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Abstract  

Tidal energy projects require numerical modelling for the as sessment of tidal site conditions 

and turbine/array performance.  The TIGER project has offered a unique opportunity to 

concurrently implement a range of available models. This report provides an overview and 

comparison of the different  numerical models dev eloped by academic partners in the TIGER 

project. The models cover a variety of spatial and temporal scales. The largest scale models 

provide long -term climatic studies covering the entire English Channel region, at relatively 

low resolution, whilst the hi ghest-resolution models provide detailed information about 

short -term and small -scale turbulent flow and its interaction with tidal turbines. The models 

are used for different purposes. At one end of the scale, the models have been used to 

inform the large -scale techno -economic assessment of tidal energy and its impact on the 

energy mix in the UK and France. At the other end of the scale, the numerical models 

provide information which feeds into detailed engineering design of tidal turbines at 

particular si tes, and assessment of the energy yield. The models showcase the range of 

computational tools available to aid the development of the tidal energy industry. This 

report will be useful for investors, technology developers and project stakeholders to 

identif y suitable models to support and develop ongoing and future tidal stream projects.  
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1 Introduction  

This report describes the numerical modelling conducted by academic partners in the TIGER 

project , for estimation of tidal si te conditions and tidal turbine/ array performance and 

loading. The models considered cover a wide range of spatial and temporal scales, and are 

used for a co rrespondingly wide range of purposes.  

 

An overview of the models used within TIGER is presented in Table 1.1, and a high -level 

schematic of the scales  and indicative computational cost of each model is shown in Figure 

1.1. The models are classified as turbine -scale, site scale, and regional scale. Tu rbine -scale 

models compute the interaction between the local flow conditions and a turbine. Depending 

on the model, this interaction may be one -way (i.e. flow influences turbine but not vice versa) 

or two -way (flow and turbine influence  each other ). Turbin e-scale models cover short time 

scales, of the order of 10 -30 minutes, over which the mean flow conditions can be considered  

approximately stationary. Site -scale models compute the interaction between the flow and 

detailed bathymetry over a site , correspon ding to an area of a few kilometres or less. 

Depending on the model, the interaction between the flow and turbines may be included, 

where the turbine may be represented at various levels of detail, depending on the 

application. So me site -scale models are r un for short periods of 30 minutes or less and 

compute fine -scale features of the flow, such as turbulence induced by b athymetric features. 

Other site -scale models aim to characterise spatial variability in mean flow characteristics, 

over longer time scales, spanning multiple tidal cycles. Regional -scale models may be used to 

identify areas for potential deployments, or to provide boundary data for highe r-resolution 

site-scale or turbine -scale models. Some of the models used span multiple scales.  

 

Figure 1.1 also shows indicative computational require ments for each model type. 

Computational requirements  can vary significantly between particular  applications of each 

model, the domain size, resolution, number of cases considered, etc. However, the indicative 

ranges show that computational requirements va ry by several orders of magnitude. The 

higher fidelity models provide some information that is not available from the lower -fidelity 

models, but at higher  computational  cost. 

 

Further information on each of the models is  presented in the sections below. The intention 

is not to provide detailed descriptions of each model and results. Rather, t his report is 

intended to provide an overview of the different types of model and their respective uses , 

presented  in a consistent format, with references to publicatio ns where further details can 

be found. For each model we describe:  

¶ The governing equations that the model solves  

¶ Representation of tidal turbines within the model (where applicable)  

¶ Intended uses of the model  

¶ Model setup  

o Spatial and temporal resolution and  extent  

o Model inputs and boundary conditions  

¶ Example outputs from the model  

 

The numerical models have been applied to assess turbine performance and site conditions 

across five sites:  
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1. Raz Blanchard,  

2. Perpetuus Tidal Energy Centre  (PTEC),  

3. Ramsey Sound,  

4. Paimpol -Bréhat ,  

5. Gulf of Morbihan .  

For the Raz Blanchard site, multiple types and scales of model have been run. Comparisons 

of these models are presented in Annex A.  

 

 
Figure 1.1. Indicative scales and computational requirements for numerica l models used in TIGER 
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Table 1.1. Overview of numerical models used in TIGER 

Model 

name  

Governing 

equations  for 

flow  

Representative 

spatial extent 

and resolution  

Representative 

temporal extent 

and resolution  

Representation 

of tidal 

turbine(s)  

Representation 

of turbulence  

Representation 

of waves  

Intended uses  

Delft suite  2D shallow water 

equations  & 3D 

RANS equations 

Regional model 

covering O(1-100) 

km at resolutions 

between ~1km 

and 20m 

Multi -year 

periods with 

outputs every 20 

mins  

None  Eddy-viscosity 

model  

Spectral wave 

model with one - 

or two -way 

coupling to flow 

model  

- Regional to site scale resource 

assessment  

- Investigation of wave -current interactions  

- Assessment of extreme conditions  

Thetis 2D shallow water 

equations  

Regional model 

covering O(1 -100) 

km at resolutions 

between ~1km 

and 20m 

Weeks to months 

with outputs at 

10 min steps  

Drag term  Eddy-viscosity 

model  

None  - Regional and local resource assessment  

- Optimisation of array layouts  

- Impacts of arrays on the tidal flow  

Palabos Lattice -

Boltzmann 

method (LBM) 

large eddy 

simulation (LES) 

Site-scale model 

(~0.5km2) at high 

resolution 

(~0.3m) 

~30 mins with 

high frequency 

output (<1s)  

None  LES None  Characterisation of turbulent tidal flows 

generated by seabed roughness   

Telemac 

2D/3D 

2D shallow water 

equations  & 3D 

RANS equations 

Regional model 

covering O(1 -100) 

km at resolut ions 

between ~1 0km 

and 10m 

Approx . 1-year 

for 2D model, 1 

month for 3D 

model  

Drag term (2D)  

Actuator disc (3D)  

Eddy-viscosity 

model  

None  - Resource assessment  

- Impact of energy extraction on the 

resource  

- Array layout assessment  

MIKE 21 2D shallow water 

equations   

Local model 

covering O(10) 

km at resolutions 

between ~1km 

and 10m 

1 month  None  Eddy-viscosity 

model  

None  Resource assessment  
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Telemac 

LES 

Large eddy 

simulation (LES) 

Site scale model 

with resolution 

10km ɀ 1m 

Approx. 1 week 

with outputs at 

1Hz 

None  LES None  Resource assessment with focus on 

turbulence  

DOROTHY Vortex Particle 

Method  

Turbine scale 

model  with O(10 5) 

particles  

Simulation 

durations of the 

order 100s 

Lifting line model  LES None  - Performance evaluation  

- Wake characterisation  

- Fluctuating loads along blades  

DOFAS LES Array -scale model 

with resolution 5 

m - 0.2m  

From minutes to 

tidal phase length 

(3-5 hours)  

Geometry -

resolved  

Actuator -line  

Actuator -disc 

LES Level-set method  -Turbine array layout design  

-Bathymetry -induced turbulence 

characterisation  

-Wave-induced loading  

-Wake recovery characterisation  

-Inform lower fidelity models from high -

fidelity data  

UMAN-

BEM 

Blade element 

momentum 

theory  

Device Scale 

Model, overall 

domain approx. 

2Dx2D. 

Multiple time 

steps over a tidal 

flow, for each 

10min case.  

Blade element 

momentum 

theory  

LES/VK Linear Theory  - Performance evaluation  

- Fluctuating loads along blades  

- Loading/Fatigue evaluation  

- Efficient load prediction, spatial variation 

of loads.  



        

10 

 

2 Delft3D FM -SWAN: University of Exeter  

2.1 Overview of model and intended use  
A fully coupled flow -wave model has been developed using Delft3D Flexible Mesh (DFlow FM) 

and SWAN. DFlow FM is the hydrodynamic flow solver which forms the core of the Delft3D 

Flexible Mesh suite of models. The Delft3D FM suite also integrates support for the SWAN 3 rd 

generation spectral wave model, referred to as D -Wave within the Delft3D framework. This 

integration enables the models to be fully coupled within the software without the need to 

develop an independent coupling tool. The models have been developed to calculate flow 

and wave conditions across the region for use in multiple applications within TI GER by 

University of Exeter and other project partners. Within the TIGER project, the models have 

been used to generate a 32 -year hindcast dataset of flow and wave conditions throughout 

the English Channel with a focus on two sites: the PTEC site off the I sle of Wight and the 

Alderney Race. The models were used for: resource quantification, extreme value modelling, 

input to techno -economic modelling, input to model the dynamic analysis of structures, and 

model comparisons. As well as being used in research studies at the University of Exeter data 

were provided to:  

¶ ORE Catapult, to feed into the techno -economic assessment of the PTEC site.  

¶ B&V consultants , on behalf of Orbital Marine Power, for  both PTEC and Alderney Race. 

¶ University of Manchester , to provide  input to their modelling work.  

In addition to this report the model data was used in the following TIGER tasks/deliverables.  

¶ T3.1.2 Data Collection & Survey Best Practice Report  

¶ T1.6.2 Definition of deployment projects for tidal farms  

Several academic pub lications produced using the data from the model:  

¶ Hardwick J, Ashton IGC, Mackay E, Smith HCM, Thies PR. (2020) Coupled flow -wave 

modelling for regional tidal site characterisation in the English Channel , Developments 

in Renewable Energies Offshore, 601-606, DOI:10.1201/9781003134572 -68.  

¶ Hardwick J, Mackay E, Ashton I, Smith H, Thies PR. (2021) Quantifyi ng the effects of 

wave-current interactions on tidal energy resource at sites in the English Channel 

using coupled numerical simulations , Energies, volume Special Issue Tidal Turbines, 

DOI:10.3390/en14123625.  

¶ Mackay E, Hardwick J. (2022) Joint extremes of waves and currents at tidal energy sites 

in the English Channel,  ASME 2022 41st International Conference on Ocean, Offshore & 

Arctic Engineering OMAE2022, Hamburg, Germany, 6th - 9th Jun 2022.  

The model has also provided  input to presentations or posters at the following local and 

international events:  

¶ RENEW 2020: 4th International Conference on Renewable Energies Offshore  

12 - 15 October  2020, Lisbon, Portugal  

¶ OMAE 2021: 40th International Conference on Ocean, Offshore &  Arctic Engineering, 

Hamberg, Germany  

¶ PRIMARE 2022: 9th Annual PRIMaRE Conference, Cornwall, UK 

¶ ICOE 2022: International Conference on Ocean Energy, Donostia/San Sebastian, Spain  

http://dx.doi.org/10.1201/9781003134572-68
http://dx.doi.org/10.1201/9781003134572-68
http://dx.doi.org/10.3390/en14123625
http://dx.doi.org/10.3390/en14123625
http://dx.doi.org/10.3390/en14123625
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2.1.1 Governing Equations  

DFlow FM is a hydrodynamic flow solver which solves the 2D depth averaged or 3D non -linear 

shallow water equations derived from the Navier -Stokes equations for incompressible free 

fluid flow.  The system of equations consists of the horizontal momentum equations , the 

continuity equation, the transport equation, and a turbulence closure model. The  full 

description of the equations is described by Lesser et al. (2004). Tidal generating  harmonic 

forces can be applied across the grid along with boundary conditions to  provide model input 

around open boundaries. (Deltares, 2019). The earlier Delft3D -FLOW model has been 

continually developed since the first release in 1995 and is used widely  to model a variety of 

coastal (Xia et al., 2010), estuarine (Trihartono et al., 2015), river (Lesser et al., 2004) and other 

hydrodynamic processes. The D -Flow FM model  allows the advantages of simulating th ese 

processes on an unstructured computational  space enabling a higher resolution output on 

areas of interest without suffering t he loss of computational speed required by increasing the 

resolution of the whole grid . 

 

SWAN (Simulating WAves Nearshore) is a third -generation spectral wave model developed at 

TU Delft in The Netherlands. The model was developed to predict the wave spect rum in 

coastal and shallow water zones . SWAN, like other spectral wave models determines the 

evolution of the action density in space and time . The model incorporates the effects of wave-

current interaction, wave breaking, white -capping, triad interaction and quadruplet 

interaction. A full description of the model is available in the SWAN technical documentation 

(TUDelft, 2010). 

 

2.2 Description of models  

2.2.1 Spatial grid  

The flow model is constructed on a Cartesian grid (Eastings and Northings) covering the 

entire ty of the English Channel. The Western boundary runs from the coast of Ireland to a 

point Southwest of the coast of Brittany. At the Eastern end of the channel the boundary runs 

East-West from Suffolk in the UK to close to Amsterdam in The Netherlands. The re is also a 

smaller open boundary across the Irish Sea. The flow model is run over a mixed resolution 

unstructured blended triangular -rectangular  grid. The mesh was created using RGDGRID, a 

tool developed by Deltares to work with the Delft3D suite of mode ls. The mesh consists of 

279464 cells. For sections of the grid furthest offshore which are mostly of lower interest and 

lower spatial variability, 2km square cells are used. In the coastal regions the grid is formed 

of triangular cells with variable resol ution ranging from 2km up to as fine as 20m in the areas 

of greatest interest  (see Figure 2.2). 

 

The SWAN model consists of a regular 2km square grid c overing the same region as the flow 

domain, the extent of the grid is shown as the yellow box in Figure 2.1. Higher resolution 

nested grids are include d around the sites of interest. Two main areas of interest are used in 

this study. The PTEC site, off the Isle of Wight , and the Alderney Race. The nested areas are 

shown in Figure 2.3 and described in Table 2.1.  
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Figure 2.1. Computational domain of the flow model (black grid). Extent of regular SWAN wave grid (yellow box). 

 
Figure 2.2. Zoom of computational domain of the flow model showing location of PTEC and Alderney Race 

(yellow). 
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Figure 2.3. Locations of nested grids for SWAN model. 

 
Table 2.1. SWAN grid resolutions 

Site  Grid resolution  

English Channel  2km 

Channel Islands 400m  

Alderney Race 50m 

Isle of Wight  400m  

PTEC 50m 

 

2.2.2 Temporal settings  

The model results span 32 years for both the flow and wave models , covering the period from 

1st January 1990 ɀ 31st December 2021. This long dataset contains a large range of conditions 

including more than one complete 18.6 year lunar tidal cycle. This means that the largest 

astronomical tidal range and flow speed are captured within the flow data. The wave 

conditions are a random stochastic process, so it is necessary to have a long dataset in order 

to fully assess all the conditions. In order to undertake extreme analysis , many storm events 

are required. The longer the dataset available the lower the uncertainty in th e extreme value 

models.  
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The computational time -step of the flow model  is calculated by the solver based on a Courant 

condition. However, it is limited to a maximum value of 30 seconds, which is sufficient to 

capture all the physical processes in the model . The wave model has a computational time 

step of 20 minutes, this was decided as an acceptable balance between model accuracy and 

computational runtime.  

 

The various time varying inputs are shown in  Table 2.2Table 2.2. Summary of DELFT 3D ɀ FM 

model inputs , where the time step  of the input quantity is greater than the computational 

time step , values are interpolated by the solver.  

 
Table 2.2. Summary of DELFT 3D ɀ FM model inputs 

Inputs  Source  Spatial Resolution  Time Step  

Bathymet ry  Mixed*  1 ɀ 15 arcsec - 

Wind forcing  ERA-5 20km regular grid  1 hour  

Air pressure  ERA-5 20km regular grid  1 hour  

Harmonic 

boundary  

TPXO-09 On open boundaries  Continuous  

Wave boundary 

conditions  

ERA-5 WAM model  0.36-degree regular 

grid  

1 hour  

 

2.2.3 Other numerical settings  

The SWAN wave model allows the user to set the acceptance criteria for model convergence. 

Stricter convergence criteria should result in more accurate model output  however it may 

significantly increase computational time. The SWAN code is set to  accept 98% convergence 

criteria or to continue after 25 iterations . 

 

2.2.4 Inputs and Boundary Conditions  

The following is a description of inputs and boundary conditions provided to the models.  

 

2.2.4.1 Bathymetry (both flow and wave models)  

Bathymetry f or the model s are drawn from a combination of sources. Areas around the UK 

are sourced from Digimap at 1 arc -second resolution (EDINA, 2013). In waters around France 

the bathymetric data is from the French Hydrographic office (SHOM , 2016) also at 1 arc -

second and is compiled as part of the HOMINIM project. A small part of the Southwest corner 

of the grid was outside the limits of both datasets, this was filled from the GEBCO 2020 global 

bathymetry map (GEBCO, 2020). The bathymetry is shown in  Figure 2.4. 

 

2.2.4.2 Wind and Atmospheric Pressure (both flow and wave models)  

The wave model is forced by wind speed data from the ERA -5 global re -analysis dataset from 

the European Centre for Medium Range Weather Forecasts (ECMWF), this is freely available 

data with excellent validation and documentation  (Hersbach et. al. 2020).  This same wind data 

and atmospheric pressure data are also provided to the flow model. T he dataset  contains 

many atmospheric parameters from 1959 - present. The data are provided on a regular grid 

with a spatial resolution of 20km and a temporal resolution of 1 hour .  
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Figure 2.4. Bathymetry across the DELFT 3D ɀ FM domain.  

2.2.4.3 Harmonic Water Level Boundary (flow model)  

The flow model is forced by time varying water level at the four open boundaries. The water 

level is calculated from the astronomical ha rmonic constituents. The amplitude and phase of 

the 11 largest constituents ( M2, S2, N2, K2, K1, O1, P1, Q1, M4, MS4, MN4) are input to the 

model, then the water level is calculated internally. Data is sourced from the TPXO -9 model 

system (Egbert, et. al. 1994). As all of the model boundaries are far from the areas of interest 

there is no requirement for velocity data to be included on the boundary conditions and the 

water level boundaries are sufficient.  

 

2.2.4.4 Wave boundaries (wave model)  

At the open boundaries  the model is forced by wave parameter values  (Hs, Tp, Dir, Dspr) from 

the ERA-5 dataset, interpolated along the boundary points at 1 hourly resolution. The ERA -5 

data are derived from a WAM global wave model. A full description of the se input wave data 

fr om ERA-5 is given online at the ECMWF website (Hersbach et. al. 2020).  

 

2.2.4.5 Physical Parameters  

Bottom friction was input as a constant with a coefficient of friction equal to 0.023. While it is 

possible to input spatial varying friction values to the model th is was not implemented in  this 

work. Water temperature was set at 12 oC and salinity  to 35ppm.  

 

2.2.5 Outputs  

Both models provided detailed output at 120 pre -set locations within the domain. These 

included the locations of interest for the project as well as loca tions of validation 

instrumentation. At these locations the flow model provides the depth average flow velocity, 

water level and bottom shear stress data at 5 -minute resolution. The wave model provides 

45 fields including wave height, period and direction quantities at 20 -minute resolution.  
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In addition to the detailed output the models also provide a smaller number of key quantities 

across the whole domain. The flow model gives flow speed and direction at all 279 ,464 cells 

of the grid on a 10 -minute timesca le. The wave model provides 6 quantities across the domain 

every hour. Some examples of spatial output are shown in Figure 2.5 and Figure 2.6. 

 

 
Figure 2.5. Example of the modelled flow through the Alderney Race from DELFT 3D ɀ FM model. 

 
Figure 2.6. Average significant wave height across the domain for 2020 from SWAN model. 
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3 Thetis: University of Plymouth  
3.1 Overview of model and intended use  
Thetis is an open source, unstructured grid coastal ocean model built using the  Firedrake finite 

element framework. The Ramsey Sound Thetis model has been utilised within the TIGER 

project by the University of Plymouth for three main purposes; (a) to establish the spatial 

variability in the tidal resource across the Sound, (b) to qua ntify the power performance of 

tidal stream turbine arrays positioned in the Sound, and (c) to aid Cambrian Offshore South 

West with operations planning for the retrieval of the in -situ Delta Stream turbine and re -

deployment of a tidal stream turbine at th e site. In addition to these three primary purposes, 

the University of Plymouth have conducted Thetis modelling to (d) generate tidal stream 

power time series data from sites across the UK as inputs for energy system modelling, (e) 

optimise the shape of ti dal stream turbine arrays (in collaboration with Orbital Marine Power 

and Black & Veatch), and (f) help establish the practical viability of tidal stream energy 

development at sites surrounding Ramsey Sound (in collaboration with the ORE Catapult). 

Table 1 provides a summary of these activities. Outputs from each task are summarised 

below .  

 
Table 3.1. Summary of Thetis  modelling tasks undertaken by the University of Plymouth. 

Task Deliverable  Description  Publications/outputs  

1. Site and 

turbine 

modelling  

T1.7.2 -Assess impact of turbine siting on 

energy yield.  

-Long duration tidal resource 

modelling.  

-Drone surveying of the tidal flow 

speeds 

Coles DS et al. (2021a),  

 

Thiébot et al., (2022)  

Fairley et al., (2022) 

(See section 1.2.6.1) 

2. Array 

modelling  

T1.7.2 / 

T3.2.1 / 

T3.2.2 

-Array optimisation/assess 

impacts of arrays on the tidal flow.  

Array energy yield 

estimates reported to 

the ORE Catapult  

(see Section 3.2.6.2) 

3. Operations 

planning  

T1.7.2 -Provide detailed tidal predictions 

for operations access.  

Results reported to 

Cambrian Offshore  

(see Section 3.2.6.3) 

4. Energy system 

modelling  

T3.4.3 -Provision of tidal stream power 

time series used as inputs to 

energy system modelling.  

Coles et al. (2021b), 

Pennock et al. (2022),  

Todeschini G et al. 

(2022), Frost C., (2022) 

(See Section 3.2.6.4) 

5. Array shape 

optimisation  

T3.2.2 -Optimisation of Orbital O2 array 

shape at sites mimicking Alderney 

Race and St CatherineɅs Point (ϥsle 

of Wight.  

Results reported to 

Orbital Marine Power 

and Black & Veatch  

(See Section 3.2.6.5) 

6. Resource 

assessment ɀ 

surrounding 

sites 

T3.2.1 -Site prospecting to establish the 

suitability of site close to Ramsey 

Sound for tidal stream energy 

development.  

Results reported to ORE 

Catapult  

(See Section 3.2.6.6) 
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3.1.1 Governing equations  
Thetis solves the non -conservative form of the non -linear shallow water equations:  

‬–

‬ὸ
ȢɳὌ◊ πȟ 

(1.1) 
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where ὸ is time, – is water elevation, Ὄ  is total water depth,  ◊ is the depth averaged velocity 

vector with ό and ὺ denoting the easterly and northerly flow components respectively, ’ is 

the kinematic viscosity, Ὣ is acceleration due to gravity and ” is the density of seawater. The 

express ion Ὢ◊  describes the Coriolis force, where  ◊  is the velocity vector rotated counter -

clockwise over 90 °,  Ὢ ςɱÓÉÎ ‒, ɱ is the angular frequency of the EarthɅs rotation and ‒ is 

the latitude. Bed shear stress is described by †, and ὲ is the Ma nning coefficient. A wetting 

and drying formulation described in Karna et al., (2011) is used to model intertidal processes.  

 

Wind and wave effects are not included in the m odel. The model is run in depth -averaged 

mode in order to achieve acceptable compu tational efficiency to run simulations for the range 

of purposes set out in Table 1. This prevents the models from being able to resolve the 

boundary layer flow in the vertical plane, which has been deemed acceptable given the 

accuracy of the model in two dimensions (see Mackie et al. (2021), and the additional 

computational efficiency this provides.  

 

The Thetis model utilises a discontinuous Galerkin  finite element spatial discretisation (DG -

FEM) through the choice of a P 1DG ɀ P1DG velocity -pressure finite element pair. A semi -implicit 

Crank-Nicolson time stepping approach is applied. The nonlinear discretised shallow water 

equations are iteratively solved with NewtonɅs algorithm using the PETSc library (Balay et al., 

2016). 

 

3.2 Descrip tion of model  
3.2.1 Spatial settings  
The Thetis model of the Ramsey Sound uses an unstructured mesh that has been generated 

using qmesh. Figure 3.1 shows the  domain extent, which covers a large section of the Irish 

Sea, as well as incorporating parts of the Celtic Sea and Northern Channel. The spatial 

resolution of the mesh is 8  km at its outer extremities, and refined to around 250 m around 

coastlines to capt ure intertidal processes, and to 25 m within the Ramsey Sound to resolve 

complex flow features around bathymetric features such as Horse Rock and the Bitches.  

 

3.2.2 Temporal settings  
The Thetis model adopts a time step of 100 s. In general the time period cover ed by the model 

is 1 month. This allows harmonic analysis to be conducted to extrapolate the modelled data 

out to 1 year to estimate annual energy yield. When the model is run to aid with operations 

planning (Task 3), the model is typically run for 1 week to cover the entire neap tide period 
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when operations can take place on site. The model output variables are written at 10 minute 

resolution to capture the temporal variability of the modelled flow speeds and directions.  

 

 
Figure 3.1. Domain and computational mesh for Thetis model of Ramsey Sound and surrounding seas. 

 

3.2.3 Representation of tidal turbine s 
Task 2 simulates tidal stream turbine arrays within the Ramsey Sound. The added turbine 

array drag coefficien t is parameterised using a turbine array drag coefficient, ὅ, which is 

added to the existing parameterisation of sea bed drag in the momentum equations (Eq. 1.2). 

The turbine array drag coefficient is par ameterised using Equations 1.4-1.5: 

‗
ὃὲ

ὃ
ȟ 

(1.4) 

ὅ
ρ

ς
‗ὅȟ 

(1.5) 

where ‗ is the array density, which is defined as the ratio of the total swept area of the array 

to the plan area of the array. ὃ is the swept area of a turbine rotor, ὲ is the number of 

turbines in the array, and ὃ  is the plan area of the array. ὅ is the turbine array drag 

coefficient and ὅ is the drag coefficient of a single turbine. The turbine array drag coefficient 

is applied uniformly over the array plan area. This approach is often referred to as the 

continuous array drag approach, which is dif ferent to the discrete turbine drag approach 

where each individual turbine is assigned its own drag term. The continuous drag approach 

cannot simulate local blockage effects caused by the wakes/bypass flow of upstream turbines 

impinging on downstream turbi nes, for example. These impacts were minimised in the Thetis 
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modelling by upholding a relatively low array density, to maintain high spacing between 

turbines, as recommended by Coles et al, (2016).  

 

The array plan area was derived based on a range of prac tical constraints that determine the 

viability of turbine positioning, based on work conducted by the ORE Catapult. These 

constraints included depth (LAT), bathymetric gradient, flow speeds, shipping lanes, and 

conservation areas. Figure 3.2 shows the resulting array plan area. Simulations were run to 

quantify the performance of the array when 20 ɀ 80 turbines are distributed evenly over the 

array plan area.  

 

 
Figure 3.2. Array plan area (blue) within the Ramsey Sound. 

3.2.4 Other numerical settings  
The Manning coefficient,  ὲ, which is used to quantify bed shear stress (Eq. 1.3), is varied across 

the domain depending on the spatial distribution of different bed material, using Equations 

1.7-1.9 (Soulsby, 2005); 

Ὧ ςȢυὨ ȟ (1.7) 

ᾀ
Ὧ

σπ
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(1.8) 

ὲ πȢπτὯȟ 
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where Ὧ is the Nikuradse parameter for sand grain roughness, Ὠ  is the associated grain 

size, and ᾀ is the roughness length. Based on data published by the British Geological Survey, 

associated grain size varies significantly, from 768 ɀ 2048 mm for  bedrock, to 0.0625 ɀ 0.125 

for silt, clay and mud, resulting in a wide range of Manning coefficient implemented across 

the domain. Regions of the domain where survey observations are unavailable are estimated 

to have the properties of Ɉfine gravelɉ, with a grain size Ὠ  of 6 mm.  
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3.2.5 Inputs and Boundary Conditions  
The Ramsey Sound Thetis model is driven by tidal elevation data extracted from the European 

Shelf 2008 model (Egbert et al., 2010) at two open boundaries located in the Irish Sea and 

Celtic Sea. The model uses a variety of bathymetric data; the majority of the domain uses 

Edina Digimap Service data with a spatial resolution that varies between 18 ɀ 120 m (Seazone 

Solutions Ltd, 2014). Bathymetry data obtained from the UK Hydrographic Office, with a 2 m 

resolution (Bangor University, 2017), is used over an 11 x 12 km region that i ncludes the 

Ramsey Sound.  

 

3.2.6 Outputs  
3.2.6.1 Site and turbine modelling (Task 1)  

Depth averaged flow speeds were extracted from the Thetis Ramsey Sound model at locations 

DS, a, b and c (shown in Figure 3.3a). DS is the location of the Delta Stream device. The data 

extraction locations were chosen based on their suitability for tidal stream energy extraction 

(i.e. depth greater than 15 m and time averaged flow speeds exceeding 1.5 m). The depth 

averaged flow  speeds over two flood -ebb cycles are shown in Figure 3.3b.  

(a) (b)  
Figure 3.3. (a) Thetis data extraction locations in the Ramsey Sound, and (b) depth averaged flow speeds at 

locations DS, a, b, and c over two flood-ebb cycles. 

The depth averaged flow speeds were used to estimate the annual energy yield of turbines 

located at each location. Energy yield estimates were used to estimate cost of energy 

extracted at each of the four locations, based on a simple  cost model developed at the 

University of Plymouth. The Thetis and cost models were used together to estimate the rotor 

diameter and rated power of th e turbines required to minimise cost of energy at each of the 

four locations. Results from this wor k are published in Coles et al.  (2021), and summarised in 

Table 3.2 below. The main conclusions drawn from this work a re: 

¶ There is a high degree of flood -ebb tidal asymmetry at the flour locations (albeit less 

pronounced at the DS location), with significantly reduced flow speed magnitudes 

during flood tides, caused by the wake formed by Horse Rock.  

¶ Given the high spatial variation in tidal stream resource in the Ramsey Sound, there is 

significant potential to minimise CapEx per unit energy generation by optimising the 

rated power and rotor diamete r of the turbine(s), and their micro -siting.  
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Table 3.2. Estimated annual power performance and CapEx of turbines at locations DS, a, b and c in the Ramsey 

Sound 

Location  Rated 

power  

Rotor diameter  Turbine 

CapEx 

Annual energy yield  CapEx/MWh 

DC 0.4 MW 15 m 2.4 m  1.2 GWh 82 £/MWh  

A 0.6 MW 13 m 2.3 m 1.6 GWh 58 £/MWh  

b 0.6 MW 13m  2.3 m 1.5 GWh 64 £/MWh  

c 0.7 MW 12 m 2.2 m 1.9 GWh 49 £/MWh  

 

The Ramsey Sound Thetis model has also been used to quantify the impacts of the 18.6 year 

lunar nodal cycle on the energy resource at Ramsey Sound. Results from this work are 

published in Thiebot et al., (2022). The model has also been used to help plan drone surveys 

of the Rams ey Sound, for the purpose of quantifying the performance of techniques for tidal 

stream resource assessment (Fairley et al., 2022).  

 

3.2.6.2 Array modelling (Task 2)  

Thetis modelling has been used to quantify the performance of arrays located in the Ramsey 

Sound t hat use 0.5 MW, 15 m rotor diameter turbines. The array plan area is shown in  Figure 

3.2. Table 3.3 summarises the estimated annual energy yield and capacity factor of the arr ays. 

Results show that whilst the annual energy yield of the array increases by 200% as the number 

of turbines is increased from 20 to 80, there is a 25% reduction in the array capacity factor. 

Given that operational projects are requiring capacity factors  of 0.4 to achieve financial close 

(Black & Veatch, 2020), these results indicate that Ramsey Sound is highly unlikely to be able 

to facilitate large scale array development.  Results from this work are being used by the ORE 

Catapult to include in their si te development report for the Ramsey Sound (deliverable T3.2.1).  

 
Table 3.3. Summary of annual energy yield estimates for arrays with 20-80 turbines in the Ramsey Sound. 

Number of turbines  Array capacity  Annual energy yield  Capacity factor  

20 10 MW 34.8 GWh 0.40 

40 20 MW 63.3 GWh 0.36 

60 30 MW 87.4 GWh 0.33 

80 40 MW 103.6 GWh 0.30 

 

3.2.6.3 Operations planning (Task 3)  

The Thetis model has been utilised to establish the dynamics of the flow around slack water 

at the Ramsey Sound. The purpose of this work is to aid Cambrian Offshore, who are tasked 

with recovering the in -situ Deltastream turbine, which was installed by Tidal Energy  Ltd in 

2015. Figure 3.4 provides an example of the elevation, flow speed and direction outputs from 

Thetis that have been provided to Cambrian Offsho re by the University of Plymouth.  
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Figure 3.4. Example Thetis outputs provided to Cambrian Offshore to aid operational planning.  

 

3.2.6.4 Energy system modelling (Task 4)  

A variety of Thetis regional scale models covering high tidal stream resources have been used 

to derive power time series data for projects across the UK. The spatial extent of the models 

is shown in Figure 3.5. This power time series derived from the Thetis outputs have been used 

as inputs to energy system modelling (Frost, 2022, Pudjianto et al., 2022, Pennock et al., 2022, 

Coles et al., 2021c).  

 

(a) (b)  
Figure 3.5. (a) Overview of regional scale Thetis domains around the UK covering the Pentland Firth and Orkney 

Waters (orange), West Scotland (purple), Irish Sea (green) and English Channel (blue), (b) Integrated whole energy 

system (IWES) model (Pudjianto et al., 2022) 
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3.2.6.5 Array shape optimisation (Task 5)  

Thetis modelling has been undertaken to establish the sensitivity of array annual energy yield 

to array shape, using the continuous drag approach to array modelling. This work is being 

undertaken for Orbital Marine Power, so array drag is parameterised using the drag 

characteristics of the O2 device. Figure 3.6 provides an illustr ation of the different array 

shapes that have been simulated within Thetis, with characteristics summarised in Table 3.4. 

This work has initially used the Alderney Ra ce as a case study site. 

 
Table 3.4. Summary of energy yield estimates from Thetis for arrays of varying shape within the Alderney Race. 

 

 

 
Figure 3.6. Summary of array shapes simulated in Thetis. 

 

3.2.6.6 Resource assessment ɀ surrounding sites (Task 6)  

The Thetis model has been used to simulate the tidal flows at sites surrounding the Ramsey 

Sound. This work has been undertaken to help establish the viability of tidal stream energy 

development in the Pembrokeshire region, and has been undertaken in collaboration w ith 

the ORE Catapults, who have extended their practical constraint modelling work undertaken 

No. 

rows  

Turbines per row  Array 

width [m]  

Array length 

[m]  

2 48 9640 195.5 

4 24 4792 586.5 

6 16 3176 977.5 

8 12 2368 1368.5 
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at the Ramsey Sound to the surrounding regions. Figure 3.7 shows the practical constraint 

mapping, which has highlighted St DavidɅs Head, North Bishop and Ynes Bery West as 

potential sites for tidal stream energy development, based on consideration such as depth, 

sea bed slope, flow speeds, shipping  lanes and conservation areas.  

 

 
Figure 3.7. Practical constraint mapping of the Ramsey Sound, St Davids Head, North Bishop and Ynes Bery West, 

based on flow speed outputs from Thetis modelling. 
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4 Palabos LBM -LES: Unive rsity of Caen Normandy  
4.1 Overview of model and intended use  
Palabos is an open -source software that implements the lattice -Boltzmann method (LBM) 

(Latt et al., 2021 ). It solves the Boltzmann equation on Cartesian  grids and includes a sub -grid 

model (static S magorinsky model (Malaspinas et al., 2012 )) to perform large -eddy simulations 

(LES). 

 

The model is used for the simulation of turbulent tidal flows at high temporal and spatial 

resolutions (respectively ~0.005s and ~0.3m) and over short spatial and temporal exten ts 

(respectively ~0.5km² and ~30min). The purpose is to characterise the turbulence generated 

at the seabed. This simulation characteristics result in heavy meshes (~200 million mesh 

nodes) and require adequate computational means (500 G B to 1 TB of available random 

access memory, 15000 to 50000 CPU  hours).  

 

The model cannot handle temporal variations of the sea level, waves and variations in the 

overall flow direction. It should be used over areas and timescales where the time averaged 

flow d irection is roughly uniform.  It can be used to provide information for studies assessing 

the flow -turbine interaction.  

 

4.2 Description of model  

4.2.1 Spatial settings  

The grid is 3 -dimensional and Cartesian . The simulation domain is split into zones of different 

mesh resolutions. These resolutions are necessarily proportional to the finest resolution by a 

power of two factor.  Typical simulations can cover around 0.5km² for typical tidal flow site 

depths. The domain must be long enough for the turbulent process to be  able to fully develop 

and reach the surface (~1km) (Mercier et al., 2020a ). The domain must be wide enough to 

prevent near -boundary issues and in order not to constraint the flow (~0.5km) (Mercier et al., 

2021b).  

 

The grid resolution must be fine enough to capture the unsteady phenomenon generated 

near the seabed. Typically, the volume near the seabed must have a resolution around 0.3m 

and the volume near the sea surface can be coarser (0.6m).  The sites of interest can be refined 

for a better mesh resolut ion. However, a given obstacle (including the full seabed) must be 

fully contained in a domain of constant mesh resolution.  

 

An illustration of the mesh for the Paimpol -Bréhat site is shown in Figure 4.1. The mesh 

resolution is indicated  by squares of various sizes. Each square edge consists of 28 mesh 

nodes. The illustration highlights the difference of resolution between a refined zone near  the 

seabed and a coarser zone near the surface.  The mesh resolution relative to the seabed 

obstacles is visible in Figure 4.2, were each square denot es a mesh node. The refined zone 

follows the variations in elevation of the seabed.  
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Figure 4.1. Domain bathymetry and overview of the mesh zones. The black square edges consist of 28 mesh 

nodes. 

 
Figure 4.2. Detail of the Palabos LBM-LES mesh for the Paimpol-Bréhat site. 

 

4.2.2 Temporal settings  

The model can cover periods of time of the order of a few tens of minutes. This period is 

chosen as it is long en ough to extract converged turbulent statistics (typically 10 minutes in 

established flow regime s). It should not be much longer because the model does not handle 

variations in the sea elevation or in the overall flow direction.  

 

The time step is fixed and  is proportional to the mesh resolution . It thus differs from one 

refinement zone to another. Near the seabed, it is typically around 0.005 second. It must be 

small enough to guarantee the numerical stability: the CourantɀFriedrichsɀLewy (CFL) 

number shoul d be less than 0.1. Typically, we chose a CFL number of 0.075.  

 

The output time  step is customisable and depends on the application. For example, a  unique 

output of the whole simulation domain at the end of the simulation for the analysis of average 

quanti ties, or high frequency outputs, possibly over constraint zones, to feed in other 

simulation mo dels or to investigate turbulence  phenomena.  

 

4.2.3 Representation of tidal turbine s 

Turbines are not represented in Palabos in the scope of the TIGER project. It is h owever 

possible. The most adequate model is the actuator line method (Grondeau et al., 2019 ), as it 

would generate realistic unsteady wakes that can be captured by the LBM -LES model. Blade-

resolved CFD would be too computationally expensive due to the Cartesian mesh (Grondeau 
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et al., 2020; Grondeau et al. 2022 ). Actuator disk theory could be used (Nguyen et al., 2016 ) or 

alternatively Blade Element Momentum Theory (Khaled et al., 20221) would also be feasible.  

 

4.2.4 Inputs and Boundary Conditions  

The water level is constant in Palabos simulations. Its value must be provided, from 

measurements or regional simulations. The top boundary condition is a free -slip, 

supplemented with a zone of increased viscosity to prevent numerical instabilities. Thus, 

wind or wave effects cannot be included in this model.  

 

The flow velocity is ideally provided by ADCP measurements. This velocity is reached in the 

simulation either through the convergence of the flow velocity around a target value in the 

case of periodic longitudinal boundaries, or by the choice of the inlet boundary condition. In 

any case the velocity fluctuates at the beginning of the simulation, due to the generation of 

turbulence, until it reaches an established flow regime. In the case of periodic boundaries, a 

volume force is applied on the whole simulat ion domain and is controlled by the flow velocity: 

the force increases at the beginning of the simulation because the increasing level of 

turbulence slows down the flow. When both the flow velocity and the volume force reach a 

steady state, the flow regime  is considered to be established. This occurs typically after 10 to 

20 minutes of simulated time. In the case of an imposed inlet velocity, turbulence should be 

injected using the synthetic eddy method (Poletto et al., 2013 ). In this case, the flow 

charact eristics should only be studied far enough from the inlet, to let the seabed -generated 

turbulence reach the upper part of the water column.  

 

The bathymetry should be fine enough for the model to capture turbulent phenomenon 

occurring in the vicinity of the  seabed macro -roughness (typically ~1m). It must be provided 

to the model in the form of a .stl file of length and width slightly shorter than the simulation 

domain, and a thickness higher than 2 to 3 mesh nodes.  The seabed is modelled as a no -slip 

boundar y condition (Bouzidi et al., 2001 ). 

 

4.2.5 Outputs  

Various output can be extracted from the simulations, including instantaneous quantities 

(velocity, vorticity, lambda2 criterion, relative pressure) and time -averaged quantities 

(velocity, Reynolds tensor). Redu ctive operations can also be performed over user -defined 

domain, such as the calculation of the maximum, minimum or spatial average of a given 

quantity.  

 

The outputs can be saved at  single points (which is recommended if a high output frequency 

is required ), or on user -defined 2D or 3D sub -domains of any dimensions, potentially the 

whole simulation domain. In the case of large volume of output, it is recommended to 

moderate the frequency of extraction to avoid flooding the computer memory.  

 

A study of the effects of the spatial and temporal variations of the flow characteristics was 

reported in Mercier and Guillou (2022). It reveals the large impact of the bottom morphology 

on the hydrodynamic characteristics at the turbinesɅ location in a farm in the Paimp ol-Bréhat 

site (Figure 4.6). Moreover, a visualisation of the time evolution of the turbulent eddies in such 
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a flow was is shown in Figure 4.7 for a site in the  Alderney Race, illustrating the formation of 

large boils  over the area  (Mercier and Guillou, 2021).  

 
Figure 4.3. Visualisation of the instantaneous longitudinal velocity in the Raz Blanchard using Palabos LBM-LES 

(Mercier et al., 2021b). 

 

 
Figure 4.4. Visualisation of the variance of the longitudinal velocity in the Raz Blanchard using Palabos LBM-LES 

(Mercier et al., 2021b). 

 
Figure 4.5. Lambda2 visualisation of vortices in the wake of a seabed roughness in the Raz Blanchard using 

Palabos LBM-LES (Mercier et al., 2020a) 
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Figure 4.6. Time-averaged velocity over the disks representing the turbines at the Paimlpol-Bréhat site using 

Palabos LBM-LES (Mercier and Guillou, 2022). 

 
Figure 4.7. Turbulent structure visualization on a reduced area. (a) Detail of the bathymetry. (b) Visualization of a 

vortex trail. (c) Visualization of a large coherent flow structure using Palabos LBM-LES (Mercier and Guillou, 2021) 
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5 Telemac: University of Caen Normandy  

5.1 Overview of model and intended use  
Telemac is an open source model of free surface flows. It solves the shallow water equations 

(Telemac2D) or the Reynolds -Averaged Navier -Stokes (RANS) equations (Telemac3D) using 

the finite element method. In addition to the standard versions of Telemac2D/3D, UCAEN 

develops an Ɉin-houseɉ version of the code permitting to perform Large Eddy Simulation (LES) 

(Bourgoin et al., 2019, 2020). The LES version of the code permits to characterise both the 

time -mean and the fluctuating part of the current velocities.  

 

Within the TIGER project, Telemac is used to simulate the tide propagation, the resulting 

currents and hence the tidal resource. The LES version is used to cha racterize the ambient 

turbulence. We study three tidal -stream energy sites: Raz Blanchard, Paimpol Bréhat and Gulf 

of Morbihan.  

 

In addition to characterizing ambient flow conditions, we use different techniques to simulate 

turbines. For large (regional) scale studies, we simulate turbines with an enhanced friction 

term spread out over  the tidal array (Thiébot et al., 2015). For wake -field studies (regional and 

turbine scales), we represent each turbine independently with an actuator disk formulation 

(Thiébot et al., 2016, 2020, 2021, Djama Dirieh et al., 2022).  

 

Within the TIGER project, the following models have been used : 

¶ Telemac2D to characterize the resource of the Raz Blanchard and to analyse the effect 

of energy extraction on the resource using an e nhanced friction term. Results will feed 

into the techno -economic analysis of the site being conducted by ORE Catapult.  

¶ Telemac2D to assess the resource of the Gulf of Morbihan . 

¶ Telemac2D and 3D to assess the resource of the Paimpol -Bréhat site.  

¶ Telemac3D to characterize the hydrodynamics and resource of the Alderney Race. 

Output s are used by UoM for a cross -comparison of different models and by SIMEC 

Atlantis  to aid the deployment and recovery of an ADCP. 

¶ Telemac3D to assess the energy yield of the Raz Bla nchard considering different 

turbine deployment scenarios (Thiébot et al., 2021, Djama Dirieh et al., 2022)  

¶ Telemac3D-LES to characterize the hydrodynamics of the Alderney Race, focussing in 

particular on the turbulence (Guillou et al., 2021) . 

 

Telemac2D focuses on comparable scales as Delft (U oEx) or Thetis  (UoP). In the  configurations  

used in TIGER, waves and meteorological forcing are neglected (in contrast to th e work being 

carried out at UoEx ). For turbine modelling , the enhanced friction approach is used in a similar 

way in Thetis  (UoP). The Telemac3D model presented here, includes a representation of tidal 

turbines as actuator disks, to simulate turbines within a regional model.  

 

5.2 Description of model  

5.2.1 Spatial settings  

Telemac uses unstructured  mesh layouts . For Telemac2D and 3D, a cell size ranging from 10 

km to 10 m  is used. With Telemac3D -LES, a cell size of up to 1 m is used in the studied zone. 

A comparable cell size (1m) is also used when implementing actuator disks in Telemac3 D. 



        

32 

 

 

A Telemac2D model covering the English Channel ( Figure 5.1) has been created . It includes 

the Raz Blanchard and the Paimpol -Bréhat sites. Another domain is used for the Gulf of 

Morbihan ( Figure 5.2). Information about existing model configurations are summarised in 

Table 5.1.  

 
Table 5.1. Tidal-stream energy sites and model (X indicates that a model configuration exists). The cell sizes are 

indicated between brackets. For the Raz Blanchard, the cell size is refined up to 1m when using actuator disks. 

 Raz Blanchard  Paimpol Bréhat  Gulf of Morbihan  

Telemac2D X (10 km ɀ 100 m)  X (10 km ɀ 100 m)  X (10 km ɀ 10 m) 

Telemac3D X (10 km ɀ 100 m)  X (10 km ɀ 100 m)   

Telemac3D-LES X (10km ɀ 1m)   

 

 

 
Figure 5.1. Telemac computational domain used for the Raz Blanchard and the Paimpol Bréhat sites. 

 

 
Figure 5.2. Telemac computational domain used for the Gulf of Morbihan.  
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5.2.2 Temporal settings  

The Telemac model configurations used in TIGER are massively parallelized. They are run 

using hundreds of cores. Simulations are run on the CRIANN supercomputer (Normandy 

region). According to the available computational resource, simulations are run over period s 

of up to one year for Telemac2D and 1 month for Telemac3D. For the LES version of Telemac , 

only two tidal cycles are simulated  due to th e computational requirements . 

 

The time step is set such that the CFL number is smaller than 1. The results are extracted 

every 10 or 15 min for RANS simulations (Telemac2D and Telemac3D). For LES, the results are 

extracted every 1 seconds at specific locations (where ADCP are deployed for instance) to 

compute turbulence proxies (e.g. velocity variance).  

 

5.2.3 Representation of tidal turbine s 

In Telemac2D, the turbines are represented with an enhanced friction term spread out over 

the zone occupied by the tidal array (Thiébot et al., 2015). In Telemac3D, turbines are 

represented by  actuator disks (Thiébot et al., 2016, 2020, 2021, Djama Dirie h et al., 2022). For 

the large scale investigations  using Telemac2D , the scenarios of energy extraction in the  Raz 

Blanchard have not yet been defined . For the simulations with Telemac3D and actuator disks, 

either a single fence of turbines has been studied (Figure 6.3; Thiébot et al., 2021) or two 

arrays containing up to 30 turbines deployed with either a staggered or an aligned layout 

(Figure 6.4; Djama Dirieh et al., 2022). Telema c3D-LES is run without turbine s. 

 
Figure 5.3. Scenario of turbine deployment simulated with actuator disk  in Telemac3D (Thiébot et al., 2021). 
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Figure 5.4. Scenario of turbine deployment studied with actuator disks (Djama Direih et al., 2022): (a) aligned and 

(b) staggered layout. 

 

5.2.4 Inputs and Boundary Conditions  

The input data are the bathymetry, the bed roughness (estimated from sediment maps) and 

tidal consti tuents . The TPXO database is used to predict sea level and current velocity at the 

domain boundary. Meteorological and wave effects are not included in the models . 

 

5.2.5 Outputs  

For Telemac2D, the outputs are (time -mean) depth -averaged current velocities and water 

depth.  For Telemac3D, the outputs are (time -mean) water depth and current velocities at 

different vertical elevations. For Telemac3D -LES, the outputs are the same as in Telemac3D , 

but the fluctuating part of the current velocity (veloc ity variance)  can also be extracted . As an 

example, the correlation between the bottom morphology and the tur bulence at 10m above 

the bottom is shown in (Figure 5.5). Moreover the components of the Reynolds tensor are 

also available  (Bourgoin et al. , 2020). 
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Figure 5.5. Left: Bathymetry over an area in the Alderney Race. Right: Spatial distribution of instantaneous 

turbulent kinetic energy at 10 m above the seabed on flood peak (Bourgoin et al., 2020).  

The model can provide data about current velocity and turbulence intensity , as provided in 

the Alderney Race in Guillou  et al. (2021). This work showed the impact of the seabed 

variation on the hydrodynamic and turbulence characteristics ( Figure 5.6 and Figure 5.7) 

and reveals the effects on the turbines.  

 

 
Figure 5.6. Left: Seabed elevation relative to mean sea level. Right: Bathymetry profiles along North-South 

coloured lines shown on left. 
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Figure 5.7. Vertical profiles of velocity magnitude (top) and turbulence intensity (bottom) at flood peak, for 

locations shown in Figure 5.6.  

 

6 DOROTHY: University Le Havre Normand y 
6.1 Overview of model and intended use  
The in-house simulation code DOROTHY is based on a Lagrangian Vortex Particle M ethod 

(Pinon et al. 2012; Choma Bex et al. 2022).  The Vortex Particle Method uses a Lagrangian 

resolution of the fluid domain, discretized into fluid particles representing the vortex 

perturbation of the flow. The particles are advected using Runge -Kutta t ime stepping 

schemes. Redistributions of the fluid particles on a regular Cartesian  grid are carried out every 

few iterations to maintain a homogeneous distribution of the particles over the flow domain. 

The main governing equations of this method are the Navier -Stokes equations, with the 

assumptions that the flow is incompressible:  
ὨὭὺ όᴆ  π 

ὶέὸᴆ  όᴆ  ‫ᴆ 
‬ ‫ᴆ

‬ὸ
 όᴆ ẗ ​ᴆ‫ᴆ  ‫ᴆ ẗ ​ᴆόᴆ ’ῳόᴆ 

where ό is velocity, ὸ is time, ɮ is vorticity and ɢ is kinematic viscosity.  

 
The current implementation also includes a Large Eddy Simulation type diffusion model, 

implemented via a Particle Strength Exchange (PSE) model. Until recently, DOROTHY 

exclusively used a panel method for a simplified zero -thickness representation of the t urbine 

blades (Pinon et al. 2012). However the computation of loads with this method has proven 

difficult and required improvements to the representation of the turbine blades.  
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In the meantime and over the course of the TIGER project, a new representatio n of the turbine 

blades has been implemented using the lifting line method. Details of the lifting line are 

available in Katz and Plotkin (2001), while the implementation within the Vortex Particle 

Method is close to the implementation of the lifting line within vortex panel methods such as 

the ones described in Shaler et al. (2020) or van Garrel (2003) . The model is referred to as the 

Lifting Line Vortex Particle Method (LL -VPM).  

 

The lifting line method relies on the fact that lifting bodies generate a circulation. By including 

the  circulation, it is then possible to build the vortex perturbation of the flow generated by 

the blade. Once the flow velocity ὺᴆ is known, includin g the induction from the previous time 

steps, efforts on the blade profile are estimated using lift and drag coefficients.  This workflow 

is illustrated in Figure 6.2. The main equations driving the lifting line are:  

¶ The blade circulation: ῲȟ   ὧ ȿὺᴆȿ ὅ 

¶ Trailing circulation: ῲȟ  ῲȟ  ῲȟ 

¶ Spanwise circulation: ῲȟ  ῲȟ ὸ  ῲȟ ὸ Ὠὸ 

¶ Particles vorticity weight:  ȟ
ᴆ ῲȟὨὸ ὺᴆ  and   ȟᴆḗῲȟὨὶᴆ 

where ῲȟ, ῲȟ, ῲȟ are respectively blade, trailing and spanwise circulations for a blade 

section Ὧ, ὧ is its chord, ὅ is its lift coefficient, Ὠὸ is the timestep duration, Ὠὶ is the radial 

section length,  ȟ and   ȟ are respectively the trailing and spanwise particles vorticity 

weights for the given blade section Ὧ. 

 

Figure 6.1 shows how the common lifting line associated to vortex panels  is translated into 

vortex particles in DOROTHY. Blade spanwise and trailing circ ulation are represented with 

particles placed at the center of the represented filament. Blade and spanwise circulation are 

in a direction along the blade, the trailing circulation corresponds to the circulation along the 

velocity flow.  

 

 
Figure 6.1. Representation of a blade inside the Lifting Line Vortex Particle Method code with the circulations and 

vortex particles. 
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Figure 6.2. Lifting Line Vortex Particle Method flowchart.  

This simulation code also includes a possibility for the representation of ambient turbulence 

(Pinon et al. 2017 , Choma Bex 2020 (a)), with a choice of two alternative formulations for the 

computation of added velocity disrupti ons (Choma Bex 2020 (b)): JarrinɅs Synthetic Eddy 

Method (SEM) or PolettoɅs Divergence Free Synthetic Eddy Method (DFSEM) adaptation. These 

methods have been integrated into the Lagrangian code as an added term applied to the 

upstream velocity throughout t he entirety of the chosen study space. They allow for the 

artificial reproduction of any turbulence  intensity, Reynolds stress tensor, and integral length 

scale of turbulent behaviour in the flow.  

 

The simulation code DOROTHY is an in -house code developed by members of the laboratory 

Laboratoire Ondes et Milieux Complexes of Université le Havre Normandie and IFREMER 1. It 

is not a commercial code and not fully open source, although its sources may be  shared within 

the contexts of various collaborations under the conditions of non -disclosure type 

agreements.  

 

The model can be used for both performance evaluation and wake characterisation. 

Examples of this on the large scale configuration of the NEPTHYD  project (now belonging to 

Normandie Hydroliennes) were presented in Slama et al. 2021 (a) and Slama et al. 2021 (b), 

including a four -turbine array in various inflow conditions with high levels of ambient 

turbulence.  

 

More detailed studies of the fluctuat ion of loads along turbine blades in different inflow 

conditions are currently under consideration. This would allow for a better understanding of 

the impact of velocity fluctuations induced by different factors such as ambient turbulence, 

wake interaction , or shear profiles in the incoming flow on the fluctuation of loads at different 

points along the blades, which can be closely correlated with material fatigue.  

 

 
1 See https://wwz.ifremer.fr/code_dorothy/  

https://wwz.ifremer.fr/code_dorothy/
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Compared to blade element momentum theory , the advantage of the in -house LL-VPM is to 

have inherently 3D effects in the wake and a lower computational cost.  Compared to LL 

coupled with other vortex panel methods, the advantage of the in -house LL-VPM is the ability 

of the code to have wake interactions between turbines, as DOROTHY has a Vortex Blob  

representation of the particles.  

 

Compared to blade resolved CFD, the advantage of the in -house LL-VPM is having loads and 

interactions between turbines at a lower computational cost. Nevertheless, the pressure 

distribution is, for instance, not available  from  the LL-VPM model . 

 

6.2 Description of model  
6.2.1 Spatial settings  
As a Lagrangian method, the VPM does not use any spatial grid. Nevertheless in order to 

preserve a homogenous distribution of fluid particles, redistributions are carried out at 

regular intervals . 

 

According to the lifting line description shown  in Figure 6.1, there are ὔ ςὔ ρ 

emitted particles per timestep, where ὔ  is the number of sections in which each blade 

is divided  and ὔ  the number of blades in the turbine. In the TIGER simulation s with 

ambient turbulence there are  more than 150 000 particles. Their size depends on the 

timestep, the turbine angular velocity, and the upstream flow velocity. The spatial domain for 

a simulation with ambient turbulence is a box of 8 times the radius (R) of the blade around 

the turbine a nd 24R behind. Outside this box size, particles are slowly dissipated. But as it is 

Lagragian, at the beginning of the simulations, shed and advected particles do not  fill the 

whole simulation domain . 

 

Spatial and temporal convergence studies of the base V ortex Particle Method of DOROTHY 

combined with the historical panel method have been carried out and presented in Pinon et 

al. 2012. More thorough convergence studies of the newly implemented lifting line alternative 

are still under way.  

 
Figure 6.3. Spatial representation of the blade bound circulations and of the emitted particles , using Lifting Line 

Vortex Particle Method model. 
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6.2.2 Temporal settings  
The time period is chosen by the user depending on the simulation objectives. It is commonly 

considered that, for a single turbine, the induction generated by the wake is steady after 

reaching 4 times the radius (R) of the blade. Then, if the simulation ob jective is to focus on 

the load of a single turbine, the time period should be at least τὙȾὟ , , where Ὗ  is the 

upstream flow velocity . If some wake interactions are being considered, the advection time 

of the wake between the turbines should be taken as the reference time scale.  

 

In the case of high ambient turbulence, longer time periods can also be considered for 

statistical studies of turbulence -induced fluctuations.  The time  step for calculation is fixed. 

For a horizontal turbine, the time  step is chosen so that the angular discretization is less than  

10° per time  step: then Ὠὸ  Ⱦρπẗ“Ⱦρψπ, where Ὠὸ is the timestep and   is the turbine 

angular velocity.  

 

The time  step for all the output quantities can be chosen. Usually output loads are sto red 

each time  step of the simulation and the position and weight of particles are stored each 20 

time  steps. The storage frequency can be user defined instead, if required.  

 

6.2.3 Representation of tidal turbine s 
In the scope of the considerations of the TIGER p roject, the new lifting line model is used 

exclusively over the panel representation , which is  also still available in the simulation code.  

As presented in the previous sections, within this lifting line representation , the turbine blades 

are one dimension al and represented solely by their position and circulation generating 

profile. To this end, this model requires a distribution of radial position along the blades with 

their associated chord, twist angle and profile which can differ from section to sectio n. Each 

type of profile also requires polar curves which can be Reynolds -number  dependent. Polar 

curves are tabulated values of lift and drag coefficients for a given range of angle of attacks. 

These are stored as an array which gives the lift and drag coe fficient for each angle of attack 

and a given blade profile at a given Reynolds number.  

 

An array of four turbines was considered as a demonstration case, with the NEPTHYD 

proposed layout of three upstream turbines and one downstream turbine (Slama et al. 2021 

(a) and Slama et al. 2021 (b)). The turbine model used for these simulations was that of 

IFREMER, close to the TGL model which also served as a basis for the Alstom Oceade turbines 

considered at the time for this project.  

 

For the sake of comparison w ith other academic partners within the TIGER project, the open 

TGL model provided by Scarlett  (2009) is currently under investigation. Wind turbine models 

such as the NREL-5MW reference turbine are also considered for validation purposes and 

convergence st udies.  

 

6.2.4 Other numerical settings  
The simulation is deemed to be numerically converged when the temporal variation of the 

loads is below 0.5% of the actual load value.  
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6.2.5 Inputs and Boundary Conditions  
A constant upstream flow velocity and the rotational velo city of each turbine are fixed. Fluid 

density and kinematic viscosity are also given. Ambient turbulence parameters (Reynolds 

tensor and Taylor length scale) are given for the Jarrin SEM or Poletto DFSEM.  

 

Bathymetry effects are neglected  at present . A first prospect would be to take into account 

velocity profiles in the water column. Wind and waves are also not considered in the current 

model. The use of linear  (Airy) wave theory to account for orbital velocity is currently under 

consideration.  

 

6.2.6 Outputs  
Various  outputs are available , which can be stored  every ὲ time step s. These include:  

¶ Position and vorticity weight of a ll the emitted fluid particles  

¶ For each blade section:  

o Bound, trailing and spanwise circulations;  

o Local velocity, Reynolds number and angle of attack;  

o Local ὅ and ὅ  coefficients giving lift and drag;  

o As different projections of lift and drag: ὼ ὥὼὭί and — ὥὼὭί forces plus 

normal and tangential to blade forces.  

¶ Integrated values:  

o Global angle of rotation the turbine;  

o Global loads: thrust, torque and associated coefficients ὅ and ὅ. 

 

Post-processing the output particle data allows to generate a map of the vorticity and velocity 

in the wake.  With all these outputs the interaction between several turbines  can be assessed. 

The evolution of loads along the blade over the time  can also be studied . The results 

presented below are taken from Choma Bex et al. (2022). The radial distribution of normal 

force density Ὢ, presented in Figure 6.4, shows a good agreement for the 3 methods, which 

gives confidence in the LL-VPM model . However, the radial distribution of tangential force 

density , Ὢ, presented in Figure 6.5, shows some discrepancies. Nevertheless, differences of 

the same order of magnitude for equivalent methods are presented in similar benchmarks.  

BEM and LL-VPM seem to underestimate Ὢ mainly close to the blade root.  In this region, the 

angles of attack can be high, thus, blade sections can be close to stall domain.  Some 

phenomenon that can occur in this domain ar e not well described by ὅ, ὅ  polar curves 

whereas CFD method represents them with greater accuracy.  
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Figure 6.4. Radial distribution of normal force across a blade of the reference offshore wind turbine case NREL 5 

MW. The Lifting Line Vortex Particle Method is compared to a steady BEM and a blade resolved CFD from the 

literature. Figure reproduced from Choma Bex et al. 2022. 

 
Figure 6.5. Radial distribution of tangential force across a blade of the reference offshore wind turbine case NREL 

5 MW. The Lifting Line Vortex Particle Method is compared to a steady BEM and a blade resolved CFD from the 

literature. Figure reproduced from Choma Bex et al. 2022. 

 
Figure 6.6. Wake characteristics of 4 tidal turbines projected to be installed in the Raz Blanchard, modelled with 

the Lifting Line Vortex Particle Method. This has been computed for a turbulence intensity of 10 % at different 

yawed flows showing the influence of the central upstream turbine on the downstream one. Figure reproduced 

from Slama et al. 2021. 
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7 MIKE 21: University of South Brit t any  

7.1 Overview of model and intended use  
 

To investigate tidal stream energy potential at the Gulf of Morbihan TIGER site, a two -

dimensional depth -averaged numerical model, was developed using the MIKE 21 Flow Model 

(MIKE 21HD), and used to simulate the tidal hydrodynamics in the area of interest.   

 

MIKE 21 Flow Model (Mike 21HD) uses an unstructured triangular mesh to discretize the 

aquatic environment and is based on the Reynolds -Averaged Navier -Stokes (RANS) equations , 

using the Boussinesq assumption and hydrostatic pressure . It is a two -dimensi onal model for 

free -surface hydrodynamic calculations that simulates water level and flow variations, 

averaged over the water column, within the model domain . The MIKE 21 hydrodynamic model 

is used to simulate many hydraulic phenomena including tides, wind  and wave induced 

currents, and surges. MIKE 21 HD also considers foreshore immersion and emersion 

phenomena (DHI, 2012).  

 

Within the TIGER project, MIKE 21 HD is used to simulate the tide propagation and the 

resulting currents (hence tidal resource) at th e Gulf of Morbihan.  

 

7.2 Description of model  

7.2.1 Spatial settings  

In th is study, the  computational domain starts outside the Gulf of Morbihan on a grid similar 

to the one used for the TELEMAC modelling with a cell size ranging from 10 km to 10 m (c.f. 

Figure 5.2).  

In the Gulf of Morbihan, we used two complementary bathymetries: the Litto -3D bathymetry 

from  SHOM (2003-2004) which has a global coverage of the Gulf with a resolution  of 10 X 10 

m and the 2014 bathymetry carried out by UBS in the sector of the entrance of the Gulf of 

Morbihan with a point density of 1 X 1 m ( Figure 7.1). The combination of the two 

bathymetries was used to produce the final bathymetry for the computational domain of the 

MIKE 21 model,  which is presented in Figure 7.2. 
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Figure 7.1. Bathymetry of the entrance of the Gulf of Morbihan (UBS-2014) with the location of the two ADCPɅs 

deployed between December 2014 and January 2015. 

 
Figure 7.2. Computational mesh for MIKE 21 model. 

 

7.2.2 Temporal settings  
The Mike 21 model configuration used for the TIGER project covers a period of one month. 

This period was chosen  to allow for optimal model calibration by incorporating 

measurements made by the two ADCPs deployed between December 2014 and January 2015 

(Figure 7.3).  
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This allows harmonic analysis to be conducted to extrapolate the modelled data out to 1 year , 

to estimate annual energy yield. The model output variables are extracted at 10 minutes 

resolution to capture the temporal variability of the modelled flow speeds and directions.  

 

7.2.3 Representation of tidal turbines  
Turbines are not represented in the MIKE 21 model used for TIGER.  

 

7.2.4 Inputs and Boundary Conditions  

The input data are the bathymetry, the bed roughness (estimated from sediment maps) and 

tidal constituents. Meteorological: wind data and atmospheric pressure data, were collected 

for the Vannes area from Météo -France. To achieve viable results for water surface elevations 

and stream velocities, di fferences between model results and measurements have to be 

minimized to an acceptable level.  

 

Additional hydrodynamic measurements from the two ADCPs deployed at the site ( Figure 7.1) 

were integrated into the model to optimally calibrate the simulations. These are 

measurements of water level and current speed and direction ( Figure 7.3). 

 

 
Figure 7.3. Example of the data used for model calibration: time series of hydrodynamic measurements obtained 

by the ADCP deployed in the TIGER site in the Gulf of Morbihan (Ile Longue site). 

 

7.2.5 Outputs  
For the MIKE 21 Flow Model, the outputs are (time -mean) depth average current velocities 

and water depth with a time step of 10 mi nutes. Data can be output over the entire Gulf of 

Morbihan ( Figure 7.4). A zoom over the TIGER project site is shown in Figure 7.5.  

 

Water elevation (m) 

Flow speed (m/s) 

Flow direction (°) 
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Figure 7.4. Example map of current  velocities and directions from MIKE 21 model. 

 
Figure 7.5. Zoom of Figure 7.4 over the TIGER project site. 

 

The power density over  the TIGER project site (to the west) and another site to the east with 

strong currents  (Berder Island site), is shown in Figure 7.6. The values shown are the  mean 

power density per un it area of cross -sectional flow, averaged over a tidal pe riod , defined as  

ὖ ”Ὗ , where ὖ is theoretical mean power density,  ” is density of seawater  and Ὗ  is 

depth -averaged current speed. Table 7.1, summarizes the calculation of mean power density 

in th e Gulf of Morbihan TIGER site.  
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Figure 7.6. Lines extraction for the Power Density calculation at two sites in the Gulf of Morbihan. 

Table 7.1. Calculation of mean power density for TIGER project site of the Gulf of Morbihan.  

 Flow velocity [m/s]  Power density 

[kW/m 2] 

Max 5.04 65.6 

Min  0.007 0 

Mean  1.82 3.1 
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8 DOFAS: University of Manchester  

The DOFAS model has been applied to the simulation of horizontal and vertical axis wind and 

tidal stream turbines operating in turbulent flows. Turbines can be represented in DFOAS 

with various methods, namely: a direct -forcing immersed boundary method for a geometry -

resolved approach, an anisotropic actuator line method, and a non -rotating actuator disc for 

horizontal axis turbines. Wall -functions can be adopted as boundary conditions when coarse 

mesh resolutions are adopted, e.g. in application to real -scale devices. A Large-Eddy 

Simulation turbulence closure model is used with various sub -grid scale models available: 

Smagorinsky, WALE and the one -equation model. Turbulent velocity fields are thus well -

resolved , including the wakes of turbines or turbulence due to shear p rofile development 

over a bed of flat - or defined -bathymetry. The development distance of turbulent flows in a 

channel can be reduced by introduction of turbulence at the inflow, either via a precursor 

simulation (such as a periodic channel or using intern al mapping) or via a synthetic turbulence 

method, e.g. Synthetic Eddy Method (SEM).  

 

An accurate prediction of the velocity deficit and turbulence in a turbineɅs wake is of 

importance to the arrangement of tidal turbine arrays. This code is used for the a nalysis of 

the turbulent flows that occur at tidal sites due to the development of a boundary layer over 

its bottom bed that can be either flat or rough, the analysis of turbulent flows co -existing with 

ocean waves, and the loading and downstream wake effe cts of turbines exposed to such 

flows. Within the TIGER project, DOFAS has been used for the following:  

 

¶ Simulation of turbulent flows in constant -depth channels without surface waves, with 

surface ocean waves and downstream turbines (in the wake region) t o generate time -

varying velocity field onset to a rotor plane to input to BEM models (see Section 9).  

 

¶ Simulation of unsteady conditions in the wake of a single rotor system based on the 

TGL rotor and a twin -rotor system based on the Orbital Marine Power O2 system. In 

this study the impact of the approaching flow vertical distribution with uniform and 

log-law characteristics  was analysed . Artificial turbulence was superimposed at the 

inlet using an anisotropic Synthetic Eddy Method with idealised turbulenc e length -

scales. Simulations are run on 384 processors requiring four days to complete using 

University of ManchesterɅs computational shared facility (CSF).  

 

¶ Development of the code for simulation of waves co -existing with a turbulent flow 

resulting in un steady turbine loading due to wave -induced kinematics and with a 

particular focus on the impact of waves on the rate of wake recovery. This analysis 

focused on a laboratory scale channel of 0.45 m depth and turbine of 0.27 m diameter 

due to availability of  published experimental data. Four different regular wavelengths 

were analysed to assess impact on turbine loadings and wake dynamics.  

 

Several academic publications are available concerning the use of the DOFAS model for 

different aspects of turbine and wake simulation including:  
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¶ Ouro, P., L. Ramirez, & M. Harrold (2019). Analysis of array spacing on tidal stream 

turbine farm performance using Large-Eddy Simulation. Journal of Fluids and 

Structures 91, 102732.  

¶ Ouro, P. & T. Stoesser (2019). Impact of Environmental Turbulence on the Performance 

and Loadings of a Tidal Stream Turbine. Flow, Turbulence and Combustion 102, 613 ɀ

639. 

¶ Ouro, P. & T. Nishino (2021).  Performance and wake characteristics of tidal turbines in 

an infinitely large array. Journal of Fluid Mechanics 925, A30.  

¶ Ouro, P, P. Stansby & T. Stallard (2021). Investigation of the wake recovery behind a tidal 

stream turbine for various submergence levels. 14th  EWTEC, Plymouth, United Kingdom.  

¶ Ouro, P, H. Mullings & T. Stallard (2022).  Establishing confidence in predictions of fatigue 

loading for floating tidal turbines based on large -eddy simulations and unsteady blade 

element momentum. Trends in Renewable Energy Offshore. RENEW conference, 

Lisbon, Portugal.  

¶ Stansby, P. & P. Ouro (2022). Modelling marine turbine arrays in tidal flows. Journal of 

Hydraulic Research 60, 187ɀ204. 

The model has also provided input to presentations and posters at the following local and 

international events:  

¶ EWTEC 2021: 14th  European Wave and Tidal Energy Co nference, Plymouth, UK.  

¶ PRIMaRE 2022: 9th  Annual PRIMaRE Conference, Cornwall, UK. 

¶ ICOE 2022: International Conference on Ocean Energy, Donostia/San Sebastian, 

Spain 

¶ RENEW 2022: 5th International Conference  on Renewable Energies Offshore, Lisbon, 

Portugal . 

8.1 Description of the Model  
 

DOFAS is an open -source in -house Large -Eddy Simulation CFD code that resolves the 

spatially -averaged incompressible Navier -Stokes equations in rectangular Cartesian grids 

adopting a staggered storage of velocities. The advancemen t in time is performed with a fully -

explicit standard fractional -step method to couple pressure and velocity fields, the latter 

solved iteratively with a low -storage three -step Runge-Kutta method. DOFAS approximates 

the convective and diffusive fluxes by e ither a central difference scheme or a 5 th  order WENO, 

and the Poisson pressure equation is solved with a multi -grid method. DOFAS is fully 

parallelised with Message Passing Interface (MPI) to perform simulations on multiple 

processors with proven effectiv e scalability up to 100k cores on ARCHER2 (UK Tier 1 HPC 

facility), with the option to adopt Open MP for alleviating the computational  load from 

resolving Lagrangian particles.  

 

8.1.1 Spatial Settings  
 

Multiple simulations have been conducted with different turbine dimensions, blockage 

relative to channel cross -section, wave properties and mesh configurations. Details of the 

spatial resolution and configuration of different parts of the domain are specific to the 

simulation and are reported in relev ant publications. Typical spatial resolutions are 

determined by the number of grid cells across the rotor diameter, being 50  times  the average 



        

50 

 

number considered. For the main types of turbine simulation conducted the followin g 

dimensions are representative . 

 

For a generic Ʉfull-scaleɅ geometry based on the TGL geometry and O2 system each rotor has 

a diameter of O(20 m) and a hub -to -hub spacing of 25 m. The computational domain has a 

uniform mesh resolution of 0.375 m in the three spatial direction s and is 1152 m long, 480 m 

wide and 42 m deep, for a total of approx. 250 million cells. The turbine geometry is 

represented with the actuator line method following the aerofoil geometry and 

hydrodynamic properties either published (TGL) or provided. The n acelles are also simulated 

with the immersed boundary method.  

 

For simulations based on experiments with 0.27 m diameter rotor: the computational domain 

of the open -channel is 14 m  long, 3.0 m wide and 1.2 m deep, within which the mean water 

depth is defin ed as 0.45 m. A level -set method is employed to describe free -surface motion 

and velocities induced by the action of waves with air density defined above the free surface 

and water density below. The turbine is represented by the actuator line method with a 

resolution of 0.005 m uniform in all three axes across the domain. The synthetic eddy method 

is adopted to generate artificial turbulence with an intensity of 10% that is superimposed at 

the inlet , onto a logarithmic velocity profile.  

 

8.1.2 Temporal Settings  
The time step of the CFD simulations is defined to a sufficiently low value to ensure the 

Courant -Friedrich -Lewy (CFL) condition is satisfied. For simulations with a turbine, the time 

step is set such that the distance advanced by the actuator points defin ing the rotor is less 

than the cell dimension. For a horizontal axis turbine, the distance of actuator point 

movement per time step is proportional to angular speed and radial position. Prior to analysis 

of wake conditions, time -steps were selected to sati sfy these constraints and ensure accurate 

prediction of mean thrust and power coefficient at the operating point of interest. For the 

simulations compared to experimental data a time step of 0.001 s is adopted , as it provided 

a good match with experimental  measurements of mean thrust and power coefficient. For 

the full -scale turbine simulations, a fixed time step of 0.0475 s is adopted as it provides a close 

match with the BEM data for the power and thrust coefficients.  

 

8.1.3 Representation of Tidal Turbine  
For the analysis conducted in TIGER using DOFAS turbines are represented using an actuator 

line method with an anisotropic force projection in which the Gaussian spreading function is 

varied depending on the actual chord length of each actuator point. The act uator line method 

implemented in DOFAS has a negligible computing cost, with this being very similar when 

simulating one turbine or 60 devices.  

 

8.1.4 Inputs and Boundary Conditions  
The Navier -Stokes equations are solved using an LES turbulence closure, which re solves the 

large to medium turbulent scales and thus allows for resolving time varying instantaneous 

velocity. To reduce the distance over which a turbulent boundary layer develops downstream 

of the inlet velocity fluctuations are defined at the inflow usi ng a Synthetic Turbulence 

method.  
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Free-surface flows can also be simulated with DOFAS adopting a level -set method with the 

capability of generating waves. This level -set method requires the resolution of an advection 

equation that is solved with a three -step total variation diminishing Runge -Kutta method and 

a 5th-order WENO scheme for approximating the level -set function fluxes. At the inflow plane 

the depth variation of kinematics and the surface elevation are defined by either linear wave 

theory or 2 nd-order Stokes theory. Towards the outflow plane an absorption layer is imposed 

over which wave amplitude is reduced such that water depth is constant at the outflow 

boundary. An example of such a domain is shown in Figure 8.1.  

 

 
Figure 8.1. Typical configuration of domain used for  DOFAS simulations with turbulent inflow defined by synthetic 

eddy method and free surface waves modelled with level-set method. The rotor geometry and channel 

characteristics are based on the conditions studied experimentally by Stallard et al. (2015). 

8.1.5 Outputs  
The outputs that DOFAS generates from these simulations are: first -order mean velocities, 

second-order turbulence statistics such as Reynolds stresses, third - and fourth -order flow 

statistics, mean water level, velocity time series at selected spatial loc ations, and 

instantaneous values of the flow field to be post -processed for analyses such as Proper 

Orthogonal Decomposition. For simulations including one or more turbines, outputs also 

include mean and time -varying loading and power, and the previously l isted flow properties 

throughout the wake region , enabling  characterisation of the steady  and unsteady structure 

downstream of one or more turbines.  

 

8.1.5.1 Unsteady Onset Flows due to Channel Flow and Turbine Wakes  

Some examples of the types of output for a tidal stream system in a channel flow are shown 

in the following figures. Further details are given in the referenced papers.  

 

 
Figure 8.2. Example contour plot of vertical plane of turbulence intensity through the water depth of a flat bed 

tidal periodic tidal channel obtained by large eddy simulation with DOFAS (Ouro et al., 2022). 
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Figure 8.3. Example contour plot of vertical (yz-) planes of streamwise velocity downstream of a twin-rotor tidal 

stream system generated from the DOFAS model of the two-rotor tidal turbine with turbulent structures 

represented using the Q-criterion. (image source: Ouro et al., 2022) 

 

 

 
Figure 8.4. Example of onset flow fields to rotors at a plane 6D downstream of a two-rotor tidal stream system 

obtained by LES simulation with DOFAS. Streamwise velocity in m/s (top) and turbulence intensity [%] (bottom) 

with the circles indicating regions over which time-varying velocity is extracted to provide inflow to BEM analysis of 

unsteady loading. (Image adapted from Ouro et al., 2022) 

 

8.1.5.2 Flow and wake modelling with turbulence and waves  

The action of waves coexisting with approach flow turbulence and the impact of these 

environmental conditions on turbine loading has received some attention to -date , through 

engineering models and CFD of various fidelity. However, few studies have been underta ken 

regarding the effect of wave-induced velocity and turbulence on the form, characteristics and 

recovery rate of the wake behind a tidal turbine. Developments and analysis using DOFAS 

have included mean power and thrust coefficients, near wake and far wa ke velocity deficit 

and turbulence levels , and wake expansion ratio of a turbine in a turbulent channel flow , both 

without and with the presence of waves.  
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An example is given here for a case comparable to laboratory experiments. The  time averaged 

thrust coefficient  for a tip speed ratio (TSR) of 5.5 is 0.86 due to turbulent flow only, without 

waves. This is comparable to experimental data for the same rotor, and the mean value is not 

significantly altered for the simulations with waves. Since wake generat ion is driven by 

momentum extraction this similarity of thrust coefficient is expected to result in formation of 

a similar mean wake.  Figure 8.5 and Figure 8.6 compare time -averaged streamwise velocity 

and turbulence intensity at 8D downstream of a rotor with and with out  waves. Whilst a similar 

wake form is observed in the presence  of waves the vertical profile is affected by the presence 

of surface waves and the resultant wave induced kinematics through the depth. The 

simulation without waves presents a lower disk averaged velocity and disk averaged  

turbulence  intensity (0.39 m/s and 11%) than the simulation with waves (0.40 m/s and 16% 

turbulence and wave -induced intensity) which would affect downstream turbine loading.  

 

 
Figure 8.5 Example contour of streamwise time averaged velocity at 8D downstream the turbine without waves 

(left) and with waves (right), from DOFAS model. The circle indicates the rotor area and position. 

 

 
Figure 8.6. Example of streamwise turbulence intensity at 8D downstream the turbine w ithout waves (left) and 

with waves (right), from DOFAS model. The circle indicates the rotor position and area. 

 

Comparison to experiments and detailed analysis of the in -wave cycle variation of flow 

characteristics is being documented for publication. Extension of the methodology to analyse 

specific irregular wave -series and wave -fields that are oblique to the rotor plane and hence 

axis of the wake , which are known to occur at many sites , is also progressing.   
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9 Unste ady BEM: University of Manchester  

9.1 Overview  of Model and Intended Use  

The University of Manchester has developed an in -house blade element momentum (BEM) 

method which can be utilised to determine loading and power output of a device experiencing 

both stead y and unsteady operating conditions. The main application of the method is 

prediction of blade loading spectra from which an indicator of aggregated fatigue loads, a 

damage equivalent load (DEL), is obtained.  

 

Design standards stipulate a ɄnormalɅ operating point which contributes to fatigue measured 

at a site as a ten -minute condition (Peacock , 2011). These conditions vary with onset flow 

velocity, shear, turbulence and waves. Each of these types of unsteady conditions has been 

investigated during the TIG ER project, using measurement data acquired at different TIGER 

sites, with a particular focus on Raz Blanchard. Prior to availability of ADCP data from this site, 

analysis and development of methods has been undertaken using flow data and model 

predictions  from the EMEC site. Throughout, a key focus of this work is on using an efficient 

BEM to determine the impact of spatial variation of conditions at a single site and between 

sites on the fatigue loading experienced by both single turbine and an array of t urbines. The 

characterisation of the spatial variation of conditions at a site will also be used to better 

inform and validate chan nel-scale models.   

During TIGER, several different tidal devices have been modelled, including a laboratory scale 

turbine for  which load data is available from prior publications (Payne et al. 2018), a publicly 

available geometry of a Ʉfull-scaleɅ turbine (Scarlett et al., 2019) and with  a study conducted 

with turbine developers Orbital Marine Power (OMP) (e.g. Ouro et al. 2022) . The tidal device 

modelled consists of two rotor s each with two blades, following the design of a full -scale 

floating device by OMP. In addition a blind modelling study has been conducted between 

ULHN and UNIMAN to assess the level of fidelity required in  the inflow to device scale models 

and the uncertainty in the loading and power product ion from the different methods, for the 

cases listed in Table 9.1. 

 
Table 9.1. Cases considered in blind modelling study. 

Turbine Models / Onset Flow 

Conditions  

LES-ALM 

(UoM)  

LL-VPM 

(ULHN)  

BEM 

(UoM)  

BEM 

(Bladed)  

Mean Onset flow speed , TI TGL TGL TGL /O2 O2 

Synthesised Turbulence  TGL /O2 TGL TGL /O2 O2 

Synthesised Turbulence + Shear  TGL /O2 N/A  TGL /O2 O2 

High-fidelity model of 

Turbulence  + Shear 

TGL / O2  TGL / O2 O2 

 

Several academic publications produced using the data from the unsteady BEM model:  

¶ Mullings H, Stallard T. (2019) Assessment of tidal turbine load cycles using synthesised 

load spectra, including blade -scale fluctuations, EWTEC 2019 13th European Wave and 

Tidal Energy Conference, Naples, Italy.  
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¶ Mullings H, Stallard T. (2021) Assessment o f dependency of unsteady onset flow and 

resultant tidal turbine fatigue loads on measurement position at a tidal site. Energies, 

volume Special Issue Tidal Turbines  DOI: 10.3390/en14175470 . 

¶ Mullings H, Stallard T. (2022) Impact of spatially varying flow co nditions on the 

prediction of fatigue loads of a tidal turbine. International Marine Energy Journal. 5(1) 

103-111. DOI: https://doi.org/10.36688/imej.5.103 -111.  

¶ H. Mullings, T. Stallard (2022) Analysis of tidal turbine blade loading due to blade scale 

flow,  Journal of Fluids and Structures, Volume 114, DOI: 

https://doi.org/10.1016/j.jfluidstructs.2022. 103698. 

¶ Ouro P, Mullings H, Stallard T. (2022) Establishing confidence in predictions of fatigue 

loading for floating tidal turbines based on large -eddy simulations and unsteady blade 

element momentum, Trends in Renewable Energies Offshore, 915-924, DOI: 

10.1201/9781003360773 -101. 

The model has also provided input to presentations and posters at the following local and 

international events:  

¶ EWTEC 2019: 13th  European Wave and Tidal Energy Conference, Naples, Italy.  

¶ EWTEC 2021: 14th  European Wave and Tidal Energy Conference, Plymouth, UK.  

¶ SEANERGY 2022: Seanergy Conference and Exhibition, Le Havre, France. 

¶ PRIMaRE 2022: 9th  Annual PRIMaRE Conference, Cornwall, UK. 

¶ ICOE 2022: International Conference on Ocean Energy, Donostia/San Sebastian, Spain  

¶ RENEW 2022: 5th  International Conference  on Renewable Energies Offshore, Lisbon, 

Portugal . 

9.2 Description of the model  

9.2.1 Spatial Settings 
Unlike resource models the spatial grid is not site specific within this code. The spatial grid 

here is mainly used to define the onset flow conditions, and as this is not a computationally 

expensive code the grid can be quite detailed. The grid spacing typically employed for defini ng 

the time -varying onset flow -field is of the order of 0.25 m to 1 m for turbines of diameter 20 

m. Smaller spacing, e.g. 0.01 m can be employed for finer turbulence length scales and for 

differing sizes of turbine under consideration.  

 

9.2.2 Temporal Settings  
As with the spatial grid, the temporal settings are not restricted due to the computational 

cost. However, for validation with experiments and to consider quasi -steady intervals of tidal 

resource specific time periods are used ranging from 60 to 600 second s. These periods are 

sampled at high frequency, typically corresponding to the experimental dataset, or to resolve 

relevant frequencies of unsteady onset flow. For simulations focused on wave -induced 

kinematics O(10) time  steps per wave -cycle are typically  employed. For simulations with 

turbulent onset conditions a higher frequency range is modelled, and this can vary with the 

turbulence model employed to synthesis e the onset flow.  

 

https://doi.org/10.36688/imej.5.103-111
https://doi.org/10.1016/j.jfluidstructs.2022.103698
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9.2.3 Representation of the Turbine  
The Blade Element Model (BEM) extracts the o nset flow at ɄNɅ positions along a blade length, 

at positions that rotate with time, depending on the chosen operating point of the turbine. 

The onset flow is used to determine the relative onset flow (Ὗ ) and inflow angle ( •) to the 

blade at each p osition along the blade, as shown by Equations ( 9.1) and (9.2). 

‬Ὗ ὸ Ὗ ‫ὶ Ὗ  (9.1) 

‬•ὸ ÓÉÎ
Ὗ ὸ

Ὗ ὸ
 (9.2) 

Where Ὗ  is the relative velocity to the blade which incorporates the longitudinal velocity, 

Ὗ  is the stream -wise onset velocity which includes an axial induction (a) through Ὗ 

 Ὗ ρ ὥ, where Ὗ is the upstream velocity,  and the components in the tangenti al direction, 

Ὗ  with the angular velocity and each radius, ὶ. The lift ‫  force, ὒ, and drag force , Ὀ, on each 

blade segment vary according to Equations ( 9.3) and (9.4). 

‬ὒὸ
ρ

ς
ὄ”ὧὟ ὅ‬ὶ (9.3) 

‬Ὀὸ
ρ

ς
ὄ”ὧὟ ὅ‬ὶ (9.4) 

where, ὧ is the chord length, ‬ὶ is the radial width of the blade segment, ὄ is the number of 

blades, ” is the fluid density, ὅ and ὅ  correspond to the lift and drag coefficients  respectively . 

Using the calculated lift and drag forces for  each blade the axial (Ὂ ὸ) and tangential ( Ὂὸ) 

forces along each blade are calculated using Equations ( 9.5) and (9.6).  

Ὂ ὸ ‬ὒὸÃÏÓ•ὸ ‬ὈὸÓÉÎ•ὸ  (9.5) 

Ὂὸ ‬ὒὸÓÉÎ•ὸ ‬ὈὸÃÏÓ•ὸ  (9.6) 

The axial force (Ὂ ὸ) on each segment of the blade leads to the calculation of root bending 

moment as well as rotor thrust. These results can be used to establish the respective load 

spectra and hence determine the load cycles enabling the fatigue loads to be predicted for 

the  blades and rotor. This method can be implemented to determine unsteady loading 

through the use of the varying onset flow.  

 

9.2.4 Other Numerical Settings  
Blade element models are typically dependent on input of lift and drag coefficient polar  

curves. The BEM code used at University of Manchester has been extended to include the 

contribution from higher frequency blade -scale fluctuations of the lift and drag forces  due to 

the turbulent relative velocity to the blade (Mullings and Stallard , 2022). This has been shown 

in provide better predictions in the fatigue loading when highly coherent structures are 
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present  in the onset flow, such as observed in field measurements and when modelled using 

a synthetic eddy method.  

 

9.2.5 Input and Boundary Conditions  
The main input conditio ns to this BEM code include:  

¶ Turbine Geometry (N blades, rotor and hub radius)  

¶ Blade geometry (radial variation of aerofoil section, chord and pitch)  

¶ Section definition, steady (Lift and Drag coefficient variation with angle of attack)  

¶ Section definition, unsteady (Spectrum of Lift and Drag coefficient variation)  

Inflow boundary conditions include:  

¶ Gridded domain of time -varying onset velocities across the swept area including:  

o Onset flow (single or multiple/tidal cycles))  

o Shear profiles  

o Turbulence length -scales (streamwise, vertical, transverse)  

o Turbulence intensity (at hub or disc averaged)  

o Turbine position (relative to surface and bed)  

o Wave-induced kinematics  

This BEM code operates on the basis of defined inflow velocities. These can range from a 

simplified set of steady conditions to examine overall performance characteristics to loading 

from an unsteady onset , defined by a turbulence model (such as Von Karman or Synthetic 

Eddy Method) and / or with kinematics due to waves (regular or irreg ular, typically linear 

waves are assumed) or defined by a precursor CFD simulation (e.g. from DOFAS simulations, 

see Section 8).  Within TIGER, a collaborative study has been conducted looking at the way the 

inflow can be defined and the uncertainty which occurs by modelling an unsteady onset flow 

with the same time -averaged properties in several different ways.  

9.2.6 Outputs  
This code has primarily been used to assess the variation of loading experienced on a blade 

and rotor of a tidal turbine. Previous work va lidated the code against the experimental results, 

as shown in  Figure 9.1, with the peak loading predicted to within 2% and the fatigue loading 

to with in 7%.  
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Figure 9.1. Spectra of root bending moment from BEM code with onset flow simulation using a Von Karman 

spectral model of turbulence and both mean lift and drag coefficients and with inclusion of high frequency force 

fluctuations due to blade scale flow, showing agreement over the entire frequency range with experiment 

(Mullings & Stallard 2022) 

In addition, the code has been used to analyse the impact of different design conditions, s uch 

as series of operating points and the influence of the downstream wake, to quantify variation 

of fatigue loads with onset conditions and to assess the range of fatigue loads predicted with 

differing onset flow synthesis method  (shown in Figure 9.2). This work is informing analysis 

of control strategies for mitigating load variation both for single turbines subject to unsteady 

onset flow, and for turbines in arrays s ubject to upstream turbine wakes.  

 

 
Figure 9.2. (a) Spectra of root bending moment for multiple tip speed ratios (Mullings and Stallard , 2022). (b) 

Variation in normalised damage equivalent loads for a two turbine system located at different downstream 

positions, for an inline turbine system and 1 diameter offset system (Ouro et al., 2022). 

 

  












































