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EXECUTIVE SUMMARY

This document outlines the issues associated waithefiing the effects of bounding surfaces
and/or other bodies on the flow field in and arountidal turbine rotor. A review of the
existing literature provides an overview of theilalde modelling options and also provides
a basis for the selection of an appropriate le¥ehodel sophistication. The GH Blockage
model is described and the rationalised modellpgr@ach is justified.

The GH Blockage model uses Potential flow theoryetv@luate the effect of bounding
surfaces and/or other surrounding turbines onal tidbine under investigation. The model
is used to predict the three dimensional flow fieldand around the tidal turbine, which
enables the change in turbine performance to bdigbeel. The altered flow field around the
turbine is also used in modelling the wake mixing aecovery process.

The GH Blockage modelling theory is described ithiith detailed derivations in the main
document and in the supporting Appendices. A lidtay assumptions that the GH Blockage
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 Blockagel@hto be incorporated within the GH
TidalFarmer Beta code. Flow diagrams of the GHcBdme model algorithms are presented
and examples of the outputs are provided.
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SUMMARY OF NOTATION

Channel characteristics

A Cross-sectional area {in

b Width of channel (Diameters)

Dy Hydraulic radius of the channel (m)

Fr Froude number (channel)

h Channel height (Diameters)

b Channel width (Diameters)

r Radial distance (m)

z Vertical height measured from the sea bed onmélafloor (m)

Turbine characteristics

G Power coefficient

CoboundiesOr Cppy Power coefficient of the rotor in a boundless flow
C Thrust coefficient

CioundiessOF Ct,  Thrust coefficient of the rotor in a boundless flow
D Rotor diameter (m)

hh Turbine hub height (Diameters)

Reurbine Reynolds number across the rotor

Flow Field

Induction factor

Blockage ratio

Specific energy ()

Body forces (per unit volume) acting on the digN/n?)
Gravitational acceleration (s

Bessel function

Momentum (Ns)

Strength of the source

Pressure (N/f

Flow rate (¥s)

Flow rate (ms)

Radius of streamtube (m)

Area of the streamtube {m

Equivalent 2-D turbine diameter (m)

Width of streamtube upstream (m)

Width of streamtube downstream (m)

Axial velocity component (m/s)

Lateral velocity component (m/s)

Vertical velocity component (m/s)

Mean free stream flow speed (m/s)

Incident flow speed on rotor (m/s)

Fractional reduction in velocity downstream ie thake (m/s)
Fractional reduction in velocity at the rotor én/
Velocity potential (rf's)

Drag coefficient

Density (kg/m)

Fractional increase in flow speed (m/s)
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o
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1-d one dimension (typically in the x-direction)
2-d two dimensions
3-d three dimensions

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

1.1 Scope of this document

This document constitutes the first deliverable (D1 working group 3, work package 4
(WG3WP4) of the PerAWAT (Performance AssessmentVafe 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 usedvaluate the effect of flow blockage
on both the performance of and the local flow fi@tdund 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 D1 is to both document and
provide a technical justification for the use o€ tbxisting GH Blockage model within the
suite of models that make up the engineering ©@#l:TidalFarmer.

1.3 Specific tasks associated with WG3 WP4 D1
WG3WP4 D1 comprises the following aspects:

» A detailed description of the theoretical basish® GH Blockage model and a
technical justification for the rationalised mod&di approach.

« A description of modelling methodology.

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

1.4 WG3 WP4 D1 acceptance criteria

The acceptance criteria as stated in Scheduleofitiee PerAWAT technology contract is as
follows:

D1: Blockage modelling report describes:
« The theory and methodology (assumptions and algos} behind the blockage
/potential flow model

« The method of integrating this model within the 8ebde

4 of 44
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2 BACKGROUND AND RELEVANT THEORY

This section introduces the concept of flow bloekagd the implications of blockage upon a
tidal turbine. A review of some relevant theoryprsvided.

2.1 General description of blockage

Objects within a flow act as an impedance causiggflow to deviate around the object.
Blockage effects are generated when bounding =sfac other objects within the flow
restrict the deviation of flow around the object.

The hydrodynamic definition dlockageis:
“The effects of the boundaries on the flow arourmbdy.” Maskell (1963).

The flow past a body when bounded by surfaces, aadfigid walls, is subject to blockage.
The bounding surfaces prevent free displacemenhefflow around the body; hence the
local velocities are higher than they would be m unbounded streamHydrodynamic
blockage can occur in two distinct forms, wake aulid-body blockage. Solid-body
blockage is associated with the volume and shap¢éhefbody, and wake blockage is
associated with drag on the body, as defined bykMbgL963).

It is useful to review other relevant definitions:

Blockage correction — A correction made to the results of hydrodynamiperiments
conducted in a channel or tunnel of a finite cresstonal area in order to estimate the
equivalent results conducted on the same experahequipment operating under unbounded
conditions. For example corrections made to thellt®f a resistance experiment in a
towing tank in order to estimate the equivalentiltssn unrestricted water.

Blockage ratio -By defining the Blockage ratio (B) as the sweptavéthe rotor divided by
the relevant cross-sectional area of flow (A), ¢éhdestinct categories emerge:

1. B = 0 represents an isolated open turbine, where defmed as the total flow width
multiplied by depth. Even in a relatively narrowadmel, the diameter of the turbine is
likely to be very much smaller than the width oétbhannel and hence the blockage
ratio will be effectively equal to zero.

2. 0 <B < 1listypical of a turbine operating witlan array of turbines, where A is defined
as the turbine spacing multiplied by the depththis case blockage will be due to the
effect of the adjacent turbines on each other wigcanalogous to the effect of walls
along their dividing planes on a single turbine.

3. B =1 represents the case of a turbine within a duogre A is defined as the area of the
duct and the turbine fills the entire duct (i.ehyalro-electric turbine and it should be
noted that this case will never occur in the Ti@mkam industry).

A body moving through a fluid (or a fluid moving @va body) experiences a drag force,
which is usually divided into two componenfisctional drag , andpressure drag.

Frictional drag - arises due to friction between the fluid and soefaces over which it is
flowing. This friction is associated with the demgment of boundary layers, and it scales
with Reynolds number.

Pressure drag- arises due to the eddying motions that are jgen the fluid by the passage
of the body. This drag is associated with the fdiomaof a wake and it is usually less

5of 44
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sensitive to Reynolds number than the frictionahgdr Pressure drag is important for
separated flows, and it is related to the crostiesed area of the body. When the drag is
dominated by pressure drag, the body is definebasff-body .

Near field —the region around an object defined by a charatiedength scale. Typically
the region extends from between one and four lesgéites. For a rotor the near field is the
surround area affected by an adverse the pressaglegt.

A streamline is a curve upon which every point is tangent ® \hlocity field. Streamlines
coincide with the paths of a fluid particle wheretfow is steady andi(x,y,z). The
corresponding streamline equations are:

%:ud_yzv d_Z:W CISZ:dX2‘|'dy2‘|'dZ2
ds ds ds

A streamtube is a made up of an infinite number of streamlinedhsat no mass flux can
travel through the side of a streamtube i.e. sstrefimlines that form a closed loop. As there
is no flow normal to a streamline (by definitiomdafor a steady, one-dimensional flow the
mass-flow rate along a streamtube is constant.danstant density flow the cross-sectional
area of the streamtube gives information on thelleelocity.

2.2 General description of a tidal turbine in unboundedflow

The energy in a moving tidal stream is convertdd mlectrical power by a mass of fluid
moving over the rotor blades and imparting somé&energy on to the rotor, causing the
rotor to turn and drive a generator. For the cdsa wirbine rotor extracting power from a
steady uniform flow, the near field effect can @y described using the concept of a
streamtube. The figure below illustrates the stteém that encompasses the flow which
passes through the rotor swept area and it caediethat upstream the cross-sectional area
is smaller than the rotor swept area. This is beeaas the flow approaches the rotor it
experiences an adverse pressure gradient as & oéslé rotor extracting momentum from
the flow causing the flow to deflect around theoraeducing the normal component of flow..
To conserve mass, the cross-sectional area ofttbangtube must expand as it approaches
the rotor due to the slowing of the fluid. Theesimtube continues to expand downstream of
the rotor until the pressure gradient reduces écatnbient condition. The fluid that interacts
with the turbine blades imparts some of its momeniato a lifting force, which drives the
rotor, and in doing so it experiences a changdrection. As Figure 2.1 illustrates the flow
starts to rotate slightly in the opposite directtonthe rotation of the turbine. As this fluid
moves further downstream all the flow within theeatntube eventually moves with the same
velocity (@U). The flow outside of the streamtube does not lasy momentum to the
turbine, although its velocity will be altered thetpresence (and the operating conditions of)
the turbine.

! http://www.princeton.edu/~asmits/Bicycle_web/blhirnl
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Lateml‘h

U=

—

Streamline on streamtube Outside streamline

Figure 2.1 The near flow field in and around a roto in an unbounded flow

The analysis by Thomson (2004) illustrates that 994he rotor streamtube expansion
occurs within one diameter of the rotor plane. v tdiameters from the rotor the wake has
expanded to 98% of its final cross-sectional area 98% of $ downstream) and at three

diameters this increases to 99%. Thus for a rbternear field is typically taken to mean

within two rotor diameters up and downstream.

The wake that is generated from the lifting effect the blades is realised as vortical
structures which are trailed and shed from thedslaghd are bounded from the outer (faster
moving) free-stream fluid by the vortices trailedrh the blade tips. These trailed vortices
convect downstream to form helices. As these wohielices wrap around themselves to
form a tight coil, the downstream wake and the lolno streamtube is formed. Typically the
near wake exists for up to one diameter (D) doveasiy, after which the ambient turbulence
in the free-stream flow starts to break down theraling vortices.

2.3 General description of blockage effects on a tidaurbine

A turbine can be considered to be similar to afdbotly at certain operating states (despite
being effectively porous) because it has a sigaifiovake flow. This situation can give rise
to both wake and solid-body blockage. However,akial length of a rotor is insignificant
relative to its diameter and therefore its solidhpblockage will be minimal. Thus when a
rotor is placed within a confined flow, the flowtsigde the rotor streamtube will be travelling
at an increased speed compared with that in anwmisal flow. The introduction of other
effects around a tidal turbine, i.e. flows indudsdother bodies or surfaces, will have an
effect on the rotor streamtube causing it to deférom the axisymmetric shape shown in
Figure 2.1 above. Changes in the streamtube cext®sal area will change the performance
and loading experienced by the rotor comparedeatibounded flow.

To provide an indication of the potential impacattfbounding surfaces might have on the
flow in and around the tidal turbine rotor the flaavound an unbounded rotor can be
reviewed (Thomson, 2004). Any flow moving towaedsounding surface will be re-directed

into the stream-wise direction. Figure 2.2 beldwws the magnitude of the perpendicular
velocity component (i.e. that parallel to the roptane) as a function of the distance away
from the rotor (the blue line describes the distaffom the rotor centreline, where as the
yellow line describes the distance from the rotmblade tip). At a distance of 1.5D (3R)

from the turbine centreline the perpendicular fepeed is 1% of the mean flow speed (in the

7 of 44
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normal direction). The impact redirecting some fliovio the stream-wise direction causes an
overall increase in the flow in the normal direntiand thus an increase in flow through the
rotor swept area.

9 |
8 - -
( —e— distance from turbine
= 1\ centreline
=) 7 U
o L free surface distance
5 6 17— from blade tip
=
@]
o 57
- \
[<5] j
o 4
5
5 O
e 2 ——
.\0\
1 4 [ T
0 T T T T
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

Perpendicular flow component/normal flow compol
Figure 2.2 Perpendicular flow in the plane of the otor at varying distances away from the
turbine centreline in unbounded flow

As shown in the above figure, at distances grethiem 1.5D the effect is considered to be
small, however, for distances similar or less thfais it is expected the increase in flow
through the rotor swept area will have an appréeiaffect on rotor performance and
loading.

The areas for commercial scale deployment of tatahys are typically where the water
depth is between 30 — 100 metres. The desire tonmse energy capture means that the
swept area of the tidal turbine will be at a preatimaximum resulting in non-dimensional
depth of 1.5-5D. At these smaller depths therekislyl to be a certain amount of flow

blockage generated between the sea bed and theuifeee.

For viable commercial energy generation tidal tuelsi will need to be deployed in large
arrays where infrastructure economies of scalebeamealised. Typical commercial-sized
farms are expected to be of the same rated powler of magnitude as offshore wind farms
I.e. 100s of MWs. The implication of this and tregure of bi-directional tidal flows means it
is likely that the lateral spacing between turbinei be minimised, within practical
installation and site specific seabed conditionsst@ints. Marine Current Turbine’s SeaGen
turbine has a lateral spacing of 1.5D betweenuli itotor centres (i.e. a gap of 0.5D). Thus
the expected range for lateral spacings betweeteanf devices could also be between 1.5D
-5D.

Together vertical and lateral bounding effectsease the potential blockage effect to a level
which could have appreciably affect on turbine perfance. Thus it is considered important
to quantify these effects.

Various studies have been conducted into the sffgfdblockage on turbines and bluff-bodies
(Maskell, 1963), and developed to consider the-$uggace, e.g. Scott (1976), Bai (1979),
Durgun & Kafali (1991), Whelan (2009). As mentionedrlier, the presence of bounding
surfaces acts to re-direct the vertical and lateoatponents of the flow into the stream-wise
direction, causing an overall increase in the flbwough the swept area of the turbine. This
leads to:

8 of 44
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* increased torque or rotor speed (depending orotioe control strategy),
* increased loading experienced by the turbine,

» potentially, increased power capture

* and, an altered flow field around the rotor

The last point impacts on wake recovery and expangs the flow velocity in the bypass
region around the turbine (and hence the wake) lvd@llincreased due to the restriction of
bounding surfaces the resulting wake flow field, ewhcompared with the same rotor
operating in an unbounded flow, will be differenthis in turn will have an impact on the
rate of wake mixing and recovery. Hence whenwataig array performance and inter-array
flow effects both the change in rotor performannd the alteration to the local flow field
will need to be evaluated.

2.4 A review of existing modelling methods

A review of the literature reveals an extensiveybodl theory which can be adopted from

both wind energy and naval propulsion sciences. é¥®w to date research into the analysis
of the effect of the bounding free surface and sdain tidal turbine rotors has been limited.
The following section provides a review of the welet literature and applicable theories.

Outlined below are the four main theories assodiatgh evaluating turbine performance.
Further description of the modelling method anddbdity to represent the blockage effects
is given in the following sub-sections:

e Actuator disc theory
* Blade element momentum (BEM) theory
* 3-d Potential flow methods

e Computational Fluid Dynamics (CFD)

2.4.1 Actuator disc model in boundless flow

Propeller theory was developed by Betz (1920), gislassical analysis. Based on an ideal
fluid and an ideal rotor (disc), a momentum intéggdaken over a near field control volume
to correlate the turbine performance to the reduacin flow speed in the wake or the
expansion of the wake. The rotor performance mesevmluated taking into account the
viscous properties of the rotor blade via, for eglana BEM code. Thus this theory only
yields the relationship between the flow speedthéstreamtube to the performance of the
rotor (Cp, the coefficient of power). It does nategict the flow field outside of the
streamtube.

Actuator disc theory reduces the problem to a lire®e-dimensional system and simplifies
the action of a turbine by representing the romralisc with an infinite number of blades.
The theory is based upon the following assumptions:

1. Homogeneous, incompressible, steady fluid flow
2. Uniform thrust over the disc with no frictional &) losses

9 of 44
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3. Static pressure in the far field (i.e. the presssrthe same far upstream as it is far
downstream)
4. No rotation imparted into the flow due to the rotgtblades

By simulating the rotor as a disc with an infiniiember of blades a pressure jump across the
disc is created without making an immediate chamgerelocity. This pressure jump
represents a reduction in momentum, which resnultge fluid within the streamtube slowing
down in the wake. The result of this retardatiothist the streamtube’s cross-sectional area
expands and the flow inside the streamtube far dowam is much slower than that of the
flow outside of the streamtube, as illustrated faelo

Actuator disc

—————— ‘7'7"—__—_--_—-———-"_-_"
________________ / (1-2a)U
UO T ¢ . _,}(1- a)U —>
A S
S el
________ S

Figure 2.3 Perpendicular flow in the plane of the otor at varying distances away from the
turbine centreline

Actuator disc theory is reviewed in many textboaks helicopter and rotor aerodynamics
(e.g. Wilson & Lissaman 1974). Actuator disc theoharacterises the flow in the wake as a
function of the operating thrust and power:

Ct={1-a?)=403- 5?)=4mrfL-a)
and

cp=Y[-a?)ti+a)= 4l - 5°)= atath-af

where 8 anda are the fractional reductions in velocity at tla¢or and downstream in the
wake, respectively3 anda can be represented in terms of the induction faetaas:

p=1-a)
a=(1-2.a)

The plot below shows the relationship between fl@ithin the streamtube and the rotor
power and thrust.
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Figure 2.4 Boundless Actuator disc characteristics

In order to evaluate the boundless efficiency apetlers tested in a wind tunnel Glauert
(1933) derived an iterative method based on a mamebalance to determine the equivalent
free-stream speed required to produce the samstthtuhe rotor as occurs in the tunnel.
These and other correction methods are comprel@ypsummarised in both Rae & Pope
(1984) and the AGARD publication edited by Ewal®4®8). Blockage corrections have
traditionally been developed to evaluate the edentaconditions in unbounded flow. The
following sub-sections describe different approachier the development of correction
factors for different types of ‘blocked’ flow.

2.4.2 Actuator disc theory applied to flow in a tunnel

Mikkelsen (2003) looked in detail at actuator dsethods applied to wind turbines. He
proposed an axisymmetric correction factor for thenel blockage effect on a rotor by
modelling the rotor as an actuator disc and perfagnan axial momentum balance, which
compares well to the approximate solutions of Glia{i933).
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Figure 2.5 Schematic of an actuator disc in tunndlow

The figure above shows that flow around the rotogasntube accelerates to a flow speed
greater than the upstream flow, whers the fractional increase in flow speed (notel).
Garrett & Cummins (2007) developed a 1-d actuatsc dnalysis which considers turbine
flows constrained between (rigid) side walls, irdar to assess the efficiency of tidal
turbines, Whelan (2009) went on to derive the felf@ expression fot:

1-a +|B-2a B+a *(1-B+B?)
T =
1-B

WhereB is the Blockage ratio of the rotor swept area ®ttmnel cross section. For a given
a and B, Whelan (2009) showed tha&@p and Ct can be evaluated using the following
formulas:

Ct=r*-a?
Cp=pgICt
So for a given wake flow and blockage ratio, threohrust and power can be evaluated.

This solution is applicable to the 3-d situatiomypdes there is symmetry along the rotor
centreline in the lateral and vertical planes.

2.4.3 Actuator disc theory applied to flow in a channel

The free surface is a dynamic boundary which mehasges in the flow field may impact
on the position of the free surface in both spamktane. Adverse pressure gradients in front
of a rotor, or its support structure, may causeall increase in free surface elevation,
leading to an unsteady free-surface wave propagatimay from the rotor. These time
varying effects could impact on wake form stabjlityhich could lead to changes in power
performance. The extent of the free-surface distace is governed by the disturbance
Froude number. For typical full scale real sitaMispeeds and expected rotor length scales,
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the Froude numbers are very low, suggesting thieseiwaves will be small in comparison
with the wake form.

The impact of removing momentum from a channel besn studied in great depth by
hydraulic scientists and engineers. The preseneefode surface means that any change in
the momentum of channel flow will result in a chang the surface elevation. Channel flows
with Froude numbers of less than unity experiencedaction in downstream flow surface
elevation coupled with an increase in mean flonespas shown in the figure below (further
detailed proofs are given in Appendix A). Whel@20@9) has developed the actuator disc
theory of Garrett and Cummins (2007) to incorportitese free-surface changes, which
reduces to the above equation fawhen the Froude number tends to zero. In botasctse
axisymmetry of the solution (compared to the unla®al) is lost due to the introduction of a
deforming free surface, thus the solution is ordlid/in cases where a 2-d solution matches
the Blockage ratio 0< B < 1 i.e. case 2 as desdrib&ection 2.1 (i.e. where the rotor area is
smeared over the width of the channel).

Free surface Actuator disc
Zo Po V4 / Ah i
- — ]
Z; Po T
—> U, Cb > U
U
_____________________ S,
S B e N
—_— U
< 3|
A
° Channel floa Az A

Figure 2.6 Schematic of an actuator disc in channéow

The 1-d momentum balance across the channel isideddy

p. + pgzdz- [(p, + pgz)dz-p,(z, - z,)- Pz, -5, )V )’ - s, (aU )’ + pzU°

T
o'—.[:“

(22052 (% )2)+pU220(1-T)+pﬂths(r-a)

I\JII—‘

As shown by Whelan (2009), this yields a quartiaapn int(a, Fr, B)
Frr +4aFrr® + (4B -4-2Fr)r? +(8-8a - 4Fra)r +(8a - 4+ Fr —4a?B)=0

There are four solutions to this equation which tmhes understood in order to select the
correct (physical) solution and to understand fih@td of this theory. The figure below
shows an example of the four different solutionsdisnction of the velocity in the far wake
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(a) where the Froude number is 0.14 and the Blockates is 0.64. It can be seen that
only one solution provides a physically meaningfoswer, such that whesm is 1,1 is also

1. Where the subcritical and supercritical sohsianeet the solution becomes complex,
suggesting that there is a limit to the amount akevretardation for a particular set of flow
condition.

[=r)
T

A
—_— - Super-critical solution

Real part of complex t Sub-critical solufion
ar ¥

~ Yalues oft = 1 imply speed up of
flow in wake — non-physical solution

-Gr Megative v — non—-physical solution

Figure 2.7 Solutions to the quartic equation [Whela (2009)]

Again the following formulas are used to evaluie altered Ct and Cp.
Ct=r*-a?

Cp=BICt

2.4.4 Blade Element Momentum (BEM) theory

Blade Element Momentum (BEM) theory is the most eljdadopted method for the
calculation of loads on wind turbines, and henceha design of wind turbines. Some
examples of its use include Garrad Hassan's ‘GHddgla (Bossanyi, 2007) and the
‘AeroDyn’ code developed by Laino (2005). Both diese codes have been extensively
validated against measurements and have been sbayire good agreement. BEM theory is
based on one-dimensional actuator disc (or moméntheory and sectional blade element
theory (described in detail in Burton et al. 200Didal turbine developers such as Marine
Current Turbines Limited (MCT) and Tidal Generatibimited (TGL) have adopted BEM
codes for loading and performance predictions.

The specific rotor blade geometry is required tondixt a blade analysis of the
hydrodynamic forces produced as the fluid flowsrcae element of the blade. Integrating
over the blade elements yields the total thrusttangue produced by the rotor. The effects
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of viscosity are empirically incorporated into tirodel through the blade section data (CL
and CD), and hence the accuracy of a BEM simulatiartearly dependent on the quality of
the input data, as discussed by Tangler (2002).erGie rotor geometry, hydrofoil
characteristics a rotational speed and a flow sgeedalue of Cp can be found.

The BEM approach is adopted due to the relativepkdity of its computational
implementation and because it has been applied siecgessfully to both horizontal and
vertical axis wind turbines in unconstrained flow$iree-dimensional effects that occur in
reality cannot be fully accounted for using the @enBEM approach alone, such as the
vortices that trail from both the tips and rootgslwd rotor blades. But corrections can be used
(described in Prandtl & Tietjens (1957)) to accofmt the losses due to these trailing
vortices. Blockage effects (such as the presentieeofround) have been normally ignored to
date. Actuator disc theory corrected for tunnelcbannel flow could be utilised within a
BEM code as a correction factor, thus accountimgife presence of the free surface. But the
theory does not evaluate the change in the surmogridw field.

2.4.5 3-d Potential flow methods

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 methogbkich 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, e.g. the Bsatvart law. N.B. The various actuator disc
methods discussed in the previous sections assawvigcid, incompressible and irrotation
flow (i.e. potential) flow, but are not defined beas a potential flow method.

The aerospace industry has used panel methodssasdgnin the design of aerodynamic
structures due to their rapid, compared to full CEBmputational time. The assumption of
an ideal fluid is fair given the very high Reynoldgmbers in which the rotor is operating,
but the major drawback is the inability to dealkedity with viscous effects (boundary layers
and flow separation). Many researchers have medelind turbines wakes and now tidal
turbines wakes (Li, 2007) successfully using thisthod. Potential theory offers a well-
proven, very robust and computationally-efficieppeoximation of the flow field.

The fixed wake method and free-wake method argwloepredominant vortex methods in
wind turbine numerical methods. In addition, thare some special modifications or hybrid
methods. The vortex methods were initially devetbp® evaluate the performance
predictions of rotors operating in a boundless fl&arce, torque and power are determined
by the Kutta-Joukowski law and local circulatioas, described in Newman (1977) in the
application to marine propellers. The fixed wakedel in a uniform flow will simply move
unaltered downstream with the advancement of e Stream, whereas in the free wake
model the wake interacts with itself as the solutostepped forward in time. Wang & Coton
(2000) used a prescribed wake low-order panel ngetbanvestigate wall effects on wind
turbine wake flows and much effort has been expemgeship sciences modelling the effect
of free-surface disturbance of a submerged prapedlg. Breslin and Andersen (1994). In
general these models have not received as widatiatieas the less computationally
intensive 1-d actuator disc and BEM methods, maidlye to the complex set-up
requirements. They are, however, much more cortipotdly efficient than a full Navier
Stokes flow solver.
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Recently vortex particle methods have been empléyedetermining the performance of the
flow field around tidal turbines, for instance Li &alisal (2007) have built on the discrete
vortex method with a free wake for a vertical-axisbine originally developed by Strickland
et al. (1979) and have found good agreement wititkknd's measurements in a towing
tank. SuperGen Marine has been developing a Raltdldw model to investigate free
surface effects (Topper, in progress). The purpdsthis research is to evaluate the free-
surface disturbances created by close proximitthefdevice to the free-surface. No texts
have been published on this work, though the authpresently writing-up his thesis. It is
understood that model developed is limited in ifgpliation and requires further
improvements before it could be used by othersdsearch purposes.

The GH method will employ Potential flow theory,wmver it does not utilise any of the
vortex methods described above. See Section 8dtails of how Potential flow theory is
employed in the GH Blockage model.

2.4.6 Computational Fluid Dynamics (CFD)

CFD numerically solves either simplified or thel fidlavier-Stokes (NS) equations; typically

this requires millions of calculations to solve thguations of motion for each node on the
discretised spatial flow domain (i.e. the grid)veR with high-speed supercomputers only
approximate solutions can be achieved in many caSeky viscous CFD simulations are not

used in the wind energy industry for day-to-dayigiepurposes due to the intensive nature of
re-meshing design alterations, as well as the baghputational power requirements. A lack
of reliable turbulence models is also a factor preng their use for full design purposes.

However; CFD methods are useful for more detaiteestigations, such as looking at the
effects of complex rotor geometry.

It is possible to numerically solve the Navier-Sskon-linear Partial Differential Equations
(PDE's) directly for laminar and turbulent flows evhall of the relevant length scales can be
resolved by the grid i.e. Direct Numerical Simwati(DNS). In general; however, turbulent
flow produces fluid interaction at a large range length scales limiting DNS to low
Reynolds number flow (<= 4000), even on supercosmgut

For most applications at higher Reynolds numbegguibulent flow regime is accounted for
by modifying the Navier—Stokes equations to incladéurbulence model. The two most
common approaches are Large Eddy Simulations (IdES§imulated Eddy Models (SEM)
and the Reynolds-averaged Navier—Stokes equativhll$) formulation, with thd-e model
or the Reynolds stress model.

Reynolds-averaged Navier—Stokes (RANS) equatioaster oldest approach to turbulence
modeling (an example of a commercial package iemu It is a common misconception
that the RANS equations do not apply to flows véattime-varying mean flow because these
equations are 'time-averaged'. In fact, statidyicahsteady (or non-stationary) flows can
equally be treated. This is sometimes referrecs tdRANS.

To numerically solve the selected model a discagbs method can be used. Some common

methods include:

« Finite volume method (FVM) which is the ‘classicapproach used most often in
commercial software and research codes, but whash groblems with unstructured
meshes.
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» Finite element method (FEM). This method is popuarstructural analysis of solids,
but is also applicable to fluids. The FEM formutetirequires special care; however, to
ensure a conservative solution.

- Finite difference method. Is simple to program, Huts currently only used in few
specialised codes. Modern finite difference codakense of an embedded boundary for
handling complex geometries, making these coddsyhejficient and accurate.

The basic CFD methodology follows a basic procedure
» Pre-processing
o The geometry (physical bounds) of the problem faed.
o The domain occupied by the fluid is divided intsatete cells (the mesh). The
mesh may be uniform or non-uniform.
o The physical modeling is defined — a system of &qna in discretised form
o Boundary conditions are defined. This involves #yex the fluid behavior and
properties at the boundaries of the problem. Fangient problems, the initial
conditions are also defined.
« The simulation is started and the equations areedoiteratively as a steady-state or
transient problem.

These models all rely on expert users, especialtgrwincorporating flexible boundary
conditions such as a free surface.

In the wind industry the unsteady incompressibleviélaStokes solver EllipSys3D
(developed by Riso and DNU) was used by Zahle e{2807) to model the rotor-tower
interaction. The EllipSys3D code is based on theNRAmethod, has the equations
formulated in the turbine plane of reference aresubke so-called k-w turbulence model. In a
review of wind turbine aerodynamics, Snel (2003)gifurther detail on this code and other
similar viscous methods adopted within the industrFD simulations incorporating a
simplified model of the turbine have been widelyedigo investigate various effects on
turbines. Antheaume et al. (2008) have simulatewbuwa blocked conditions using a Navier-
Stokes computation of the outer flow field coupleith a description of the inner flow field
provided by experimental results from a Darrieusioal axis turbine.

Recently there has been much activity in using @Mnhodel tidal turbines, however in the
majority of this work the rotor has been represerte a porous disc. O’Doherty et al (2009)
and Gretton et al. (2006) both used commercial pgek to predict the performance of the
both horizontal and vertical axis rotors. Othergenased CFD to model the wake recovery
process. Gant & Stallard (2008) used CFD to ingat# the effects of turbulence in tidal
flows on the wake structure by modelling the tueb@s a porous plate. Their results indicate
that the wake is shorter in the presence of laojei@nt turbulent structures compared with
the length of the wake in steady flow. Others,luding Bai (2009), Harrison (2009),
Blunden et al. (2009) have also used porous disgdabes to represent turbines or row of
turbines in an array. In most cases RANS k-w tignhee models are used.

As yet no one has looked at the effect of the fnedace on performance and loading using
CFD.

2.4.7 Application to ducted and open-centre rotors

Within the PerAWAT project three fundamental rotmnfigurations have been selected for
analysis:
* Three bladed horizontal axis axial flow turbineré bladed turbine)
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* Ducted horizontal axis axial flow turbine (ducteddine)
* Open-centre horizontal axis axial flow turbine (ofmentre turbine)

The majority of the simpler axisymmetric models ficted turbines in the literature require
additional input usually taking the form of an empental correction or using heuristic
arguments to allow complete calculation of the @erfance of the turbine. Actuator disc
theory is applicable to many configurations of rotborizontal axis (HA) or vertical axis
(VA)) as it is concerned only with the extractiohlioear momentum. The introduction of a
finite duct induces flow augmentation, the extefmvhich is a function of the duct geometry
and the operating state of the rotor. Both Jami¢20608) and van Bussel (1999) have used
momentum methods to investigate the performanceduofed (wind) turbines. Jamieson’s
corrections have been validated with CFD and impleled into standard blade element
theory (GH Tidal Bladed).

The analysis of van Bussel shows that the lineheaelationship for flow speed to power is
not applicable in the case of the ducted turbineabse a significant back pressure results at
the exit of the duct. The addition of flow constion from the bounding surface will further
add to the flow augmentation, and potentially cleatige optimum duct/rotor configuration.
Although the rotor operating point can be changedbdtter match the changed duct/rotor
configuration, ducts usually have fixed geometHence the use of simpler models may be
insufficient to evaluate performance changes dueotmnding surfaces. A similar problem
occurs with the open-centre device. The baland®wfthrough the open centre to the rotor
will be changed by blockage effects, potentiallyamging the optimum hole/rotor
configuration and thus generating a more complecateeraction.

So although it is likely that all three conceptdl e affected by blockage, it is not clear that
the simpler methods will be applicable to the ddctend open-centre configurations.
Although actuator disc theory (and the correctibit to tunnel and channel flow) is directly

applicable to a ducted and open-centre turbine dtiet itself is subject the Betz limit) the

relationship between blockage and performance emmaent is likely to be more complex
and thus experimental and numerical investigatiares required to further explore these
relationships.

2.4.8 Summary of existing theory

Actuator disc theory is based on the assumpticamdtieal fluid and can be used to correlate
the performance of a turbine to the amount of egjmmin the wake, but it does not predict
the flow field around the turbine. Corrections twaeunt for blockage due to the effects of
bounding surfaces have been developed, but oftesairflows the axisymmetric assumption

breaks down. Fraenkel (2006) has attributed theamzdgment in performance over that
predicted by a BEM model of MCT'’s isolated un-duct®rizontal-axis turbine Seaflow (the

predecessor of SeaGen) largely to blockage. Tggests that it will be important to model

the 3-d flow field around the rotor and incorpordite potential effects of blockage on

performance. Even if this only equates to an averagrease of 1 or 2% in performance, it
still could represent a significant increase imfannual energy yield.

BEM theory does not solve the flow domain and tbais not be used to directly predict the
changes in performance due to bounding surfacéarather rotors.

Both Vortex methods and CFD are useful method#iénitivestigation of blockage on rotor
performance and near field wake structure. As paithe PerAWAT project several CFD
models will be developed and used to investigate itmpact of blockage on rotor
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model, but their complexity precludes their direseé in an engineering tool.

Table 2.1 Summary table comparing modelling methods

Theselts will inform the GH Blockage

Existing model Advantage Disadvantage
Actuator disc| Simple model. Proven method.imited to 2D scenarios. Does
theory (high correlation tg not predict any flow acceleratign
measurements) for tunnel testingoutside of the streamtube.
Blade element Relatively simple model. ProvgnDoes not easily incorporate the
momentum (BEM) method to predict inductioneffect of bounding surfacg
theory factors (high correlation tp(external model required). Doeés
measurements) not predict any flow acceleratign
outside of the streamtube.
3-d Potential flow| Proven method in the windRelatively complex to set up.
methods industry (good correlation tpNot insignificant computational
wind tunnel experiments) effort.  Representation of the
Potential theory allows forseabed and free-surface |is
inclusion of bounding surfacespossible, but computational
(including the free-surface) effort is increased. Inviscid
approach, thus requires a form|of
correction for incorporation of
viscous effects.
Computational Solves the fundamental equatiogngery  sensitive to  set-up
Fluid  Dynamics| to the higher order. (selection of most appropriate
(RANS) turbulence model etc.). Mode|s
require device specific
calibration i.e. a detailed
geometric description in order to
gain the required accuracy from
the solution. RANS models
using a porous disc
representation of a rotor afe
unproven when looking at
changes in performance due |to
blockage. Very computationally

expensive.
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3 THE GH BLOCKAGE MODEL

This section introduces the GH Blockage model &ed¢asoning behind it.

The purpose of the GH Blockage modelling is twofdistly to predict the change in turbine
performance (Cp & Ct) due to constraining boundadad secondly to predict the altered
flow field around the turbine which may impact ¢we tvake recovery and/or other turbines.

3.1 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 physiedérstanding of the Navier-Stokes (NS)
equations that provide robust estimates with knawmgcertainties are preferred to more
complex numerical methods.

3.2 Description of the GH Blockage model

The GH Blockage model uses Potential theory to kitauhe flow field around a turbine’s
expanding streamtube. A simplified mathematicalcdpon of a rotor operating in a
uniform flow is used to predict the shape of theamntube. Additional rotors can be added,
as can a representation of bounding surfaces.ciituiege in streamtube shape induced by the
other rotors or bounding surfaces is used to ptedialtered operating state and an iteration
method is employed to converge on a solution wkatsfies physical characteristics of the
operating rotor. For the converged solution thengeain performance is evaluated by
measuring the change in streamtube shape. Thenptmes evaluated via this process are
then used to evaluate the flow field around therrtir the purpose of wake modelling.

3.3 Justification for the rationalised modelling approach

The aim of the GH Blockage model is to calculatarges in rotor performance and predict
the flow acceleration around the rotor streamtubBo estimate the potential change in
performance the modified actuator disc theory caruked as a rough guide, but it cannot
model 3-d asymmetric effects such as adjacentsaiperating at a slightly different height

and in a different plane to the rotor of interégttuator disc and BEM methods do not model
the flow field around the rotor and are of limitade for the purpose of the GH tool. In

comparison CFD and vortex lattice methods can lel us model the detailed effect of

changing the flow direction onto a specific bladeometry. However, both are too

computationally intensive for the purpose of arapmesign tool. Typically CFD is used at

the validation stage of a design, or when bettetetstanding of complex fluid/structure

interaction is required. Evaluating the array flGeld using CFD to model each rotor is a

hugely complex and very computationally expensaskt CFD modellers have looked at

simplifying the computation by representing theoraas a porous disc (as done by Gant &
Stallard (2008)) or strip, but even then the corapahs are onerous and not feasible for an
array design tool requiring wake calculations fomerous different operating states (e.g.
flow speeds) and layout configurations. For thessons GH believes that full CFD should
be reserved for design validation of rationalisacharical methods.

The table below highlights the change in order efgmtude of computational effort with
modelling an increased definition of the rotor.h&ligh the most simple of Vortex methods
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might be computationally feasible, the practicadgass of setting-up the model makes this
method unattractive for an array design tool.

Table 3.1 Typical computation times source [Li (20D)]

Method Time[s]
Actuator disc (theoretical) 1
Potential flow — simple* 10
Vortex method (fixed-wake) 100

Vortex method (free-wake 2D) led
Vortex method (free-wake 3D) le5
CFD — RANS (Fluent) 2D leb6
CFD — RANS (Fluent) 3D >>1e6

*The GH Blockage model uses Potential theory toutite the flow field around a turbine’s
expanding streamtube. However, the rotor is repiteseby a simple source term i.e. a single
mathematical term compared to a detailed matriteohs used in the Vortex methods. This
simplification has the advantage of yielding a muwbre efficient computation which is
independent of the specific rotor configurationheTmain disadvantage is that it does not
model the flow within the streamtube and thus cardicectly predict rotor performance.
This, however, is not essential. The standardagmbr in the wind industry is to use rotor
characteristics defined by the turbine manufactamst certified by an independent body.
The same approach is also valid here, except ieastindard power and thrust curves will
be altered due to bounding effects and thus th&ra heed to evaluate the site specific
blockage. So instead of predicting the absolutdopmance characteristics the aim is to
predict the change performance due to boundingtstfe

Using Potential theory allows the model to be depetl with the use of additional functions

to better represent the specific site conditioAdditionally, as a well-established modelling

approach there is a wealth of expertise and adti®eelopments in the mathematical

functions available for adoption.  Another magaivantage to using Potential theory is the
ability to directly solve specific points in thef field (as compared to solving the total flow

domain many times until the solution convergeslistcomputations can be limited to the
specific area of interest.
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4 GH BLOCKAGE MODEL THEORY

This section describes the theory behind the GHIglge model. The following section
provides an introduction.

4.1 The basics

The flow field generated by a turbine and its sundings is governed by the fundamentals of
fluid dynamics. To model a flow field the equasowhich govern fluid motion must be
solved using the relevant boundary conditions. &here many introductory texts on the
subject, e.g. Paterson (1983), Lighthill (1986),ssty (1989), but a short review is presented
here:

The application of the conservation of linear motuen (i.e. Newton's Second Law of
Motion) together with the assumption that the flsidess is the sum of a diffusing viscous
term plus a pressure term, coupled with the contmassumption, leads to the Navier-Stokes
equations.

The Navier-Stokes equations are a set of non-lipagral differential equations that describe
the velocity field or flow field of the fluid at given point in space and time. The non-
simplified equations do not have a general clogedf solution, thus must be solved
numerically and with the introduction of a turbutenmodel or simplified in a way that
allows them to be solved.

p(%—ttj+u DDuj=—Dp+DEr+f

whereu is the flow velocityp is the fluid density, p is the pressufeis the stress tensor, and
f represents body forces (per unit volume) actingherfluid.

The mass conservation equation can be reducee toothtinuity equation for incompressible
fluids, and because no mass is created or destioydte system, the standard continuity
equation is derived.

Olu=0

Ignoring the effects of viscosity, Euler derivea ttollowing equation of motion for a fluid
as:

pg—‘:w(u Mu)+0p =f

The Euler equation can be simplified further ifiantational velocity field is assumed. This
allows the velocity field to be described as thadignt of a scalar function, i.e. the velocity
field can be described by a velocity potential. the case of an incompressible flow the
velocity potential satisfies Laplace's equatiom vihich there are many know solutions. This
type of flow is typically referred to as Potentillw and there are many applications to real
flows, e.g. Paterson (1983) pg 205-206.

Such that the motion of the fluid can be describyed scalar velocity Potentiab, i.e.:

22 of 44
Not to be disclosed other than in line with thernteiof the Technology Contract



Garrad Hassan and Partners Ltd Document: 104329/BR/01Issue: 3.0

u=0o

The assumptions on which an ideal fluid is based ar
1. Homogeneous and incompressible fltvd (1 = 0)

2. Inviscid - viscosity can be neglected

3. Irrotational (i.eV x u =0)

Substituting this into the continuity equation Laq#’s equation is derived.
0?0 =0

Many solutions of Laplace’s equation are known ezl be used to represent certain aspects
of real flows. Also, because Laplace’s equatiolinisar the solutions can be added together
to simulate a real flow which is created by a camakibn of effects.

The GH Blockage model adopts Potential flow thesomgl thus can utilise known solutions to

Laplace’s equation to simulate the flow field odésiof a rotor streamtube. This method is a
first approximation to the real flow and severay kesssumptions are made when using this
approach. The next section reviews these assumsptio

4.2 Potential flow modelling assumptions

The assumptions of an ideal fluid are reviewed hereonfirm that the use of Potential
theory is appropriate for this application. Follogithis, a full description of the theory
behind the GH Blockage Model is given.

The assumption that the fluid is incompressiblappropriate given the expected maximum
changes of density. The density of water is ationoof pressure, temperature and chemical
consistency. Temperature changes from 0-20 dedte¢sius across the sea depth would
equate tex 1.6 kgn’, i.e. changes in density of less than 0.2%. Teemical consistency of
the water has a greater effect, with sea watemgbeB0kgm® denser than fresh water, but the
change in chemical composition over a near scalé bei negligible given the highly
turbulent nature of the tidal resource. Thus theoimpressible assumption is considered
valid and allows for the use of the continuity eipra

The inviscid assumption is considered to be redsertzecause the Reynolds numbers at the
rotor scale for typical tidal flows are the ordérle7 and thus viscous forces are assumed to
be negligible when considering changes in the fievd.

The assumption that the flow is irrotational is approximation, as there will be areas of
concentrated vorticity generated by the high singaof the fluid in the boundary layers over
the turbine blades. The resulting vorticity is, lewar, generally contained within the
bounding streamtube. As a first approximatiorsibgésumed the wake rotation does not to
affect the flow outside of the streamtube i.e. othan the flow in the streamtube and on the
streamtube surface, the flow is irrotational (Thom$2004) showed the amount of rotation
in the wake to be less that 20% of the mean stfmm supporting this assumption).

To predict the mean change in rotor operating stateto blockage effects no understanding
of transient effects is required, thus the assuwmptiat the flow is steady is valid.
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The scalar velocity Potential term is derived tlgtowan understanding of the body forces
applied to the flow. A review of possible bodydes acting on the flow is provided to
ensure the model captures the main physical presess

1. Rotor momentum extraction: As the rotor extramtsnentum a reaction force is imparted
upon the flow in the form of a pressure field. 9 the principal parameter to be accounted
for by the model.

2. Gravitational Force: As the tide changes thdtdepsea will change and although the bulk
flow motion might be driven by a free surface pueesgradient, within the near scale at any
instant in time the change in gravity head will insignificant. Thus the mean affect of

gravity is assumed to be constant on all partbeflow.

3. Coriolis Force: The rotation of the Earth doH#fed the flow of oceans on the times scale
of a day. But within the time scale of the rotoe. i10-20 rotations per minute, the effect of
changes in Coriolis force is negligible.

4. Acceleration Force: The free surface pressuadignt drives the tidal flow through two
high tides per day. This time scale is far gre#ttan the time it takes the flow to cross the
near scale and thus the acceleration effect duket@hanging tidal flow will be small and
can be ignored.

In an attempt to quantify the impact of modellirgs@mptions on solution uncertainty, the
following table summaries the impact of the maindelbng assumptions. It should be noted
that higher resolution models (i.e. models whiatonporate more physical processes and are
thus more complicated) may not provide a more ateusolution and can increase the
solution uncertainty due to the added complexity.

Table 4.1 Impact of modelling assumptions

Assumption Impact

This assumption is used by all the modelling meshsd there is no loss
in model accuracy in comparison with other modéswer changes are
directly proportional to density variations, thuhet maximum
uncertainty associated density variations is verglb

Incompressible

—

Viscous forces are of the order of 1/Re (1le-7).uslthe impact of no

Inviscid modelling them directly is assumed to be very small

The exclusion of wake rotation (compared to usingogex method
means that the flow will be less representativentiize real flow
conditions. Bounding surfaces will act to chang®rg@erformance du
Irrotational to a change in the pressure field and as a rdselltveke rotation wil
alter. However, the model is used to evaluate ixglathanges in
performance due to blockage (i.e. by comparing aotational
boundless model with an irrotational bounded model)

11

Turbulent flow can be represented in a number tierdint ways (see
Section.2.4.6). The exclusion of turbulence ingh&ential model mean
that there is no direct method to evaluate how lamynding surface
may alter the fluctuating flow in such a way as dtfect rotor
performance. It is anticipated that bounding stefaact to change the
pressure field in the flow in such a way as to aibéct the turbulencg
structure.

0

No turbulence

U
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Mikkelsen (2003) compares tunnel blockage correstifor several different modelling
methods and as can be shown in his results showigime 4.1 below.

Riwn/ o Eq.(6.15) Eq.(6.14) Actuator Disc

X0 | | |
10.0 1.004 1.004 -
3.33 1.045 1.032 1.034
2.5 1.072 1.052 1.053
2.0 1.112 1.073 1.075

Figure 4.1 Comparison of tunnel blockage correctios [Mikkelsen (2003)]

The second column (Eq. 6.15) is Glauert’'s well-knamproximate solution to correct for
tunnel blockage. The third column (Eq. 6.14) camatihe results from 1-d the “corrected”
actuator disc theory, which was outlined in Sectihd.2. The fourth column (labelled
“Actuator Disc”) contains the results of the gealisied actuator disc model developed by
Mikkelsen, which is an axi-symmetric numerical smno to the Navier-Stokes equations in
which the rotor is modelled as an actuator dise @ constantly loaded pressure surface).
The “corrected” actuator disc theory gives verydjagreement with the generalised actuator
disc model i.e the numerical solution. Further wslkws that even with a fully viscous CFD
code, the discrepancies are small due to tip loss€his suggests that the simplified
(corrected) actuator disc models demonstrate adeginee of accuracy when compared with
more complicated methods. The move from a cagteectuator disc model to a Potential
flow model is to incorporate 3-d effects such agrasetric boundary proximity.

4.3 Potential flow model

The GH Blockage model uses Potential flow theorgitoulate the steady flow field around a
turbine’s expanding streamtube. Standard solutionghe flow field generated from a point
source in a uniform stream in an unbounded fluid ba combined with the principle of
continuity to derive a model that is representati/a rotor operating in a uniform flow. The
figure below provides a schematic of the Poterfiad model. The red dot represents the
source and the red shaded region represents thefpelled from that source.
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Figure 4.1 Schematic of the source and uniform flownodel

In spherical coordinates the Potential flow modé&ks the form:

=y -——
O
whereU is the free stream velocity is the strength of the source and is equal tovtheme
flux expelled by the source, ands the distance from the source. The velocitidfie found
by taking the grad of :

Od =u=Ue, +-+ L
47T|r|

A rigorous three dimensional momentum integral aveontrol volume using this model has

been conducted by Spalart (2003) and included ipedix B for reference. This analysis

yields the same result as classical 1-d actuasar tiiieory, hence verifying its suitability as a

modelling method. The value ofcan be evaluated in terms of the axial inductatdr (a)

or the thrust coefficient (Ct), using momentum ssl Considering a control volume of a

cylinder of cross-sectional ar&a (as shown in Figure 4.1). The removal of energyfthe

flow causes it to expand, such that some of therael flux leaves from the sides of the
control volume. This means there is a differencéh volume flux across the ends of the
control volume. To simulate the expansion of théavthe point source needs to inject this

difference in volume flux, so that:

Mass flux from sourcenf) = Mass flux upstream — Mass flux downstream

Or
m=SU -S,aU

Using continuityS, can be described in termsafi.e.:

a 1+a
=S— where 8 =——
S, 5 B 5
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Thus,

m=tume -’)
2 a

Or as a function of axial induction factor or Ct:

Ct

m=U7ﬂ2a(1—a)=U7R2m

(4.1)

To leading order the source bends the streamliseti@vn in Figure 4.1. There is a leading
correction of order 17 which corresponds to an offset in source locatitomg the x-axis.
The physical interpretation for this correctiorthg small amount of circulation induced on
the surface of the streamtube. To evaluate thisection offset the model can be altered
such that:
u=Ug=U_ + M E—Irirs3
4 |r —rs|

Wherers is the offset vector from the origin, which is sgtthe turbine centre. To evaluate
the rotor streamtube equation a volume flux balasagylindrical coordinates can be used.
Using:

2 2 2
ST=y +Z° gri=s’+x°

In cylindrical coordinates the flux from source is:

_7fog
q—J;!ESDUHDUx

q= Zmiﬂ dx
ds 4nr

X

_mi_ s
77 X(524_)(2)%

which yields (as shown by Lighthill (1986)) to

m X
=—|1-—
a 2[ r}

Considering any ares then the contribution of volume flux from theestim isaU and from
the point source it ig. Incorporating the offset:

Flux in streamtube = Flux from uniform flow + Flédnom source

=aUu +m 1_m
2 r=ry
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Selecting the rotor streamtube (i.e. that enconmpgsthe rotor swept area at0 ) and
conducting a volume flux balance across the endhef turbine streamtube, where the
downstream crosssectional & and the the stream speed is U (the Potential namkd not
simulate the real flow inside the streamtube) gteation for the streamtube is:

SZU :U7R2+£ 1- Xoffset
2 r-r

Solving for X .., USing

Xoffset
S, = Zli—aa, -%Umz(l_aaz) and r_=| 0
0
Yields:
2 s

This approach is used within the GH Blockage madehcorporate additional 3-d effects.
The method by which changes to performance areigteedis through the alteration in the
streamtube shape. Note that this model only predie near field wake; it does not model
the wake recovery process that happens after dsspre-driven wake expansion.

Additional turbines can be represented by the figeudtiple sources. The introduction of the
seabed as a rigid boundary can be easily introdused) the Method of Images. The Non-
slip condition is not met, but a perturbation agmto could be developed here. As a first
approximation it is assumed that the non-uniforowffield can be normalised out. This will
not be representative when there is significanbsgagenerated shear flow. However, this
scenario will be avoided for most device instatlai due to the lower energy content in the
bottom part of the boundary layer.

The generalised equation for multiple rotors arartimage is:

2 2

CD Flow = cDUniformSteam + Z cDTurbineSou:q + Z cDIm ageSourcg (4.3)

i=1 j=1

The introduction of the free surface creates aritiaddl boundary on top of the turbines
which further bounds the flow. However, unlike teabed the free surface has no 'no-slip’
condition and is also able to move, such that twendary can distort. This distortion can
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appear in the form of surface waves which travehyafvom the surface disturbance. The
boundary condition associated with a free surfaseiances in a uniform stream is known
as the Neumann-Kelvin problem (discussed by Tuc# &cullen (2002)), and can be
described by:

f[0)] %0
—+K
0z 02X

=0

at the mean water level, where K is defined as:

Only when the Froude number reaches values grélter 0.1 will free surface effects
become apparent; even then they are likely to steihothe ambient waves. This problem has
been studied in some detail for the applicationvafze resistance on submerged objects.
Although Tuck and Scullen (2002) show the impacsrigall even at close proximity, it is
expected that most device will operate away from fitee surface to avoid wave loads.
Experimental evidence to date has shown that wbealing to the Froude number, no visible
surface depressions are observed (apart from sugpoicture bow waves). Eyewitness
reports of the flow down stream of MCT’s SeaGenick\also report no obvious surface
disturbance generated when the rotors extract mmmen Thus the approximation of the
free surface to a solid boundary is consideredorgdsie. For a confined channel the
collective effect of momentum extraction may resnldownstream head loss, but this effect
is not considered as part of the near field bloekagpblem. Hence the initial assumption is
that a solid body boundary can represent bothébhbexd and the free surface.

ai)=W=O
0z
onz=0,-h

However, using the “Method of Images” to model bbttundary conditions above would
require an infinite series of images sources, duth¢ interaction of the image sources on
each other. The Multipole method, explained by &ntC.M. and Mclver P (2001), is an
alternative way to represent the solid boundanditmms at the seabed and the free surface.
It can also be developed to incorporate the freéase wave effect, unlike the method of
images. The Multipole method uses the solution aplace’s equation for poles to find a
separate linearly-independent solution which, baseddifferent coordinate system, satisfies
the boundary condition. The Multipole methoddspted in the GH Blockage model.

Representing a single pole (i.e. a source with omss flux) using Bessel's equation in
cylindrical polar coordinates yields the form:

[oe]

I -II\Z\J )d,u

0
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By solving for specific boundary conditions the &utal field around the outside of the
bounding stream tube can then be described by:

X T X _ud d
X T et sk

28 OF¢

b =U +2 | =Ly [y eret? 3 (18)du
| r S (4.4)

28 OF¢

-5+ [ 1sign(z)e e 3, (1)

0

A full derivation is provided in Appendix C.

The above equation is used to find the solutiothefflow field for defined locations in the
domain. However, the Multipole method is onlyigat length scales equal to the distance
from the bounding surfaces, therefore this metlsogeinerally restricted to the streamtube’s
near field. It is applicable for the purposes offpegnance characterisation, where the cross-
sectional areas of the streamtube at 2-3 diamfrtarsthe rotor plane can be used to evaluate
the changes in rotor performance.

As part of an iteration process to find the altevpdrating state, the one rotor parameter that
is assumed to remain constant i.e. is independdibokage, is the rotor resistance. Taylor
(1944) defined the theoretical relationship betwaemsistance coefficiert and the drag
coefficient as:

K

2
[1+3¢)
4

Correlating this equation with the equation for &t a function of axial induction factor
yields the rotor resistance coefficient as a fuorctf Ct and axial induction factor:

CT:

k =C; (L-a)® (4.5)

The rotor resistance coefficient is effectively ttedationship between the flow onto the

blades and the resulting force on the blades. sltassumed that this relationship is
independent of blockage, which from a physical pective appears reasonable. Thus it is
assumed that a for a given change in axial indoctaxtor, Ct will change to maintain a

constantk value.

In summary the key assumptions made are:

- Steady flow — for the analysis of performance cleatige flow speed is constant.

« Inviscid — the high Reynolds numbers mean viscouses will be small, and that
changes to performance will not be affected byousceffects.

- Irrotational — very little rotation is imparted tthe flow by the wake
streamtube. A correction for this is provided Meear momentum analysis.
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« The pressure driven expansion of the streamtubdeaepresented by a simple
source term and characterised by the boundless Ct.

« The non-slip condition is not modelled, as it istared that the mean flow over
the rotor is uniform, leading to a uniform change flow outside of the
streamtube.

« The expected operational Froude numbers are lowginto ignore local surface
disturbances.

» Rotor resistance coefficient is independent of kége.
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5 GH BLOCKAGE MODEL METHODOLOGY AND
IMPLEMENTATION

This section describes how the GH Blockage mod@ldsrporated into a working code for
use in the GH TidalFarmer array modelling softwia.

The overall concept of the GH TidalFarmer modellmgthod is to reduce the extremely
complex interactions between tidal turbines anddieounding flow field in to a distinct
physical process which can be simplified and medell Classical analysis simplifies the
physical processes under investigation via thectele of an appropriate scale. The three
appropriate scales of interest are Coastal basnayfnd Device scale (see Figure 5.1). The
GH Blockage model is found at the “Device scaletle

Device scale

—_—_— e e —

Figure 5.1: Hierarchy of modelling domains and scals

Within the “Device scale” level there are severatinematical models that are drawn upon.
The figure below puts the GH Blockage model intoteat 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 5.2: Overview of GH TidalFarmer software arditecture showing the GH Blockage model
in its context

As stated in Section 3 the GH Blockage model setwespurposes: To determine changes in
turbine performance (Cp & Ct) and to alter the yarftaw field locally around the turbine
under analysis. The sections below describe hoth bdl be incorporated in to the GH
TidalFarmer software.

5.1 Performance modelling

To predict the change in rotor performance and nheaa (i.e. Cp and Ct) the GH Blockage
model uses a set number of inputs. These are:

- The Boundless operating Cp and Ct (and TSR), eieduaa a lookup table given the
local disc-averaged flow speed at the rotor locatio

« The proximity of the sea-bed and free surface ¢orttior

« The proximity of near field objects, such as adpdarbines and channel walls

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

Given these inputs a number of check routines seel to evaluate the model set-up. These
include:
- Evaluate effective distances to boundaries andrteriroupings
- Evaluate the type of model to use (dependent oretipgired accuracy)
« An estimate of blockage correction from 2D theawyirtform initial correction estimate
in the Blockage model iteration

The main iteration loop is then initiated

- Set up the model, evaluate sources, strengthsféset
« For each turbine in the group in turn:

o Calculate the flow field on and around the expestiedamtube shape. Only the flow
outside of the bounding streamtube is represesmtafithe real flow and thus the first
part of the analysis is to evaluate this streamtube

0 Use streamlines which flow past the edge of therrdisc to calculate the altered
streamtube shape.
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o Evaluate the change in streamtube shape i.e. thgeapn and downstream cross-
sectional areas
« Evaluate the error in rotor resistance for eachimgrin the group.
« Propose new rotor operating states for each tuihitige group
« lterate until the errors are within tolerance
- Evaluate altered Cp, Ct and TSR

The flow diagram below illustrates the performameadelling approach to find the altered
rotor Cp and Ct:

Select local turbine groups for blockage
modelling
Evaluate group sequence

v

For turbine group:
Get local turbine conditions for: h, b, hh, Uo, Cglth,
Evaluate effective distances to boundaries

v

Set up turbines in potential model
Set up domain (for required accuracy)

v

Iterate until error
within tolerance

v

Loop for each
turbine in group

v

GH Blockage Model
Evaluate flow field and altered conditigns
Evaluate error from boundless conditipns

v

End loop for each

\ 4

Change operation point

turbine in group

A

v

Evaluate average erro

no Error within tolerance

Feed back bounded Cp, ¢t

Figure 5.3 Flow diagram of the GH Blockage modePerformance modelling
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An example of the effect of local blockage in 3sdprovided below to demonstrate the
possible changes in performance and thrust asut tddbounding effects.

Bounded/Boundless

Channel depth=50m. width=200m. turbine dia 21m;hub height=22m i.&. Br=0.0035 T_

1.02 | | | |
1 15 2 25 3 35

lateral gap (D)
Figure 5.4 Example of blockage effect using GH Bi&age model

5.2 Flow field modelling

Once the change in performance due to blockagbdes calculated, the altered Cps and Cts
are used to evaluate the local flow field outsifi¢ghe streamtube. The flow field modelling
uses the GH Blockage model to predict the local fiield around the rotors of interest.

Inputs:

» Altered Cps and Cts for the group of turbines téiiest
« The proximity of the sea-bed and free surface ¢orttor
« The proximity of near field objects, such as adjaderbines and channel walls

The main procedure is as follows:

« Evaluate effective distances to boundaries andrtergroupings

« Set up the model, evaluate sources, strengthsféseto

For the group of turbines calculate the flow fiedd and around the rotor streamtubes
(typically up to 3D around the rotor).

« Alter the array flow field using a perturbation apach

The following flow diagram outlines the above prese
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Blockage flow field modelling

v

For turbine group:
Get local turbine conditions for: hh, Uo, Cpb, Ctb,
Get effective distances to boundaries

v

Set up turbines in potential model
(including wake representation)
Set up domain (for required accuracy)

v

Evaluate normalised flow field in relevg
places around turbine group

v

Altered flow field with normalised
blockage model flow field. due to loch
blockages

Figure 5.5 Flow diagram of the GH Blockage modeFlow Field modelling

The figure below visualises an example of how thesfchanges around two turbines placed
2.5D apart.

-4 3 B E

0 1
T
I
1

2
T
I
.0

1
T

1 | !

0.9 0.92 0.94 0.96 0.98 1.02 1.04 1.06 1.08 14

Figure 5.6. Blockage model of two turbine streamtués (blue lines) - cut through the centre of the
flow field

5.3 Implementation

The GH TidalFarmer software tool will consist ofsengle executable file (user interface)
with which the user will interact, as well as a foanof calculation modules which will be
implemented as dynamic-link libraries (DLLs). Tidedlculations will be controlled and
coordinated by a top-level “core functionality” mdd. The GH Blockage model is likely to
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be implemented as a subsidiary module (DLL) prawgda service to the top-level DLL via a
clearly-specified interface. This means that, asafathe top-level DLL is concerned, the GH
Blockage DLL and others are “black boxes” whosermal functionality does not need to be
known. This is in accordance with the principlegobd software design.

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

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 top-level DLL will Icdde Blockage DLL at the appropriate
point in the speed, direction and optimisation lo®ppically blockage modelling will be
conducted towards the end of an optimisation itenaand when lateral spacings are being
investigated.

Both the altered Ct and surrounding flow field Wk fed into the wake modelling module.
The altered Cp is stored and used at the end ddritiee calculation to predict annual energy
yield.

Table 5.1 Summary functional description

Model Inputs Outputs Method used
Blockage model Altered turbine| Blockage
Incident 3-d flow field | performance performance
Boundless turbine characteristics (Cp, Ct)model
characteristics (GpCt,) | Altered 3-d flow field
Turbine locations around turbine. Blockage flow
field model
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Table 5.2 Detailed functional description of the Bickage performance model

Task Input Output Method
Select local turbine Turbine locations, Flow Selected turbine group Proximity algorithm.
groups for blockage direction, (turbine locations)
modelling Criteria  for  proximity

Evaluate group sequence

(radial distance apart)

For turbine group:

Get local turbine
conditions

Evaluate effective
distances to boundaries

Selected turbine grou
(turbine locations)

D

For each selected turbine
Turbine locations
Local geography:
Water depth, distance t

channel walls, hub height.

Operating condition:
Uo, Cpb, Cth.

: Lookup algorithm

[®]

Set up turbines in
potential model

For each selected turbing:
Turbine locations
Local geography:

Water depth, distance tp

channel walls, hub height.
Operating condition:

Model set-up

Using equations 4.1 to 4.
to set model parameters.

Uo, Cpb, Cth.
Set up domain (for Point in optimisation| Domain on which to solve Matrix set-up algorithm
required accuracy) loop. the model defined

Predefined settings.

Loop for each turbine in
group

Evaluate flow field and Model set-up Flow field solution Solve equation 4.4 o
altered conditions Calculated change in rotgrmodel domain
performance Use equation 4.5 t
establish new  roto
resistance
Evaluate error from Model set-up (no Model Error Solve simplified equatio

boundless conditions

boundaries included)
Operating condition:
Uo, Cpb, Cth.

=)

4.4,
Actuator disc theory

End loop for each turbine
in group

Evaluate average error

Iterate until error within
tolerance

Collective resistance error

Iteration requirement

m@arison algorithm

Change operation point

Individual resistance errorlterdd model inputs fo

next iteration.

Iteration algorithm

Feed back bounded Cp,

Ct

Altered rotor performance
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Table 5.3 Detailed functional description of the Bickage flow field model

Task

Input

Output

Method

For turbine group:

Get local turbine
conditions

Evaluate effective
distances to boundaries

Selected turbine grou
(turbine locations)

D

For each selected turbine
Turbine locations
Local geography:
Water depth, distance t

channel walls, hub height.

Operating condition:

[®]

: Lookup algorithm

Uo, Cpb, Cth.
Set up turbines in For each selected turbing: Model set-up Using equations 4.1 to 4.
potential model Turbine locations to set model parameters.
(including wake| Local geography:
representation) Water depth, distance tp

channel walls, hub height.
Operating condition:
Uo, Cp, Ct (i.e. blockage
corrected values).

Set up domain (for
required accuracy)

Predefined settings.

Domain on which to so
the model defined

vBlatrix set-up algorithm

Evaluate normalised flow

Model domain

Flow field solution

Solve equation 4.4 o

field in relevant places Model set-up model domain

around turbine group

Alter flow field with | Blockage induced flowy Combined flow field Flow field combinatio
normalised blockage field algorithm

model flow field due to
local blockages

n
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6 VALIDATION

6.1 Existing verification

The blockage correction theory outlined in Sect®4.3 has been used to partly verify the
potential model proposed by GH. A 3-d versionhaf potential model has been compared to
the 3-d symmetric actuator disc tunnel model ance@mvalent 2-d actuator disc channel
model (where the equivalent rotor area is changeudintain the same Blockage ratio). The
figure below shows a small change in correction whemparing the tunnel and channel
theory. This is mainly due to the very low Froldembers expected in tidal stream. The
GH model compares well with the actuator modelse Thrrelation deteriorates at higher
blockage ratios, but realistic blockage ratiosratlikely to exceed 30%. In this region the
model performs well.

—- Ct=0.88889 and Fr=0
—- Ct=0.875 and Fr=0
GH Blockage ot 75 and Fr=0
— - model Ct=0.5 and Fr=0
— Ct=0.5 and Fr=0 I | | |
14 Ct=0.7Sand Fr=0  |..__.__ e R A S =S
" | — Tunnel  Actuator  disc t=( 875 and Fr=0 ' ' ' '
— model Ct=0.88888 and Fr=0
Ct=0.5 and Fr=0.0001
Ct=0.75 and Fr=0.0001
+ Channel  Actuator  disCit= 875 and Fr=0.0001 : 1 } 1
13| » model C1=0.88889 and Fr=0.0001 |------ e EECETREER: [PV o C g B L e
+ Ct=0.5 and Fr=0.06 ' - - :
Ct=0.75 and Fr=0.05
+ Channel Actuator  disc Ct=0.875 and Fr=0.08
4 model Ct=0.88888 and Fr=0.06

L e —————— R 25

Cp/Cpboundless

0 i i i i
0 01 0.2 0.3 04 0.5 0.6 0.7
Blockage ratio (D/H)

Figure 6.1 Comparison of 2D blockage potential modeesults and theoretical solutions

Whelan [2009] demonstrated the suitability of usind corrected actuator disc theory for a
highly blocked rotor. But to date a full experimaninvestigation of the impact of proximity
of bounding surfaces on rotor loads and performdrasenot been conducted. It is thus the
intention of the PerAWAT project to provide suitablalidation data. Details of this are
covered in the following section.

6.2 Developments under PerAWAT

There are several investigations into the effeftsoninding surfaces within the PerAWAT
project. At the device scale the effect of treefsurface will be characterised through both
experimental and numerical investigations. Numéricaodelling in WG3WP1 will
investigate the effect free-surface proximity onkf axial flow rotor. This will be cross
compared with WG3WP5. Similar analysis for bottluzted and open centre rotor will be
analysed in WG3WP1 and WG3WP5 respectively. In WiB4 the effect of blockage and
interaction with the free-surface will be investiggh with two tests in which the water depth
is altered. WG4WP3 will conduct similar tests fath ducted and open-centre devices. The
prime area for investigation in WG4WP2 is in thepant of varying the lateral spacing
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between rotors. In addition one test will inveatg the impact of depth variation. In
WG3WP2 numerical modelling will be conducted forotwcenarios: an isolated depth
constrained rotor; and an infinitely wide depth stoained array. This will yield one test
case to which comparisons can be made.

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

The wide variety of numerical and physical validattests will provide a robust set of tests
to which the GH Blockage model can be comparede GH Blockage model will be set up

to be directly analogous with each test allowingedi comparison and thus validation of the
model. The input parameters for comparison will thex proximity to boundaries and the
measured/calculated boundless prediction of roésfopmance. The output parameters for
comparison will be the altered rotor thrust coeédint and, if feasible, the rotor power

coefficient. Mapping the flow in the regions arouhe wake (as planned in WG4WP2) will

also provide further evidence of the more compiegractions between adjacent rotors.

As shown in Section 6.1 above there appears tolimeitato the validity of this model and it
is the intension to fully investigate the region rabdel applicability and the uncertainty
associated with the modelling method. This willdmne through the comparison with the
test data (which itself has associated uncertanted through an understanding of order of
magnitude of the error each modelling assumptitnoduces.

The applicability of this method to the ducted amgen centre rotor type will also be
investigated. Developments to the model may irelgéneral theories (Jamieson, 2008)
developed for ducted rotors.

As with any numerical modelling approach there idrade off between accuracy and
computational time. At present the run times wdaddprohibitive to be included within an
array design optimisation routine, but can be usethe final design iteration stage. The
impact of calculation resolution will be investigdtto assess the impact that model accuracy
has on computational time and model uncertainty.
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APPENDIX A - SPECIFIC ENERGY AND THE FROUDE NUMBER

When a rotor is bounded within an open channel, ftbe is bounded by three rigid

boundaries and one free surface. The free surfmcdynamic and capable of depth
variations, thus the governing forces of the flowsminclude gravity. Bernoulli’'s equation
can still be applied to a flow with a one-dimensibheight variation and hence a similar
analysis to the boundless condition can be appli¢dowever, the effect of removing
momentum from an open channel, with a constantunflcan affect both upstream and
downstream conditions. The specific energy and dgimaless Froude number of a flow are
used to investigate the relationship between tis¢re@m and downstream flow conditions.

A
\ 4

b

E: o ] o

Figure A.1. Uniform flow in an open channel
The specific energy for a one dimensional charpel,frelative to the channel floor, is:
E=Z+w.U/(29) = Z+w.§(2.9.A) (A.1)

where A = Z.b, where b is the channel width and the channel flow rate. w is the kinetic

energy correction factor and accounts for a real fhot being completely uniform. Thus the

true kinetic energy at a cross section is not rezndg equal to the spatially-averaged energy.
For the uniform channel w = 1.

Assuming the inflow is constant and that the chagaemetry does not vary, then

E=2Z+d(2.9.(Z.bY) (A.2)
Or
Z2-EZ+l(2.95)=0 (A.3)

This cubic yields two real positive solutions fargfven any real values of E, g, g and b. The

minimum specific energy point if found by differattng the energy equation to find a depth
at which the flow changes characteristics. Thigtllés known as the critical depth (Zc);

Ze = (d/(9-)™" (A.4)

When Z=Zc
Zcg =0 (A.6)

At this critical depth the inertia force balancks gravitational force. The Froude Number is
the dimensionless number used to describe thelvatiween these two forces in a given flow:

Fr = inertia force = U . (A.7)
gravity force  \(g.2)

If the incoming flow has 1 (or Z > Zc) then the flow is governed by gtational forces
and is described as subcritical or tranquil. Iis ttype of flow the weight of the fluid
Al of A3
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upstream drives the flow downstream and hence thenstream conditions affect the
upstream conditions. To investigate how the rerholvanergy affects the depth downstream
the specific energy of the flow is evaluated.

The figure A.2 below plots the change in specifiergy of a flow with depth (relative to the
critical depth) using a specified channel geometryl flow rate. The flow characteristics
are governed by a single specific energy curve umxthe flow rate is fixed. It can be seen
in the plot that a drop in energy from a trangloinf can only result in a drop in depth and a
resulting increase in speedl is relative to the uniform incoming flow speed)he red
lines demonstrate that removing ~10% of specifiergyn affects the flow differently
depending on the depth. If the depth is closetht critical depth the result of energy
extraction is a greater change in speed ratherdbpth.

Specific Energy Characteristics (U=3,20=40,b0=1000)
6 / 6
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Figure A.2 Graph of channel flow specific energy

The change in Z/Zc due to the removal of a set anofl energy results in a depth and
velocity change. The graph below demonstratesftina varying depth channel the change
in Z/Zc is the same as that for a shallower channel
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Specific Energy Characteristics (U=3, Z0=1000,b0=1000)
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Figure A.3 Graph of deep channel flow specific gger

However, the value of Z/Zc is not constant with tleBy assuming that the critical depth
does not vary significantly during energy extraatithe following relationship can be used to
investigate the drop in heightZ) as depth increases:

AZSYZs = AzZdzd (A.8)

where s and d denote a shallow and deep depthctasge. Thus as the channel depth
increases the change in depth, due energy extnadiiecomes much smaller and it tends
towards the boundless condition.

Thus given the channel geometry, an inflow rate #medamount of energy extraction (or
momentum removed), the resulting depth change eafolnd.  To evaluate how much
energy/momentum can be extracted from a free surflimev, a momentum balance must
applied.
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APPENDIX B — VALIDATION OF ACTUATOR DISC THEORY USI NG A
POTENTIAL FLOW MODEL

This work has he done by Spalart|(2003) but 18 repeated here. The momentum integral is taken
over a control volume for which the far velocity field 1= predicted by the potential model. Note the main
benefit of this analysis 1s that no assumption that velocity through the dise 1s aligned to the » axis 1s uniform
15 needed.

Conducting a momentumn balance access control volume of a sphere r >> R

S T parcsin B v
f / g Mipdfdg = My yon out / / Mgt thro waked0d® (A1)
1] arcein(fq/r) 1} 2]

where My, is the x-direction momentum entering the sphere, M, .on o3¢ 18 the momentum taken ont by
the r.5|,<:t.1_1at.01' disc (represented by a jump in pre:ssure across the disc) and M4 110 walee 18 the momentum
leaving the sphere through the wake at a velocity of all.

My, = —(usu-e.4pe;-e;)
7 LT
‘Utaken out R Ap
Moyt thro wake = prRz(el)(al])

with axisymmetric flow and taking the integral from # = 0 in the +ive r direction to 7 in the -ve r direction,
then

m m
—2mrip gl - e, sin fdd — 2rr? / pe, - e.sinfdd = T R2Ap 4 pr Rz (all)? (A.2)
aresin iy /r) S0
To find the pressure field we can apply Bernoulli's equation to any streamline npstream of the actuator disc.
A pressure jump (Ap) 1s added to the fhad that goes through the wake, but it 1s assumed that the pressure
in the Huid that went through the actuator dise dissipatedsto py at the control volume boundary, and thus
the wpressure field can be found by

outside the wake p.. + jQ—)Uz =p+ gllllz (A.3)

5 Y A _m T 1
P= P+ gb 2 _ % (E-'2 + 20 Er% +0 (?_—3)) (A4
(A.5)

Substuting the above in to the momentum equation

i 5 a L O 'H o
— 92 ."’f iy SIN AR + f Poe + EUZ - "I—J (U" + 'EUE c:z ) cos & sin Adf
arcein{fo/r) i 2 2 dr 1

= wR?Ap + prRE(al)? (A.6)
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Substitute eqaution

_27.-1“2;3']-?r ([.-" + 2 ocos 9} ([.-" cos(f) + %) sin Add

reain( Ry fr) 4r2

T
_Qm‘zf P + g{,ﬂ - g ([..-'2 + 2[:% cf‘ze) cosBsinfds = nR2Ap +prRi(aU+0 (1) (A7)
] 7

The above integral gives
R2Ap = pREU3(0® — o) (A.8)

using Bernolli on a streamline in the wake
- ] Porr 2 P oz
inside the wake pgia. + Ap + 5[\[,'4,;36) = Pae + 5(&-[.-)

equating py;.. either side of the dise

2

-2 P
QLI = Pdisc + E |udisc|2

Poc +
Thus the relationship between Ap and « is found for a given UV as

Ap=§U%(a* - 1) (A.9)

Hence we see that the classical results are obtained which provide confidence in the use of Actuator disc
theory.
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APPENDIX C — MULTIPOLE METHOD
The potential for a single pole (a source of unit mass flux) in spherical polar coordinates is

1. and r = Ry/(x? 4+ y2 4+ 22)
=

N =

Bessel's equation 1s

82 32 tpz 82 +pz ¢ 2 +pz ¢
a2 T3z (e Jo(ns)) = —5= (67 Jo(ps)) = —p” (€7 Jo(us))
where s = \/-(.1“2 + %) and Jy is the Bessel function of the first kind. Using Bessel's equation the equation
(4.8) for a source can to be converted into a cylindrical polar coordinate system, by representing the pole as

an integral, of the form
1 L= <]
= f e_“|°|JD(ps]dp
r il

The Multipole method uses a linearly independent solution to the above integral to fit the boundary condi-

tions. Thus the total potential of y becomes the summation of the pole solution and the linearly independent

solution 1 -
xw) =+ [ At D)
0

The value of the constant A i= found by applying boundary conditions at either surface. Checling the above
solution still behaves as a source when r — 0, it is seen that as r — 0, = — 0 and thus y — 1/r, which is
the solution for a source. However, as r — oo the solutions will not be similar and the point at which they
diverge will be governed by A(u). To find A(p) the boundary condition at the free surface is applied

a
%:D. o11:=§

Equation aboveis solved to find A(u)

(=]
ﬂ -0 = f (_p_.e_—Pd_fz 4 “A(#)de.,-?) Joles)du
dz o
—A(y) = e
and similarly on the seabed
ax 0 o_d
92 mE=T3

and it is seen that the solutions agree
= I i
0 = f (e = A ()2 Tofps)
0
Alp) = e

Substituting in this value of A(u) the potential y becomes

X = l +f e Pdebtlzl I (res)dp
r 0

Applving this potential to the model, the total potential for a source at the origin in a uniform stream
bounded by two solid planes at +d/2 becomes

b=Ux+Qy
And the resulting velocity field is found as

— &+ fy pgerter L (pus)dp
Vd=U+0Q — &+ [ pEemrderlEl It (ns)dp
—5 + [, psign(z)emrlerl o pus)dp
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And because Ji(ps) = —Jy (pus)

A €I GE S y :
u = U4Q (?—3 e / Irr.:s*”"l‘l_d"il (,Lr.-h'jt-f;r)
Jo 5

y B e g
+Q (Tx +] I*;'—"“‘”" d"‘fl(m)du)
1] i

+6 (?—5 —f ;r.sr'y?s.(:ja_-"":|'?|‘d7._fg(;r.qufgr)
o

-
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