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EXECUTIVE SUMMARY

This document outlines the issues associated witiefiing a region of the wake behind a
tidal turbine rotor, known as the near wake orlibginning of the far wake region. A review
of the existing literature is presented which pded an overview of both the applicable
modelling options and previous experimental camupaighich characterise the wake region
of interest. The GH near wake model is describebithe modelling approach justified.

The GH near wake model uses a semi-empirical appraaenable the initialisation of the

GH far wake model. The key parameters which afteet model include: rotor thrust,

ambient flow turbulence and the potential impact bmfunding surfaces and/or other
surrounding turbines. The model is used to pratietthree dimensional flow field which is

then passed to the GH far wake model as an inpé GH Blockage model feeds the model
when appropriate, providing a corrected rotor thiarsd an altered flow field around the
turbine.

The GH near wake modelling theory is describedilhvith detailed derivations in the main
document and in the supporting Appendices. A listay assumptions that the GH near wake
model makes is provided along with the relevargneices to existing theory.

The method by which the mathematical models ardemented into a working code is
described, as is the way in which the GH near wakeel is to be incorporated within the
GH TidalFarmer Beta code. Flow diagrams of the @#&r wake model algorithms are
presented and example outputs provided.

The PerAWaT work packages WG4WP1, WG4WP2 & WGAWIPBravide experimental
data to support the development and ultimate vididaof the GH near wake semi-empirical
model. The PerAWaT work packages WG3WP1& WG3WPB provide detailed CFD
simulation results of the near wake region to fertimvestigate the effects of bounding
surfaces and provide additional validation of aike FDC.

1o0f 40
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SUMMARY OF NOTATION

Turbine characteristics

CP
Cro
C
Co

Power coefficient

Power coefficient of the rotor in a boundless flow
Thrust coefficient

Thrust coefficient of the rotor in a boundless flow
Power

Electrical power

Axial thrust on rotor

Rotor diameter

Area

Hub height

Wake width

Velocity deficit

Corrected velocity deficit
Initial velocity deficit

Area averaged velocity deficit
A constant value relating wake width to varianc
Ambient turbulent intensity
Wake centreline flow speed
Incident flow speed on rotor
Mean free stream flow speed
Wake flow speed

Length of the near wake

Density

Dynamic viscosity
Kinematic viscosity
Gravitational acceleration

Cartesian Co-ordinate systems

X

y
z

Abbreviations

1d
2-d
3-d

BEM
CFD
FDC
RANS

A general glossary on tidal energy terms was pexvids part of WG0 D2 — “Glossary of
PerAWaT terms”. This is a working document whichllwie revised as the project

progresses.

Not to be disclosed other than in line with thernteiof the Technology Contract

Axial co-ordinate
Transverse co-ordinate
Vertical co-ordinate

one dimension (typically in the x-direction)
two dimensions
three dimensions

Blade element momentum
Computational fluid dynamics
Fundamental Device Concepts
Reynolds averaged Navier-Stokes
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1 INTRODUCTION

1.1 Scope of this document

This document constitutes the second deliverab® @ working group 3, work package 4
(WG3WP4) of the PerAWaT (Performance AssessmeWabe and Tidal Arrays) project
funded by the Energy Technologies Institute (ET®arrad Hassan (GH) is the sole
contributor to this work package. This documentcdéss the theory behind and the method
of implementation of the mathematical models useevialuate the near wake forms behind a
tidal turbine.

1.2 Purpose of this document

The purpose of WG3WP4 is to develop, validate aaduthent an engineering tool that
allows a rapid assessment of the energy yield pateaf a tidal turbine array on non-
specialist hardware. The specific objective of W&®4 D2 is to both document and
provide a technical justification for the use oé texisting GH near wake model within the
suite of models that make up the engineering @6l TidalFarmer’.

1.3 Specific tasks associated with WG3 WP4 D2
WG3WP4 D2 comprises the following aspects:

« A detailed description of the theoretical basishef GH near wake model

« A description of modelling methodology.

« A description of the method of integrating the Géanwake model into the GH
complete engineering tool code.

1.4 WG3 WP4 D2 acceptance criteria

The acceptance criteria as stated in Scheduleofitke PerAWaT technology contract is as
follows:

D2: Near wake modelling report describes:

« How the existing GH near wake model is extendedntmrporate different
ambient flow conditions (turbulence intensity, bdung effects of the seabed and
the free surface, and multiple wake interactioramfrthe presence of other
devices).

« The theory and methodology (assumptions and algos} behind the resulting
near wake model.

« The method of integrating this model within the &8ebde.

3 0f 40
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2 BACKGROUND

This section introduces the concept of a wake.odmarison between tidal and wind turbine
wakes is presented which highlights the specifmpprties of tidal turbine wakes. A zonal
model of a rotor wake is then presented, whicloghices the concept of a “near” and “far”
wake. The section concludes by commenting on facidrich particularly affect the near
wake.

2.1 General description of wakes

When flow passes a solid body, separation of then8ary layer from the surface occurs at
some point. Downstream of the separation pointflive becomes disturbed by large-scale
eddy motion. This region of disturbed flow, commonéferred to as the wake, is usually
turbulent and has a different net axial velocityite surrounding fluid (the free-stream), thus
forming a shear layer. In time, turbulent mixingtloé wake flow with the free-stream occurs
until they merge, in such a way that conserves mbume (Tennekes 1972).

Figure 2.1 illustrates the streamtube that encosgsashe flow which passes through the
rotor swept area. The region downstream of therr@dknown as the wake. This is a
turbulent region which has reduced axial velociy atatic pressure compared with the fluid
upstream of the turbine plane and is bounded frieenduter (faster) moving flow by the

vortices that are trailed from the blade tips.

Yertical

Lateml‘h

Streamline on streamtube Outside streamline

Figure 2-1 The near flow field in and around a roteo in an unbounded flow

2.2 Comparison between wind and tidal turbine wakes

The flow through and around a tidal turbine has ynamilarities with other commonly
found rotors, in particular wind turbines. As fowand turbine, the kinetic energy of the fluid
(tidal stream) is converted into the rotationalrggeof the turbine, simultaneously driving a
generator and thus creating electric power. Thakeg) has shown that power performance
of Marine Current Turbines’ “SeaFlow” device (a BWO prototype) demonstrates
reasonable agreement with predictions from a b&édment momentum (BEM) code. BEM
codes are the design and prediction method thasesl predominantly in the wind energy
industry. This provides anecdotal evidence thatgse of energy (or momentum) extraction
is very similar to that which is understood for @iturbines.

4 of 40
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However there are some key differences been thesfthat wind and tidal turbines operate
in, these include:

» the presence of a bounding free surface (leadimdpitkage)
» additional types of flow unsteadiness (such astduke effect of passing waves and
different types of turbulence)

Cavitation is an added dynamic effect that hagptitential to occur on parts of tidal turbines
but is not a factor for consideration on wind tuds. However since cavitation will only
have an indirect impact on the wake structure andesthe majority (if not all) device
developers are likely to design their devices toiéthe occurrence of cavitaton, due to its
adverse impacts, it will not be considered furtinethis report.

There is also a concern that tidal flow turbulecbaracteristics may be shown to be site-
specific, and thus be difficult to describe usitgnslardised turbulence models, as discussed
in the BERR report prepared by GH (2008). The diffees between the flow environments
that wind and tidal turbines operate within wilateto differences in the specific wake form
and its evolution and these are discussed furth&eiction 2.4. Table 2.1 summarises the
main parameters which characterise the flow enwremt and performance measurements of
tidal and wind turbines.

As shown in Table 2.1 below at a typical rated flspeed (where the steady axial thrust is
typically at a maximum) the power to axial thruatio is almost five times higher for the
wind turbine than a tidal turbine (assuming the eapower and thrust coefficients to
equivalently rated wind and tidal turbines desigedyenerate that power for speeds of
12m/s and 2.7m/s respectively). Hence the forcegemenced by a tidal turbine per unit
radial span are going to be significantly highearthihe equivalent forces experienced by a
wind turbine for the majority of its working lifgean. As a consequence modifications will
be required to the structural design of the rotadés compared with wind turbines, i.e. they
will have a higher solidity and a thicker chordtdisution. This will impact on the specific
form of the near wake.

However, the ratio between the momentum deficit garad to the influx momentum in a
tidal turbine wake is characterised by the thrasfiicient. Leading device developers such
as TGL, MCT and Hammerfest Stram all report simitaust coefficients to wind turbines.
Some device developers are pursuing different dpegrahilosophies such as stall regulated
or over-speed operation (or even rating at the pleak speed), which is in contrast to the
more-or-less wind industry standard operating @iy of pitch regulation.

5 of 40
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Ratio
Global constants Air ! Water AIW
Gravitational acceleration g 9.81 9.81 /s 1.00
Density p 1.225 1000/ kg/th 0.0012
Dynamic viscosity U 1.79E-05 1.14E-03 kg/ms 0.016
Kinematic viscosity v 1.46E-05 1.14E-06 m/s 12.38
Environment
typical rating velo (hh) Y 12.0 2.7 mis 451
typical mean velo 1( 1.5 m/s 6.67
typical extreme 7( 45 m/s 15.56
ratio mean to extreme 7 3 2.83
ratio rated to extreme 58 1{7 3.45
boundary layer
height to free stream floy 2,000 44
Re BL 4.59E+07 5.03E+0f 091
typical roughness (sand) 0.0003 0.0003
typical power law (sand) 0.1000 0.14P9
angle of slope for separation <17
Typical characteristics for a
1MW device
Turbine diameter (length-scale) ) 50 18 m 2|78
Swept area A 1963 254 m"2 7.72
Thrust coefficient c 0.89 0.89 1.0d
Power coefficient e 0.5 0.45 1.11
Rated power electrical P 1.00 1.000 MW 1.00
Rated power mechanical P 1.10 110 MW 1100
Rated thrust T 163 736 kN 0.22
P/

Rated power to thrust ratio T 6.7 1.5 4.50
Rated impedance (T/)J Im 13,623 276,234 Kkgls 0.05
Rated momentum flux 93 3,610 kg /mg2 0/03
Typical hub height 5( 20
Peak steady tower bending mome 8169 14699 KNm 56 |0.

2.3

Table 2-2 Numerical comparison of tidal and wind tubine parameters

Rotor wake regions and profiles

The specific form of a wake is likely to be complied and device specific. Lissaman (1977)
pioneered the transfer of profiles describing tleeay of turbulent jet flows (Abramovich
1963) to their application in describing wind turbi wakes, providing a mathematical
description of the wake. Lissaman (1979) proposetbdel for a wind turbine wake, which
as demonstrated in figure 2.2, subdivides the vimtkethree zones:

Near

Transient

Far wake

As discussed in the previous section, tidal turbirakes have many similarities with wind
turbine wakes, hence the same model is applic&heTidalFarmer, along with many other
established semi-empirical models for modellinguareffects on wind turbines, is based on

! Conditions at15°C and 101.3 kN/f NB. Values for sea water will be slightly alterdde to
salinity.
6 of 40
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Lissaman’s zonal description of the wake; hencertoelel an overview of the model is
presented here.

End of near wake /
Transition region

S
Near region Far region
Turbine
rotor _
Core region —

| >
I >

X
H
Figure 2.2 Wake structure, as proposed by Lissamafi1979)

Near wake: The near wake is the region immediately downstrefihe rotor in which the
specific properties of the rotor can be discrimigiatsuch as the number of blades, tip
vortices and stalled flow. The extraction of monmemtfrom the flow, whilst conserving
mass, drives a wake expansion, which also occurshim region (usually within 1D
downstream). The vortical structures which areldchiand shed from the blades and the
device support structure comprise the wake andréfgion is bounded from the outer (faster
moving) free-stream fluid by the vortices trailearh the blade tips and shed from the
support structure. As discussed by Smith et al§20Be near wake contains a “core” region
in which constant velocity is assumed. The largecity gradient at the edge of this area
together with the tip vortices generates the aslai turbulence in the wake. This additional
turbulence, in conjunction with the ambient turlmde, increases the shear layer thickness
with downstream distance, and at a certain distalogenstream the shear layer reaches the
wake axis. This marks the end of the near-wakeregi

End of the near wake / Transition region A review of literature from the wind energy

sector suggest that the length of the near walapén to debate in the e.g. Quarton and
Ainslie (1990) suggested that the length of ther meske varies between 2D and 4D, whilst
Crespo and Hernandez (1996) recommended a lengbetafeen 1D and 3D downstream.

Another name for this region is the transition oggi.e. the region which marks the end of
the near wake and the beginning of the far wakerevitiee wake can be said to be fully
developed. This transition region is small and geagted in the schematic given in figure
2.2. For the purposes of PerAWaT this transitiogiaie will referred to as the “end of the

near wake”.

Far wake: Once the initial conditions for the far wake ar¢abfished by the near wake
region there are two main mechanisms that drivewthke structure. These are convection
and turbulent mixing. If the fluid were completehyviscid then a volume of slower moving
flow would convect downstream at a slower rate thilae free-stream flow. However,
turbulent mixing is present and acts to re-enerjisavake, breaking it up and increasing the
velocity until, at a point far downstream, the meafocity profile across the wake is similar

7 of 40
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to the free stream. Thus the far wake region pssge from the near wake region expanding
as the velocity deficit recovers.

Lissaman (1979) postulated three different profftasthe near, transition and the far wake
regions. For the core region he selected a boxeshpmfile (often referred to as a “top-hat”),
for the near wake and the end of the core regientfe transition) the profile has a blunt bell
shape and for the far wake region a bell shapdasitu a Gaussian profile. The various self-
similar wake profiles suggested by Lissaman arevehim Figure 2.3. This figure shows
profiles in the initial (near) region, one whileethore is still present and the other at the end
of the initial region. Also shown are a typicalrtsétion profile and a far wake profile. It
should be noted that both radius and velocity defi@ve been normalized in the figure. The
centreline deficit is determined by the momenturtegnal which represents the axial
momentum deficit extracted by the turbine. The aggion of self-similar profiles in the two
major regions, means that the flow field is fullyacacterized by the velocity and radius scale
so that it is only necessary to know the rate okevgrowth to have full mathematical
description of the flow field. The rules which detgne the wake width are analytical as they
follow as a direct consequence from the assumpbbpsofile and momentum conservation.

It is the focus of this report to detail the modeiployed to represent the near wake region,
by which we mean the end of the near wake regidnbaginning of the far wake

8 of 40
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FAR WAKE
REGION

TRANSITION
REGION

INITIAL
REGION, X = X

INITIAL
REGION, X = D.5X,

AT POWER
EXTRACTION
DISK

FREE STREAM

Figure 2.3 Normalised velocity profiles in the vamus wake regions. Reproduced from Lissaman
(1979)

2.4 Factors affecting the near wake of a tidal turbine

The main factors which will affect the near wakeadfdal-stream turbine include:

* The amount of energy extraction

* The specific rotor geometry — e.g. number of blattesl distribution, hub size

* The operating speed of the rotor

* Ambient flow conditions, including those generabgdthe rotor support structure

* The presence of bounding surfaces

* Proximity to a free-surface
Some of these effects are illustrated in figureghd the potential effects of these parameters
are detailed in this section.

9 of 40
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C, C, U, (=Fu)

p?

Incident
velocity profile
determined by:

Velocity profile
(deficit) in the
wake

Thrust on rotor
Power extraction

O) »Orbital velocities

03 from wave motion, otor -
function of Tand H iti
l Near wake Trans_ltlon Far wake
region

»Natural shear
profile :>
»Ambient turbulence

generated from the
z sea bottom

R
Bounding effect
of sea surface

and sea bed

Core region

[ Input variable
] Output parameter

Figure 2.4 Variables affecting device performancerad wake structure.

The amount of energy extraction as a percentagbeofnflux energy is a function of the
operating point of the turbine i.e. the specifiecnp@n the performance curve {/&nd Gas a
function of tip speed ratio). Results from the ENDQproject (Barthelmie et al. 2003)
suggested that lower thrust coefficient values Itdsuless velocity deficit and hence less
mechanical generated turbulence (shear) addea ingar wake. However there is some non-
linearity in the thrust coefficient, which is a fition of the shape on the performance curve,
therefore this may not be a general rule. And thergsome evidence that passed the rated
flow speed point, the wake velocity deficit is alsmction of the power coefficient. The
ratio of Power to Thrust is lower for tidal turbsand thus it could be that this effect is very
small for tidal turbines. It is a core objectivetbé PerAWaT project to parameterise the near
wake form.

The specific design of the blade (rotor geometsya ifunction of many factors, firstly the
operating philosophy i.e. stall, pitch, or overapeaegulation, followed by the number of
blades and also the specifics of the hub and t§igdeio minimise losses. The blade shape
will affect the relationship between rotor thrusidgpower extraction, it will also affect the
load distribution along the blade which may impacthe shed vortices that make up a major
part of the near wake. The number of blades ldiseat impact on the specific blade design,
and also on the number of trailing vortices. Samyl the operating speed of the rotor will
impact the near wake structure, i.e. the greaterakation speed of the rotor the more swirl
will be carried into the near wake. Typically tidarbines are designed to lower tip speed
ratios, thus reducing the amount of swirl impariatb the flow as compared to wind
turbines.

Different ambient flow conditions have varied etfeon the near wake and the overall wake
recovery, e.g.
* The amount of ambient turbulence intensity in avflean significantly enhance the
mixing process and hence speed up the erosioneotdhe region and hence the

10 of 40
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downstream position at which the end of the neakewean be said to have
occurred. Ambient turbulence intensity is promimgrgoverned by the seabed
roughness.

* Free-surface waves are another source of flow tenige. Certain wave states and
operating depths may significantly impact on thererwake recovery process.

* There is little data on the general form of thermary layer (shear profile) at tidal
energy sites. Some evidence suggests (Thake (R@%#8)the modified seventh
power law is appropriate, but at other sites ithmhige different. Operating in the
lower region of the boundary layer may lead togmigicant asymmetry in the flow
above and below the wake, leading to alteratiaihénnear wake form.

e Large scale eddies are another source of turbuleindeh have the potential to
introduce additional energy to the wake, potentiallther aiding recovery.

The presence of a bounding free surface will l@adrt altered flow field around the turbine
which may impact on the wake recovery and/or othaines, including the

» Local flow acceleration in the near wake due tackémye, which may act to alter the
rotor operating state.

* Wake recovery and expansion: The flow velocityhe bypass region around the
turbine (and hence the near wake) will be increasmdto the restriction of two
bounding surfaces. This leads to change in thecitgldeficit compared with the
same rotor operating in an unbounded flow, whictum will have an impact on
the rate of mixing between the wake and the byflassand the resulting wake
recovery length scales.

The extraction of momentum from a tranquil freeface flow (i.e. Froude number < 1)
results in the reduction of gravitational headaerop in water depth as the flow passes over
behind the turbine (Whelan et al. 2009). Typicahg Froude number is sufficiently small
that the gravitational head loss is minimal; andhi@ case of an isolated turbine, where the
blockage ratio effectively goes to zero, this effiscnegligible. Anecdotal evidence to-date
from prototype deployments (evidence from MCT's d6w” and “SeaGen”) suggests that
there is no obvious changing in free surface. el if the distance to the free-surface is
small it might impact on the near wake form ang thia matter for investigation.

As explained in detail in Section 6, the primaryeative of the GH near wake Model is to
initialise the far wake modelling. Hence it is thgestigation of the effects of the differences
in the flow environment on the beginning of theviaake form and the identification of where
the end of the near wake occurs which comprisejarmajective of the PerAWaT project.

2.5 Ducted and open-centre turbines

The unducted 3-bladed horizontal rotor has emeegethe leading technology in the wind
energy sector. Tidal stream energy conversion togy is at a very early stage of
development and at present there is a multitudgfferent technological approaches towards
capturing tidal-stream energy. More detail on thitecknt fundamental device concepts
(FDCs) currently being pursued has been providedem WGO0 D2. Within the PerAwWaT
project three fundamental rotor configurations hla@en selected for analysis:

* Three bladed horizontal axis axial flow turbineré bladed turbine)

* Ducted horizontal axis axial flow turbine (ducteddine)

* Open-centre horizontal axis axial flow turbine (ofmentre turbine)

Literature on the specifics of the form of the neake of either ducted or open-centre
horizontal axis axial flow turbines is scarce. Tehée little doubt that the specific properties
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of the near wakes of the 3 different FDCs will lifedent due to both the rotor and support-
structure, however the far wake profiles are likelype similar.

Figure 2.5 is a CFD plot of the expected wake féwma ducted rotor. The specific geometry
of the duct (or diffuser) will affect the structuoé the near wake, e.g. the amount of initial
expansion and the persistence of the core regiime developers of ducted devices make
many claims for the benefits of using a duct, aigh fon the list is the ability to capture
additional flow at large yaw angles. The CFD plodvided in Figure 2.6 below illustrates
this effect (the duct creating a lifting force) hé near wake form becomes very asymmetric
in such a scenario.

Figure 2.5 CFD (Ansys CFX) simulation of a ductedurbine. Reproduced from Miinch et al.

Figure 2.6 Effect of yawed fIW on a ducted vio(e!\nsys CFX). Reproduced from the Lunar
Energy website.

It the purpose of experiments and numerical sinarat being conducted as part of
WG3WP1, WG3WP5, WG4WP1 and WG4WP3 to establishkéyedifferences in the near
wake between the different FDCs.
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3 REVIEW OF RELEVANT MODELLING METHODOLOGIES

To date research into the analysis of tidal turlgpecific effects, such as the effect of the
bounding free surface and seabed and differentearhBow conditions on tidal turbine wake
and its development has been limited. However ewewof the literature reveals an extensive
body of theory on wake modelling methodologies Wwhaan be adopted from the wind
energy sector. Work on wind turbine wakes has dnbdels with varying degrees of
sophistication. Complex field models at one of gpectrum attempt to model the wake of
wind turbine using the fundamental equations ofiomtat the other end of the spectrum
empirical approximations are used in kinematic n®tie describe the wake. Outlined below
are the four main theories associated with wakeettiod. An initial description of these was
provided in WG3WP4D1. Further description of thedeiing method and the ability to
represent the near wake is given in the followinlg-sections:

e Actuator disc theory

* 3-d Potential flow methods

e Computational Fluid Dynamics (CFD)

* Semi-empirical wake models and simplified CFD metho

The review paper by Vermeer et al. (2003) providesomprehensive summary of the

existing modelling methods for wind turbine wakesl gresents the fundamental equations
upon which each method is based. This section ptevan overview of these modelling

methodologies, each with varying computational neguoents. The reader is directed to
Vermeer’s publication for more specific detail tre$e methodologies.

Traditionally, near wake research has been prignéwsdussed on assessment of performance
and loading on a single wind turbine, while thevieake research has been more focussed on
array effects. Because the near wake charactaristithe flow are initial conditions for the
far wake, reference to the near wake in the workhenfar wake is often made, and vice
versa, hence it is difficult to draw an exact distion between the methodologies employed
for the near and far wake research.

3.1 Actuator disc methods

A commonly used model for the assessment of winintg performance is a 1-d (although
assuming the wake is axisymmetric allows it to besidered 2-d) momentum balance of
flow past an actuator disc in unbounded flow. Tbeiator disc distributes the loading of the
turbine blades uniformly over a disc which actsaagiscontinuity in pressure in the flow.

Actuator disc theory is reviewed in many textbookshelicopter and rotor aerodynamics.
Mikkelsen (2003) provides a comprehensive reviewattiator disc methods applied to wind
turbines, in which the actuator disc concept hanhesed in combination with a variety of
equations. Whelan et al. (2009) have used the @ectdésc concept to develop a theory for
the bounding effect of the free surface on tiddbitues.

The actuator disc concept assumes an ideal (iNidbiid and that the shear layer is
infinitely thin. It provides a prediction of theespd in the wake at a single point downstream
in the far wake, which is assumed to be the paiiat po turbulent mixing; and results in the
relationship that the velocity deficit at the diggelf is half that in the expanded wake. As
such it can be used to correlate the performancetafbine to the amount of expansion in
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the wake, but it does not predict the flow fieldwamd the turbine. Actuator disc concept is
the main building block of many methods for modwg]liturbines, in which it is combined
with a viscous method. Blade Element Momentum th€éBEM) is the most commonly used
method for modelling the performance and loadingrators adopted for the commercial
design of wind turbines, in which hydrofoil datadasubsequent loading are determined
iteratively by computing local angles of attacknrthe movement of the blades and the local
flow field. The advantage of this model is thatitseasy to implement on a computer,
however similarly a BEM code does not provide aetad about wake development.

3.2 3-d Potential flow theory

Potential flow methods idealise the fluid to allamalytical solutions of the flow field around
a body (such as a turbine) to be found. They vargdmputational intensity from simple
potential models in which the body is represented Bource or sink, to vortex wake models
(panel methods and unsteady rotor lattice methogkich employ lifting line or surface
theory to represent a body(s) in a flow e.g. aemibn of sources or point vortices. The
velocity at any point in the domain due to theritisttion of sources, sink or vortices is then
evaluated from Potential flow theory. N.B. The wvas actuator disc methods discussed in
the previous section assume inviscid, incompressiht irrotational (i.e. Potential) flow, but
are not defined here as a Potential flow method.

Vortex wake models can either have a prescribeZ&in”) wake or compute the wake
development as a part of the overall solution pidace (“free” wake). The difference in the
wake models being that the “frozen" wake model imraform flow will simply move
unaltered downstream with the advancement of thed §tream, whereas in the “free" wake
model the wake interacts with itself as the soluii® stepped forward in time. In the frozen
or prescribed vortex technique, the position of thoetical elements is specified from
measurements or semi-empirical rules, making tbhbnigue computationally efficient, but
limiting its range of application to more or lessllAknown steady flow situations. The free
wake approach is more applicable for unsteady 8auations, complicated wake structures
and general flow cases, such as yawed wake stascturd dynamic inflow e.g. Simoes and
Graham (1991). The disadvantage, on the other hasndhat the method is far more
computational intensive than the prescribed wak#éhatk because the Biot—Savart law has to
be evaluated for each time step taken. Free wakkooe also have disadvantage of having
associated stability problems. Free wake modelg aen adopted widely in the helicopter
industry (Leishman 2006).

3-d Potential codes are capable of modelling boueslan the flow such as the free surface
and seabed. Wang & Coton (2000) used a prescritade ow-order panel method to

investigate wall effects on wind turbine flows. Hover some form of empirical correction

must be applied or artificial viscosity introduciedorder to capture the initiation of the far
wake e.g. using the velocity vorticity equationslesussed in Leishman (2006).

3.3  Computational Fluid Dynamics (CFD)

A computational fluid dynamics (CFD) code will befthed here as some code which
computes the solution to the Navier-Stokes equationa flow around a specified geometry
and within specified domain. A variety of commela@ades exist (e.g. Ansys CFX) or they
can be custom built, and they differ by the methadispted to solve the equations, and both
the types of mesh generator and turbulence modetdoged. However they all require the
entire domain to be computed before a solution nsved at. CFD codes range in
computational intensity, from simplified CFD modetoupled with other modelling

14 of 40
Not to be disclosed other than in line with thernteiof the Technology Contract



Garrad Hassan and Partners Ltd Document: 104329/BR/01 Issue: 2.0

methodologies, to fully viscous computational fladighamics (CFD) simulations. The former
can be quick to run but have uncertainties assegtiatith the assumptions employed. The
latter require a detailed set-up process and tenchave high computational power
requirements.

A lack of reliable turbulence models and the diffies associated with the prediction of
laminar to turbulent transition, the high compuiagl costs and the set-up complexities have
led to limited use of fully viscous codes which yide a complete geometric description of
the turbine for design purposes in the wind energgtor. Such methods have been more
frequently been applied to detailed investigatiaugh as modelling the effects of complex
geometries rather than looking at detailed strectiirthe near wake (e.g. Zahle et al. 2007).

Simplifications in the geometric representatiortted turbine are frequently made to reduce
computational time. For example Gant and Stall®008) used an actuator disc model
representation of a turbine to investigate unsteaifigcts of tidal turbines. However this

computation provided information on the far wakeudture, rather than the near wake.
Sgrensen et al. (1998) combined the actuator @igesentation with a 3-d Navier-Stokes
solver and a BEM type technique in which body feraee distributed radially along each of
the rotor blades in an attempt to study the effetthe wake dynamics and the tip vortices
upon the induced velocities in the rotor plane. Tirteen motivation for developing this model

was to analyse and verify the validity of the basgsumptions that are employed in the
simpler more practical engineering models.

CFD research which provides a “complete” descriptib the a wind turbine has taken place
mostly through centrally funded collaborative poige such as the EU project VISCWIND
(Sgrensen 1999), in which the participants haveompcehensive knowledge of CFD
techniques, however such models have still tendedse a hybrid of Navier—Stokes free
wake 3-d potential method in order to reduce comguime. No literature has been located
in which a fully viscous “complete” model of a tiumb has been produced. Figure 2.7 shows
an image from an inviscid CFD computation whichvyiles some information on the near
wake structure. This computation was performedgidie“PUMA2” code, which solves the
Euler equations (the inviscid Navier-Stokes equesipCharacteristics such as the number of
blades can be identified up to half a diameter dstrgam from the rotor plane, however, no
detail on the structure due to the shed vortices fihe blade trailing edges is visible.

Figure 3.1 Instantaneous vorticity iso-surfaces, dhined from the PUMA2 project. Reproduced
from Sezer-Uzol and Long (2006).
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3.4  Semi-empirical models and simplified CFD methaosl

A variety of semi-empirical wake and simplified Cliibdels exist which have been adopted
in the wind industry for prediction of wind farmfeéts, because they provide reasonable
accuracy and are significantly less computationd#lynanding than either full CFD or 3-d
vortex methods. These methods all have their @igirnthe work of Lissaman (1977) which
was presented in Section 2.3. At the time whenduosm first postulated the model for the
different wake regions and profiles there was kailata from real wind turbines available
for validation purposes. Since that time howevés gemi-empirical type of approach has
been adopted in a variety of commercial codesahatused for the performance assessment
of arrays of wind turbines e.g. GH WindFarmer (20&bich has undergone considerable
validation (Tindal et al. 1993).

Semi-empirical models coupled with a CFD model examples of rationalised modelling
approaches. The aim of the semi-empirical mod#&d iepresent the initial form of the wake
for subsequent far wake modelling. The key issu® ifully represent the factors which will
impact on the far wake modelling. In the wind istty the parameters incorporated within
the near wake semi-empirical model include: théihe thrust; the ambient flow turbulence
intensity and the wake width. The underlying the®ibehind these models are discussed in
more detail in Section 6, and a brief overview aing of the different approaches that have
been adopted are given below.

Wind industry standard models employ semi-empirgcal simplified CFD models and range
from being axisymmetric to 3-d and make varyinguagstions for the profile of the velocity
deficit in the wake regions. All the models desedtbelow solve a simplified form of the
Navier-Stokes equations to account for the conservaf energy, mass and momentum in
the flow and use an eddy-viscosity turbulence c@suoodel to describe the mixing between
the shear layer and the bypass flow due the ambar@haidded turbulence in the wake:

» Jensen’s PARK model (described by Katic et al. J98®ne of the simplest semi-
empirical models adopted. It is axisymmetric ansuages a rectangular (“top-hat”)
velocity deficit. This model is known to producegmsficant discrepancies with
measurements in the near-wake region due to thangadar distribution; however
the accuracy it provides in predicting the energgpat is surprisingly high. Hence
the model is commonly adopted in commercial codeghvrequire a large number
of calculations (e.g. such as those requiring cdatmnal for a large number of
different flow directions).

* Ainslie (1988) first proposed the prototype of thedel that is used today in almost
all industrial software packages for wind farm desisuch as in GH Wind Farmer
(2010). This model is axi-symmetric and assumesaas&an profile as the inflow
condition which initialises the far wake model. Angprehensive study was
undertaken by Hassan (1993) which allowed systemadlidation of Ainslie’s
approach.

 Crespo et al. (1994) proposed the UPMPARK modeljclwhs based on the
UPMWake model (Crespo et al 1988). This model assuanGaussian profile in the
far wake, but it is 3-d. (elliptical). As a resutt is computationally the most
demanding of the three semi-empirical models prtesehere. Validation of these
methods is discussed in provided in Crespo efl8bY).
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3.5 Summary of relevant modelling methods

Table 3.1 provides a summary of the different mioaelmethodologies presented in this
section. Actuator disc theory is based on the apsomof an ideal fluid and can be used to
correlate the performance of a turbine to the amotiexpansion in the wake, but it does not
predict the flow field around the turbine. Both Yot and CFD are useful in the investigation
of blockage and ambient flow effects on the neaitdfiwake structure. As part of the

PerAWaT project several CFD models will be devetbe/G3WP1 and WG3WP5) and

used to investigate the impact of blockage and emtfiow effects on the near field wake
structure. These results will inform the GH neakevenodel.

Table 3-1 Summary table comparing modelling methodogies

Existing model Advantage Disadvantage
Actuator disc 1-d analysis is too simplified to
theory and BEM represent the end of the near
models wake  sufficiently. Only

provides information at ong
assumed location in the wake |of
a turbine.
Provides no information on the
flow acceleration outside of the

streamtube.
3-d Potential flow| Proven method in the windNot insignificant computational
methods industry (good correlation tpeffort.

wind tunnel experiments).Require corrections for the
Models predict the effect of rotorprediction of viscous effects.
operating state, geometry, anhd
could be developed to
incorporate the impact of the free

surface.
Computational Removes the need to explicitiivery sensitive to  set-up
Fluid  Dynamics| model the near wake region, fufselection of most appropriate
Methods retains the key parameteturbulence model etc.). Models
dependence. require device specific

calibration. Very|
computationally expensive.

To maximize the energy yield from a farm of turlsin¢he inter-array flow field must be
predicted for numerous permutations of array dekigouts. An optimisation code must be
able to evaluate the downstream impact of tenarbinie wakes with varying flow speed and
direction. For this reason an efficient computaglonumerical model is essential. The
complexity and intensive computational requiremexitboth fully viscous “complete” CFD
and 3-d vortex models precludes their direct useatin engineering tool, such as GH
TidalFarmer. Instead a rationalised approach ifeped to form the basis for wake model
GH TidalFarmer taking the form of the semi-empiriceodel developed by Ainslie (1988).
As has been discussed in this section, semi-erapmodels have been widely adopted in the
wind energy sector for performance prediction ahgs of turbines. A review of the related
experimental work conducted in this field, whichpivided in the next section, confirms
that such semi-empirical models provide reasonabbcurate predictions of rotor
performance when compared to more complex methbus.theory behind this model and
how it has been and will be adapted in the devetoyrof GH TidalFarmer is discussed in
sections 6 and 8.
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4 REVIEW OF RELEVANT EXPERIMENTAL WORK

To date there are no (publically available) fulblecmeasurements of tidal turbine wakes
(near or far). The authors were previously involieén experimental testing programme of

tidal turbines (TSB project #200018), summarisedapers by Myers et al. (2008) and Bahaj

et al. (2007), which is discussed in detail in #&r8. A review of the literature again reveals

that the most applicable set of experiments thae Heeen conducted to date have been in
wind energy sector. This section discusses somma@ea of these.

4.1 Wind turbine near wake experiments

The review paper on wind turbine wake aerodynatmc¥ermeer et al. (2003) also provides
a comprehensive summary of near wake experimerdta 3 available for both full and
model scale wind turbine experiments investigathrgynear wake. However as discussed by
Vermeer, good near wake experiments are hard tbifirwind energy research. Given the
complexities in the near wake, model scale exparimare preferred because of the ability to
create a controlled environment. Again, the reaslafirected to Vermeer’s publication for
more specific detail on these experiments.

The porous disc analogue of a rotor has been frelyuesed to experimentally simulate far
wakes of rotors. Sforza et al. (1981) were somineffirst researchers to use the analogy for
modelling horizontal-axis rotors. The near wakeagdorous disc immersed in an axial flow
is clearly unrepresentative of a wind or tidal tog) due to the small scale turbulence,
however good agreement has been shown in the fee.Wdyers et al. (2008) used porous
discs to simulate the far wake of an array of tidebines and suggest that the near wake
specific parameters, such as swirl and shed vaeitibave little bearing upon wake re-
energisation and have usually dissipated by appratdly 4 diameters downstream.

Magnusson (1999) compared full scale measuremerkeinear wake to a simple numerical
model. His work highlighted the uniqueness of eaehr wake region and emphasised the
need for measurements of velocity profiles (i.ansects across the wake) rather than just
measurements at the centreline in order to coyraéctbrm numerical models. Medici and
Alfredsson (2004) measured the velocity deficivatious axial positions in the near wake of
a model scale wind turbine. The results of soméhee tests are shown in figure 4.1, in
which U/UO is the wake velocity normalised by thestieam velocity. A Gaussian type
distribution is shown to occur at 3 diameters ddvezsn from the turbine plane (x/D = 3D).
Figure 4.1 also provides insight into the effect ashbient turbulence, suggesting that
increased turbulence intensity leads to a quickeovery of the velocity deficit.
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Figure 4.1 Difference between the streamwise velbgiwithout free-stream turbulence (solid line)
and with turbulence (dashed line). Reproduced fronMedici & Alfredsson (2004).

4.2 Experimental validation of existing semi-empircal and simplified CFD
models

The semi-empirical wake models and simplified CFDdels widely adopted by the wind
energy sector for commercial purposes have beeticitlyp and implicitly verified by
accurately predicting wind speed in the far wakeviofd turbines and the power production
of wind farms for many years (Tindal et al. 1998Bhe ENDOW project (summarised in
Barthelmie et al. 2003) provided validation of aigty of models. Figure 4.2 shows that the
GH WindFarmer (labelled “GH") is shown to give goaegreement with measurements
(labelled “SMS vs LMS”) in the far wake region (dé&meters downstream of a specified

turbine).

Figure 4.3 shows the results of a validation stofisH WindFarmer. It demonstrates good
agreement between the measured data and the GHwada model prediction. As

previously mentioned, a comprehensive study wasenakien by Hassan (1993) which
allowed systematic validation of GH WindFarmer nlodde array experiments which are
planned as part of PerAWaT (WG4WP2) have been dedigaking into consideration the
learnings from this extensive former validation rexee.
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Figure 4.2 Experimental data and wake models for th single wake case. Measurments are
denoted by —x-. Reproduced from Barthelmie et al.2003).
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Figure 4.3 Comparison of GH Eddy Viscosity Model wh wind tunnel measurements at 2.5
Rotors downstream. Reproduced from the GH WindFarme Validation Manual (2003).
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5 THE GH NEAR WAKE MODEL
This section introduces the GH near wake modelth@adeasoning behind it.

The purpose of the GH near wake modelling is ngir&alict the change in wake form as the
wake changes at different downstream locations, tbutlescribe the wake form at the
beginning of the far wake region in order to idifa the far wake model.

5.1 GH modelling philosophy

GH’s modelling philosophy is to provide engineersgutions to meet a commercial need,
and in the case of tidal array design this meaogiging a design tool that can offer practical
solutions to aid the iterative design process. T|wvetbp an appropriate design tool,
rationalised modelling methods based on a physicalerstanding of the Navier-Stokes
equations that provide robust estimates with knawmgcertainties are preferred to more
complex numerical methods.

5.2 Description of the GH near wake model

The GH near wake model uses a set of equation®tieinthe flow inside the wake at the end
of the near wake region/beginning of the far wakgion. The model is based on a
fundamental understanding of the hydrodynamicsotdrs as they extract momentum from
the flow and flow dynamics. Coupled with experirtaridal and operational wind turbine
wake data a semi-empirical model to describe thkewarm in at the beginning of the far
wake region has been developed.

The GH near wake model incorporates the effecewéal key parameters:
« Turbine operating state in the form of thrust coéfht
« Ambient flow conditions
0 Incident flow onto rotor
0 Turbulence intensity
. Bounding effects from the seabed, free-surfacecdiner turbine wakes.

A detailed description of the theory behind the alad given in Section 6 which further
explains how the parameters listed above are ilocatpd into the model.

5.3 Justification for the rationalised modelling approach

The Actuator disc and BEM methods do not modefflihe field around the rotor and are of

limited use for the purpose of the characterisinghodelling the near wake. In comparison
CFD and vortex lattice methods can be used to nibdedletailed effect of changing the flow
direction onto a specific blade geometry. Howebsth are too computationally intensive
for the purpose of an array design tool. Typic&lyD is used at the validation stage of a
design, or when better understanding of complexdMtructure interaction is required.

Evaluating the array flow field using CFD to moeeich rotor is a hugely complex and very
computationally expensive task.

The table below highlights the change in ordemaignitude of computational effort with
modelling an increased definition of the rotor.h&ligh the most simple of Vortex methods
might be computationally feasible, the practicalqass of setting-up the model makes this
method unattractive for an array design tool.
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Table 5.1 Typical computation times source [Li et la (2007)]
Method Time[s]
Parametric model <0.1s
Vortex method (free-wake 2D) led
Vortex method (free-wake 3D) le5
CFD — RANS (Fluent) 2D leb6
CFD — RANS (Fluent) 3D >>1e6

Thus the objective of near wake modelling for usean array tool must be to produce a
parametric model which can feed either a detailechtionalised CFD model. The GH near
wake model is focused on using fundamental undwaltg, experimental and full scale data,
and available detailed CFD simulation results teettep a suitable parametric model. Hence
the aim of the GH near wake model is to be of sidfit complexity to incorporate the key

factors which impact on far wake modelling.

The evidence from the wind industry is that the &vakodelling in the areas of interest (i.e.
the far wake) is a function of two key parametexstpr thrust and ambient turbulence
intensity of the flow.
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6 GH NEAR WAKE MODEL THEORY

The GH near wake model is based on a semi-empintalel first proposed by Ainslie
(1988) that was first presented in section 3.1t.4s based on the idea of separate near/far
wake modelling. The near wake model is used ta@irge the far wake model.

This section details the fundamental assumptiorenuphich a semi-empirical model is
developed leading to a mathematical descriptiorthef near wake profile. The section

concludes with the key developments to-date ofGhenear wake model to account for the
tidal environment.

6.1 Fundamental understanding
The semi-empirical model developed by GH for wakedet is based on the following
fundamental assumption that momentum is conserviédva control volume (shown in the
Figure 6.1) during the energy extraction process:

Momentum deficit in the wake = Momentum flux inlo - Momentum flux in outflow
And that the

Momentum deficit in the wake = Thrust on rotor

Using actuator disc theory to describe the thrusthe rotor, the momentum deficit can be
described as.

j;uimuidV—jpuDDudv=%pctsui2 (6.1)
\ \Y

Where Ui is the uniform upstream velocity andis the downstream velocity field.

Assuming the flow is incompressible and applying tiivergence theorem, the above
equation becomes:

U.2dA - p [ u2dA =2 pc SU.2 (6.2)
i A ro 27t
r

Actuator disc theory applies a 1-d analysis to desa as a linear function of the upstream
velocity, i.e.

u=U, =aU, (6.3)

Combining equations 6.2 & 6.3 can be reduced tavitleknown equation:

C ={t-a?) (6.4)
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Figure 6-1 Schematic of 1-d wake flow

Defining the velocity deficit in a non-dimensioriatrm, then

u
D, =1-— 6.5
Sy 69

Combining 6.5 and 6.3 leads to
D,=1-a (6.6)

w

Then substituting into Equation 6.4 leads to
C,=D,[2-D,] (6.7)
Which rearranged and solved foy, pelds

D =1—% =1-./1-C, (6.8)

w
I

where L), is the area averaged velocity deficit in the waRéis equation is the basis of the
relationship between the wake velocity and the ihgrboperating state. However, as the
experimental and numerical models show the presiiven wake flow quickly breaks down
from the 1-d top-hat model and the velocity disitibn in the near wake is better described
by a Gaussian profile (as shown by Lissaman inreigua3).

6.2 Development of a semi-empirical relationship

Significant work by the Central Electricity Genéngt Board (CEGB) in the early work on
wind turbine wakes analysed experimental wake datalerive a set of semi-empirical
equations which describe the initial far wake peofit a distance of 2D behind the turbine
Ainslie (1985). The wake data showed that the deeaty in the far wake is comparatively
insensitive to the initial velocity profile and thasing a Gaussian profile at the near wake is
more than adequate to capture the dominate faatoich affect far wake modelling. Figure
6.2 below illustrates the use of a Gaussian profile
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Figure 6-2 Gaussian profile describing the wake fan

In low ambient wind flow the centreline velocityfabé (D), or peak of the Gaussian profile,
was show to be solely a function of the turbinaishiand the actuator disc model above was
corrected with empirical data such that

C, = 42D, [2-D,,][0.14-0.125D,}/[1-D,,] (6.9)
Which leads to the cubic equation i, D
D,’- 312D, + 1905(1176+C,)D,, - 1905C, =0  (6.10)
Solving for Dy leads to
D, =C, -0.05-[(16C, -0.5)] (6.11)
To ensure that momentum is conserved the widthhefwake must be set such that the
momentum deficit described by the axis-symmetriasSan profile. The following section
derives the wake width to ensure momentum in thieevisconserved.

Conserving mass,

pIUdA =p ] u(r)dA (6.12)

A A
[ r

Then Equation (6.2) becomes

pllu2 Y 2la=tc a2 (613
A Ui 27T

Or in cylindrical coordinates
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ane 2 1 2
[ JU. u(r)-u(r)“rdrdd ==C, U. (6.14)
00! 2t

Assuming an axis-symmetric Gaussian profile whigh be described by
2

r
_ _ZJ
f(r)=Ce (20 (6.15)

Whereo is the variance of the distribution afthe peak. Appling this to Equation 6.5
(whereD,, = D) yields:

2
—EM (BLJ
1-40 _p ¢ w (6.16)

U i m

Where C = Dm and BWis the wake width, and EM is a constant relating \thariance to
the wake width in the following way:
2
B

202="W_ (.17)
EM

Equation 6.14 then becomes

2
~EM {BLJ
u(r)=uU,|1-D_e w (6.18)

Substituting Equation 6.17 into 6.14 and integi@gtjields leads to the solution for the wake
width (a full derivation is provided in Appendix A)

B = 3.56C
" \8D,(1-0.5D,)

(6.19)

Further work incorporating the effect of ambiemvil turbulence (i.e. atmospheric boundary
layers Ainslie (1988) developed on this work andpmsed the following equation based on
wind tunnel studies (Connell 1982 and Vermeulen0) @8 rotors for the for the initial centre
line velocity deficit I, at a distance 2 diameters downstream, which fisneation of the
axial thrust and ambient turbulent intensity:

D = 1—% =C, -0.05-[(16C, -0.5)|

/1004  (6.20)

amb'

Where | is the ambient turbulence intensity of the flow.
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The two equations above are the initial conditiossd in the GH far wake modelling model.
The far wake model is a simplified CFD solution tfetails of which are in WG3WP4D5.

There are some additional factors to consider whiihht affect the far wake modelling.
One such consideration is the situation when dpirteris in the wake of another turbine. In
this situation the initial wake velocity deficit egs to be corrected from the incident rotor
flow speed to the free stream flow speed if thesesufficient available surrounding
momentum. This correction is necessary in orda@mgure that at distances far downstream,
the wake flow speed will recover to the free streatue rather than that incident on the
rotor. Therefore, the initial centre line velociy, is scaled by the ratio of the average influx
velocity U and the free upstream flow velocity accordinghe following formula, to yield
D¢ (the corrected velocity deficit):

D, =[1-2t |+ 2|, (6.22)
U0 U0
The applicability of this correction in closely &t arrays needs revision, where the

available surrounding momentum might be limited). én a blocked flow such as a tidal-
stream site.

6.3 GH near wake model - adaption to tidal farms

The main consideration when adapting the existimgdveemi-empirical model to the tidal
environment is assessing the validity of usingdkeilable empirical evidence. This is one
of the prime objectives of the PerAWaT device seaeeriments. Previous research (Myers
et al. 2008) suggests that the wake form is sindtadt that the semi-empirical relationship
can be used. But this is only one data set antidudxperiments and simulations in realistic
turbulence conditions are required (see Sectionr8rfore details). If the empirical data
shows a different relationship, then the semi-eioglitmodel must be altered.

In addition to assessing the validity of the engaili equation relating rotor thrust and
ambient flow turbulence intensity to centreline ogy deficit, the impact of a different
surrounding flow field must be considered. Themwifferences to consider are:

« Different flow unsteadiness and turbulence stregtuisuch as large eddies forms
and free-surface waves action, which may impactititeal wake form and its
development

« The position of the wake within the boundary layehich may lead to significant
differences in flow above and below the wake

« The presence of a bounding free surface, whichlewyto two effects

0 An altered relationship between the rotor thrust e momentum deficit
coupled with a local flow acceleration outside led hear wake region
0 The limitation of surrounding momentum to feed wake recovery process

The first point will be addressed via the experitaband numerical investigations and it is

expected that the ambient turbulence intensity evalill be adjusted to incorporate these

effects. The second point is to a degree addréegbeé existing model by the normalisation

of the inflow profile. However, a surrounding mamem assessment is incorporated into the
model. This is detailed further below.
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The third point is tackled in two ways. The coti@g of blockage effects is incorporated via
the GH Blockage model. This predicts the changeeiationship between the rotor thrust
and the momentum deficit. It also predicts anyngeain flow around the wake. These
aspects are fed into the GH near wake model toecbithe initial velocity deficit (via
Equation 6.19). The impact of boundaries to liméke expansion has been addressed by
developing the GH wake model to allow for a breakhe axis-symmetric assumption. The
wake models (both near and far wake) incorporatelfptical Gaussian profile, allowing
vertical wake width to be limited by the water dept The Elliptical characteristics are
derived from the GH Blockage model. The figureoelillustrates the elliptical Gaussian
profile.

| > X D Us B,

Turbine
rotor U A

Y

Incident

speed .
Wake profile

[ S S S S S S S s

Figure 6-3 Elliptical Gaussian wake model

The analysis undertaken in section 6.3 is repeftedn elliptical Gaussian profile (and is
provided in Appendix 2), leading to the followingueation:

Bu:Buy = EMC, (6.22)
8D, (1-0.5D,)

The limited evidence to-date (Myers (2008)) shotat tthe elliptical model may not be
needed for the “near wake model”. It is the intemtto further investigate this within the
PerAWaT project, via CFD simulations and rotor akpents. The developments planned
under PerAWaT are provided in section 8.2.

The adoption of the deficit correction model owtlinin the section above and yielding
Equation 6.21 can be discarded if a more rigorqye@ach to assessing the surrounding
momentum is incorporated into the wake modellingevaluating the area-averaged
momentum in the surrounding flow field allows theke deficit to be corrected in a more
robust manner. This also incorporates the effebbandaries. The following table evaluates
the extend of the surround area to be used to a&eathe area-averaged momentum.

Conserving momentum, assuming a top-hat profileiqthising Equation 6.5), the area
occupied by the momentum deficit far downstream is:
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A downstreanp w, downstream |_2 - DW, dovmstream] =A neaer,near I_2 - Dw, near J

Assuming the wake form is indistinguishable whem deficit is ~ 5%, the area downstream
is approximately nine times that of the swept ar€his equates to an area with three times
the rotor diameter or a rectangle capped by a &ypiater depth of 2.5D and a width of 3D.
Thus the inclusion of a fairly significant arearequired. Further consideration must be
given to the limiting of momentum for wake recovémym adjacent turbines.

The GH near wake model uses an ellipse area ta@ealthe area-averaged momentum
deficit. The ellipse coverage may extend beyoruhldang surfaces or the reflection plane of
adjacent turbines. In such cases the availableentrm in these areas is set to zero. The
area-averaged value then takes all available suding flow into account.

6.4 Summary the key assumptions
The main assumptions made in the GH near wake naodel

« The near wake model evaluates the wake form abéigenning of the far wake,
from which point the wake recovery is predominamtigependent of near wake
effects.

« The wake decay rate in the far wake is comparatiiedensitive to the initial
velocity profile and that a Gaussian profile at thear wake is more than
adequate to capture the dominate factors whiclciafiée wake modelling.

» The near wake form is predominantly a functionte totor thrust (coefficient),
the ambient turbulence intensity. Correction filockage effects will be
incorporated via the GH Blockage model (see WG3WPHD details).

«  Momentum is conserved (i.e. no addition of momenutery large scale eddy
motion in the near wake region).

« The wake has bi-symmetry allowing an elliptical Ggian (or similar) form
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7 GH NEAR WAKE MODEL METHODOLOGY AND
IMPLEMENTATION

This section describes how the GH near wake madaktorporated into the GH TidalFarmer
array modelling software tool.

The overall concept of the GH TidalFarmer modellmgthod is to reduce the extremely
complex interactions between tidal turbines and gheounding flow field into a distinct
physical process which can be simplified and medell Classical analysis simplifies the
physics process under investigation via the saectf an appropriate scale. The three
appropriate scales of interest are Coastal basiayfand Device scale. The GH near wake
model is found at the “Device scale” level.

Device scale

—_—_— e e —

Figure 7-1: Hierarchy of modelling domains and sca&s

Within the “Device scale” level there are severatihematical models that are drawn upon.
The figure below puts the GH near wake model intatext within the GH TidalFarmer
software.
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Evaluate Array flow field
Turbine loop

Evaluate local flow at turbine

Call turbine model

Evaluate if Blockage
modelling is required

Call Blockage model

Evaluate if wake modelling is
required

Call Wake Modelling
Alter Array flow field

End of turbine loop

Calculate array energy vield

Figure 7-2: Overview of GH TidalFarmer software arcitecture showing the GH Wake model in

its context
The sections below describe how the Wake modelasrporated in to the GH TidalFarmer
software.

7.1 Near wake modelling

To evaluate the near wake profile in anticipatiéonhe far wake modelling the following set
of inputs are used:

» The operating thrust coefficient.

» The disc-averaged;lhcidentspeed at the rotor location.

« The ambient turbulence intensity (depth averagéaeya

- Effective distances to boundaries with other tuebin

« The surrounding flow field (in the plane of theaQt

- Effect of blockage is incorporated using input frahe GH Blockage model: If the
Blockage model is run which is dependent on thetiposin the optimisation loop, then
the additional inputs are provided
0 The Blockage corrected, C
0 An altered flow field around the wake

- The required accuracy for the calculation (i.e.tbet grid size and modelling method)
based on the iteration point in the optimisatiooplo

The main core steps are:

Within the turbine loop

o Calculate the centreline deficit
Evaluate available surrounding momentum
Correct for surrounding momentum
Evaluate the wake width
Evaluate the velocity deficit Gaussian profile

O O Oo0Oo
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Figure 7.3 illustrates the near wake modelling psses and tables 7.1 and 7.2 provide a
functional description of the GH near wake modetluding reference to the equations
presented in section 6.

Wake flow field modelling

If Blockage model results

. Calculate the centreline deficit
available

v

Evaluate available surrounding
momentum

v

Correct for surrounding
momentum

v

Evaluate the wake width

v

Evaluate the velocity deficit
Gaussian profile

A 4

A 4

Figure 7-3 Flow diagram of the GH Wake model: FlowField modelling

7.2 Implementation

The GH TidalFarmer software tool will consist ofsingle executable file (user interface)
with which the user will interact, as well as a muenof calculation modules which will be
implemented as dynamic-link libraries (DLLs). Tidedlculations will be controlled and
coordinated by a top-level “core functionality” mde. The GH near wake model is likely to
be implemented as part of the wake core functipnatiodule, because near wake model is
closely bound up with the main wake calculatioisid TidalFarmer.

Choosing the most appropriate programming langudgeends on the method of
investigation and how the results will be analysedrtrently the code is written as a Matlab
script, which allows for easy interrogation andlgsis.

The user interface is likely to be written in a ‘NEnguage such as C#, while the modules
which do the actual calculations will either remairMatlab or migrate to another language,
such as Fortran or C++. The wake-modelling sulmeuwill be called at the appropriate
point in the speed, direction and optimisation loop
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Table 7.1 Summary functional description

Issue: 2.0

Model Inputs Outputs Method used
Turbine G Semi-empirical
Incident rotor averaged3_d wake  velocity equations
Near wake model flow speed deficit profile 6.19&6.20 (to be
Ambient turbulence checked via
intensity PerAWar)
Altered turbine| Blockage
Incident 3-d flow field | performance performance
Blockage model Boundless turbine characteristics (¢ C) | model
characteristics (&, Co) | Altered 3-d flow field Blockage  flow
Turbine locations around turbine. . 9
field model

Table 7.2 Detailed functional description of the nar wake model

Task

Input

Output

Method

Feed in Blockage mode
data

|
Corrected rotor €

Updated @value

Checking algorithm

Calculate the centrelin

£ Rotor G value

Centreline velocity deficit

Equation 6.20.

deficit Ambient Turbulence

intensity  value (dep

averaged)
Evaluate available Surrounding flow field| Equivalent free stream Limiting expanding check
surrounding momentum | (corrected for blockage if velocity. algorithm

available)
Proximity to boundaries
and other turbine wakes

Area integration algorithn

Correct for surrounding
momentum

Equivalent free strean
velocity.

n Corrected centreling

velocity deficit

> Equation 6.21

applicable.

Evaluate the wake width Corrected centrelinBomain on which to sett Matrix set-up algorithm
deficit up the near wake modeélEquation 6.19
Position in optimisation defined
loop Wake width evaluated
Evaluate the velocity Corrected centreling Near wake form Gaussian equations
deficit Gaussian profile | deficit
Model domain
Wake width

Elliptical wake widths (if

available)
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8 VALIDATION

8.1 Existing verification and validation GH near wake nodel

The authors were previously involved in an expentaktesting programme of tidal turbines

(TSB, 2006). These initial results show that thadamental assumption that a Gaussian
distribution represents the beginning of the fakevaegion is valid, although the exact

relationship (velocity deficit as a function of aiefit turbulence intensity and operating Ct)

requires further experimental and full scale despecially in more representative tidal flow

conditions i.e. — higher turbulence intensity.

The figures below show that the fundamental propeiaf a tidal turbine wake are similar to
a wind turbine wake, such that the wake develops anGaussian profile at the point where
the shear layers meet the wake centreline. Althonghese particular experiments the shear
layers meet the centreline at around five diamedersnstream (5D), the reasoning behind
this is thought to be because of the very low antiiigrbulence intensity in the flow.

Figure 8.2 shows the vertical and lateral velodeyicit profiles along with a contour plot at

the 5D location. The axisymmetric Gaussian prafiedel yields very similar results to the

experimental data providing confidence in the mo#ielwever further experimental work is

required in order to build robust model that is atezl at much higher ambient turbulence
intensities, such that the location of the begigroh the far wake can be clearly identified.
This is a primary objective of the experimental kvpackages included in PerAWaT. Further
discussion on the PerAWaT validation requiremesitgven in the following section.

ms™’!
RCt1 channel flow visualisation U flow 3D xslice RCt1 channel flow visualisation U flow 5D xslice a8
, - *"L i
N
i
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Figure 8-1 Wake form behind a 1/20) scale rotor operating in a large flume: top — velcity
profile, middle lateral shear (Reynolds Stress), htom - vertical shear (Reynolds Stress)
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Downstream wake shape - contour plot 5D - RCt1 exp1 (no offset1)
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Lateral centreline profiles - RCt1exp1(no offset1) Vertical centreline profiles - RCt1exp1(no offset1)

3 3
— — x-dir 50 z-dir 0.1D
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4 x-dir3D y-dir 0D

channel width
channel depth

1s 5 s 5
norﬂmaliseﬂd velcu)city d;ficit norﬂmaliseﬂd velcu)city déficit
Figure 8-2 Comparison of the wake form behind a 12" scale rotor operating in a large flume
and GH near wake prediction of the near wake formieft - 2-d fit of the experimental data, right

— prediction vs measurement at 5D downstream.
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8.2 Developments under PerAWaT

There are several key aspects of investigation mear wake modelling within the PerAWaT
project. Evaluating the flow field in and round thear wake region will be undertaken is a
number of work packages via both experimental amcharical investigations. This will
provided a large dataset for the development/vatidaof robust parametric models which
look to capture the dominate factors affectingwake modelling.

Experimentally the work packages WG4WP1, WG4AWP2 &AWP3 all provide measured

flow field maps of the near wake region. WG4WP1 ves single device scale

measurements which look to better represent theplomnature of the near wake.

WG4AWP2 will provide multiple wake maps to providalications of the effects of adjacent
turbines. WG4WP3 will provide device scale wakaps) behind open centre and duct
turbines, allowing the applicability of the propdseear wake model to be investigated

Rotor performance and loading data from the ReDAR&liable Data Acquisition Platform
for Tidal) project will also be utilised if availeh This data will further validate the
application of this model for full scale scenarios.

The PerAWaT work packages WG3WP1& WG3WP5 will pdevidetail CFD simulation
results of the near wake region to further invedgigthe effects of bounding surfaces and
provide additional insight on how the near wakerfavaries for all three FDC.

The wide variety of numerical and physical validattests will provide a robust set of tests
to which the GH near wake model can be compardet GH near wake model will be set up
to be directly analogous with each test allowingecli comparison and thus validation of the
model. The input parameters for comparison rotafopeance (incorporating blockage),

ambient flow turbulence intensity and the proximtty boundaries and/or other turbine
wakes. The output parameters for comparison wik lneap of flow field in the wake region.

Identification of where the shear layer meets thetreline in representative flow conditions
is a primary aim of the near wake modelling workhe experimental, numerical and full
scale data will allow a robust dataset for thisheoinvestigated. Similarly the near wake
shape and the influence on boundary proximity béllinvestigated.

One of the main aims of the PerAWaT project isnwestigate the appropriateness of using
the adapted Ainslie model to represent the wakendeh tidal turbine. This work will
establish the impact of the change in flow condgiand the bounding effect of a free
surface.

The impact of uncertainty around experimental ancherical results will be investigated to
assess the impact on the near wake model uncertaint
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9 SUMMARY

This report describes the GH near wake model, dholya literature review of the different
modelling techniques. The theory and methodologyhef GH near wake model have been
detailed and an account of how the model will m®iporated in the Beta code is provided.

The GH near wake model is a semi-empirical moddtkviwill be extended to incorporate

different ambient flow conditions via a varietyrokans:

- The empirical equations will be adjusted accaydim comparison with the results of other
work package planned for PerAWaT (including the atioal work packages WG3WP1&

WG3WPS5 and the experimental work packages WG4WR34WP2 & WG4WP3).

- The effect of blockage will be incorporated hyking the model to the GH blockage model.

The next steps for this work package are:

- to analysis the experimental results provided franG4WP1, WGAWP2 &
WG4WP3;

- compare the results to the existing model and adgisequired;

- further compare the adjusted model with the nuraérimodelling results
provided from WG3WP1& WG3WP5; and

- analysis and report on the uncertainty associaté twe model in WG3WP4
D12.
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APPENDIX A GAUSSIAN DISTRIBUTION

Derivation of the relationship between velocity teline deficit and the wake width.
A particular example of a 2D Gaussian function is

_(iu'—u'v}g)_(Eu—m}g)
o o
flz,y) = Ae 7z Ty S

Converting into polar coordinates and assuming péficet i.eX, & Yo and an axis-symmetric

profile, then:
2
fry=Ae \29

Note o is the variance of the distribution if A(0) = 12¢ ¢%). Comparing with Ainslie’s

model:
2
—Em{é;j
1 u(r) D e W
Ui m
Then
A=D
m
And
2
B
202 =W _
EM
Where

2
—EM{J;}

B

u(r)=u,|1-D_e w

Substituting into the equation above and integgativer theta:
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2 2
—EM| —EM|
co 2 B B 1 2
2mfU~|1-D_e W/ -11-D_e w rdr ==C, U
0! m m 27t

2 2
r r
_ ~EM {B—] - 2EM {B—]
2D e w/) -p 2% w rdrzéctsui2

Using the integral

0 __2 |
jr2n+1e a“gr = Lg2n+1
0 2

Then the equation above becomes:

2 2
D & _p 2P| lcg
2 2 )72

WhereSis the rotor area in diameterS & % ), thus

EMC,
B, =
8D, (1-0.5D,)

where is found assuming that the wake width JBised is defined as 1.89 times the half-
width of the Gaussian profile.
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APPENDIX B ELLIPTICAL GAUSSIAN PROFILE
A particular example of a 2D Gaussian function is

The general expression for a non axis-symmetricdimgensional Gaussian function is:
2 2
f(ﬂ?,?) - z’lcxp (_ (I!I[:T — To | b(ﬂ?—ﬂ?”)(y_y”) | c[y_yrr) ))

where
9 . 2
cosf sin
a= F | —
Ty J’y

sin 260  sin 26
- 2 2
Ty ':T?,r

(Silli?)2 (COSU)E
c=|—— |
Ty Ty

As before the momentum deficit is:

2400 v2aa = L ey 2
,oi\ui .Ui u(r)“dA 2’OCtSUi

Where
r ? _i_ y2
~EM B 2022 202
u(r)=u,|1-D e w becomesi(z,y) =U;|1-D e y
So...
Bl of B2
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Using the integral

R
/_m ae dr. _ alc|v/r.

then

2710 O

2
p -Pn |-1c
2% 2 |72

WhereSis the rotor area in diameterS & % ), thus

D
2o o (D {1——mD=C
z7y| " m 2 t

o[y

5.8, < EMC,
¥ 718D, (1-0.5D,)

And the momentum deficit can be evaluated from

sz 2
.

21mo_ o (Dm—
zy

B2 of B2

Document: 104329/BR/01

Issue:

_1 2
dzdy _zpCtSUi

_1 2
dzdy —2,0C:,[SUi

Not to be disclosed other than in line with thernteiof the Technology Contract



