
  

Abstract—This research aims to implement a three-

dimensional regional scale numerical model within a region 

of the Irish Sea (between 52.808˚N and 53.842˚N) that is 

suitable for turbine array implementation and impact 

assessment. This research is based on a three-dimensional 

wave-current-sediment fully coupled oceanographic model 

(FVCOM), and modifications made by the authors to the 

current, turbulence and surface wave modules to simulate 

the potential impact of tidal turbines. The baseline model, 

i.e. without turbine implementation, is validated 

extensively against water level measurements at two tide 

gauges, tidal current data collected at four locations, and 

wave climate collected by a WaveNet bouy. In the case 

study, 18 turbines of 15-20 m diameter are modelled 

individually in the waterway between Anglesey and the 

Skerries. Results reveal the potential effects of the turbine 

farm on flow field, turbulence kinetic energy (TKE), bed 

shear stress and surface waves. Defining the wake edge as 

flow recovery to 95% of the baseline case, there are slight 

wake effects for a distance of around 14 times the array 

width downstream of the device farm. As a result of the high 

spatial resolution used, local effects of the turbine farm are 

revealed by the model, such as flow acceleration on both 

sides of the turbine farm, flow acceleration near the bed in 

the vicinity of the turbine farm which leads to enhanced bed 

shear stress, and locally increased TKE. 

 

Keywords—Hydrodynamic modelling, large scale 

modelling, West Anglesey Demonstration Zone, tidal 

stream turbine arrays.  

I. INTRODUCTION 

IDAL  stream energy, as a resource of clean 

renewable energy, has been gaining significant 

attention due to its predictability and widespread 
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availability. According to [1], a total of 20.6 TWh per year 

could be extracted from 30 key tidal stream sites in the UK. 

Since the commencement of the MeyGen project in 2010, 

the current operational tidal stream energy capacity in the 

UK is 10 MW with 2 MW under construction. A further 

1,000 MW sites are also leased for future development [2]. 

Alongside the major technology advances made in the 

last two decades, modelling techniques for device and 

array design, site evaluation and environmental impact 

assessment also progressed significantly. For example, 

tidal turbine simulators used in laboratory experiments 

advanced from porous discs [3] to scaled turbine 

prototypes [4]. The size of the prototypes also increased 

from less than 0.5 m [5] to more than 1 m in diameter [6], 

drawing closer to the scale of a realistic implementation. 

Furthermore, experiments are being conducted under 

comprehensive hydrodynamic conditions, such as the 

inclusion of surface waves [7].  

Due to its high accuracy in resolving flow fields, 

Computational Fluid Dynamics (CFD) has been a common 

alternative to physical experiments. At a high 

computational cost, the geometries of turbines and their 

motions can be explicitly resolved in a CFD model [8]. The 

Blade Element Momentum – CFD (BEM-CFD) combined 

approach, on the other hand, represents turbines with 

discs and simulates time averaged turbine behaviours, 

with the impact of turbines on the flow simulated by body 

force terms added to the momentum equations [9]. More 

recently, corrections have been made to the BEM-CFD 

method to capture tip loss effects, and to include 

considerations for Reynolds number effects and surface 

roughness [10][11]. Similarly, the Actuator Line – CFD 

(AL-CFD) method represents rotor blades as rotating lines 

which exert retarding forces on the passing flow. Because 
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the actuator lines rotate to a new angle at each 

computational time step, the AL-CFD method can also 

resolve time dependent features [12]. 

For resource characterization and impact assessment, 

coastal area models are often used. Spatial resolution of 

these models varies from a few meters [13] to a few 

kilometres [14]. Hence the geometries of turbines and their 

motions cannot be explicitly resolved in these models. 

Instead, turbines and their impact on the flow are often 

simulated as increased bottom drag or additional body 

force terms in momentum equations. In the last decade, the 

application of these models advanced from two-

dimensional depth-averaged [15] to three-dimensional 

implementations [16]. Processes that are adapted in the 

model to simulate interactions between turbines and their 

surrounding environment progressed from current 

[17][18][19][20] to turbulence [19][20], surface waves [21] 

and sediment transport dynamics [22].  

This research aims to implement and validate a  three-

dimensional regional scale model [20][21] within a region 

of the Irish Sea (between 52.808˚N and 53.842˚N) . This 

validated model is aiming to provide the basis for turbine 

implementation (within both its native form and CFD 

derivatives) and impact assessment.  

II. METHODOLOGY 

A. Modelling system 

This research is based on a three-dimensional wave-

current-sediment fully coupled oceanographic model — 

the Unstructured Grid Finite Volume Community Ocean 

Model (FVCOM), and modifications made by the authors 

to the current, turbulence and surface wave modules to 

simulate the interactions between tidal turbines and their 

surrounding environments [19][20]. 

In the newly developed model, in order to simulate 

energy extraction which leads to reduced flow rate, an 

additional body force is added to the momentum 

equations at the computational cell where individual 

turbines are allocated [20]. The varying turbine 

configuration and operation across the water column is 

represented by a depth-dependent coefficient for the 

additional body force term. Three turbulence perturbation 

terms are added to the MY-2.5 turbulence closure to mimic 

the turbine-induced turbulence generation, dissipation 

and interference for turbulence length-scale [20]. The built-

in function ‘OBSTACLE’ is used to simulate wave height 

drop at turbine locations [21]. For the reason of simplicity, 

the controlling equations of FVCOM and the formulations 

for turbine parameterization are not included here. For a 

detailed introduction, one may refer to ref. [20][21]. 

B. Study site 

The model domain of this study is enclosed by two 

natural coasts, the East coast of Ireland and the West coast 

of the UK, and two open boundaries (blue lines in Fig. 1). 

Within this area, the Anglesey coast in Northwest Wales 

(red box in Fig. 1) features high tidal ranges and large 

current velocities (> 2.5 m/s during spring tide) [23]. This 

coastal sea region, therefore, is of high potential to be 

converted into a tidal stream energy extraction site. In fact, 

this area has been identified as one of the seven sites of 

interest for tidal current energy exploitation in the UK [24]. 

Further, the area around the promontory of Holy Island, 

known as the West Anglesey Tidal Demonstration Zone 

(Morlais), is planned to host device developers and to 

provide a maximum of 240MW to the grid [25][26]. In this 

research, the water between the Skerries (see inset of 

Figure 1) and mainland Anglesey, where the water depth 

is approximately 20 to 40 m, is selected to implement a 

turbine farm comprised of 18 turbines. 

C. Model setup 

The mesh of the model (shown in Fig. 2) is refined to a 

spatial resolution of 100 m around the Anglesey coast and 

it is further refined to 15-20 m in the Sound between the 

Skerries and mainland Anglesey to allow turbines to be 

presented individually. Mesh size increases gradually 

towards the open boundaries to a resolution of 1600 m. The 

bathymetry of the model is extracted from a previous 

model that covers the West Coast of the United Kingdom 

[27]. Fig. 3 demonstrates the bathymetry of the model with 

locations of tidal level, tidal current, surface wave and 

sediment concentration validation datasets imposed. For a 

three-dimensional implementation, the water column is 

divided into 50 sigma layers with identical layer thickness.  

The model is driven by tidal elevations obtained from 

harmonic analysis of 15 tidal constituents (M2 Q1 O1 P1 S1 

K1 2N2 MU2 N2 NU2 L2 T2 S2 K2 M4) extracted from the High 

Resolution UK Continental Shelf Model (CS20-15HC3) and 

 
Fig. 1.  Location of the Anglesey Coast and the study domain of the 

model. The Anglesey Coast is depicted by the red box and the study 

domain is enclosed by the blue lines (open boundaries) and two 

natural coasts. The inset shows the location of the Skerries. 

 

 
Fig. 2.  Mesh of the model. The spatial resolution is 15-20 m in the 

Sound between the Skerries and mainland Anglesey and 100 m 

around the Anglesey coast. It increases gradually towards the open 

boundaries to a resolution of 1600 m. 
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wave conditions provided by the ECMWF ‘ERA-Interim’ 

dataset. A time varying uniform wind field based on data 

measured at the Hilbre Island weather station is used to 

drive the wave climate. The sediment particle size is 

specified as D50 = 0.22 mm across the entire study domain. 

The model is run twice to include a baseline case, i.e. 

without turbines, and a case incorporating the above-

mentioned turbine farm. For the baseline case, the model 

is run over a month and two days, covering the period 

from 28/04/2006 00:00:00am to 01/06/2006 00:00:00am. For 

the case with turbines, the model is run from 17/05/2006 

07:00:00am to 20/05/2006 05:00:00am which includes five 

and a half tidal cycles (Fig. 4) between Spring and Neap 

tides (the start and end of this period are shown in Fig. 6). 

During this time period, wave height peaks at 3.62 m at the 

selected turbine farm location (Fig. 4), representing 

moderate wave to stormy wave conditions. 

Fig. 5 depicts a typical flow pattern based on depth-

averaged velocity between north-west Anglesey and the 

Skerries, with the locations of the tidal turbines 

highlighted. The location of the farm is chosen based on 

two factors, i.e. acceptable water depth and large flow rate. 

The turbine farm is located in the middle of the waterway 

to minimize its impacts on local shores. The farm consists 

of 18 turbines, with each represented by an individual 

mesh cell of 15-20 m in size. Vertically, the turbines are 

located at the mid-depth. The turbines in the farm are 

aligned in a staggered way. They are separated from each 

other by 8D laterally and 15D in the up/downstream flow 

direction.  

 

 

III. RESULTS 

A. Model validation 

1) Tidal level 

The model predicted tidal water level is calibrated 

against measurements at two gauges provided by the UK 

Tide Gauge Network located within the study domain 

(LLA and LIV in Fig. 3). The free surface elevation 

comparison presented in Fig. 6 shows 750-hour results 

from the total model running period. To quantify the 

difference, harmonic analysis is carried out at both sites. In 

total, 29 tidal constituents are recognized by the analysis 

and M2 and S2 are suggested as the dominant constituents. 

Tables I and II compare the model predicted tidal 

harmonic constants of M2 and S2 with those measured on-

site. The model results agree very well with the 

observations for both amplitude and phase at both sites. 

Discrepancy between model predicted and measured 

amplitude is within 4.5% at site LLA and 8.1% at site LIV. 

The model predicted tidal amplitudes and angles are 

slightly smaller than those measured on-site, suggesting 

that the high tide in the model arrives ahead of that 

obtained in the observation. However, the phase 

difference is within 3 minutes. These differences could be 

due to the uncertainties in the bottom bathymetry at the 

gauge sites. Overall, the model is able to provide accurate 

predictions of tidal elevation within the study domain. 

 

 

 
Fig. 3. Bathymetry of the model and locations of validation 

datasets. Circles are locations of tide gauges; Diamonds are where 

tidal current data was collected; Star denotes the location of the 

WaveNet Buoy; Cross indicates where suspended sediment 

concentration was measured. 

 
Fig. 4. Model calculated free surface elevation, depth-averaged 

velocity and wave height at the turbine farm location from 17/05/2006 

07:00:00am to 20/05/2006 05:00:00am. During this time period, wave 

height peaks at 3.62 m at the selected farm location, representing 

moderate wave to stormy wave conditions. 

 
Fig. 5. A typical pattern of water depth averaged velocity between 

the north-west Anglesey and the Skerries, with arrows indicating 

flow directions. Locations of turbines are depicted by circles. They are 

separated from each other by 8D laterally and 15D in the 

up/downstream flow direction. 
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2) Tidal current 

To examine the reliability of the model in predicting 

tidal current, model predicted velocities at the sea surface, 

mid-depth and bottom layers are compared with two 

measured data sources. These two data sources are: (1) 

Measurements taken by HR Wallingford during the 1983 

Mersey Barrage study [28]. Data measured at two sites 

(HR1 and HR5 in Fig. 3) is used for validation in the 

present research. (2) Current meter data downloaded from 

the British Oceanographic Data Centre (BODC). The 

BODC current meter data archive was obtained through a 

number of projects covering a large area as well as a long 

time span. Vertical coverage of this data source varies 

among datasets. Data collected at two sites (BODC1 and 

BODC2 in Fig. 3) off the coast of the Anglesey island is 

used in the present research to assess the reliability of the 

model in predicting tidal current. These two datasets date 

back to years 1970 and 1982, respectively. 

Table III gives a brief summary of the tidal current 

validation data. Data availability along the water depth 

varies among these sites. For example, tidal current was 

measured at three depths at site HR1 whereas it was only 

measured very close to the bottom at site BODC2. 

Fig. 7 and Fig. 8 present the model computed tidal 

current velocities against HR Wallingford measured data 

at locations HR1 and HR5. Model predictions and field 

measurements agree very well at three depths at site HR1. 

Predicted peak velocities during flood and ebb tides are 

close to the field measurements. A noticeable feature of the 

current at site HR1, i.e. rapid increase and prolonged 

decrease of flow speed during flood tide and, conversely, 

prolonged increase and sharp decrease of flow speed 

during ebb tide, is also being simulated correctly by the 

model. The performance of the model at site HR5, 

however, is less accurate. Peak velocity during flood tide 

is over-estimated and it is largely under-estimated during 

ebb tide. These discrepancies could be attributed to 

uncertainties of the bathymetry used in the model. 

Fig. 9 and Fig. 10 show the performance of the model at 

the two BODC measuring sites. In general, the result is in 

good agreement with the measurements. Peak velocity is 

slightly under-estimated during both flood and ebb tides 

at site BODC1. The model clearly shows a very good 

agreement with the measurements at site BODC2. In 

general, performance of the model in simulating three-

dimensional flow structure is satisfactory.  

3) Surface waves 

The computed significant wave height and wave 

direction are validated against data collected by a 

WaveNet buoy (Wave Buoy in Fig. 3). Fig. 11 presents the 

modelled wave height and direction of 750-hour results 

against the WaveNet buoy data which has a missing data 

gap between 05/05/2006 and 08/05/2006. In general, the 

model is capable of predicting the magnitude and phase 

changes of wave height and direction, even for the large 

storms around 01/05/2006, 18/05/2006 and 24/05/2006. 

 

 

 
Fig. 6. Comparison of free surface elevation at the two tide gauge 

sites. The dot-dashed lines indicate the start (17/05/2006 07:00:00am) 

and the end (20/05/2006 05:00:00am) of the model run for the case with 

turbines. 

TABLE I 

TIDAL HARMONIC ANALYSIS COMPARISON FOR M2 CONSTITUENT 

Site name 
Observations FVCOM 

Hn (m) φn (˚) Hn (m) φn (˚) 

LIV 3.08 320.12 3.00 318.78 

LLA 2.72 309.83 2.83 309.32 

 

TABLE II 

TIDAL HARMONIC ANALYSIS COMPARISON FOR S2 CONSTITUENT 

Site name 
Observations FVCOM 

Hn (m) φn (˚) Hn (m) φn (˚) 

LIV 0.92 345.05 0.88 344.08 

LLA 0.83 332.07 0.83 331.35 

 

TABLE III 

A BRIEF SUMMARY OF THE TIDAL CURRENT VALIDATION DATA 

Site name Time Surface Mid-depth Bottom 

HR 
1 1983 Yes Yes Yes 

5 1983 Yes No Yes 

BODC 
1 1970 No 10/35 30/35 

2 1982 No No 35/38 

 

 
Fig. 7. Comparison of model predicted and measured flow velocity 

at three levels at HR1. 
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B. Model application 

Through comparing the results of the cases with and 

without turbines, this section aims to explore the 

interactions between the turbine farm and its surrounding 

environment.  

1) Surface elevation 

The results in this section show free surface elevation 

changes in the Anglesey coast area at High Water (HW) 

indicated in Fig. 4 as a result of the inclusion of the turbine 

farm. It can be seen from Fig. 12 that at HW, the current 

flows towards the south-west, and the surface elevation 

around the farm site reduces by up to ~ 10 mm. The 

reduction continues to be observed west of the Skerries. 

Two eddies are observed - one slightly south-west of the 

farm and another one off the west coast of Holy island. 

Elevation decrease is seen at the centres of these two 

eddies. Increase of elevation can be seen downstream and 

further upstream of the device farm, as well as within the 

Cymyran strait separating Holy island from Anglesey.  

 

 

2) Flow field 

Fig. 13 shows changes caused by the turbine farm in 

flow fields at the surface, the mid-layer and the bottom as 

well as depth-averaged flow fields at HW, when the 

current is flowing towards the south-west. A strong jet of 

decelerated flow downstream of the farm is observed at 

the surface layer, sandwiched by two jets of accelerated 

flow, suggesting that the flow is diverted due to the 

blockage effect of the farm. The accelerated flow jets are 

also observed in the depth-averaged flow field. They are 

however much less visible at the mid-layer and the bottom. 

The mid-layer shows the maximum decrease of water 

velocity because the turbines are located at mid-depth, 

hence the maximum energy loss. The affected area in terms 

of water velocity is consistent throughout the water depth 

and, unlike surface elevation, it mainly follows the flow 

direction. The magenta lines in Fig. 15D delineate 

boundaries beyond which velocity recovery is larger than 

95%, hence the limit of the wake. The length of the wake is 

~ 9.0 km (~ 450D, i.e. ~ 14 times the width of the turbine 

farm). Similar results are shown in Fairley et al. [29] for a 

study of an array in the Pentland Firth. 

Locally (insets of Fig. 13), the wake of each turbine can 

be clearly seen. It is also found that, in the vicinity of the 

turbine farm, although the surface and the mid-layer 

mainly experience flow deceleration, and the depth 

averaged flow fields suggest overall decelerated flow in 

the wake, the water at the bottom is accelerated, indicating 

that, vertically, the decelerated water due to the blockage 

of the farm squeezes its way through the bottom layers, 

which could lead to increased bottom shear stress. 

3) TKE 

Fig. 14 shows changes in TKE at the surface, the mid-

layer and the bottom at HW. It can be seen from the figure 

that the impact of the turbines on TKE is restricted to the 

local area of the device farm. The presence of the turbine 

farm increases local TKE around the devices from nearly 0 

 
Fig. 8. Comparison of model predicted and measured flow velocity 

at two levels at HR5. 

 
Fig. 9. Comparison of model predicted and measured flow velocity 

at two levels at BODC1. 

 
Fig. 10. Comparison of model predicted and measured flow 

velocity at bottom at BODC2. 

 

 
Fig. 11. Comparison of model significant wave height and wave 

direction against measurements over a month. 

 
Fig. 12. Surface elevation change at High Water (HW). Arrows are 

imposed to indicate the flow direction. 
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to 0.09 m2/s2 at the mid-layer. The wake of each turbine in 

terms of TKE change stretches up to a distance of 

approximately 15D and the farm as a whole does not 

extend the length any longer. Compared to the mid-layer, 

TKE enhancement at the other two layers is less significant, 

but detectable. 

4) Surface waves 

Fig. 15 shows changes in significant wave height of 

surface waves at HW. It can be seen from the figure that an 

area is affected by the implementation of the turbines, even 

though the effect is small outside the vicinity of the farm. 

At HW, when the current is flowing towards the south-

west, the effect at regional scale is mainly a reduction of 

wave height of 0.02-0.09 m in the vicinity and downstream 

of the farm. Wave height in the upstream region is also 

slightly reduced.  

5) Bed shear stress 

Fig. 16 shows changes in bed shear stress at HW. It can 

be seen from the figure that the presence of the turbine 

farm affects the bed shear stress of a large area. This is 

because the calculation of bottom shear stress depends 

highly on flow velocity and wave height, both of which 

experience regional changes due to the implementation of 

the turbine farm. Bed shear stress in the vicinity of the 

turbine farm is enhanced by up to 2.5 N/m2. Bed shear 

stress outside the turbine farm, on the other hand, is 

reduced by ~ 0.3 N/m2. This pattern agrees with that of the 

flow field.  

 

 

 

 

 
Fig. 13. Changes of flow fields at HW. 
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IV. CONCLUSIONS 

In this research, a high spatial resolution, three-

dimensional model is created for a region of the Irish Sea 

using FVCOM. The hydrodynamics, including tidal 

elevation, tidal current and surface waves, are validated 

against field measurements.  

To study the interactions between a turbine farm 

comprised of 18 turbines and the surrounding 

environment, modifications made by the authors to the 

current, turbulence and surface wave modules of FVCOM 

for simulating turbines are used. With a definition of wake 

edge as 95% flow rate recovery, our results indicate that 

there are slight wake effects for a distance of around 14 times 

the array width downstream of the device farm. Wake 

recovery, however, was found to be sensitive to turbulence 

intensity (e.g. ref. [11]). Sensitivity of wake length to the 

turbulence closure, therefore, remains an interesting 

avenue of research. As a result of high spatial resolution 

used, local effects of the turbine farm are revealed by the 

model. These include flow acceleration on both sides of the 

turbine farm, flow acceleration near the bed in the vicinity 

of the turbine farm which leads to enhanced bed shear 

stress, and locally increased TKE. Apart from these strong 

local effects, the turbine farm is also found to have impact 

on the regional hydrodynamics and surface waves 

although these regional scale impacts are much less 

prominent than the local effects (e.g. bed shear stress 

reduction of ~ 0.3 N/m2 outside the turbine farm, in 

contrast to bed shear stress enhancement of 2.5 N/m2 in the 

vicinity of the turbine farm). 

In terms of future research, the validated Irish Sea model 

aims to provide boundary conditions for high-resolution 

CFD models focused on individual development sites 

within the West Anglesey Demonstration Zone. 

Comparison between wake behaviours and performance 

of turbine arrays produced by the FVCOM (as a 

representative of large scale coastal area models) and CFD 

models will be carried out to explore the strengths and 

weaknesses of each model.  
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Fig. 15. Changes of significant wave height of surface waves at 
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