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Abstract

The flow field characteristics ithe wake of an isolated tidal turbine and tidal turbine arrays

of up to four devices is investigated by numerical simulations solving the Reynolds Averaged

Navier Stokes (RANS) equation in the Open Source OpenFOAM CFD soluake use of
the significanty increased availability of computational resources and +oalg processing
Transient simulations utilizingtheiky SST t ur bul ence cl osur e
combination with a dynamic mesh interface to account for the rotation of the three bladed
tidal turbine at constant tip speed ratiwe applicability of dynamic mesh simulations for the
investigation of array wakes has been sholire velocity and turbulence characteristare
compared to experiments previously conducted with a number of sralltglal turbine
devices arranged in staggered array formatamustested within a low ambient turbulence
circulating water channeResults showed good agreement between simulations and
experimentand further insight to the flow field within an arrsyprovided however further

improvemernd to predict the wake characteristics in array are required

KeywordsRANSArbitrary Mesh Interface (AMIJjidal Turbine ArraysVake @Garacteristics

" Corresponding author. Tel.: +44 (0) 191 208 6670; Fax: +44 (0) 191 208 54®4i| Bddress:
longbin.tao@newcastle.ac.uk

mo d «


mailto:longbin.tao@newcastle.ac.uk

10

11

12

13

14

15

16

17

18

19

20

21

22

23

1.l ntroducti on

The UK has been in the leading position for design and construction of tidal turbines for a
number of years, as part of the continuing efforts to increase the share of renewable energy
sources and reducing the dependency on fossil fuels as primary meaesgyf supply

Electricity generation from tidal stream turbines is estimated to account for about 20% of the
UKO6s electricity demand in the future and
generated and supplied to a national grid in 2008. Wollp the successful development and
testing of tidal turbine prototypes and scaled demonstrator projects at dedicated test sites and
commercial project locatiofAtlantis Resources Ltd, 201.68MEC, 2017 the tidal stream

energy industry is currently seeing first array installations in open waters with construction

having started in autumn of 20{Atlantis Resources Ltd, 2016b

Tidal turbine arrays are a vital step towards increasiegtmat i ondés share of
sources for the large scale generation of electricity and play a significant part in economically
commercialising this technology. Investigating the complex flow within tidal turbine arrays
plays an important role inihdevelopment as the operating environment is dominated by
complex flow features and geophysical characteristics which affect the performance as well

as lifetime reliability of devices installed in the sea.

Computational Fluid Dynamics (CFD) to model thalrodynamic interactions between

multiple tidal turbine devices, alongside smaller scale experimental investigations will aid in
reducing the costs and uncertainty of developing and deploying large scale tidal turbine
arrays in the near future while prding useful and detailed insights into the resulting flow

field and optimisation of array configurations in densely spaced arrangements of tidal stream

turbines.
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Tidal turbine devices have been tested extensively over the last decade using experimental,

numerical and prototype studies for the optimisation of power production through design of

devices and device components such as blade sections, support structure and control systems.

Initial numerical assessment of tidal turbine performance and wake @restactby

Harrison et al. (201ndTurnock et al. (2011fpcused on simplified turbine representation

in the formof actuator disk§AD), solving the Reynolds Averaged Navigtokes (RANS)
equation in combination with source terms derived from blade element momentum theory
(BEMT) to account for the body forces, rotation and turbulence induced by the tidal turbine.
Harrison et al. (2010jtate thattheky S ST t ur bul e rsimdateghle flosvu r e
conditions in the wake downstream of an actuator disk better than the km oddeetd s
improved performance in adverse pressure gradimtshe blending of bothiky and k
models. 1 is argued byBatten et al. (2013hat k ¥ SST under predicts the rate of wake
recoverythus the k U model is used in combination with turbulence source terms on the
disk These methods were found to derstmate good agreement with experiments for the far
wake velocity (x/D >7) and turbulence prediction downstream of tidal turbines. Advantages
are improved efficiency of numerical calculations however these come at the cost of
introducing corrections to agcant for the finite number of blades and the turbine hub to

account for the blade induced rotation and vortices of and in the wake.

To further investigate wake characteristics of single turbines and small arrays, especially
initial wake development in theear wake of tidal turbines, more detailed representations of
tidal turbine rotorhiave been computd®ANS) by Bai et al. (2015Wwith ki ¥ S ST
turbulence closure model anding actuator surfacés account fothe blade length and

chord distributions along the radial direction and shomeadhimproved agreement over
previous tests with BEMT in combination with actuadaks byBai et al. (2013)n termsof

power coefficientCp) andthrust coefficien{Cr) when comparetb experiments bahajet

mo d
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al. (2007) Further improvements are to include other factors such as theetstpport

structure which along with blade design significantly affects the near wake characteristics.

By fully resolving the blade details of tidal turbines, the computational resources required
increase significantly due to the fine resolution requiceaccurately model the flow over the
turbine blades, however it no longer required using BEMT or CFD calculations to determine

blade performance characteristics prior to applying on actuator disks or surfaces.

O'Doherty et al. (2009)sed fully resolved quastatic 3D RANS calculations with a moving
reference Frame (MRF) validated against model tests to investightgptimize power and
thrust predictions and the use of various turbulence closure nwidete Reynold Stress
Model (RSM) was found to agree best with resultss was extended by investigating
dimensional scaling of performance characteristics by adimdpa range of simulations with
increasing diameters and velocit{®asorrJones et al., 20)2ollowed by a sheared velocity
profile and support structure iWasorrJones et al. (2013howng both increased wake

asymmetry and cyclic loading over the blade rotation.

McNaughton et al. (2014ndAfgan et al. (2013showed performance indicators for a three
bladed tidal turbine including support structure and also highlighted the flow field within the
wake. RANS and large eddy simulations (LES) are used and fmrfmrmance prediction to

be in good agreement for most models at optimum turbin&gepdRatio (TSR).The
combination of RANS and-k SST turbulence model resulted in comparable performance
characteristics at significantly lower computational resouggeirement than LESnatching

the LES results for the optimum design conditibhe k-Uturbulence closure model

performed noticeably worse in efiesign conditionsWake characteristics are shown but

there is no comparison to experimental data available.
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A comparison between modelling tidalbines using the approachéd), MRF andSliding
mesh)described above is shown bi et al. (2016)and argues that the most realistic wake
representatiors achieved by fully resolving the turbine geometry and there is still limited
information about comparison of simplified, resolved and experimental investigations of tidal
turbine wakes. The study showed that sliding mesh technique presents the wake
charateristics most accurately in the near and far wake and captures realistentrans
behaviour in the wake armbmparison of normalized meaalocity to experiments

conducted byycek et al. (2013showed close agreement.

Vennelletal. (2015h i ghl i ght ed some of fAkeyodo array
design, such as the influence of array sections on the ambient and large scale flow and
available power characteristics. On a midesign level, the turbulence generated from
devices and the wake mixing and velocity recovery of a small number of turbines in close
proximity has a significant impact on the device spacing within the array as well as the
optimised design of support sttuges to maximise power output and reduce risk of operating

tidal turbines in these complex and challenging environments.

The far field influence of large scale electricity generation from tidal flows has been
investigated using simplified hycienvironmetal modelling, applying one and two
dimensional shallow water equations and including energy extraction by a resistance
coefficientand as momentum sinkEhe techniques have been applied for numerical
optimisation of array layutsby Funke et al. (20149ndfor some proposed locations of tidal
energy extractioAhmadian and Falconer, 2012nd the environmental impact on tidal
basins and channeldowever these methods are not suitable to investigate the wake within
and downstream of tidal turbine arrays and focus on the dominanpftm&sses occurring in

such complex operating environments.

ef f
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To reduce the computational resources required to investigate the performance of multiple
tidal turbines operating in small arrays, actuator fefibady et al., 201Band multiple

circular diskgNishino and Willden (2013)lurnock et al. (201))have been used to speed

up numerical calculations and investigate the effects of energy extraction for cross stream
arrays that block a large proportion of the available tidal channel. It was shown that analytical
model and 3D RANS calculation with actuatencerevealednteractions between beneficial
flow effects and increased flow reduction due to increasing devices which in turn led to an
increased optimum blockagf the tested configuratior’Sumerical simulations of tidal

arrays have been conductgsing steady state solutions with MRF to simulate the rotating
blades byLee et al. (2010nvestigating the distance between 6 tidal turbines arranged in a
generic sea side and lake environment. Optimum spacing of turbines was found to be three

turbine diameters and wake asyntngelue to turbine rotation could be observed.

Using LES study in combination with actuator lines to represent the rotation of turbine
bladesChurchfield et al. (2013jvestigated the structure of resulting unsteady wakes and
determined staggered arrays tvé higher efficiencies. Additionally rotating downstream
rows of turbines in opposite direction was found to show small benefits. The importance of
including tangential forces in simplified representations of tidal turbine in simulations was

highlighted ly the existence of asymmetric wake structures.

A fully resolved numerical simulation with two tidal turbines arranged in line has been
presented byiu et al. (2016)with a second turbine beingdated 8D downstream of the first.
The velocity contours shothe downstrea turbine operating with withia significantly
slowed down wake, most pronounced at the cdinteg and very slow moving fluid in the
wake of the downstream turbinEne countourslso highlightareas of significantly increased
turbulence intensity about 4D downstream of the second turbine due to accumilation o

turbulent effects in the wake and increased wake recovery downstream of this area.
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Due to the high costs and complex mgament arrangements for detailed flow
representation, few experimental array studies have been conducted, ranging from turbine
interactions of a small numbef devices being arranged at varying longitudinal distances
(Mycek et al., 2014pand small lateral offse(davaherchi et al., 2018 experimental array
configurationgStallard et al., 20)5vith amaximum distance from first to last row of
turbines of 10DComparisons between RANSBEMT and experimental measurements of
thrust and wake velocities areportedoy Olczak et al. 2016)showing that inclusion of

device generated turbulence improved agreement between experiments and numerical
simulations especially in the near wake region where x/D < 4. It was also found that the
velocity deficit between adjacentkes is under pdicted for x/D< 8. The variations in
prediction of thrust coefficients on the actuator disks compared to experiments show less than
10% for front row, 20% for seconds and 38% for the third row, variations are increased
especially on the centre turbingseoating in the wake of upstream turbingbolghasemi et

al. (2016)andShives and Crawford (2016yesenRANS actuator disk modelling including
dynamic mesh adaption and kr SSTturbulence closurmodel aad show comparison for
validationagainst thén-line and sideby-sidearray experiments d¥ycek et al. (2014band
Stallard et al. (2013kspectivelyAbolghasemi et al. (2016) shdwat the kw SST model

can predict the far wake velocity and turbulence without modification, while using AD
modelling may require further terms to be introduced to match the processes in the near wake
of the turbineShives and Crawford (20168)troduce a source term for the turbulent kinetic
energy production due to vortices breakdown. This term varies between esqgrim
conditions and rotor geometgnd is thus tuned to available experinaédata for

comparison. Accounting for tip vortex turbulence production in AD modelling is shown to
improve the predictions made by the numerical model and improvements argigndreant

for closely spaced arrays of turbines.
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Numerical simulations of tidal turbine arrays are able to provide more detailed, three
dimensional insights into the inherently complex flow field within tidal turbine arrays and the
interactions of multifg wakes as a function of micro spacing between turbine devices in
arrays.The computational resources have seen considerable improvements recently with
access to multore processing becoming less cost intensive and more widely available hence
allowing cetailed modelling of complex structures and flawsreasonable computational

resources.

The aim of this paper is to present fully resolved RANS simulatisimgy open source
software and automated mesh generatrdh a sliding mesh interface of a genetiturbine
array with varying longitudinal and transverse spacing in a staggered arrangent@st
study wecompare the resulting wake velocity deficit and turbulence intensities to

experiments conducted previously

Simplified methodsrepresenting thedal turbine without fully resolving the geomethave
omitted detailed modelling of the effects of finite blade tips and their rotation through
introduction of turbulence source terms at the rotor location, the wake characteristics in the
near wake offte turbine have not been captured accuragsiyecially where a downstream
support structure is preseand little comparison has been made between experimental and
numerical investigations of the resag flow fields within arraysGood agreement of
simplified numerical methods with the turbine wake observed in experiments of single or
small groups of turbines haseviouslybeen shown for the far wakelocity and turbulence
prediction Following initial comparison of the resulting flow characterispossented here,

the aim isto include the interaction effects of rotational flow and the downstream turbine
support on the wake developmamid interactbnswithin the aray hencea fully resolved

blade geometry within a dgmic mesh is used for this coarson and future detailed

investigation.
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2. Numersiicnraull at i on

21. Description of test <cases

A comprehensive CFD study ranging from single turbine to array configurations was set up
to replicate the conditions previously investigated in small scale experiments with a number
of tidal turbine models. The study will be used to compare results fremutimerical

calculations described herein with the experiments and to further investigate important flow
characteristicthat goverrthe optimum spacing of tidal turbines in staggered arigys.

following section introducethedetails ofthe experimentghe numerical schemes used and

the configuration of the different test cases.

The model turbines are identidattom supportethree bladed horizontal axis tidal turbines

with a diameter of D = 0.28m, corresponding to a geometrically"s@@led modedf a 20

metre diameter full scale turbine. The model turbine features a hub designed to accommodate
different blade section and diametasswell as allowing for alteration tfe pitch angleThe

turbine blades are based on the NREL S14 blade sectioa Wkéd rotor pitch angle across

all tests of 8.33°, defined at 0.7 r/R. The turbine blades where geometrically scaled, with
chord and twist variations shown in Table 1, from previous experimentiuctedn a

cavitation tunnel at a blockage ratio of appmately 13% and ambient turbulence intensity

of 2%. Due to limitations on the test matrix, a constant operating condition with TSR = 4 was
chosen, based on the maximum CP obtained in previous studies. This was maintained by use
of a Panasonic Minas A% finotor with a control unit to record small fluctuations in the

rotational rate of the turbine. The performance of a single model in the channel has been
monitored and expressed in terms of torque supplied by current, calculated as a fraction of the
recorced torque during the experiments to the required torque in still water. The performance

estimation is shown ikig. 2, additionally highlighting the diferences in fluctuations
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between upstream and downstream turbine with a downstream spacing of 12D during array
tests. Similarity of rotor geometry and ambient flow conditions to previous experiments and
good agreement of the performance indicative reasonable confidence in the operating
conditions in the absence of thrust measurements from the experif@ma comparisons
presented here, diameter and reference pitch angle of the turbine blades were kept constant.
The vertical support tower is of elliptical shape to minimize flow disturbélesonJones

et al., 2013with a length of 0.12m and a maximum width of 0.0&guallingthe diameter of

the nacelleThetime averagedvake recovery downstreaaf the vertical support is shown in

Fig. 4. The initial transverse extent of the wakesimilarto the width of the suppoand the
velocity deficitat the centre line reduces to lesart 5% within 1.5D downstream of the
support.Flow measurements with two LaV@s ImagerProX11M CCD cameraere

conducted at 6 locations throughout the wake, starting at 3D downstream of the upstream
turbine down to 20D at the end of the test sec#odouble pulsed YAG laser located
underneath the wake centre line on a traversing unit for accurate positioning, with output
energy of 425mJ/pulse at 532 nm wavelength was teséldminate the particleszoreach

test and measurement location acrosgdgbesection, 500 double frame/double exposure
images have been recordexer a period of 110 secondsrresponding to a minimunt 200

rotations of the turbine

10
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The wake measurements were judged to be sufficient by monitoring moving averages of flow
velocities and RMS values at locations throughout the wake field as shéwgn Inlmages
werepre-processed ananalygdusing LaVision particlémagevelocimetry (PIV)system,

DaVis 8.2.2 with adaptive interrogation window size and shape aufjest based on local

seeding density and flow gradients to obtain the resulting flow vaotficsv with large

velocity gradients across the vertical section of the whikee averaged wakeharacteristics

are presented and compared to numerical resutténell in the study presented hd¥arther

details of the experiments can be found\irernberg and Tao (2018hdNuernberg and Tao

(2017, Submitted for Publicatian)

11
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Tabll-@éeometry of scaled NREL S814 rotor

r'R 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Chord length (mm) 42.04 39.05 36.03 33.03 29.53 27.01 24 21

Pitch Angle Degreq 2333 1583 1233 1033 833 7.93 7.03 6.33

Table2 - Experiment and Numerical test conditions of scaled tidal turbine arrays

Tidal Turbine
Geometric Scale 1:70
Diameter (m) 0.28
Blade Section Details NREL S814
ReferencePitch Angle (Degreg 8.33
Tip Speed Ratio(TSR) 4
Current Range (m/s) 0.251 0.8
Reynolds Number (Diameter) 4.93E+05

Thecomputationatlomain(Fig. 3(a)) represents thdimensionf the Circulating Water
Channel (CWC) at Shanghai Jiao Tong University with a test section extendingsfbom
upstream of the first turbine location to 22D detveam. \értically the domain extends 4D
from the toptip of the rotor while the rotor bottom tip to seabed distance is 0.75D. Due to the
distance between rotor tip and free surface] a Froude number of less than th2
computations do not account five free surfacéhencetop, side and bottom of the test
channel are modelled as-slip walls, this is also applied to the static parts of the turbine
structure The rotor baldes, hub and cone are modelled adipovalls with a moving walll
condition toinclude the rotatiomaccording to the operating conditiorhe current velocity is
specified upstream of the array as a velocity imetthe left and a pressuogitlet is defined
on the right, downstream of the arréyl rotors are upstream of the viedl| support tower as
shown inFig. 3 (b). The inflow was set to an ambient turbulem@ensityof 2% througha
turbulentkinetic energy (TKE) condition on the inlet patch basedh® mean flow velocity

and turbulence intensity representative of the CWC

13



A comparison between the numerically achieved velocity profile upstream of the turbine, and
thefree streanvelocity prdile measured across the turbine diametighout any devices
located in the CW@re shown irFig. 4 (b), variations between numerical and experniitd

inflow velocity are small, indicating the presenimerical resolutiosatisfactory.

(a) (b)

Fig. 317 Schematicdst section domain with array (L3T15) section inside (a) and mode
individual tidal turbine geometry (b)

(a) (b)
Vdef Inflow Current OpenFOAM vs
NSy \\0\2\ RN |p\dﬂ EXperiment
' 0.5 -3D OF -1D OF

e CWCa CWCb

0.
@)
- = =Vdef Tower N
0.9
08 — 0
0.7 |
0.6 |
% 0.5 H -0.5
gﬂ.d "\
0.3 ‘,\
o1 I 1 T
° . 2 s as . 035 0.4U ( /o).45 0.5
o X (m/s

Fig. 471 (a) Time averagedelocity deficit dasked)of vertical support tower at z/D9.75
showingthe location of the support is shown (solid liig) comprison of velocity profile
in CWC (without any device in thtest section) with achieved inflow at two positi(8i3
and 1D Upstream of Turbin@) numerical model.

14
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Tab3tBBoundary conditions used for numeri cal

Domain Patch | Velocity Pressure k ¥

Inlet 0.44 m/s Zero Gradient | 'Q p®z YZz'O |3 Mre s za
Outlet Zero Grad 0 Zero Gradient Zero Gradient
Walls (000) Zero Gradient | Zero Gradient (WF)] Wall function (3)
Rotor & Cone | Angular Velocity | Zero Gradient | Zero Gradient (WF] Wall function (3)

Where | is the ambient turbulence intensity (2%) atiiek inlet mixinglength,taken as 0.7 times
the diamete(McNaughton et al., 2034

The tests described in this study include single turbine and multiple turbinpsseith 3 or

4 turbines arranged in a staggered configuration as séég. B Array configurations have
been tested for varying longitudinal and lateral spacing between the d@éeExg). 10).
Longitudinal spacing between the first and second array row were varied from 3D to 5D,
named as L3 and L5 arrays respectively. Additionally the lateral spacing of the two turbines
located in the middle row of the array ranged from 1.5D, 2D and 3D denoted by a T15, T2
and T3 respectively. The array names are then a combination of longitaniih@hnsverse
spacing denoted by a combination of the above. The spacing between the first and fourth

turbine, both on the array centre line was 12D and is constant throughout all tests.

2.2 Numerical Simulation

The Finite Volume Method with fluigropetiesdefined at the control volume centroids was
used to solve the governing equations. Allprecessing and solving of governing RANS
equations is performed in the Open Source software OpenFOAM. The piiegsomeentum
coupling algorithm used from tl@penFOAM library, PimpleDyMFoam, is a combination of
P1SO- SIMPLE algorithm dbwing for larger time steps (@irantFriedrichsLewy (CFL) >

1) in incompressible, unsteady viscous flows as well as dynamic mesh features such as the
rotation of turbine bladewith a user defined mesh interface between the rotor and stator part
of the domain. The solver uses BPLE algorithm to converge the steady state solution

within time steps while the number of PISO calculations is controlled by defining tolerances

15
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onthe residuals which make the solver advance to the next time step when sétisfiede

step itself is dynamically controlled laymaximum ©@urant (CFL) numbefThe

computationally more economical RAN®proach withtheky S ST

turbul ence

model was chosen based on the previous comparison of RANS and LES simulations with

sliding mesh interface bylcNaughton et al. (2014pr invegigations of tidal turbine

performance and wake characteristics.

The turbul ent

Ki

nemati c

Viscosity

(gt)

calculation of locato shown in (1), used in OpenFOAM to provide an dnapwall

function to céculatet h e

fricti on® yvoaskdoo theNewtqRaghgon a n d

method (2). These are then used for calculation of turbulence ceefiin the

wal

omegaWallFunctiotMenter and Esch, 2091providing omega for viscous and log layer and

blending based o values in the buffer layer as shown in (3). The OpenFOAM wall

functions are listed iffable3. Similar to the modelling of a singlelal turbine with sliding

mesh byAfgan et al. (2013averagean values across the tidal turbine blades are less than 5

while vertical support and tower are kept above 30.

p @

and

1

and

(1)
)

®3)
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The meshegenerated inwith OpenFOAMS automated mesh generatitlity
SnappyHexMeshare based on a 3D structufegikahedrabackground mesliteratively
refined andnorphed ato the tidal turbine structure surfdmg splitting hexcellsthat
intersect the feature edges and surfaces the mesh @nforms to the boundarhis is
followed by removal of all cells within the specified geometiye final stage snaps the cell

vertices onto the surfaces under consideration of mesh quality paraasetiescribed in

17
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OpenFOAM 2.3.0 (2014)he resolution of blade section details can be seEigirb (b)

with locd relative pressure around the blade at TSREgL.5 (c) shows the pressure
coefficientcalculated as shown {i7) from u Liu et al. (2017) computedor the3D rotating

blade using methods describedlohansen and Sgrensen (20@48stimate théocal angle of
attack and compared steady flow experimentd a constant blade profile at the same angle
of attack,at Reynolds number of 750,000 presentedaniszewska et g1996) Modelling

the rotation of the hulzone and blades is achieved by using the arbitrary mesh interface
(AMI), a sliding mesh interface where all cells within the rotational zone rotate at a constant
rotation, here set according to the turbine T®R. Care has been taken in the generation of
the rotorstator interface to ensure good overlapping of the source and target patches by
generating tw identically resolved cylinder surfaclestween which the flow information is
passeaxially andradially. At each rotational stemformation is passed between rotor and
stator patch interfacelrough a cyclic boundary conditiomith contributions from

overlapping cells weighted corresponding to the fraction of overlapping areas. Additionally,
the sourcend target face weighése monitored to avoid introducing conservation errors due
to nonconformingpatch geometrieand monitored to show and average source and target
weight sum of 0.9%urther information about the implementation of a sliding mesh interface

in OpenFOAM can be found BBeaudoin and Jasak (2008)

18
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Fig. 6 - RotorStator interface for Rotating AMI zorfe) and mesh density for rotor and
statorwith AMI interface shown around the roti)

A number of meshes with increasing numbers of ¢eflsegional wake refinemeiiave

been generatebeeFig. 7 & Tabled). To decrease the computational time for this study, a
single turbine mdsconfiguration was tested in a smaller domain covaifaygeenough

time periodto reach at least 20 revolutions of the turbine bla@lee different refinement
zones of the turbine wake can be seeRign7 where differentell sizesareused to resolve

the wake domain.
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Fig. 7 - Tidal Turbine CFD domain with a vertical slice at the cefitre showing wake
refinement zones.

Table4 - Mesh Characteristics used for Convergence Study

Mesh No. of Refinement Ratio  Approximate cell resolution Wake cell
Cells near blade resolution
Coarse 343698 558 x 16 D 0.089D
Medium 819607 Coarse Medium:  2.79 x 16D 0.044D
1.34
Fine 2959484 Medium- Fine: 0.69 x 16D 0.02D
1.53

The obtainedneanthrust and power coefficients are compared to numerical experiments and
simulatons with tidal turbinesisinga NREL S814 blade section design at TSR
Experimentswith same chord and twist distributianith a diameter of 0.4mresented irshi

et al. (2013were conducted at a blockage ratioapproximately 13%ampared to
approximately 5% iMilne et al. (2013% (2015 with near identical chordistribution and

twist anglediffering by less than Blegreeexcept at 0.2r/Rvhere a 10 degree higher blade
pitch angle was used I8hi et al. (2013)No blockage correctiohas been applied, however
previous estimates of the effect of blockag8ahaj et al. (20073tated a 5% increase of

thrust at 8% blockage compared to unbounded flow.
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Thethrust and power coefficiebiased on calculated torque acting on the turbine blades have

beenused to determine the discreti®n error based on the grid convenge index (CGI) as

described irCelik et al. (2008and shown ifTableb.

Thrust @efficient: 0 5 (4
Power Coefficient: 0 5 (5)
Non-dimensionalised Reynolds shear stress Y Q Q& _ (6)
Pressure Coefficient 0n B EE— @

where k is the time averaged axial force acting on the structuyes the ambient current

velocity and A the rotor swept area. The power is calculated from the time averaged axial

moment and rotor angular velocifihetime averagethrustand torqueover a peod of 20

seconds avebeen used with constant sampling rate between all simulasioowjng

oscillating convergencd.he extent of loading on the vertical support structure is less than

5% of the thrust experienced by the entire device.
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Table5 - GCI of Thrust and Power Coefficient, Comparison to previous numerical and

experimental simulation

Coefficients This Shi (E/I(;If?t’a/ Mycek
Mesh Cr Cp StudyNum/Exp) | (Num/Exp) 2015)
Fine 0.709 0.353 Blockage 1.3% 13 % 5% | 4.8%
Medium 0.698 0.336 ratio _
G 0.340.43 0.35/0.43| 0.38/ | 0.43
Coarse 0.704 0.341 0.35
Extr.(Fine) 0.711 0.342 G 0.70 0.72/0.95| 0.77/ | 0.79
GCI (%, Med) 2.9 157 | , , 0.56
_ Cp calculated during experiment from Torgsgpplied by Motor,
GCI (%, Fine) 25  3.12 CT available for Numerical Study only.

Error estimates for the wakelocity showsimilar trendto those presentddr the wake
downstream of an actuator disk modelled in combination with BEyIBatten et al. (2013)
between 4D and 10Mowever a much higit GCI is observed at 6&8nd 7D Based on the
obtained GCI valuesgdalitional comparison aforrdimensionalisedReynolds shear streés)
maps is perfanedbetweerthe medum and fine mesh configurati@nd additionally to
experiments conducted at € 0.79, G = 0.43 and TSR = 3.6Xith ambient turbulence
intensity of 3%by Mycek et al. (2014a)roviding detailed flow field information at similar
low turbulence conditionavith a different blade section profjl® investigate the
approximate location of the merging o&thpper and lower mixing layesig. 8 showsthe
interaction of the upper and lower mixing layer between 4D andoniparingwell to those

reportedn experiments. Bgomparing the medium (top) and fine{tom) mesh, it can be

seen that the medium mesh shows good agreement with the fine mesh in most regions of the

wake more detailed mixing can be observed in the near wake of the fine Ameahd 6D

and 7D the shapaf the mixing layers in the averaged contour plots shows more variations in

the medium mesh than the fine mesh, which could be a reason for the varying GCI values

obtained. Differencem resulting velocitiebetween the two meshes are aroifféh inthe
near wake reducing to 6% by 8inr a 100% increase in computation tiofehe fine mesh
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Fig. 8 - Normalised Reynolds shestress mapcomparison of medium (top) and fine
(bottom) mesh

Table6 - Discretisation error estimation using GCI, flow of 0.44m/s and TSR 4

Time-averaged irstream Velocity, Ux

(m/s)
2D 3D 4 D 5D 6 D 7D 8D 9D 10D
Fine 0.0241 0.220 0.234 0.267 0.296 0.317 0.332 0.342 0.350
Medium 0.0254 0.211 0.211 0.231 0.262 0.290 0.312 0.327 0.339
Coarse 0.0245 0.235 0.220 0.232 0.248 0.265 0.280 0.293 0.303

Extrapolated 0.0206 0.237 0.253 0.336 0.36 0.367 0.343 0.371 0.352
(Fine)

GClI (%, Med) 10.12 0.03 752 0.18 18.85 38 125 7.6 4.74
GCI (%, Fine) 1.42 019 104 154 259 25 4.2 1.73 0.66

Additionally, the mesh configuration for turbine structure and flow domain was investigated

by comparing the timaveraged irstream velocity at different downstream stations along the
rotor centrdine to the values recorded in tagperimental studghown inFig. 9.

Comparson toexperimerdlly measured flow valueshowsthe medium andiie mestave

best agreement along the wake cetitre. The experimental velocity recordimgre within

less than 10%lifferenceof the numerical values obtained during the mesh sensitivity .study
The fine mesh approximately over predicts the wake recovery by 8% through the wake region
tested. The medium meshder predicts the recovery up to 7D downstreemagreement

with the reduced mixing observedHig. 8 by comparing the rate of recovery between fine
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and medium mestand slightly over predicts istream velocity component thereaft®ased

on the presented investigation, the medium mesh is chosen to reduce the computational cost
when applying mesh settings on full array configuratubvere domain sizes varied from 1.5
million to 4.2 million cells, with closer lateral spacing leading to higher number of cells

during the automated mesh generatibime agreement in terms of loading avith
experimentalalues from the preseahd othestudies mentioned, gives reasonable

confidencan the applied mesh for initial comparison to experiments and to gain insights into

the wake structure in closely spaced tidal turbine arrays.

0.4
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Fig. 9 - Time averaged Numerical vs Tirageraged Experiment Data forstream velocity
component across a number of meshes.
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3. Results and discussi on

The numerical simulations presented are compared to experimental measurements previously

conducted in a circulating water chanriglerefore dat# obtained according to the same

recording interval used for the 500 PIV images during the experiment, corresponding to a rate

of 4.52Hz for comparisoaf average flow characteristicBime averaging of all flow
characteristics is performed at ftime for each time step (in the order of 1.5x 10-3
seconds), thus the averaged data sampled here includes effects of all periodic fluctuations

occurringat higher frequencies.

The numerical simulations presented here are primarily peedfor comparisowith

existing experimental measuremeatsl to present a numerical investigation using
opensource software capabiliti@sd automated mesh generatibarther numerical

investigation and improvement of the current model will be perfomed to improve the
correlation between the experimental and numerical cases. Thaleml further and more
detailed investigation of the resulting flow field as a resiulhe micro arrangement of tidal
turbine devices arranged in arsayhe definittionof array cases are provided with reference

to Fig. 10, wherethelongitudinaldistance between the first and second réwudbines (R1)

is varied from3D to 5D denoted as L3 and L5 respectivele third row of turbines is

always located 12D downstream of the first row. Transverse spacing (S) is denoted as T15,

T2 and T3 to identifygach combination tested.

Firstly the wake of a single turbine arrangement will be compared to theolkired from
PIV measurementBhe numericatesultsof a numbe of different array sections atleen
compared to the experimental results of arrays watlying longitudinal and lateral inter

device spacingl'he wake characteristics are then further investigated using the obtained
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numerical dataData is presented in termstofie averageth-stream wake velocity deficit

(1- U/Ug) and turbulence intensity

R1 R2

Fig. 10 - Definition of Array casesR1 is denoted as L3 or L5 whereas S will be given either
T15,T20or T3

3.1 Comparison with Experiments

The velocity and turbulence characteristics@mmpared to those recorded during the
experimental studyBetween 9D and 14D no measurements were taken during the

experiment due to obstruction of the PIV equipment by a steel frame between the observation
windows of the test sectioiVhere thecentreline measurements were taken for the position

of the second row (at 3D and 5D downstream respectively) no measurements could be
obtained for the close lateral spacing of 1.5D in the PIV due to the presence of the tidal
turbine.No data is obtained ithe numerical simulation between 12D and 14D due to the
location of the downstream turbirfeurther investigation of the flow characteristics follows

this comparison.
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Fig. 11 - Comparisorbetween numerical simulations (solid line) and experiment
measurements (box) for a Single turbine operating in ambient flow of 0.44m/s: Velocity
deficit (a) and turbulence intensity (b).

The agreement between numerical simulations and experimental measigrgaries
depending on the location and configuration of the conducted tests and corresponding
numerical simulationKig. 11 - Fig. 13). The wake characteristics of a single turbine
presented ifrig. 11 (a) show good agreement between 5D and 9D, thisnwiange of
placing the secontbw turbine. The velocity deficit downstream (1£20DD) matches well
with that measured during experiments. The ddtvelocity recovery obseedbetween 7D
and 15D is very similar and a remaining velocity deficit of 13% is obsdordabth at 20D.
The turbulence intensity is over predicted in the near wake of the tidal turbine (x/D < 5), the
trend of dissipation of turbulence towards fsteamlevels as well as the location of
maximum turbulence intensity are similar, yet differ in magnitudegproximately7%. In
the far wake region between 1520D good agreement is shown, with a remaining
turbulence intensity between 5%% at thecenteline height of the tidal turbine thus not
recovering towards free stream levels within 20D. Further downstream the numerical

turbulence intensity remains slightly higher than ambient turbulence (5% at 20D) whereas in
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the experiment the turbulence integsicovers to about 7% at 200he increase in

turbulence intensity observed in both cases, reaching a peak between 4D and 5D shows the
location where centre line wake recovery accelerates. Differences are most pronounced in the
near wake close to the qugut structure where high velocity gradients and stagnating flow

was observed in the experiment, thus increasing the difficulty of ensuring appropriate time
stepping of PIV measurements. The numerical simulations showed accelerated flow around
the turbinehub followed by the wake expanding towards the centre line, thus explaining the

increase in velocity deficit between 2D and 4D.

Comparing the array centre limelocity deficit and turbulence characteristics at hub height
showsbetteragreement acroskearray formationgFig. 12 & Fig. 13) than the isolated
turbine Some significant differences between experinagat numerical simulation are
observed immediately downstream of the turbine, where due to high velbe#ycross the
wake, calculation of flow vectors using PIV was difficult and further calculation of
turbulence intensity for very slow flow velocieesulted in high values compared to the
numerical solutionHowever, the velocity deficifa) shows better agreement in the wake
downstream of last row of turbines whereas the turbulence int€bkfty the close
arrangement of tidal turbines in a gaged array is agreeing well within the arraytieec
itself, between 2D and 90he increasing velocity deficit downstreaf the second row of
turbines isobservedn experiments and numerical simulatimn both array casesor
L3T15,the experimentshow anear constantelocity deficitbetween 5D and 7@nd
numerical resultsHig. 12(a)) indicate an increase in velocity deficit by 886 L3T15

between 4D and 6Drhe wake recovery downstream of the last row difihris increased
for L3T15in the experiments between 15Bda18D however, the final velocity deficit
remaining in the wake at 20D downstream differs by only 8. the increased longitudinal

spacing shown ifrig. 13, the velocity deficits agree very well within the combined array
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wake downstream of the last turbine. The increase in velocity deficit downstream of the
second row turbines is alstservedor the longitudinal spacing of 5D as can be sedfign

13 (a) between 6D and 9D. Flow recovery downstream of the last row is almost idevitircal
differences in the velocity deficit of approximately 2%.eTturbulence intensity within the
array is predicted well within (4BD) the array as seenkirg. 13(b). The dissipation of
downsteam turbulence séower in the numerical simulation than in the experiments recorded

and a higher turbulence remains at 20D.

One reason for the differencssan observed shift in the wake centreline due to higher shear
at the upper wake boundary in the experiments. Tdsslot been shown in the numerical
simulation and could be influenced by the omission of the small support frame used in the
experiment that effectively increased the roughness of the test section floor which led to less
mass flow at the underside of thake as was shown l§Myers and Bahaj (201pjor

actuator disk experimenti® a low ambient turbulence environment the developing wake

from the support reduced wake mixing on the lower part of the wake, thus slowing down
recovery of velocity whenompared to numerical modelling where flow is passing between

the bed and turbine wake as will be shown.
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While the turbulence intensity is matched well in the inner ageasion the velocity deficit

shows better agreement for the downstream wake region. The inner array region is where
device generated turbulence dominates and the influence of not including the support frame
in the numerical model is less pronounced. Maiglthe turbulence intensity within the array
improvesthe prediction of the centreline velocity recovery downstream of the array. The
wake downstream of the array differs in terms magnitude of turbulence intemsidybe

caused by the turbine wake reaxhtowards the bottom of the test tank, thus reduced mixing

occursandthe wake is observed further downstream of the array.

3.2 Wake characteristics from CFD

Comparison of array wake characteristics across the two longitudinal spacings of L3 and L5
are slown inFig. 14 (a) and (b) respectively. Close lateral spacing (T15) showed a higher
remaining velocity deficit for a longer downstredmtancewithin the array section for both
longitudinal spacings teste@iwo diameters downstream of the second turbine row, the
velocity deficit is highest for T15 and lowest for T2, downstream of this point the recovery
rate is slower for T15 than for T2 & T3 with tixede lateral spacing of T3. The velocity
deficit upstream of the last turbine is reduced By836 for configuration T2 & T3 by
increasing the longitudinal separation of the first two rows from 3D to 5D. There is little
difference for the inflow to the & turbine for the close lateral spacing of T15 with a velocity
deficit of almost 50% one diameter upstre&or. T2, little recovery is observed between 6D
and 8D at the array centre lirfeor transverse spacing of T3 steady wake recovery is
observedip to11D before an increase in velocity defioft8% between 1D and @b

upstream of the last turbiman be seen ishown inFig. 15. Downstream of tharray the rate

of wake recovery is very similar withe T3 cases showing slightly accelerated recovery and

little differences in the remaining velocity deficit are seen.
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Fig. 15- Comparison of velocity deficit at array centre line between L3T3 and L5T3

Comparison of theentre line velocity deficion the vertical plane (x4pr L3 arrays(Fig.

17) shows an area of reduced deficit just downstream of the second rowfoot®i$ and

T2 in (a) and (b) respectivelwhere the ambient currentflswing towards the array center
line due b theincreasedlockage of the two rotorthius reducing the velocity deficit
Downstream of the second row turbines a stronger velocity defe#enTheverticalarray
centre line showthat the transverse spacing influences the vertical characteos$tihe

wake with a more pronounced areastwiw moving fluid being present and larger variations
of the velocity deficit across the rotor heiganging from20% to 45%. This will influence
the performance and optimum tuning of downstream turbinesitopgin a highly varying

flow field across the rotors

The thrusiand powercoefficiens for all turbines are presentedliablel, performance data
for the downstream turbine hiagen calculated based on the array inflow @ ( U D)
and thepredictednflow velocity onediameter upstream of the turbjreeseraged across
circular elements across the turbine diaméisym the presented data it can be seen that

while the operation of the first turbine is constant across all configuration, the second row

turbines operate similar to an isolated turbine with large transverse spacing and show lower
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power coefficients whena@se to or operating in part of the upstream wake. The performance
of the downstream turbine is significantly reduced, as expected due to operating off design

point (TSR=4) with an effective TSR of 5.4 to 6.5 due to the slowed inflow conditions.

Tab7l-ompari son of operating conditions of tu
(¥ and 1D upstream of | ast turbine are used
power coefficient pfddbswnetreambitone hame ¢IDOw
TSR is 4 for all turbines facing ambient flo
turbine has been included.
Single L3T15 L3T3 L5T15 L5T3
Turbine CT CP CT CP CT CP CT CP CT CP
A 0.7 0.34 070 |0.33 J|0.70 |0.32 |0.70 |0.33 |0.70 |0.33
B 0.62 |0.27 1071 030 |0.64 |0.29 |0.74 |0.38
c 0.63 |0.25 |0.70 |0.32 |0.65 |0.29 |0.74 |0.35
Effective TSR 6.3 5.4 6.5 54
D Array Y 0.36 |0.04 1043 |0.09 |0.34 |0.02 |0.46 |0.11
0.9 0.13 | 0.79 |0.19 |0.95 |0.08 |0.65 |0.23
Uip Upstream

The differences in the resulting wake field within and downstream of the array can be
observed frontig. 16. With closer lateral and longitudinal spacing (a), the flow field shows a
combined wake without ambient flow between the adjacent turbine wakes. An area of slow
moving fluid, about 1D wide,an be seen at the array center line downstream of row two.

The initial wake of the first turbine contracts between the rotors of the second row and is less
pronounced in the near wake, however the velocity deficit increases further downstream as
shown preiously inFig. 14. For the increased turbine separatioa initial wake develops

behind the turbine structure showing an increased velocity defidia&ter recovery

downstream of the second row turbines. &hwbient flow separates the adjacent wakes and
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1 individualwakes can be clearly identifieDownstream of the array, a larger velocity deficits

2  persists in the transverse direction.

3
4  Fig.167 Comparison of velocity deficit between L3T15 (a) and L5T3 (b)
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