal and wind turbines, the support structure diameter may be relatively 

large compared to the diameter of the tidal turbine. A series of scaled experiments has been conducted to 

characterise the impact of such support structures on wake development.  

 

Experimental Method 

 A 1/70
th

 scale 3-bladed cobalt-nickel alloy rotor of diameter D = 270 mm was employed. The foil section and 

radial variation of chord twist and thickness is as used by [1] for rotors manufactured from glass fibre reinforced 

plastic. Mean inflow speed at the rotor, U0 = 0.46 m/s with a depth-averaged turbulence intensity of 12%. The 

turbine was supported above water line by a small diameter tower (d1=D/18) extending to mid-depth only. This 

tower is instrumented to measure axial thrust and a dynamometer ensures the rotor operates with constant torque. 
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Figure 2: Experimental arrangement of scaled rotor and support 

structure representing monopile. 
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Figure 3: Support-only velocity deficits 

at X/D=1(Δ), 2(o), 3(□), 4(*), 6(.), 8(+) 

and 12 (⋄). 

The time averaged thrust coefficient, CT is slightly larger than the value predicted from blade element 

momentum theory (Figure 1), implying higher momentum extraction. In this comparison the BEMT prediction is 

with the Prandtl tip loss and Buhl high-induction factor correction and the effect of blockage (0.025 based on 

rotor swept area) is neglected. The rotor-only wake has been characterised for operation with tip speed ratio of 

4.5, close to peak power coefficient, Cp of this rotor. The far wake velocity deficit is similar to that observed 

previously for a plastic rotor [1] although with lower velocity deficit over the range X< 2D. Loading and wake 

were also measured with a larger supporting structure of diameter d2≈D/3.5, representing a full-scale diameter of 

approximately 5 m, typical of monopile supports to offshore wind turbines with rating of 3-5 MW [5]. Blockage 

for this arrangement is 0.032. The cylinder is bed mounted and instrumented (Figure 2) to resolve the line of 

action and overturning moment due to the distributed load on the tower. Measured thrust coefficient for the rotor 

in this configuration (Fig. 1) is 35% higher at TSR=4.5 while the tower drag is 40% lower than for the tower-

only. As such the aggregate of rotor and tower drag remains the same as the aggregate of each in isolation.  

Preliminary Results 

At mid-depth, the velocity profile of the wake of the monopile alone exhibits a self-similar Gaussian form 

from X = 1D downstream (see Fig. 3), with the centreline deficit recovering to within 90% of the freestream 

velocity by 12D downstream. This contrasts with the wake due to the minimal support of the rotor-only system 

which has been shown to have decayed by 1.5D downstream [1]. At X=2D (Figure 4), the tower-only centreline 

deficit is 30% of the rotor-only deficit and 53% at X=8D. Preliminary analysis of the combined rotor-support 

wake appears to give a centreline deficit 12% greater than the rotor-only wake at X=2D (Fig. 4) and 21% greater 

by X=8D (Fig. 5). Superposition of the rotor-only and tower-only centreline velocity deficits at X=8D predict 

the combined wake to within 2% of the measured. 

Conclusions 

 A scaled experimental study of a tidal stream rotor operating in a turbulent current with a support structure 

representing a wind turbine model have been conducted to assess the influence of a support structure on the 

wake of a tidal turbine in a turbulent channel. This study informs the analysis of loading and performance of co-

located wind and tidal stream farms. Preliminary comparison of the wake of a rotor with a monopile of diameter 

representative for a typical wind turbine shows a centreline deficit 10-20% greater than for the rotor-only wake. 

Superposition of rotor and tower far-wakes predict the centreline velocity deficit to within 2% of the measured. 

Further analysis of the influence of support structure on the rotor wake and system loading will be presented.  
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Figure 5: Wake velocity deficits at X/D=8 

for tower-only (x---), rotor-only (●…) and 

combined (○▬) with superposition of 

rotor-only and tower-only (▬). 

Figure 4: Wake velocity deficits at X/D=2 

for tower-only (x---), rotor-only (●…) and 

combined (○▬). 
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Tidal Turbine Wake Analysis using Vessel- and Seabed-Mounted ADCPs 
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*
 

GE Renewable Energy, Bristol, UK 

 
Summary: This work presents the analysis of a full-scale tidal turbine wake using seabed-mounted and vessel-

mounted flow profilers. The wake is qualitatively assessed through analysis of these flow measurements paired 

with the performance data of the turbine. 

Introduction 

 The wake of a tidal turbine is a significant consideration for farm design, with likely layouts wanting to 

ensure sufficient flow recovery whilst minimising wake-induced turbulence and reduce other costs such as 

cables. Another layout-impacting factor could be blockage effects which boast the potential to increase 

performance [1,2]. Significant effort has been made to understand wakes experimentally [3]. These provide 

essential datasets for numerical-model validation which will ultimately be used in array design. 

 GE Renewable Energy’s (formally Tidal Generation Ltd) 18 m diameter (D) 1 MW turbine, DEEP-Gen IV, 

was deployed at the European Marine Energy Centre (EMEC) as part of the ETI ReDAPT project. This work 

outlines wake analysis using flow measurements and turbine performance data over the DEEP-Gen IV 

programme. 

Methods 

 Flow measurements were carried out using Teledyne RDI Workhorse Sentinel Acoustic Doppler Current 

Profilers (ADCP) placed on the seabed or using a vessel-mounted (VM) survey. Several seabed-mounted (SM) 

measurement campaigns were performed between  2013 and 2015. Data is processed by separating by flood and 

ebb and correcting for time offsets. Poor quality flow data is then removed based on the pitch and roll of the 

sensor and the beams’ error velocities. The velocity-deficit, 𝑈𝐷 , is computed as: 

 𝑈𝐷 = 1 −
𝑈

𝑈𝑇
, (1) 

With 𝑈 the measured velocity magnitude and 𝑈𝑇 the turbine-related flow velocity. This turbine-related velocity 

is back-calculated via an efficiency curve, 𝜂𝑃, as a function of shore power, 𝑃, up to rated velocity and an 

efficiency-curve scaling factor, 𝜂𝛼 , based on the blade-pitch angle, 𝛼. Hence: 

 
𝑈𝑇 = (

𝑃

𝜂𝑃𝜂𝛼0.5𝜌𝜋𝑅2 
)

1/3

 (2) 

Note that the turbine-controller data (i.e. power and pitch angle) is sampled at a higher frequency than the 

ADCPs and so is down sampled onto the flow-data time channels. 

For the VMADCP, data is recorded continuously and sampled at 1 Hz. The spatial sampling is thus a function 

of the vessel speed and direction and resulted in data points at 2.1 m resolution along the vessel route. The 

velocity deficit is interpolated onto spatial grids in relation to the turbine with 6 m resolution and a 12 m radius 

of influence. This is to ensure sufficient data points to average over although some areas were not covered by the 

vessel route which leads to patches in the analysis. For the SMADCPs the data is reduced according to the power 

below rated and the pitch position at rated and then presented in terms of depth and turbine performance 

characteristics. 

Results 

Velocity deficit plots in the vertical plane, obtained from VMADCP measurements, are shown in Figure 1. 

The flow is significantly affected by the turbine generating power resulting in a near wake of around 3D 

downstream. The far wake extends further downstream with the test not capturing an obvious end to the velocity 

deficit. The far-wake expansion appears 2-3D across after establishing.  

The velocity deficit as a function of depth and the turbine performance (power and pitch) are shown in Figure 

2. This is processed from 19 days of data from a SMADCP positioned 3.3D downstream of the turbine. There is 

a more substantial wake as rated power is approached followed by a decrease in the velocity deficit as blade 

pitching reduces the thrust acting on the flow. 
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Conclusions 

Seabed and vessel-mounted flow measurements have been used to assess the wake of a full-scale tidal turbine. 

Data is normalised using a turbine-related velocity; one issue associated with this is that the spatial variation of 

flow in the site is not accounted for. This could be addressed by performing measurements when the turbine is 

not generating or through the use of numerical models of this region. 

The final presentation will discuss the data processing in more detail, provide more information of the wake 

in the stream wise and lateral planes, and analyse results from SMADCPs at different locations within the wake. 

A review of lessons learnt will be provided for wake analysis from an industry perspective. 
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Figure 1 Velocity deficit for the flood (left) and ebb (right) directions on plane at hub-height in the water 

column. Coloured markers indicate lateral spacing from turbine centre line. 

 
Figure 2 Velocity deficit shown as a function of depth and turbine power (left) and blade pitch position (right) 

for an ADCP in the wake of the turbine. Calculated turbine-related velocity is shown on top axis of both plots. 
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Summary: Floating offshore wind turbine (FOWT) industry has been under rapid development in the past few 

years. Among various components in a FOWT system, the floating platform supporting the wind turbine and its 

tower plays a vital role on the performance of FOWT and system stability. In this paper, we studied two FOWTs 

which are supported by two commonly used platforms, i.e. a semi-submersible and a spar platform, under a 

combined wind-wave environmental condition. Using a Computational Fluid Dynamics (CFD) method, we 

intended to examine the influences of platforms on the performance of the floating system. 

Introduction 

As a clean and renewable energy source, wind energy has been more and more exploited during the past 

several decades. According to a report published by the European Wind Energy Association [1], by the end of 

2014, the cumulative wind power capacity has reached 128.8 GW and can match 10.2% of Europe’s electricity 

demand, which is a remarkable increase from 2.4% in 2000. In recent years, floating offshore wind turbines have 

been widely developed and tested. As one of the most important elements in a FOWT system, there are three 

different types of floating platforms, e.g. the Semi-submersible platform; the Spar platform and the Tension Leg 

Platform (TLP). While the application of these platforms is quite mature in the oil and gas industry, the 

knowledge of their impacts on the application in FOWT industry is limited. The significance of such study is 

therefore extremely important as the platform and its supported wind turbine constitute a fully coupled system. 

 

In this study, two different types of FOWT, i.e. a semi-submersible and a spar platform, are investigated using 

a CFD method. To compare the dynamic responses of different floating systems and wind turbine performance, 

numerical modelling is carried out with a three-bladed wind turbine under a same wind-wave condition. 

Numerical Methods 

The present CFD tool is based on OpenFOAM with further development, where two-phase incompressible 

RANS equations are solved by Finite Volume Method (FVM). The interface between air and water is captured 

via a VOF method with a bounded compression technique. The pressure-velocity coupling is handled with the 

PIMPLE algorithm which combines the well-known PISO and SIMPLE algorithms. The code is integrated with 

a numerical wave tank module for wave generation and damping [2], as well as a mooring system analysis 

module to deal with offshore floating structures. The backward Euler scheme is used for temporal discretisation 

and a second-order upwind scheme is adopted for the convection terms. 

Model 

The models investigated in the present study are the Hywind spar FOWT [3] examined in the OC3 project 

(Offshore Code Comparison Collaboration) proposed by IEA (International Energy Agency) and the 

DeepCWind semi-submersible FOWT [4] involved in the OC4 project. The National Renewable Energy 

Laboratory (NREL) offshore 5-MW baseline wind turbine [5] is used for both models. Fig. 1 and Fig. 2 show the 

sketches for both models (see parameter details from references). Fig. 3 represents the typical mesh for an OC4-

DeepCWind FOWT. The wave under consideration is a second-order Stokes wave with a wave height H of 7.58 

m and a wave period T of 12.1 s. Only one wind speed is tested with a steady wind velocity V of 7.32 m/s. The 

turbine rotor rotates at a speed of 4.95 RPM with a collective blade pitch angle of 6.4 degrees. 

Results 

Fig. 4 demonstrates the difference between the aerodynamic thrust of the FOWT and that from a fixed wind 

turbine for the OC4 model. It is shown that, due to the movement of the floating system, the aerodynamic torque 

associated with a floating platform has a profound variance. The amplitudes indicated with red squares in Fig. 4 

account for roughly 10% of the mean torque. In terms of the installation of wind turbine on the platform 

responses, we found that the mean surge of platform increases significantly from 0.87 m to 1.74 m and the mean 

pitch also shifts from near-zero to 0.4 degrees due to the aerodynamic thrust from the upper rotating turbine. 

Amplitudes of surge and pitch are not affected though and they are 2 m and 0.83 degrees respectively. 
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Fig. 5 shows the comparison between the motion responses of the OC3-Spar FOWT and those from the OC4-

Semi FOWT, including surge, heave and pitch degrees of freedom. Although the responses for the OC3-Spar 

FOWT have not converged to a quasi-steady state due to the limited computational time, it is already revealed 

that the spar-type FOWT seems to have better performance over the semi-type in the surge motion, reflected by 

smaller surge amplitude, probably due to its smaller water-plane area as compared to a semi-submersible 

platform. However, a much larger heave displacement is observed for a spar platform than a semi-submersible 

one as indicated in Fig. 5. 

Conclusions 

By investigating an OC4 Semi-submersible FOWT and an OC3 spar FOWT, it is revealed that a fully coupled 

modelling of FOWT is necessary in order to better predict the performance of wind turbine and estimate the 

dynamic response of floating platforms. Even under the same wind-wave condition, the influence of different 

platforms on the wind turbine performance may be different. The results obtained from this study would be 

helpful in selecting appropriate platform to be used in the future FOWT applications. 
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Fig. 1. OC3-Hywind [3] 

 
Fig. 2. OC4-DeepCWind [4] 

 
Fig. 3. Mesh for the OC4-Semi FOWT 

 

 
Fig. 4. Comparison of OC4 FOWT aerodynamic 

torque with data from fixed turbine simulation 

 
Fig. 5. Comparison of the motion response between OC3-

Spar and OC4-Semi FOWT 
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Summary: A fully nonlinear coupled CFD approach has been developed to simulate the behaviour and power 

output of a floating tidal stream concept. The model includes RANS-VOF and rigid body solvers based on 

OpenFOAM®, a hybrid-catenary mooring system and a two-way-coupled, actuator-line model for a Schottel 

Instream Turbine with over-speed control. Simulations are performed in spring currents at the PTEC site with 

and without the 1-in-1 year wave present. Results show considerable complexities beyond periodic behaviour 

necessitating the use of models that include the complete coupled system and hydrodynamic conditions. 

 

Introduction 

 Numerical models are now capable of providing the quantitative description required for engineering analysis. 

However, for structures such as floating tidal stream concepts, the complete system can rarely be included using 

existing functionality. To better understand the behaviour of these systems, a coupled CFD model, including a 

floating barge, hybrid-catenary mooring system and the influence of a submerged turbine, has been developed 

and tested at full-scale in waves and currents based on those at the Perpetuus Tidal Energy Centre (PTEC) site. 

 

Method 

The open-source software OpenFOAM® solves the fully nonlinear, incompressible, Reynolds-Averaged 

Navier-Stokes (RANS) equations for air and water using the finite volume method and a Volume of Fluid (VOF) 

treatment of the interface. The device motion is found using a rigid-body solver and new two-way coupled 

actuator-line model for the turbine. Wave and current, generation and absorption are achieved via the 

expression-based boundary conditions and ‘relaxation zone’ formulation of additional toolbox waves2Foam [1]. 

The 18x7x1.5m buoyant barge is based on existing plans with a ‘moon-pool’ to accommodate a 4m diameter 

turbine. The computational domain is 320x60x90m with a background mesh of cubic cells (side-length 1.67m) 

and local multi-level octree refinement at the free-surface, on the barge surface and around the turbine. 

The Schottel Instream Turbine (SIT) is a lightweight, horizontal axis turbine rated at 62kW electrical power 

for flows ~3ms
-1

 with a cut-in speed of 1ms
-1

. At rated power, an over-speed control strategy including blade 

flexure is used. To model all of these features, an axial induction factor, a, is assumed where 
 

𝑎 = 1 − 𝑈∞ 𝑈𝑇⁄                  (1) 

and the thrust on the turbine is 

𝑇 = 2𝜌𝐴𝑈∞
2 𝑎(1 − 𝑎)                (2) 

 

where ρ is the water density, A is the turbine swept area and U∞ and UT are the far field and local flow velocity 

respectively. This leads to three operating regimes with a constant a at low speeds and an a that depends on U∞ 

in the two over-speed regimes (max torque, max power). A series of polynomials have been fitted to existing 

turbine data to predict a, as well as the angular velocity of the turbine, from UT in these over-speed conditions. 
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During the simulations, the local velocity, UT, is approximated as the ratio of the vector sum of the weighted 

velocities to the sum of the weights within a cylindrical region containing the turbine. To represent the turbine 

blades the weights are derived using Gaussian distributions running both axially and with angular distance from 

each of the blade centres (which rotate at run-time according to the calculated angular velocity). 

The total thrust force is then applied as an additional force in the 6DoF rigid body solver for the barge’s 

motion. The influence of the submerged SIT on the fluid flow has been included by applying an equal and 

opposite distributed body force field to the momentum equation with the same weighting as for UT. 

The mooring system consists of four 235m cables (85m synthetic line, 150m chain). The full nonlinear 

reaction force from each cable is found using tri-linear interpolation across a ‘look-up table’ derived manually 

using OrcaFlex®. These are then applied as four further additional forces in the 6DoF rigid body solver. 

Spring peak surface flow rates at the ~57m deep PTEC site are ~2.5-2.9ms
-1

 [2]. The velocity profile has been 

approximated using the von Karman-Prandtl equation (U* = 0.13, Z0 = -2.24) [3]. The waves are based on a 

Weibull fit to the wave data from the south-west with a return period of 1 year (H = 6.1m, T = 9s) [1]. 

 

Results 

 Simulations were run in spring current conditions with and without the 1-in-1 year waves. The combined case 

has a return period of ~85 years making it typical of the design limit state of offshore structures. Fig. 1 shows the 

local flow velocity, UT (a), the thrust (b), the electrical power generated (c) and the revolutions per second (d) 

during simulations including currents separately (red) and waves and currents combined (blue). 

 It can be seen that there is significant variation in power and thrust even in the current-only case. This is 

believed to be due to a combination of residual surge motion and the effect of rotating blades. Unsurprisingly, 

the variations in the combined case are considerably more dramatic. The turbine experiences oscillations 

between periods of power saturation and high thrust, when a crest passes and periods of reduced power output 

and low thrust, when a trough passes. The revolutions per second also show correspondingly large variations. 

 

Conclusions 

 The power delivery and forces on a floating tidal stream turbine show considerable complexities beyond 

simple periodic behaviour. Complete, coupled models, such as the one proposed here, are therefore necessary to 

understand the behaviour and power delivery of floating tidal stream concepts in real offshore conditions. 
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Fig. 1 Local flow velocity (a), thrust (b), electrical power (c) and the revolutions per second (d) from 

simulations including currents separately (red) and waves and currents combined (blue). 
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Summary: The abstract discusses the structural analysis of turbines, and proposes the use of a tuned mass damper system to 

control loads on the turbine. 

INTRODUCTION 

The environment tidal turbines operate within is considered dynamic due to turbulence and wave motion components 
encompassed within the bulk tidal flow. Considering wave-current coupled forces as excitations, the dynamic load experienced 
on a tidal turbine is a complicated physical problem which poses a challenge for engineers trying to design larger tidal turbine 
towers and other floating support structures. Different structural damping strategies have been implemented in the wind industry 
such as tuned mass dampers and some control technologies like generator torque control and blade pitch control are also 
developed to reduce the fatigue and structural loading. 

The aim of this project is to design a tidal turbine station keeping system with a tuned mass damper in order to reduce fatigue 
and peak structural loading experienced by the turbine. This may result in a reduction of mass and costs associated with the 
structural support and station keeping system.  

Unlike onshore and offshore wind turbines, tidal turbines are fully submersed in water, so the effect of added mass cannot be 
ignored. The tower is considered to be a vibrating rod in the water column in order to calculate the added mass and viscous 
damping [1]. A wind turbine with a tower-monopile supporting structure can be modelled as an inverted pendulum [2], as 
shown as a general representation of the system in Figure 1. The same model can be applied to tidal turbine with a tower-
monopile supporting structure. The tower-monopile support structure for the Torr Head Tidal Array project is used as a case 
study for this investigation and relevant parameters are shown in Table 1. This is for a 1MW tidal turbine whose rotor diameter 
is about 20m. 

 

  
Figure 1. Structural model of a       Figure 2. Schematic of 
flexible wind (tidal) turbine [2].     TMDX in turbine nacelle[3]  

 

 

Table 1. Tower-monopile support parameters. 

 
In this project, the locations of the Tuned Mass Dampers (TMDs) are in the nacelle and TMDX indicates that it oscillates 

horizontally in a fore-aft direction. A simple schematic of the TMDX configuration is shown in Figure 2. Once the tower-
monopile’s natural frequencies have been derived, one can calculate the TMD properties [4].          

Method 
The algorithm used is based on dynamic analysis, and the tower-monopile dynamics can be modelled as forced response of a 

non-gyroscopic damped linear system, given by: 
                                                      

                       (1)                                         
 

where x is the tower displacement and F is the applied force, which in this case is predominantly the rotor thrust, which can be 
calculated by Blade Element Momentum Theory in wave-current coupled conditions [5]. M is the total mass matrix with added 
mass correction, the damping matrix term D is corrected with a viscous damping factor which is generally small (<0.002 in this 
system) and K is the total stiffness matrix.  

RESULT 
The evaluation undertaken and results presented are for the system calculated with optimum TMD of the tower-monopile 

structure. Figure 3 shows the frequency domain analysis for the tower-monopile base bending moment in three different 

Materials 
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conditions. Figure 4 show the time series result of a dramatic impact on tower-monopile system. Figure 5 shows the time series 
result of tower-monopile system under unsteady wave-current coupled forces.  
 

Figure 3. Frequency domain analysis of tower-monopile base. 

 

 
Figure 4. Tower-monopile top displacement.under a instant dramatic impact 

 

 
Figure 5. Tower-monopile fore-aft base bending moment.under unsteady wave-current coupled forces 

 

CONCLUSION 
This work has demonstrated, unlike offshore wind turbines, tidal turbine tower-monopile system in this project shows higher 

first natural frequencies due to the shorter length. Furthermore, the added mass correction will make natural frequencies of the 
structure slightly reduced; in most cases, the water viscous damping is very small and can be ignored. When TMDx is 
implemented in the system, it has significant effects in resonance reduction and for-aft fatigue load-reduction under instant 
fluctuating impacts. However, compared with the fluctuating impact, TMD has an insignificant effect when unsteady wave-
current coupled forces are applied on the structure. 
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Summary: A model utilising linear 2D analytical theory is used to quantify the unsteady loading on tidal turbine 
blades due to the combined effects of waves and turbulence with shear and tower shadow. Initial results show that 
unsteady loads are mostly dominated by low frequency turbulence and waves, but if pitch control is employed 
loads are reduced by three orders of magnitude.  

Introduction 
The translation of a tidal turbine blade through waves, turbulence, shear and tower shadow introduces a time 

dependent angle of attack 𝛼 . For small harmonic oscillations in fully attached flow the solution to the unsteady 
lift coefficient 𝐶$ is given by Theodorsen as added mass and circulatory components [1]. The former accounts for 
flow acceleration effects, and the latter for circulation around the foil and shed vorticity in the wake introducing a 
time delay and amplitude reduction from the quasi-static loads. Loewy adapted the model for a rotor in hover to 
account for the effects of neighbouring and returning wakes on the unsteady loads [2]. Recent research has shown 
that attached unsteady loads may exceed steady loads by up to 15%  [3], but has been confined to axial 
perturbations caused by waves and turbulence [3], or waves and yaw misalignment [4]. In order to further aid the 
design process a model is introduced which incorporates turbulent perturbations in all three coordinates, wave 
induced velocities in the axial (𝑥), and vertical (𝑧) directions, as well as the velocity deficit in 𝑥, and induced 
velocity in 𝑦, due to the presence of a tower structure. 

Method 
 A three bladed 18 m diameter rotor located in a channel 45 m in depth and operating at the optimum tip speed 
ratio of 4.5, is considered [5]. Tests are carried out at the mid-section where the profile takes that of a NACA 63 −
439, where the chord length is	1.45 m, and the pitch is 13.5°. The zero lift and static stall angles were determined 
using Xfoil [6]. Four inline waves were tested with frequencies 𝒇𝒘 = 0.13, 0.18, 0.29, 0.67  Hz, respective 
heights 𝑯𝒘 = 3.25, 1.75, 0.75, 0.25  m, and probability occurrences 𝑷𝒘 = 	0.07, 5.83, 27.16, 7.14 . These 
were selected from a MET office data set of measurements from the Pentland Firth [7]. Wave particle velocities 
are determined in the 𝑥, and 𝑧 coordinates using Stokes second-order wave theory. Turbulence is simplified by 
assuming it comprises of four frequency constituents 𝒇𝒕 = 0.01, 0.1, 1, 4  Hz, with amplitudes matched 
respectively to the following kinetic energies, measured in The Puget Sound [8], in x, y and z coordinates:  
𝑬𝒌𝒙 = 1.2×10CD, 1.15×10CE, 1.4×10CF, 1.1×10CF	  m2s-2, 𝑬𝒌𝒚 = (1.1×10CE, 1.8×10CH, 1.4×10CF,	
1.4×10CI ) m2s-2, 𝑬𝒌𝒛 = 𝑬𝒌𝒚 . Turbulent intensities of 12% , 9%  and 7%  in the 𝑥 , 𝑦 , and 𝑧  coordinates, 
respectively, were selected from a flow characterisation study carried out at The Sound of Islay [9]. The shear 
profile is assumed to agree with the 1/7th power law where the mean current at the hub is 2 ms-1 at a depth of  
20 m. The velocity deficit in 𝑥, and induced velocity in 𝑦 caused by the presence of a 2 m diameter tower, 5 m 
downstream of the rotor are determined using a potential flow model. For each test an 𝛼 history is formed, as 
shown in Fig. 1, where time (𝑡) is non-dimensioned by the rotational period (𝑇MNO). The amplitude and peak 
frequency are then determined in order to form a harmonic angle of attack (𝛼P) signal, so as to be introduced into 
the theories of Theodorsen and Loewy to determine 𝐶$ (Fig. 2). 

Results 
The amplitude load response ∆𝐶$  for each individual frequency component (𝑓 ) non-dimensioned by the 

rotational frequency (𝑓MNO), is shown in Fig. 3. These results are in qualitative agreement with ref. [10]. The 
greatest load fluctuations are caused by low frequency turbulence, associated with channel scale eddies greater 
than 100 m, and large amplitude waves. Figure 4 shows the effect of each wave combined with all other forcing 
frequencies (turbulence, shear, tower shadow). The lowest frequency wave leads to the largest combined ∆𝐶$. 
Figure 1 shows the 𝛼 history for this case over 20 rotations, and Fig. 2 illustrates the resulting 𝐶$. Under this 
operating condition dynamic stall does not occur because the stall angle, which is greater than 20°, is not exceeded. 
Clearly at lower current velocities and closer to the root, separation might occur. With higher frequency waves, 
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Fig. 3. Individual load effect	 Fig. 4. Combined load response 
 

Fig. 1. Angle of attack fluctuations	 Fig. 2. Unsteady lift coefficient history	

the dominating combined effect on ∆𝐶$  is low frequency turbulence. Interestingly, if pitch control was to be 
adopted so as to filter every frequency up to twice 𝑓MNO, ∆𝐶$ would decrease by three orders of magnitude.  

Conclusions  
The combination of low frequency turbulence and +3 m high waves lead to maximum ∆𝐶$. However, load 

fluctuations due to relatively large waves (~2	m), shear layer and tower shadow are negligible compared to those 
due to low frequency turbulence. Load fluctuations can be reduced by three orders of magnitude using pitch control 
at 2×𝑓MNO. Further research is ongoing to determine the effects over a broader range of conditions as well as the 
effects of yaw misalignment, site specific shear, and flow separation. 
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Unsteady hydrodynamics of flexible submerged foils 
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Summary: The wave induced hydrodynamics of rigid and flexible foils are investigated by means of 

experimentation, including Particle Image Velocimetry (PIV), and analytically through Theodorsen’s unsteady 

loading theory. High-amplitude high-frequency fluctuations were investigated in order to explore extreme flow 

fluctuations, which cannot be matched by a pitch control system, and to assess the limits of Theodorsen’s linear 

approach. We found a strong non-linear interaction between the separated boundary layer and the trailing edge 

vortex, with circulation counter to the bounded case present. This resulted in low lift-to-drag ratio (i.e. low 

efficiency) and poor agreement between Theodorsen and experiments for the rigid foil. Conversely, the flexible 

foil was very promising: preventing large flow separation, it resulted in 25% higher lift-to-drag ratio, 30% lower 

flow fluctuations and reasonable agreement with Theodorsen’s prediction.  

Introduction 

     A submerged foil experiences wave-induced flow fluctuations resulting in periodic load variations. In the 

case of tidal turbine blades, peak load fluctuations can lead to dynamic failures while multiple load cycles can 

lead to fatigue failures. Therefore, it is critical that the nature of dynamic loading is fully understood; that 

accurate predictive tools are developed and that mitigating technologies are conceived. Unsteady loading on tidal 

turbines has been investigated measuring the thrust and torque at model-scale [1-3], and predictive tools based 

on the Morrison equation [1], Vortex Lattice Method [2], and Loewy’s theory and Theodorsen’s [4] have been 

developed. The latter theory is used in the state-of-the-art industry standard design tool Tidal Bladed Research. 

However, significant disagreement between numerical and experimental results have been reported [3]. While 

differences were thought to be due to flow separation and dynamic stall (which Theodorsen does not account 

for), flow measurements around the blades have never been performed to investigate these phenomena. In this 

paper we compare the loads measured experimentally on model-scale blades with those predicted by 

Theodorsen’s theory. We then discuss the differences through the analysis of the flow field measured with PIV. 

The focus is on large-amplitude fluctuations in order to explore non-linear effects; and on high-frequencies (six 

per turbine revolution) which cannot be matched by a pitch control system. Most wind turbine flow-control 

techniques used to mitigate load fluctuations cannot be adopted by the tidal industry because they are 

incompatible with the harsh marine environment. For example, marine biofouling precludes the use of moving 

appendages and recessions. An emerging means for flow control, which could be employed by tidal turbines, is 

the use of flexible materials. Here we investigate blades with a flexible trailing edge.  

Method 

 We 3D-printed a rigid and a flexible NACA 4415 foil, with a chord of !"#$ m extruded spanwise for !"% m. 

The Young’s modulus of the flexible material was !"&' MPa. We mounted the models between two splitter 

plates and immersed them at mid-depth in the University of Edinburgh’s combined wave-current flume, which is 

!"( m wide and has a water depth of !"($ m. We tested at a Reynolds number of  '"$)*)#!+.   We generated 

opposing waves with Froude number !"$%, reduced frequency #"&, steepness !"!(, depth/chord ratio #"$ and 

relative depth #",$ (see ref. [5] for further details). Lift and drag forces were measured with two independent 

load cells, PIV measurements were performed on the mid-span section at '"$ Hz, and turbulence statics were 

measured via Laser Doppler Velocimetry at mid-depth, ten chords upstream of the model.  

Results 

 The wave orbitals led to large-amplitude periodic variations of the flow speed (-./0 1 !"'23#",, *-456 , 

where -456  is the current velocity without waves) and of the angle of attack ( 7898 : #!; < 73) where  

7 1 =#%;3 #%; ). A phase delay of >?, occurs between -./0 and 7. The turbulence intensity was 3%. Figure 1 

shows the anti-clockwise hysteresis loop of the lift force variation (divided by the dynamic pressure based on 

-./0) versus 7. When 7 : ! and is increasing (point A in fig. 1), -./0 is maximum and trailing edge separation 

occurs on both foils. This separation is associated with anti-clockwise circulation (a trailing edge vortex), which 

decreases the bound circulation around the foil and thus leads to a loss of lift (@)ABCD) E !). For the rigid model, 

in steady conditions, any further increase of 7 would lead to stall. However here 7 increases by #%; (7898 : ,%;F 
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and only a mild boundary layer separation was observed on both foils. The deflection of the flexible trailing edge 

leads to a change in the orientation of the chord, defined as a line joining the leading and trailing edge of the foil. 

This results in a lower 7  oscillation 7 1 =(;3 (;  as compared to the rigid foil. The loss of momentum 

associated with the boundary layer separation is significantly reduced for the flexible model. When 7 : ! and is 

decreasing (point B in fig. 1), -./0 is minimum and boundary layer separation is clearly visible on the upper side 

of both foils. The 7 decrease prevents stall and the flow with low momentum slowly convects downstream along 

the foils. When the cycle restarts and 7  begins to increase again, the low momentum flow has reached the 

trailing edge and therefore strengthens the counter-rotating trailing edge vortex that begins to form. On the 

flexible foil, where less momentum is lost in the boundary layer, a much smaller trailing edge vortex is formed 

than on the rigid foil. This was further reflected in a 25% increased lift-to-drag ratio for the flexible model over 

the rigid model. The strong non-linear interaction between the separated boundary layer and the trailing edge 

vortex leads to a poor prediction using Theodorsen’s theory for the rigid model. It should be noted that the effect 

of the shed circulation is opposite to that of the added mass (AM in fig. 1), which shows a clockwise hysteresis 

loop.  

Conclusions 

 We found that wave-induced, large-amplitude, high-frequency flow fluctuations lead to periodic trailing edge 

separation (not dynamic stall). On a rigid model, this results in dynamic loads more than 20% higher than for 

current alone. Theodorsen’s method, which is used in industry, may predict load fluctuations more than double 

that which was observed here. This highlights the need for advanced predictive tools. A flexible trailing edge can 

be used to mitigate load fluctuations by more than 30% and to increase efficiency by more than 25%, preventing 

large flow separation. 
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Fig. 1: Lift variations and flow fields for a rigid and a flexible model subjected to wave-induced large-amplitude 

high-frequency flow fluctuations.  
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Summary: The flapping dynamics and strain energy distribution of a flexible membrane immersed in a uniform 

flow is numerically studied. The system is controlled by two main parameters, i.e.the structure-fluid mass ratio 

(M
*
) and the reduced flow velocity (U

*
). Simulation results demonstrate that the membrane exhibits a periodic 

oscillation with one dominant frequency for a certain range of non-dimensional velocity. Within this range, 

flapping amplitude increases with U
*
, and non-uniform strain energy distribution is generated along the 

membrane. In addition, the maximum available strain energy shows an upward trend with an increasing of U
*
.  

Introduction 

With the increasing demand of clean and eco-friendly energy, flow-induced instabilities as one of the potential 

mechanisms to generate small amount of electric power from flows have received renewed attentions [1]. Such 

instabilities which originate from the competition between the fluid force and structure’s rigidity are able to 

induce a self-sustained oscillation of a flexible body. A canonical example is a flexible membrane, or plate, 

immersed in a uniform flow, which has been extensively studied in both experimental and numerical ways due 

to its rich flapping dynamics [2].When the membrane is made of piezoelectric materials, the fluid energy, which 

is continuously pumped into the membrane, can be extracted and transferred into electricity. This novel power 

generator has attracted many researchers’ interest. Some experiments and numerical simulations have been 

conducted to study its flapping dynamics and conversion efficiency [3-5]. In the present work, we simulated an 

energy-harvesting membrane immersed in a uniform flow by solving the Navier-Stokes equations and the 

structural motions were obtained using a modal analysis approach. We first validated the numerical method 

developed with experimental results, and then studied the variation of total strain energy at various reduced 

velocities. 

Methods 

The coupled fluid-structure interaction is solved using our in-house code on a HPC facility, where a parallel 

computing using MPI for the information exchange between different processors is used. The unsteady Navier-

Stokes equations are solved on structured multi-block grids with a cell-centred Finite Volume Method. The 

convective flux is discretized using a central differencing scheme with artificial dissipation. Implicit backward-

difference scheme of second-order accuracy and dual-time stepping algorithm are adopted to ensure a strongly 

coupled solution in the time-domain. The linear structural equations are solved using a modal analysis method 

and the structural modes are obtained by the classical Euler-Bernoulli beam theory. 

Results 

We first compared our simulation results with the experimental results of Chen et al [6]. Fig. 1 and Fig. 2 

demonstrate the variations of dimensionless amplitude A
*
 and frequency f

*
 as a function of reduced velocity, 

respectively. The reduced velocity U
*
 under investigation covers a range from 7 to 9 with corresponding 

Reynolds number from 4.5×10
4
 to 5.7×10

4
. The experimental results shown in Fig. 1 indicate that as the reduced 

velocity U
*
increases, more flow energy is harvested by the membrane, resulting in the increase of flapping 

amplitude, which is well captured by the present simulation. However, with further increase of U
*
, the incoming 

flow tends to supress the membrane’s vibration due to a stronger fluid-structure interaction. Our simulation fails 

to replicate this nonlinear feature due to the linear structural model we adopted. With regards to the flapping 

frequency plotted in Fig. 2, we found that within the present reduced velocity range, the membrane always 

exhibits a periodic motion associated with a second order structural dynamic mode. The instantaneous 

deformation of membrane at U
*
=9 is illustrated in Fig. 3. A closer inspection of this figure reveals that the vortex 

is formed at the leading edge and grows as it travels along the membrane and further shed into the wake in the 

vicinity of trailing edge. This periodical vortex shedding, responsible for large deformation of the structure, 

further strengthens the fluid and structure interaction between the membrane and wake vortices. To estimate the 

available power generated by the vibration of elastic membrane, the mean square of strain energy is computed 

from the deformation of membrane, more precisely, the curvature radius and membrane thickness (Techet et al 

[1]). Fig. 4 shows the mean square strain energy distribution along the membrane at various reduced velocities. 
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It can be readily observed that the mean strain distribution is highly non-uniform along the membrane’s length, 

which is similar to earlier studies [1] [5]. The higher strain is available near the leading and central part of 

membrane while diminishes near the tail edge. This is mainly because the membrane is vibrating at its second 

order structural mode with no bending deformation near the tail of the membrane, which can also be clearly 

observed from Fig. 3. The instantaneous membrane strain energy at different reduced velocity is represented in 

Fig. 5. It is clear that the maximum available strain energy grows linearly with the increase of reduced velocity 

resulting from the formation of strong vortices and the increase of flapping amplitude.  

 

Conclusions 

The energy-harvesting features of a flexible membrane immersed in a uniform flow are numerically studied in 

this paper. The simulation reveals that the flapping amplitude of the membrane grows with the increase of U
*
 at 

the beginning, but showing a downward tendency as a further increase of U
*
due to the suppression of incoming 

flow. On the contrary, an opposite variation is observed on the flapping frequency. The strain energy distribution 

along the membrane is non-uniform, presenting the peaks at the leading and central part of membrane. More 

strain energy can be harvested by increase incoming stream velocity. 
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Figure 1. Dimensionless amplitude A*vs. 
reduced velocity U* 

Figure 2. Dimensionless frequency f* vs. 
reduced velocity U* 

Figure 4. Square of strain over the 
membrane length at various U*. 

 

  
Figure 3. Snapshot of the periodic flapping membrane and vorticity contour at U*=9. Figure 5. Strain energy E vs. reduced 

velocity U* 
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The lifespan of a tidal turbine is strongly affected by fatigue, and so reducing the response of the turbine to flow 

unsteadiness would enable a significant increase in turbine lifespan. One way of reducing the unsteady loads 

passed through the turbine is to fit control devices to the blades to reduce fluctuations in torque and/or thrust as a 

result of unsteady flow. 

 

In terms of blade performance, the way to keep thrust constant in a fluctuating flow is to keep lift constant 

despite changes in incidence. This can be achieved by actively changing the camber of the blades, and one such 

method of doing this is to fit flaps towards the trailing edge of the blades. 

 

A model scale turbine with flaps was tested at IFREMER under steady flow conditions and with waves. Figure 1 

shows the steady performance of the turbine with the flaps in the neutral position and deployed towards the 

suction surface (reduced camber). It can be seen that there is a modest drop in power (small increase in drag), but 

a more substantial drop in thrust (large decrease in lift) as the blade is de-cambered.  

 

To examine the potential for active load alleviation, surface waves were used to generate a periodic flow 

fluctuation and the flaps were operated sinusoidally such that they moved in and out of phase with the incoming 

waves. The results of this test are shown in Figure 2, where it can be seen that the thrust fluctuations are 

alternately damped and amplified by the flaps. The potential load reduction from a control system with flaps can 

be estimated from this figure. 
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Figure 1: Effect of steady deployment of flaps on (a) power coefficient, and , (b) thrust coefficient. 

32



5
th

 Oxford Tidal Energy Workshop 

21-22 March 2016, Oxford, UK 

 

 
Figure 2: Fluctuations in thrust with flaps moving in and out of phase with incoming surface waves, showing 

potential for load alleviation. 
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Summary: The structural design of tidal turbine blades is governed by the hydrodynamic shape of the aerofoil 

and extreme loading. The design of the aerofoil, chord and twist distribution along the blade, is generated so that 

the turbine has the optimum performance over the life time. Structural design gives the optimal layout of composite 

laminae such that the ultimate strength and buckling resistance requirements are satisfied while ensuring that 

certain fabrication criteria are satisfied. However, the structural design is using only static extreme loads while 

there is a lack of dynamic loads-based fatigue design of the tidal blades. In that regard the approaches for tidal 

turbine material fatigue life are studied.    

Introduction 

Tidal energy is a predictable renewable energy source and as such is gaining increased attention. However, the 

tidal force can vary over a small geographical space. Blade failures on a number of prototypes emphasise the need 

for design that will withstand the expected hydrodynamic loads. Glass fibre reinforced polymers (GFRP) such as 

epoxy or vinyl ester are traditionally used for tidal blades due to their properties of corrosion resistance, high 

strength and low cost. The polymers normally used in GFRP can absorb up to 5% water by weight when immersed 

for long periods and this can reduce the tensile strength of the material more than 25%. This paper gives the 

overview of the studies related to the degradation in tidal turbine blade life. 

 

Moisture Resistance and Fatigue of GFRP Laminates 

GFRP tend to absorb a small amount of water, typically less than 5% [1]. Epoxy matrices absorb less water 

than vinyl esters, but have superior mechanical properties. The water diffuses into the polymer matrix, changing 

its mechanical properties. The water will fill any small voids and attempt to dilute any unreacted constituents of 

the polymer, while the resulting osmotic pressure can cause damage to the laminate, i.e. stress corrosion cracking 

(SCC) of the fibres may occur. The multidirectional nature of laminates complicates the fatigue damage 

mechanisms. Matrix cracking parallel to the fibres or inter fibre failure (IFF) is first seen in the most off-axis plies 

under tensile loading. Most of the IFF cracking takes place in the first 25% of fatigue life and the significant drop 

in stiffness is complete with only a minor reduction in stiffness after this point. However, fatigue strength 

reductions do not follow the changes in static strength since the damage mechanisms are different in fatigue [2]. 

 

Modelling of GFRP fatigue life 

Composites are a natural choice for turbine blades but there is little test data available on material behaviour 

under coupled environmental and cycling loading. An extensive review of modelling of fatigue in GFRP has 

divided the work among three broad approaches [3]. First is a testing approach where life predictions are based on 

test data of the exact or similar material, second is the phenomenological approach where predictions are based on 

the stiffness and residual strength behaviour, and thirdly a progressive damage approach where damage in the UD 

lamina is predicted and incremented until a final failure state is reached, thereby predicting fatigue life. The testing 

approach to fatigue life estimation is by far the most widely used [4]. The technique is constantly being refined to 

include effects like spectrum loading  and complex constant life diagram (CLD) results [5]. Strength degrades 

during fatigue and an early model proposed that it degrades linearly per cycle in constant amplitude fatigue. Key 

problems with all residual strength methods are the large scatter in the residual strength test results and complexity 

of the degradation. Stiffness of GFRP laminates degrades in the range of 10 to 20% during fatigue cycling. The 

technique has been used to predict the life of particular wind blade laminates. These models have the advantage 

that they predict the stiffness degradation of the structure as it is damaged but a disadvantage is that they do not 

have an inherent failure point. The main drawback of the models discussed up to this point is their lack of flexibility 

in dealing with different laminate layups and/or loading patterns. Micromechanical approaches that predict the 
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response of the laminate based on damage mechanisms in the individual unidirectional (UD) plies offer a potential 

solution. The simplest approach is to degrade the matrix properties based on observed levels of cracking [6] and 

use classical laminate theory (CLT) to integrate the results. Others have considered two damage mechanisms, 

namely matrix cracking and interlaminar delamination [7]. Fracture mechanics approaches have been presented to 

predict matrix cracking behaviour and fibre failure. Energy approaches have been used to model delamination and 

stochastic methods have been used to enhance existing techniques. However, lot of work is ongoing to improve 

those predictive capabilities of test results and to reduce the amount of testing required to produce reliable fatigue 

life estimates. 

Fatigue design methodology  

The turbine blade fatigue design methodology is modular in nature, combined to facilitate the hydrodynamic 

and structural calculations required for preliminary design of a tidal turbine blade with respect to fatigue life. The 

first module in the design process algorithm is a tidal model, which predicts the tidal current speed at any time for 

specified pertinent local tidal velocities measured [8; 9]. The output from this tidal model forms a key input to a 

hydrodynamic model, which in turn computes the radial distributions of: local relative blade-fluid velocities, axial 

and tangential blade forces, optimum chord length, and pitch angle. The subsequent structural module, based on 

development of a finite element model of the blade, and driven by the output from the hydrodynamic model, is 

then employed to characterise the strain distribution in the turbine blade. The fatigue model accounts for each 

rotation of the blade explicitly and determines the maximum strain in the blade for each cycle. It then takes that 

maximum strain, compares them to an experimentally determined strain-life curve for the material and obtains a 

damage fraction for that cycle. 

Conclusions 

In order to fully utilise the tidal blade structural material fatigue life it is necessary to have information on its 

performance in marine environment for the full design life of marine renewable energy devices (10-20 years). To 

date, however, there are no reports available of experience with heavily loaded GFRP structures operating in this 

environment. In addition, the literature of fatigue test programs on the composite materials that will be used in 

marine renewable energy devices is limited. Consequently designers of these devices are forced to be quite 

conservative in their structural design, leading to increased cost. A comprehensive fatigue life model for composite 

blades, incorporating realistic hydrodynamic loadings, cyclically-varying blade stresses and wet composite 

material fatigue properties, will therefore be very valuable for tidal turbine designers. 
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Summary: The paper uses numerical simulation of flows through actuator disk representations of tidal turbines to 

determine the performance limit for multiple arrays of disks arrayed in a single plane normal to the flow through 

a channel. Consistent with pervious research it is found that as the length of a single array of turbines is 

increased the limit of power extraction also increases. New results presented here show that it is possible to 

recover much of the power limit of a single fence by constructing the fence from shorter sub-arrays that are 

themselves spaced reasonably widely apart; several device diameters between each sub-array is possible without 

large performance decrement. 

Introduction 

The effects of flow blockage on the flow past a single tidal device are well established with significant 

performance uplift available; Garrett & Cummins [1]. The partial fence theory of Nishino & Willden [2] 

provides a model by which the upper limit of energy extraction can be estimated for a long but finite fence array 

of turbines partially spanning the width of a much wider flow channel. Adaptions of the model to incorporate 

free surface effects, Vogel et al. [3], and multiple rows of turbines, Draper & Nishino [4], have been made. The 

length of the tidal fence required to approximate the theory models has also been explored through numerical 

simulation, Nishino & Willden [5], as well as through experimental investigation, Cooke et al. [6]. It has been 

found that as the fence length increases the upper limit of energy extraction asymptotes to that of the infinitely 

long partial fence theory, and that for fences of length > 8 turbines the reduction in the power limit below that 

suggested by partial fence theory is in the region of 5%. Further work has been done to establish whether these 

higher limits of power extraction can be attained by rotors, as opposed to actuators, designed for such high 

blockage operation. The numerical simulations of Schluntz et al. [7] have shown using actuator line 

representations of fences of up to 8 turbines that turbines can be designed to achieve power levels in excess of 

those achievable using standard unblocked design techniques, with an 8 turbine fence achieving a power 

coefficient of 0.65 which is a significant uplift on unblocked rotor performance, although still less than the limit 

of power extraction suggested by actuator simulation of this fence length. 

Whilst long, perhaps 8 turbine, closely spaced turbine fences may be desirable from a performance 

perspective they may be hard to achieve in practice unless the turbines are connected to a single support 

structure, and even then the costs involved in such an installation may be prohibitive, at least at this early 

industrial stage. We therefore explore the performance limit for shorter fences of 2 and 4 disks, and also the 

interactions between multiple arrays of 2 and 4 disks to determine whether the performance of a long array, 8 

disks, can be recovered using multiple two-disk or four-disk sub-arrays. 
 

Methods 

The computations are performed in 3D in the CFD package Fluent, with the turbines presented as actuator 

disks. A typical structured mesh configuration at the rotor plane is shown in Fig. 1. The mesh is extruded in the 

streamwise direction and stretches from -30d upstream of the rotor plane to +60d downstream, where d is the 

rotor diameter. The water depth is 2d and we maintain a rigid lid so that the flow through the system is driven by 

a pressure drop from inlet to outlet. The overall width of the domain varies between configurations but is 

adjusted to maintain an overall global blockage of 0.0785. We make use of symmetry planes at mid-water depth 

and at the left hand side of the mesh shown so that the mesh shown represents an array of 8 porous disks; m=4 

sub-arrays of n=2 disks each. Meshes are developed for various internal sub-array spacings, s/d, and for various 

spacings between sub-arrays, sa/d. Although the near disk flow field is notionally steady, unsteady simulations 

are conducted to allow simulation of large unsteady mixing in the array far wake. Turbulence closure is provided 

through the RANS k-ω SST turbulence model. 

 
Fig. 1. Rotor plane mesh for an array of 8 disks; symmetry planes at left hand side and bottom. 
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Results 

Consistent with pervious studies it is observed that for a single continuous fence the limit of power extraction 

is a function of intra-turbine spacing and fence length, and that the limit increases as the number of turbines 

increases; see Fig. 2. The horizontal dashed lines represent the power limit for single (m=1) fences of n=2, 4 and 

8 disks with the power limit seen to increase by around 6% from the shortest to the longest fence considered. We 

further consider the case of multiple fences (m>1). Placing 2 two-turbine arrays (m=2, n=2) with the separation 

between the sub-arrays at 4d results in an uplift in performance above that for the optimal two turbine array 

(m=1, n=2), but to still less than the optimal achievable with 4 disks. Moving the 2 two-turbine arrays closer 

together results in an asymptotic approach to the power limit for a single four-turbine array. What is perhaps 

surprising is not that the 4 disk power limit is reached but that there is little performance decrement from 

separating the single 4 disk array into 2 two-turbine arrays that are themselves spaced considerably apart; at 

s/d=1 the performance decrement is less than 0.5%. Similar observations may be made for 8 disks split into 4 

two-turbine arrays (m=4, n=2) and for 2 four-turbine arrays (m=2, n=4). The whole array performance can then 

be related to the array resistance, distribution of resistance across the array, array by-pass flows, between sub-

array by-pass flows (see Fig. 2) and the cross-flow component of the velocity field. 

 

 
Fig. 2. Left: Streamwise velocity contours on the centre-plane of an array of m=4 sets of n=2 disk sub-arrays. 

Right: Upper limit of performance of m arrays of disks with n disks in each array. 

 

Conclusions 

We present simulation results for 1, 2 and 4 short fences of 2, 4 or 8 disks, with total disk number not 

exceeding 8, arrayed normal to the flow in a low global blockage flow-field. It is observed that even with 

significant separation between sub-arrays, which may be practical for investment, deployment and practical 

engineering purposes, it is possible to recover almost all of the power limit offered by a single homogeneous 

fence consisting of the same total number of disks. 
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Summary: This paper presents the first validation steps of a tidal turbine farm simulation tool. The first part is 

dedicated to the presentation of the Navier-Stokes solver together with the actuator-disc tidal turbine model. 

Then, comparisons with experimental results from Mycek et al. [1] on a single turbine are presented and 

discussed. Finally, a discussion on the performances and limitations of this tool is provided. 

Introduction 
 In order to rationalise the use of tidal energy resources, tidal turbines are planned to be set up as industrial 

farms on identified potential sites. In this configuration, machines interact with each other so that it is essential 

to correctly model the interactions in order to predict the global performance of a given farm. This is the reason 

why wake interaction effects have to be considered in complement with global performance analysis, which is 

generally conducted on single tidal-turbines. Regarding the fluid solver, a Navier-Stokes weakly-compressible 

explicit Cartesian finite volume solver is retained in this study. Its weakly-compressible feature allows a fully-

explicit scheme, facilitating the integration of the solver in a massively parallel environment. Regarding the tidal 

turbine, an actuator disc model is adopted. 

Methods 
WCCH is a CFD software developed by the LHEEA Lab. of Ecole Centrale Nantes (ECN). This solver is a 

cell-centered Finite Volume formulation based on the compressible Navier-Stokes equations, within an explicit 

formalism [2]. In order to reduce the CPU time, the solver is built on a parallel framework based on a domain 

decomposition strategy (MPI library), including Adaptative Mesh Refinement (AMR). In the context of multiple 

tidal-turbine applications, the wake advection should be sufficiently accurate to predict correctly wake-wake and 

wake-turbine interactions, to allow eventually the optimization of a given farm. A preliminary work on the 

improvement of the order of the spatial interpolation scheme (WENO5 scheme [3]) has been performed in order 

to reduce the numerical diffusion. The HATT is modelled using the actuator-disc theory [4] together with an 

Immersed Boundary Method for the hub. The model we developed is not uniformly loaded and presents a radial 

and tangential distribution of the body forces characterized through a BEMT calculation process. This allows a 

better description of the tidal-turbine behavior and leads consequently to a better description of its impact on the 

surrounding flow. Finally, a LES method based on the Smagorinsky sub-grid scale model is adopted in this 

study. 

Results 
Comparisons are performed for one single tidal turbine in a turbulent axi-symetric flow. The turbine is placed 

in a cubic-shaped fluid domain of size 16D with 4D upstream to avoid interactions with the entrance area, and 

12D downstream so as to observe the development of the wake. The spatial resolution in the refined zone 

corresponds to 60 cells in the turbine diameter, and a total of 1       cartesian cells are involved in the 

simulations. Thrust and power coefficients are in fairly good agreement with the experiments (CP=0.42 and 

CT=0.72). Figure 1 and 2 compare the averaged axial velocity and turbulence intensity rate fields obtained with 

our code with the reference case [1]. Results without presence of the hub are also included in Figure 2 for 

comparisons. A particularly good agreement is observed for the averaged axial velocity in the mid and far wake 

with and without the hub. From seven diameters downstream the tidal turbine, the averaged axial velocity results 

are in the margins of error of the experimental measurements (six diameters with the hub). The non-presence of 

the hub causes a top speed in the center of the machine along its rotation axis in the near and mid wake. 

Satisfactory results are obtained on the turbulence intensity rate between six and ten diameters downstream of 

the tidal turbine for all configurations. From x*=6 (   
 

 
 and    

 

 
), the turbulence intensity rate profile 

changes from a top hat shape to a bell shape. Note that this effect occurs more quickly in presence of the hub. 

Conclusions 
 A validation was conducted with experimental results on a tidal turbine of 0.7 meter in diameter in the case of 

axi-symmetric low turbulent flows (3%). A comparison of the experimental and simulated wakes was conducted 

showing reasonably good agreement regarding the far wake where the inclusion of the hub does not have a 

significant impact. Further study will be needed to determine the importance of the hub in misaligned flows. 
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Fig. 1.  Comparison of the averaged axial velocity fields and the averaged turbulence intensity fields in the wake 

for an ambiant turbulence intensity rate of 3% (up: results from [1], down: WCCH results). 
 

     

 

     
Fig. 2.  .  Influence of the hub on the averaged axial velocity profiles and the averaged turbulence intensity rate 

profiles in the wake for an ambient turbulent intensity rate of 3%. 
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Summary: We present a comparison of two methods used for generating turbulent velocity fields based on 

limited input data. The methods investigated are the synthetic eddy method (SEM) and the so-called Sandia 

method (named after Sandia National Laboratories where it was originally developed). We show that these 

methods produce turbulent velocity fields that are in some sense realistic insofar as they match measurements 

taken from observations of genuine turbulent flows. Finally, we compare the outputs of the two methods in terms 

of required computational resources and usefulness as boundary conditions for numerical models of tidal 

turbines. 

 

Introduction 

 The purpose of these methods is to generate realistic velocity fields that can be used as inflow conditions for 

numerical models of tidal turbines (1), in particular models such as blade element momentum theory and vortex 

particle methods that do not model the complete fluid dynamics of the flow. Synthetic turbulence generation 

methods are particularly suitable for use in conjunction with models of this type, as their very point is to 

simulate turbine behaviour with reduced computational cost – if we require a computationally-expensive 

solution to the Navier-Stokes equations to generate physically-correct inflow conditions for our turbine models, 

we are defeating the purpose of the turbine models themselves. This does not mean, however, that our synthetic 

turbulent velocity fields cannot be used with more traditional CFD techniques; indeed, SEM was originally 

developed as a means of generating inflow conditions for LES/DES computations without requiring a precursor 

run. 

 

Methods 

Synthetic eddy method 

SEM conceptualises turbulence as a collection of eddies that are carried by a mean flow, without affecting the 

mean flow themselves. Let us imagine a space for which we want to synthesise a turbulent velocity field. SEM 

populates this space with eddies positioned in a uniformly-random distribution, and then, based on specified 

statistical properties, assigns properties to the eddies such that the velocity field induced by their presence 

matches the specified statistics. For a space containing N eddies, we can specify the turbulent velocity at any 

point in space 𝒙 by summing the contribution of all eddies as follows: 

𝒖′(𝒙) =
1

√𝑁
∑ 𝒂𝑘 ∙ 𝑓(𝒙 − 𝒙𝑘)

𝑁

𝑘=1

 

Here, 𝒙𝑘  the position of the kth eddy and 𝒂𝑘 its magnitude. f is a shape function that defines how the influence 

of an eddy is distributed over its vicinity. The dash denotes that we are dealing with the fluctuating turbulent 

component of velocity, and bold is used to indicate a vector quantity. If we are able to specify a Reynolds stress 

tensor 𝑅, with each element given by 𝑅𝑖𝑗 = 〈𝑢𝑖
′𝑢𝑗

′〉 (where angle brackets denote a time average), then it is 

possible to choose 𝒂𝑘 and f such that the velocity field will match 𝑅 in a statistical sense. The mathematics of 

this are covered in detail in, for instance, the work of Jarrin (1); in short, however, f must satisfy certain (not 

very stringent) normalisation conditions on its square integral, and 𝒂𝑘 is obtained from linear combinations of 

the elements of the Cholesky decomposition of 𝑅 with randomised sign. 

 

Sandia method 

The Sandia method (2) uses energy spectra and cross-spectra to generate time series of velocity at a collection 

of points. This method was originally developed as a means of generating synthetic turbulence flows for 

simulations of wind turbines, but is agnostic to the specific spectra used, so can easily be adapted to a tidal 

context. Note that some researchers report that marine turbulence is reasonably well-represented by standard 

atmospheric spectra (3), so it may in fact be possible to apply the method directly without modification. 
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We begin the Sandia method by selecting the 

points for which we want to generate velocity 

series. For each of these points, we must have 

an energy spectrum; this may be from 

measurements or a standard model such as the 

von Kármán or Kaimal spectra (see fig. 1). In 

addition, we must also have cross-spectra for 

every pair of points; this is far more difficult to 

obtain, but Veers (2) suggests that we can 

straightforwardly generate a suitable selection 

of cross-spectra based on the single-point 

spectra and a coherence function that depends 

only on the separation between points. 

By generating a set of vectors that randomise 

the phase of each frequency component, then 

linearly combining these phases according to a 

weighting that accounts for the relative 

correlatedness of the points (via the co-spectra), 

we can obtain a randomised time series for each 

point that retains the spectral qualities we 

originally specified. Note that introducing 

randomised phase means the Fourier problem is 

overspecified; this is overcome by recasting our one-sided spectrum as a two-sided spectrum, effectively 

increasing the frequency of the time series. 

Results 

 We show that both methods produce suitable velocity fields, but that the Sandia method requires less 

computation time than SEM for comparable problems. We investigate the first-order properties of the velocity 

fields produced using these methods: in both cases it is second-order properties that are explicitly matched 

(Reynolds stresses for SEM, power spectra for the Sandia method, cf. fig. 1), so it is instructive to see what the 

result is in terms of actual turbulent velocity signals. Finally, we compare the outputs of each method in terms of 

the other i.e., the spectra of the velocity fields generated with SEM, and the Reynolds stress tensors of velocity 

fields generated with the Sandia method. 
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Figure 1: PSDs for von Kármán (blue) and Kaimal (red) spectra; 

black lines show synthetic spectra generated with Sandia method 

using the theoretical spectra as templates. 
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Summary: In the present work, a single Horizontal Axis Tidal Turbine (HATT) is placed in an infinite width 
open-channel and is subject to a uniform free stream velocity. The Vortex Filament Method is used to model the 
turbine loading and the wake behind it while the free surface deformation is modelled using a panel method 
based on linear wave theory [1]. For the simulations presented here, an enhanced version of the mid-fidelity 
open source code CACTUS is used. Results for the power coefficient ܥ are reported for a large number of Tip 
Speed Ratios ߣ  and for two above turbine clearance scenarios. The extracted results are compared with 
experimental data [2] showing a good agreement for a broad range of ߣ. 
 

Introduction 
In recent years, a large number of CFD studies have been undertaken to model Horizontal Axis Tidal Turbines 
(HATTs). These range from full scale LES simulations [3] to more simplified models where an actuator disc is 
used to represent the turbine rotor and the flow field is solved using a RANS based approach along with a 
turbulence model [4]. An alternative approach to classic Eulerian-based numerical methodologies, is the Vortex 
filament method where Lagrangian material elements (vortex filaments) are used to model the vortical structures 
of the wake. The vortex filament method solves the unsteady Euler equations (viscosity is neglected) and in 
general exhibits a reduced computational cost compared to the respective Eulerian methods. The present model 
consists of a combination of a vortex filament method implementation for the wake and a panel method for the 
linearised free surface boundary conditions. The purpose of this study is to examine the impact of the free 
surface proximity on the extractable power and compare the results with existing experimental data [2]. The 
problem of the free surface proximity has been addressed in the past by [5] and more recently by [6] using 
experiments and theoretical models. Both studies concluded that the free surface has an impact on the 
performance of a single turbine or an array of turbines. For the purpose of this paper, an enhanced version of the 
mid-fidelity open source code CACTUS (Code for Axial and Cross-flow Turbine Simulation), developed 
originally at Sandia National Laboratories [7], is used. 

Methods 
For the vortex filament model, Prandtl’s Lifting Line Theory [8] is used in order to generate the discrete vortices 
on the blades. The turbine blades are divided into small sections of approximately constant chord length c and 
thickness and for each section a bound vorticity Γୠ is computed by combining the Kutta-Joukowski condition 
with the lifting force coefficient C of an equivalent infinite span hydrofoil, Γୠ = 0.5 c C Uୖ. For the wake, each 
filament is discretized using a lattice method [7], and the induced velocities at the lattice points are calculated by 
the Biot-Savart law. In this enhanced version of CACTUS, the vortex filaments are convected using a third order 
predictor-corrector scheme, which increases the accuracy of the computations at high tip speed ratios. For the 
free surface, the dynamic and kinematic boundary conditions are linearised and combined into the following 
equation,  

 Uஶ
߲ଶ߮
ଶݔ߲ + g ߲߮

ݕ߲ = 0, (2) 
where φ is a velocity potential associated with the free surface, Uஶ is the free stream velocity and g is the 
gravitational acceleration. The free surface panels’ strengths are computed by superimposing on Uஶ the vortex 
induced velocities from the wake. Finally, a free slip condition is applied on the panels of the horizontal bed. 
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Results 
The turbine geometry and setup are chosen in order to match the description of the experiments in [2]. Two 
above-tip clearance (distance between the turbine tip and the undisturbed free surface) scenarios are considered: 
  (1) a Large Clearance equal to 0.55D subject to a uniform free stream velocity 1.5 m/s and, 
  (2) a Small Clearance equal to 0.19D also subject to a uniform free stream velocity 1.5 m/s, 
where D is the turbine diameter. On the left side of Figure 1, a comparison between the experimental and the 
obtained solution from CACTUS is presented. On the right side, the CACTUS solution for the free surface 
deformation ߟ, normalised by the turbine diameter D is shown in a plan view for case (2) and 5 = ߣ. 
 

  
Figure 1.  Left: Comparison between CACTUS and experimental data [2] for the turbine Power Coefficient ܥ 
for cases (1) and (2). Right: A plan view of the free surface deformation ߟ for case (2) normalized by the turbine 
diameter D. 

Conclusions 
The results of this analysis have demonstrated that the performance of a single turbine is reduced when the free 
surface is in close proximity and all other parameters are kept constant. The mid-fidelity model CACTUS was 
shown to yield accurate power coefficient estimates in excellent agreement with experimental data. Future effort 
will focus on the application of mid-fidelity approaches to (i) the loading of turbines, (ii) the importance of free 
surface modelling on the wake recovery (iii) the validation of such codes for a wide range of industry relevant 
scenarios and (iv) the application within array scale optimisation problems [9]. 
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Summary: A Blade Element Momentum Theory (BEMT) model for ‘conventional’ 3 bladed designs of Tidal Stream 

Turbine (TST) is presented, with validations from scale model experiments carried out in a cavitation tunnel. 

Assumptions and limitations of the model are discussed in order to gauge potential use in assessing a high solidity, 

hubless and ducted TST design, which has been developed by OpenHydro. A number of adjustments to the model 

are considered, which are to be validated with fully blade resolved CFD studies and field data from a full scale 

device deployed at Paimpol-Bréhat, Brittany at the start of 2016 in collaboration with EDF. 

Introduction 
BEMT is a simple, fast processing and low computationally demanding method to predict the performance and 

thrust loading of a turbine. Commonly used in the wind industry, adaptation has more recently occurred in TST 

modelling, with academic and commercial models developed (e.g. [1] [2]). These are, however, limited to 

application with ‘conventional’ 3 bladed turbine designs, and unsuitable to assess high solidity, hubless and ducted 

designs. The objective of this study is to present a BEMT model developed for a ‘conventional’ TST, and discuss 

adjustments to assess an alternative configuration designed by OpenHydro in its latest generation 2MW device.  

Methods 
This study has developed a BEMT model, where the turbine is modelled as a frictionless, infinitely thin, semi-

permeable actuator disc within a stream tube. Axial and tangential induction factors as well as flow angles of 

attack can be formulated based on the reduction in axial momentum on the flow as a result of the disc presence 

and the increase in tangential momentum due to the disc imparting rotation on the flow. The disc is split into a 

number of concentric annuli, where each section of the blade is taken as an independent 2D aerofoils and blade 

forces can be determined as a function of foil lift and drag coefficients. An iterative solver computes the angle of 

attack, induction factors and blade forces, and converges on a solution where equilibrium is achieved. 

Correction factors have been applied including a Buhl factor for highly loaded conditions, and a Glauert factor 

to account for losses at the tip and hub. Inputs into the model include fluid properties, flow parameters and turbine 

geometry to replicate validation case conditions. Aerofoil coefficients are generated using a combined linear 

vorticity stream function panel method incorporating a viscous boundary layer. Du-Selig and Eggers models 

account for stall delay on a rotating foil, with post stall values attained using a Viterna extrapolation function. 

To account for tunnel boundary layer effects a shear profile is applied to the inflow using a 1/7th power law, 

showing excellent agreement with flume data from a channel at EDF. Blockage corrections have been applied to 

the experimental coefficients and TSRs, to account for channel effects [3], converting results to ‘equivalent open 

water’ values for direct comparison with the model. 

Results – Conventional Device 
 Coefficients of power (CP) and thrust (CT) curves for varying tip speed ratios (TSR) are shown in Figure 1. 

 
Figure 1 Power and thrust variation with TSR for a scale model TST from BEMT analyses and experimental data 
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 Results from this study show good agreement with experimental data, and are consistent with another BEMT 

model [4]. At 1.73m/s flow, the models show an over prediction in power at high TSR, considered due to errors 

in large blockage factors applied to the experimental data [3]. 

Discussion – OpenHydro Device 
Figure 2 shows the OpenHydro 2MW configuration to be analysed, with main differences including high 

solidity, open centre, hubless rotor and ducted flow. The following points discuss potential changes to the code to 

account for the new configuration, which are currently under investigation using CFD studies. 

The one dimension flow assumptions neglect the radial flow that occurs due to the tendency of a fluid to flow 

around the blade tips from the pressure to the suction side or the rotor. This span wise flow reduces the 

hydrodynamic efficiency at the tip and hub, and can be approximated using an analytical solution proposed by 

Pandtl (Figure 3), taking the helical sheets as a succession of discs travelling at an average velocity of the wake 

and free stream. The new configuration sees blades reversed in orientation, with tips now facing towards the rotor 

centre, and the roots connected by the outer ring housed in the stator. A change in the formation of the vortex 

sheets requires a new tip/hub loss factor to be applied. 

The modelling of an actuator disc in a stream tube predicts an unphysical reversal of flow in the wake at axial 

induction factors (a) greater than 0.5. This means that the increased thrust forces that occur at a ≥ 0.4 (known as 

the highly loaded regime) are not predicted using this method. The Buhl correction factor is applied in this 

condition, a semi-empirical parabolic function based on Glauert’s experiments with semi-permeable discs. For the 

‘conventional’ design, highly loaded conditions are only seen at the near tip elements at high flow rates. As loading 

increases with decreasing disc permeability, high solidity designs will operate more in this regime (see Figure 4) 

and as a result will be have a higher sensitivity to experimental errors or inaccuracies. 

The presence of a duct increases the inflow velocity at the rotor and restricts wake expansion, therefore 

impacting the assumptions of flow bounded by a stream tube. Combined Reynolds Average Navier Stokes (RANS) 

BEM models have been developed, able to represent the flow through the duct and open centred turbines [5]. In 

order to implement this into BEMT, a correction factor is considered based on similar blockage approximations 

of flow in a channel proposed by [6]. 
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Summary: A growing interest in the exploitation of tidal energy has been developing during the last two decades.
The extraction of tidal energy by hydrokinetic turbines has progressed from theoretical considerations to field
testing of full-scale devices within a few years. The present study is focused on the interactions between the
wake of a model tidal turbine and the seabed with a particular emphasis on the wake asymmetry. The extent of
the  asymmetry  of  the  wake  close  to  the  seabed  is  analysed  by  experimental  investigations  and  numerical
modelling.

Introduction

Given the interest driven by the need to tackle climate change, many studies of tidal energy extraction focused
on the design and performance of the devices. A thorough understanding of the interactions of tidal turbines with
the surrounding environment is, however,  important for mitigation of possible changes of the seabed in the
vicinity of tidal turbines. The interactions between the turbines and the flow have been studied in a number of
laboratory experiments and numerical models. Overall, these investigations were either focused on particular
processes or limited by the difficulty to measure specific variables. These limitations represented a disadvantage
in the investigation of small-scale effects in the wake, which are crucial to understanding turbine-environment
interactions. One feature rarely mentioned in previous studies is the asymmetry of the flow. The aim of this study
is to show the importance of this asymmetry and how it affects local sediment transport. 

Methods

Numerical modelling and a series of flume laboratory experiments have been used to study the wake of a
model turbine, designed to match the performance of a community-sized three bladed horizontal-axis device.
The  modified  Vorticity  Transport  Model  [1]  was  used  to  analyse  the  turbine  wake  near  the  seabed.  The
experiments were conducted in the Total Environmental Simulator of the University of Hull by measuring flow
characteristics using the Particle Image Velocimetry technique (PIV). The effects on the seabed were monitored
using an Acoustic Ripple Profiler. Suspended sediment distribution was measured with an Acoustic Backscatter
System.

Results

The  numerical  results  indicate  higher  stream  wise  velocity  in  the  left  side  of  the  numerical  domain  (in
downstream view) than in the right side of about 0.25 m/s and shear stress also shows higher magnitudes in the
left side. These results were confirmed in the experiments in the flume where flow characteristics were measured
using the Particle Image Velocimetry technique (PIV). Recorded stream wise velocity remained without change
in the near wake region up to a distance of approximately three turbine diameters downstream where the right
side showed flow recovery while the left kept slow velocity in all the measured distance of more than five
turbine diameters downstream. Turbulent kinetic energy from PIV measurements also showed higher magnitudes
in the left side of the flume and about a distance of 2.75 times the turbine diameter. An asymmetric horse shoe
shape in the near wake was the result of the scour due to the turbine and important deposition in the right side of
the measured area with bed forms still present in the right side of the sediment bed. Figure 1 shows horizontal
profiles of bed height, where cross wise location is indicated at the lower left corner on each plot. While at the

1 Corresponding author. 
Email address: lada@cfdpeople.com

46



5th Oxford Tidal Energy Workshop
21-22 March 2016, Oxford, UK

right side (in downstream view) bed forms were present, the sediment distribution on the left side was more
uniform at the end of the experiments.  The suspended sediment distribution also showed important crosswise
variations.

Conclusions

Overall, the results of this study indicate a number of effects at both sides downstream of a single turbine in
the flow and over a sediment bed. This has important implications when considering the installation of turbine
arrays since the wake recovery will vary across the flow downstream of a single turbine due to the asymmetry of
the wake. Moreover, related changes in sediment transport could affect the foundations and the efficiency of tidal
turbine arrays.  More studies  are needed to characterize  these  asymmetric  wake features  and to  include the
asymmetry of tidal turbine wakes into hydrodynamic and morphology models in order to analyse the cumulative
impact of turbine arrays on the marine environment.
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Fig. 1.  Stream-wise horizontal profiles of bed height at varying distances from the centreline measured with the Acoustic
Ripple Profiler: bed topography at the beginning of the experiments (in grey) and at the end of the experiments (in black).

The flow direction was from left to right and the rotor was located at 0 diameters.
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Summary: An experimental model at 1/20th scale has been developed to study the behaviour of an undulating 

membrane tidal energy converter. This abstract presents the experimental set-up and the comparison results of 

three membrane hanging devices. Each configuration induces a different membrane behaviour in terms of 

trajectory, motion amplitude and frequency. Critical velocity and efficiency are also presented, leading to the 

choice of an elastic spring with stops at +15° as the best device to hold the membrane.  
 

a)     b)  

 Figure 1.a – Photography of the 1/20th experimental model in the Ifremer wave and current flume tank 

Figure 1.b – Schematic of tested hanging configurations: (1) clamped; (2) rotational spring; (3) rotational spring 

with stops at 15°. Arms are drawn in black and membrane in red 

 

Introduction 

 An experimental model has been developed to study the Eel Energy undulating membrane tidal energy 

converter[1]. Indeed, fluid-structure interactions between a flexible plate and an axial flow result in undulating 

motions that can be used to harvest energy[2]. Knowing that the dynamic behavior of the membrane is linked to 

the imposed boundary conditions, we compare the effect of three kinds of hanging devices. 

 

Methods 

 A 1/20
th

 scale prototype has been tested in the Ifremer flume tank
[1]

. It is made of a 0.8m x 0.8m polyacetal 

membrane with carbon/epoxy bars to stiffen it in the transverse direction. The membrane is pre-stressed by 

cables that buckle it in streamwise direction before being submitted to axial flow. The buckling cables are about 

0.95 times the length of the membrane. The experimental model used here is assembled with 12 adjustable linear 

dampers above and below the central line (Fig. 1.a). They are activated by the membrane undulations to simulate 

the power take off system. Above a critical flow speed, self-sustained oscillations are generated: the membrane 

undulates and dissipates energy through the dampers. The dampers have a non-linear damping behavior with 

respect to velocity. The dampers are characterized beforehand with a linear device which controls velocity and 

measures the damping force. The force response is segmented between several polynomial interpolations, 

depending on the velocity value and the acceleration sign. Combining both undulating motion data and dampers 

characterization enables to estimate the dissipated power.  

 Instrumentation is composed of a six-component load cell and a motion tracking system. Six targets are used, 

separated by 0.2L (L being the length of the membrane) in order to characterize the behavior of the system in 

terms of motion amplitude and frequency in function of the imposed boundary conditions. 
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Three different hanging conditions were experimented, in a range of fluid velocity from 0 to 1.2 m/s: 

  - Clamped-clamped arms (Fig. 1.b.1), 

 - Arms clamped to the frame and linked with an elastic spring to the membrane (Fig. 1.b.2), 

 - Clamped-elastic spring with stops at +15° angle (Fig. 1.b.3).  

 

Results 

 Figure 2 presents results showing the influence of boundary conditions on the behaviour of the undulating 

membrane. Results are given from critical flow speed (between 0.7 and 0.8 m/s) to 1.2 m/s. Parameters used here 

are dimensionless frequency (f*=f.L/U), amplitude (a*=A/L) and dissipated power coefficient 

(p*=2.P/(ρ.L.A.U3)), where f is the frequency of undulations, U is the upstream flow speed, A the maximal 

amplitude (of the most downstream target), P the dissipated power and ρ the water density. The use of a 

rotational link decreases the frequency and critical velocity in comparison with a clamped membrane. It also 

increases amplitude when not used with stops. 
 

a)  b)  

Figure 2 – Influence of boundary conditions on dimensionless frequency (a) and maximum amplitude (b). 

 

 The estimation of dissipated power is displayed in Figure 3. The damping is the same for all dampers. Figure 

3 clearly shows a better efficiency for the third hanging device: elastic spring with stops. The stops have a real 

importance because they induce a better distribution of the deformation along the membrane. The values of 

rotational spring stiffness and stops position can still be optimized. Dissipated power coefficient also has 

variations according to the flow speed, with a maximum of p*=0.27 for U=0.95m/s, which might be linked with 

a resonance phenomenon. 

 

Conclusions 

 These results enable to valid the experimental model and show 

its utility to optimize the system. We were able to select a better 

hanging condition for the prototype. The power take off system is 

to be optimized, its setting is not precise. 
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Figure 3 – Estimation of dissipated power coefficient  
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Summary: The vertical shear of the velocity profile together with other once per revolution and high frequency 

events result in unsteady loading that will cause increased fatigue damage and structural vibrations, directly 

impacting the operating life of the turbine. Blade cyclically pitch control offers a potential method to adapt the 

blade to the changes in flow velocity around the azimuth to effect load relief in sheared flow. In the present 

study blade resolved CFD simulations are carried out of a three bladed axial flow tidal turbine model to 

investigate the reductions in unsteady blade load that can be achieved with Individual Pitch Control (IPC). 

 

Introduction 

Past research has investigated the impact of the harsh environment on the performance of axial flow tidal 

turbines [1-3], with observation that blade passage through the turbulent sheared current can lead to significant 

unsteady blade loading. Larsen et al. [4] demonstrated that IPC can be employed for efficient load reduction in 

wind turbines. However studies on pitch control methods for tidal turbines are limited, despite tidal turbines 

operating in a more severely sheared environment. Hence, we here study IPC for tidal turbines and develop 

control methods based on correcting fluctuations to the relative flow angle experienced by axial flow tidal 

turbines in sheared flow with objective to reduce the unsteady blade loading. 

 

Methods 

Three-dimensional fully blade resolved simulations are conducted in the CFD package OpenFOAM. The 

rotor geometry is a full-scale turbine prototype from TGL (Fig. 1) with diameter, D, of 18m. The rectangular 

simulation domain is of size 9D (stream-wise) × 2D (depth) × 4D (width), with an area blockage ratio, B, of 

0.0982, discretized with hybrid hexahedral and tetrahedral cells (approximately 5.2×10
6
 cells in total), and 

blocked into five subdomains to enable the sliding mesh with four pairs of Arbitrary Mesh Interfaces (AMI) such 

that each blade can rotate about its own axis, and the rotor can itself rotate through a fixed outer domain. A self-

sustaining sheared flow profile (U=1.85-2.25m/s across rotor swept area) is applied at the upstream boundary, 

based on an assumed vertical linear shear stress profile, as derived for planar open channel flow following 

Schlichting [5]. Turbulence closure is provided through the RANS k-ω SST turbulence model.  

In the absence of pitch control, the blade root twist, , is constant with azimuth and hence changes in the 

relative flow angle, =+, between relative approach flow and rotor plane, due to changes in the inflow 

velocity with depth result in changes to the blade angle of attack, , with azimuth. An IPC control method is 

designed accordingly by taking account of the cyclical pitch angle, IPC, required to achieve a stable relative flow 

angle, IPC=-IPC =+, hence achieving an azimuthally stable angle of attack, , as shown in Fig. 2.  

 

                 
Fig. 1. Schematic of the turbine in sheared flow.         Fig. 2.  Relative angle profiles with/without IPC. 
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Results 

We consider a test case of a rotor at a rotational speed of 9.54 rpm (tip-speed-ratio 4.5) with prescribed 

cyclical IPC. Fig. 3 presents the thrust and torque coefficient histories on a single blade and the whole rotor, 

whilst the blade load envelope and azimuthal thrust load variation are shown in Fig. 4. It is found that the 

fluctuating thrust load on a single blade is more sensitive to the change of the cyclic pitch angle than the torque. 

Near azimuthally uniform thrust loading is achieved through the proposed IPC strategy, whilst the fluctuating 

torque load, and rotor mean thrust and torque remain largely unaffected. Turbine tilt and yaw moments are also 

reduced through IPC. Analytic blade element analysis confirms that unsteady thrust should be more significantly 

affected by IPC than fluctuating torque. 

 
(a)                                                                                    (b) 

Fig. 3. Load history of thrust coefficient and torque coefficient, on (a) single blade and (b) whole rotor. 

        
(a)                                                                                                           (b) 

Fig. 4. Axial loading envelopes and azimuthal distributions for a single blade (a) without IPC and (b) with IPC. 

 

Conclusions 

The results show that Individual Pitch Control based on correcting the relative flow angle to maintain a 

constant angle of attack can be very effective at reducing once per revolution fluctuating thrust forces whilst not 

impacting rotor performance. 
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Summary: Detailed knowledge of the hydrodynamics of tidal turbines and the fluid-structure interaction is 

essential for their design in particular because of the harsh and highly turbulent environment they operate in. 

Reliable numerical predictions of the performance of tidal turbines demand advanced numerical models. The 

method of Large-Eddy Simulation (LES) offers great accuracy in terms of predicting the turbulence of tidal 

streams however stable numerical schemes for the calculation of the complex fluid-structure interaction (FSI) are 

needed. The immersed boundary method has the potential to become an adequate FSI scheme for the simulation 

of tidal turbines which avoids expensive re-meshing processes compared to body fitted methods. The validation 

of an immersed boundary method based large-eddy simulation solver for vertical and horizontal axis tidal 

turbines is going to be presented. Comparisons of predicted power coefficient curves with experimental data 

show good accuracy of the method.  

Introduction 

The interest in tidal stream energy has been growing for the last years mainly because of two facts: (1) tidal 

streams are highly predictable and thus the energy that can be extracted from these streams through tidal turbines 

can be predicted until the end of their lifetime; and (2) the density of water is approximately 800 times greater 

than the air's density and hence tidal turbines are relatively small in comparison to their wind turbine counterpart. 

An obvious disadvantage of tidal stream energy is the harsh and challenging environment in which the turbines 

are operating in being constantly subjected to strong intermittent fluid forces which calls into question their 

survivability or implies very high operation and maintenance costs. The prediction of highly turbulent tidal 

streams, in which tidal turbines operate, require numerical models with high accuracy able to resolve the 

complex fluid-structure interaction between the turbine's rotor and the fluid flow. LES results into an adequate 

method for these flows as it can resolve the large scale flow structures though some modifications are required to 

be able to represent the turbine. The Immersed Boundary (IB) method appears to be a suitable approach to 

simulate moving bodies and thus tidal turbines. The objective of this study is to refine and validate an IB method 

based LES solver for the accurate prediction of vertical and horizontal axis tidal turbines. 

Methods 

The simulations will be performed using the in-house code Hydro3D that solves the fluid flow with the spatially 

filtered Navier-Stokes equations through finite differences with staggered storage of the velocity components on 

a Cartesian grid. The WALE sub-grid scale model is used in the current simulations. For the representation of 

the bodies the direct forcing Immersed Boundary (IB) method developed by Uhlmann [1] has been refined and 

adapted to tidal turbine simulations. A detailed description of this scheme applied to Vertical Axis Tidal 

Turbines can be found in Ouro et al. [2] and Ouro and Stoesser [3].  

 

Results 
In this study the numerical method has been employed to predict the performance of two generic turbine types, a 

three-bladed vertical axis tidal turbine and a three-bladed horizontal axis tidal turbine for which accurate 

experimental data is available for comparisons allowing assessment of the accuracy of the method. 

  

Vertical Axis Tidal Turbine (VATT) 

Experimental and numerical RANS results of a 3-bladed VATT were presented by Maitre et al. [4] and used for 

comparison with the present model. The turbine blades are cambered NACA 0018 and 5 different TSRs values 

[1.0-3.0] are used for the comparison ranging from the dynamic stall domination region up to the inertial forces 

domination region. In Fig. 1 the power coefficient (Cp) values obtained with the present approach for the 

different TSRs are shown and compared with experimental and RANS results. The 2D RANS model from 

Maitre et al. [4] overestimates the experimental power coefficient in particular for high TSRs while the present 

immersed boundary method LES solver improves this prediction with values closer to the experiments. As Fig. 2 
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demonstrates, the flow around the 3-bladed VATT is clearly three-dimensional, and it is shown that the vortical 

structures generated and shed from the blades have a significant impact on the power generation.   

 
Horizontal Axis Tidal Turbine (HATT) 

A 3-bladed HATT prototype developed by Tidal Stream Ltd. has been experimentally tested in the hydraulic 

flume at the School of Engineering at Cardiff University.  The solver is employed to simulate the HATT and to 

predict the performance of this turbine under the same flow conditions. The power coefficient at different values 

of the TSR are investigated. LES results shows a good agreement with the experiments within a small error 

range, with an especially good agreement for the peak Cp value at TSR=3. 

Further details of the tidal turbine simulations will be presented at the workshop. 

Conclusions 

An immersed boundary method has been adapted to a large-eddy simulation method with the goal to predict 

accurately the performance of vertical and horizontal axis tidal turbines. The method has been validated through 

comparisons with experimental data for both HATT and VATT with an overall good agreement is found.  

Further comparison of the VATT LES results against RANS model results showed the relevance of the 

turbulence closure to represent accurately the fluid-structure and also highlighted the turbulent three-dimensional 

nature of the flow around these turbines. 
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Figure 1 Power coefficient (CP) versus TSR (λ) 

results for the VATT analysis.
 

Figure 2 Iso-surfaces of Q-criterion=20 from [3] 

for the VATT case rotating at TSR=2.5. 
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