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Abstract

Numerical models have been used recently to
quantify the effects of tidal extraction in specifi
tidal systems. Commonly, these studies have
employed numerical approximations to the depth-
averaged shallow water equations to simulate tidal
hydrodynamics. Tidal power extraction has then
been introduced by incorporating an additional bed
shear source term, or another general source term,
represent the presence of tidal devices.

We review these models and adopt an approach,
based on actuator disc theory, to define the ptimser
of a tidal device within a depth-averaged numerical
model. This approach allows a direct link to be enad
between the actual tidal device and the equivalent
momentum sink that the device should impart within
a two dimensional (2D) depth-averaged domain. We
use this description of a tidal device to model the

hydrodynamic effects of energy extraction in an
arbitrary coastal domain.

Keywords: actuator disc,resource assessment, shallow
water equations, tidal power.

Nomenclature

A = Area of a turbine(s)

a = Amplitude of a tidal constituent

B = Blockage ratio

b = Uniform channel width

C Dimensionless coefficient

F( ) = Numerical flux

Fr = Froude number

f = Coriolis parameter

g = Acceleration due to gravity

h = Depth of water

Ah = Change in depth

k = Dimensionless drag coefficient

P = Power

Q = Flow rate
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T = Thrust exerted from a turbine(s) to the fluid
uv = Depth averaged velocity components

X = Net force between turbine and bypass flows
X,y = Cartesian co-ordinate system

a,p = Velocity coefficients

y = Multiplier

n = Efficiency

p = Fluid density

T = Shearstress

C = Wave height

Subscripts

1,2,..= Stations

b = Bypass streamtube

d = Dimensionless drag

hyv = Horizontal and vertical directions

max = Maximum value

m = Boundary value internal to a finite volume
n = Normal component to a turbine fence

P = Dimensionless power

p = Boundary value external to a finite volume
< = Still water level

T = Dimensionless thrust

t = Turbine streamtube

w = Wake

Xy = Cartesian components

* o= Maximum average value

+ = Outside finite volume boundary

- = Inside finite volume boundary
Superscripts
* = Solution at flux interface

1 Introduction

The deployment of a large scale tidal farm will
influence the hydrodynamics within a coastal basin.
Given the associated environmental and commercial
costs that might be associated with this influence,

there is need for better understanding of the
hydrodynamic impacts of large scale energy
extraction.



Although analytical theoretical models exist, it is
expected that further understanding will be progide
by means of numerical simulations which model
depth-averaged hydrodynamics. For these numerical
simulations to provide realistic insight, the madel
employed must be accurate and must allow for a
realistic definition of energy extraction withineth
coastal basin.

The layout of this paper is as follows. We begin
by reviewing the literature on theoretical and
numerical modelling of tidal power extraction in
coastal systems. Next, in an effort to define eperg
extraction in a numerical model, we discuss the
actuator disc model for tidal turbines due to Whela
et al. [1], and provide some additional discussion on
downstream mixing and head efficiency. We argue,
using simple scaling assumptions, that actuatar dis
theory can provide a useful definition for tidaiver
extraction in coastal basins. Lastly we discuss the
extraction of power from a channel and compare the
results with an analytical model due to Garrett and
Cummins [2].

2 Literature Review

OneDimensional Theoretical Models

Two one dimensional (1D) theoretical models
have been developed to describe energy extraction
from a channel. The first, due to Garrett and
Cummins [2], investigates a channel connecting two
large bodies of water which differ in tidal phase
and/or amplitude. For instance, this could be aitstr
between an island and a large land mass, or sieply
strait between two otherwise disconnected oceans. A
similar theoretical model, due to Garrett and
Cummins [3] and Blanchfiel@t al. [4], concerns a
channel connecting a large basin/ocean to an
enclosed basin/bay. It is a generalised form of the
first model discussed above, if the two large basin
are only connected through the channel [4].

Together these two models cover many realistic
coastal systems in which tidal energy extraction
might be attractive, and might, for instance, repra
a first approximation for the Pentland Firth. Other
sites, such as flow around a headland [5, 17]nate
covered by the theories. However, given the
generality of the 1D models it is useful to discuss
their implications.

Both of the 1D theories adopt the 1D dynamic
equation to describe flow through the channel, and
make several simplifying assumptions discussed in
[2, 4, 6]. Based on these assumptions a maximum
average power that can be extracted from the
channels, when subjected to a sinusoidal drividg ti
of amplitudea, is shown to be [2, 4]:

P = ypgaQmax s (1)

1046

where Q. is the maximum flow rate in the

undisturbed channel and the dimensionless fagtor
ranges between 0.21 and 0.24 for the first theody a
between 0.19 and 0.26 for the second. This range in
y is representative of the dynamic balance in the
channel, with a value of 0.21 in both models
indicating that the flow is dominated by naturahgir

as opposed to acceleration effects [2, 4]. However,
since the range iny is small, taking y= 022
provides a useful approximation to both regimes [2,
4]. Furthermore, using this value the maximum
average power is defined in terms of only the
undisturbed flow rate and the driving amplitudethbo

of which are measureable from observations and
numerical models, and therefore the analysis regquir
no detailed understanding of the dynamical balance
in the channel [2, 6, 7]. Determining if exit
separation or other non-linear losses are impoitant
the dynamic balance becomes unnecessary provided
that these terms vary, to the leading order, witn t
flow rate squared as turbines are introduced [6, 8]

In addition to predicting the maximum power, the
models also provide an indication of hydrodynamic
effects. At maximum average power extraction the
flow rate for a channel between two large basins is
reduced to 58% if drag forces are dominant in the
undisturbed state [2] (this value has also beeargiv
by Bryden and Couch [11]). This reduction might be
unacceptable environmentally. However, if only a
10% reduction in the flow rate is acceptable, then
is easy to show that 44% of maximum average power
can still be achieved (whewy=021) [7]. For the
second theory, a similar trend is noted as reduced
power is extracted [8, 12].

As discussed in the next subsection, both theories
have been compared, with reasonable agreement, to
2D numerical simulations for uniform extraction
across a real channel. Garrett and Cummins [9] have
suggested one way to extend the theory to account
for a channel that is partially blocked with thes us
linear momentum actuator disc theory (LMADT)
applied in the region of the turbines. However,
although actuator disc theory ties in well with the
assumptions of the 1D theoretical models, it also
requires further assumptions in the vicinity of the
power extraction, such as the requirement for a
constant channel width, a uniform along channel
bathymetry, uniform upstream flow and steady state
conditions. Furthermore, no account can be made for
asymmetry in the placement of a partial turbine
fence.

In summary, the 1D theoretical models provide a
reasonably complete explanation of the physics of
tidal energy extraction from coastal channels.
Numerical simulations, or alternative theoretical
models, will provide additional insight for fullyvb
dimensional systems, such as flow around a headland
[17], and for channels with highly non-uniform
geometry and asymmetrically placed turbine fences
that partially block the channel.



Mixing

Figure 1: One dimensional linear momentum actuator discrihienan open channel flow [16].

2D Numerical Simulations

Several site-specific numerical simulations have
been documented. Amongst these are a study of the
Johnstone Strait by Sutherlared al. [7], of the
Minas Passage by Karstest al. [8] and of the
Portland Bill by Blunden and Bahaj [5, 10].

The first two of these studies make direct
comparison with the 1D theoretical models discussed
above. For example, the study of the Minas Passage,
which connects the Bay of Fundy and the open ocean
to the Minas Basin, is similar to the second
theoretical model above [8]. The maximum average
power calculated by the numerical model is found to
be 87% of that predicted by Eqg. 1, where the
amplitude used in Eq. 1 is the amplitude of the
forcing tides [8].

The study of the Johnstone Strait considers several
scenarios, the first two of which match reasonably
well with the first theoretical model discussed abo
[7]. For these scenarios, applying a uniform
extraction of energy across the Strait provided a
numerical maximum average power that agreed with
Eqg. 1 to within 10% [7]. This result is similar whe
the amplitude in Eq. 1 is taken to be that at theti
to the Strait, both without and with energy extiact

The third site-specific analysis conducted in [5,
10] is not covered by the theories discussed above,
since it considers a two dimensional flow around a
headland [5]. However, simulations without
extraction are compared to observations, and a mesh
convergence study is conducted. The spatial effects
of extracting a given amount of power are reported,
with contour plots that display co-tidal lines aidhl
ellipse parameters both with and without power
extraction.

In all of the site-specific studies, the instabatiof
tidal turbines is accounted for in the numericaldelo
by the addition of a bed friction source term which
varies with the square of the local tidal current
velocity. For example, in both [7] and [8] the fitm
coefficient is defined as:

Cq = ko ki, (2)
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where k, is related to natural friction and,

represents tidal turbines. Since the objective 7f [
and [8] was to investigate the maximum extractible
power, no particular physical description &f is

discussed. However, in [5, 10] the coefficient was
assigned based on a case study of a yawed hollizonta
axis marine current turbine and a hypotheticalyarra
design.

Discussions of tidal device farms that are not
uniform across a tidal channel are also made by [7]
and [8], and implicitly by [5]. For instance, Kasst
et al. [8] simulate the effects of introducing bed
roughness over only part of the Minas Passage, and
show that the efficiency of the tidal extraction is
reduced. Whilst Sutherland al. [7] mention that
preliminary studies have shown that extraction is
ineffective for turbines that occupy only a partiodé
channel. All three studies suggest that the local
effects of turbines, which occupy only a fractioh o
the flow, could be introduced into a depth averaged
model by means of a three dimensional, or fully
discretized, local model [5, 7, 8].

In addition to the site specific studies, general
coastal basins have also been studied by Bryden and
Couch [13] and Polagyet al. [14]. In the first of
these, flow around an island is considered. The
velocity and depth profiles at several cross sastio
are estimated, both with and without energy
extraction, and the turbines are introduced by an
added roughness. In [14], the 1D shallow water
equations are solved in a uniform channel which has
one open boundary, one closed boundary and two
discontinuous changes in width that define an
internal extraction zone. Based on the argumerit tha
vertical mixing in the wake of the turbine has a
length scale that is much smaller than the mesh siz
extraction effects from tidal turbines are introddc
as line discontinuities across the complete width o
the extraction zone. Changes to estuary geometry,
tidal regime and non-linear turbine dynamics are
then investigated, with results showing that
reductions in flow volume and power density, in
addition to spatial variation in tidal range andati
phase, occur as a result of energy extraction.



3 Momentum Actuator Disc Theory

The LMADT presented in [9] considers an
actuator disc in a flow of constant cross section,
bounded by parallel channel walls and a constant
depth free surface. Recently, an application of
LMADT for finite Froude number has been
developed by Whelaret al. [1] to provide an
approximation to the flow field around an actuator
disc in an open channel flow with a non constae fr
surface [1, 15].

One advantage of this second theory is that, after
introducing downstream mixing, it provides a local
steady state description of a real turbine, or bifie
turbines, that can be introduced as a perturbation
both velocity and depth into a depth averaged
numerical model. Figure 1 illustrates a one
dimensional channel with an actuator disc. This
figure depicts the theory described in [1], but
includes downstream mixing. As in [1], it is assuime
that there is a uniform upstream velocity depthh
and constant width , and that the flow is inviscid.

The flow in Figure 1 is analysed at various
stations. At Stations 1, 4 and 5 it is assumed ttheat
pressure is hydrostatic and the flow is uniformeTh
velocity u,, =B,u denotes the bypass flow velocity
at Station 4, whileu,, =a,u and uy, =a,u define
the turbine flow velocity at Stations 2 and 4
respectively. The thrustT is the horizontal force
applied to the fluid from the turbine, and the forc
X implies a constraining force between the turbine
streamtube and the bypass flow. Finally the turbine
has an areaaA, such that a dimensionless blockage
ratio may be defined aB = A/(hb).

Following [1], applying continuity, energy and
momentum  conservation selectively between
Stations 1 and 4 leads to a quartic equation
describing the bypass velocity:

2
_F; B4 +2a,Fr2p3 - (- 2B+ Fr2)p2 -

2 ©)
(40(4+2c>(4Fr2 —4)BA+[T+40(4—ZBO(§—2]:O,

whereFr =u/\/gh is the upstream Froude number.
The solution of this equation fop, allows the

calculation of all the other velocity coefficieniBhe
power and thrust can then be determined in terms of
a power coefficienCp and a thrust coefficient :

T :%puszh(Bﬁ —aﬁ)=CT%puszh, (4a)

P=a,uT = %pusthaz(Bﬁ —a§)= Cp%pusth. (4b)

Since the flow is not uniform with depth at Station
4, we assume that downstream mixing will occur.
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Applying momentum conservation in the horizontal
direction between Stations 1 to 5 then leads to:

-u),

Substituting for the thrust coefficient and reagiag
then gives:

3 2 2
A(ah)_3(Ah 1y pr2, CrBF” |Ah
2lh) 2ln 2 |n

1 2 2
Zpgblh? - (h-Ah)2)-T = pbh
3Pl = (h-any?)- =gl

(5)
CrBFr? _
2

0.

This is a cubic that can be solved for the dowiastre
depth changah=h-hs. We can also determine the

power lost in the wake in terms of this depth cleang

Ry :%pue’Bbha ,a2 +%pu3bh(l— Baty) -

2 (6)
%pugbh(h_—hAh] +hbu(hy - hs)pg

Combining Eg. 6 with Eq. 4b then gives the total
power lost in the channel:

» 1-Ah/2h

(1—Ah/h)2J ’ @

P+Ry = pgubhAh{l— Fr

and a measure of head efficiency follows directly:

1_pp2 1-A2h

-1
P P
= = T =) 8
TP Ry pgubhAh[ (l—Ah/h)ZJ ©)

—

=== Fr=0.1

08 1 — Fr=0.2

P/(P+Pw)
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07T Ah=005
i /=1

n
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B

Figure 2: Efficiency as a function of blockage ratio. The
curves are truncated for high blockage ratieen supercritice
flow results, and for lowlbckage ratio when the extraction

the specified power becomes impossible.



We can make several observations about this
measure of efficiency and its design implicatioos f
tidal turbines.

Firstly, as the Froude number becomes small, Eq.
8 agrees with the analysis of Garrett and Cummins
[9] for an actuator disc in a constrained volunosl

P P
UACAp '

Prer

where A =bh, Pger =P+Ry and Ap is interpreted
as pgAh.

Secondly, both the measure of efficiency defined
by Garrett and Cummins above, and that for finite
number Froude (Eq. 8), are optimized when the
downstream flow limits to that of the upstream flow
or rather no power is removed. However, a more
interesting problem arises if we fix the available
reference power or equivalently constrain the
downstream  depth  change  (possibly  for
environmental reasons), and optimize efficiency
subject to this constraint.

For a given Froude number and downstream depth
change, we then find that the efficiency increases
with increasing blockage ratio. Figure 2 shows the
efficiency as a function of blockage ratio for =efi
downstream allowable depth change of 5% and 10%.

As an alternative to increasing the blockage ratio,
efficiency can also be improved by increasing the
number of turbines, placed in series, to extraet th
overall constrained downstream head change. Figure
3 shows the net efficiency for a channel of numsrou
turbines, each extracting an equal proportion ef th
total downstream depth change and positioned in
series so that complete mixing occurs between
successive turbines.

The measure of efficiency given by Eg. 8
therefore implies some interesting design rules for
tidal turbines in the presence of environmental
constraints.

0ol Lhm=1.5‘5§’ T _..,_, Fr=005_- — —— —::"__:_
cdhhedth =" =TT
0.8 K P 7
07 0 cinmesse
! . y 7
. / Ve -~
06 [ /7 ~ -
. /.-'fmrh=1 % Fr=0.15 P
2 05F ;o . P
= /! - T
04r g
| / e
03t 1y ' -~ Bhih=4% -
| I-I //' P -
0.2 II J'I .l.l’ y .’__,./
I / " thh=6.5%
01 |, / 7
. { j y - .
0 5 10 15 20 25
no. turbines (N)

Figure 3: Efficiency as a function of the number of

turbines used in series to extract energy. Thé tota

downstream depth change is label&d=0.05 (dashed
lines),Fr=0.15 (solid line).
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4 Useof Actuator Disc Theory in a
Depth-Averaged Dynamic Model

We now discuss how a row of turbines might be
defined in a 2D depth-averaged numerical model
using LMADT. For example, two typical scenarios
for a row of turbines are illustrated in FigureThe
first is a fence that extends completely across a
channel. In this case the perturbation to the free
surface at each discrete location across the fence
given directly by Eqg. 5, provided that the flow
through the fence is quasi-steady. If the mixing
length of the turbine wake is small compared to the
tidal wavelength, this last assumption should be
satisfied. The numerical implementation for this
scenario is discussed in Section 5.

The second scenario, in Figure 4b, considers a
fence that only partially blocks an irregular chalnn
In this case the channel might be too irregularaior
assumption of uniform flow, the turbines might be
asymmetrically located, or the total mixing length
due to the turbines may be long relative to thaltid
wavelength. However, despite this we may still
employ LMADT on the basis of some scaling
assumptions. For instance, we define two mixing
lengths, as shown in Figure 4b. The first of these
vertical mixing length I,, after which vertical

variations in wake velocity become negligible. The
second is a lateral mixing length,, after which

horizontal variations in the total across channakev
velocity become negligible. If the channel is iy
over the distancd, then the use of LMADT to

define mixing over this length is invalid. Howevdr,
we assume thatl, <<I,,, and that both mixing

process are somewhat independent, it is reasot@ble
assume that LMADT could be used to provide a
perturbation to the flow over the vertical mixing
length 1. This amounts to using only a vertical
blockage ratio for the turbines. The numerical mhode
then simulates the lateral mixing process.

Further investigation is being undertaken to
validate this approach.

5 Numerical Modelling

Two-dimensional depth averaged shallow flow
models are commonly adopted to model tidal
hydrodynamics in coastal basins:

oh  a(un) , a(vh) _
pr +_0x +_0y =0, (9a)
d(uh) + a(uzh) + 9(uvh) = —ghi—T—X+ fvh, (9b)
at ox oy ox p
and,
2
o) , aluv) , olv?h) =-oh% -t (9c)
ot ox oy p



where h=hg + is the total water depth ank is

the still water depth,uand v are the horizontal
depth averaged velocity components aligned with the
x and y axis respectively, f is the Coriolis
parameter andr, andt, are frictional stress terms

due to bed friction.

Several extensions can be made to this set of
equations to account for more complex physics.
These may include, for example, Boussinesq terms
for dispersion, and depth averaged viscosity for
turbulent diffusion. In this work we solve this st
equations with the discontinuous Galerkin finite
element method [18, 19].

B =4A/bh

o O 0O

Section 1-1

1
;_;,XILAAAAA_A

VT(TLW
1
(a)
A Ber= 2A/berh

2 r
A._\_—LN besr

L T
- o ]
<N S SIS~ S Y HE—
EE— —
— 5
5 L l, L
’ Section 3-3
(b)
Figure 4: Two channels containing a fence of tidal
turbines.

5.1 Introducing Tidal Turbines

In a depth averaged model there are two basic
options for introducing a steady state local sohuti
such as that provided by LMADT, to describe a
fence of tidal turbines (see Figure 4a). The best
choice typically depends on the spatial discratirat
of the numerical model. For example, if the length
scale of the turbine wake (or vertical wake for a
partial fence) is much smaller than the mesh size,
introducing turbines in the form of a line
discontinuity becomes physically realistic [14].
However, if the mesh size is of the order of the
turbine wake length, then the introduction of an
additional bed roughness, spatially averaged or
otherwise, into the governing equations might be a
suitable approach. We now briefly summarise the
first of these approaches for a finite volume type
scheme.

The introduction of a line of turbines into any
finite volume scheme (or the discontinuous Galerkin
method) as a line discontinuity can be achievea by
modification to the numerical flux. For instance,
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consider Figure 5, which displays the interface
between two finite volumes aligned with a fence of
tidal turbines. The outward pointing normal to the
left finite volume is in the directiox,. To determine

the appropriate numerical flux we first interpoléte
values hy, Uy, h, and u, (where the overbar
indicates the component in the coordinate
directionx, ) either side of the interface directly from

the discrete solution. These values are then used,
together with a definition of the turbine and
knowledge of the characteristic invariants, to
determine the flux out of the left finite

vqumeF(hi,Gﬁ) and the flux into the right finite
vqumeF(hi,U:). The four equations defining

h™,d", h, andd, are:

U +2y/ghy, =U- +2y/gh”, (10a)
Up-2,gh, =0} —2ygh;, (10b)
h g’ =h,a,, (10c)

and,
an' =n' -n. =6(h},ui), (10d)

where G is any arbitrary function that defines the
properties of the tidal turbines. As an example,
Polagyeet al. [14] have used an energy compatibility
relationship for Eq. 10d for a 1D channel.

Another obvious choice is to adopt the LMADT
discussed in Section 3. Using this relationship the
function G is given by Eg. 5, noting th&; andFr
are functions of the upstream deptfy and velocity

u,, chosen appropriately from,,, Uy, h, andd, .

h(z,t) L
\ by
Turbine

F(h*a¥ |F(hta})
RE X A hY, uf
_ 7 _
um+2,/ghm/ \Up ~2y/dhp
7 N
/ \ :'EWV,
h’fﬂ/' U:m hp, dp

Figure 5: Discontinuous solution and characteristic
conditions at an interface between two finite vohism
aligned with a tidal turbine fence.



6 A SimpleChannel

In this last section we consider a simple straight
channel between two large basins. The purpose of
the simulation is to test the method of introducing
turbines into the Discontinuous Galerkin method, as
discussed in Section 5, and to compare the nunherica
solution with that obtained from the first theoceti
model, due to Garrett and Cummins [2], discussed in
Section 2.

We consider two channels with geometry (and
mesh) defined in Figure 6 and Table 1. In both
channels the initial water depth is set constaritGat
m. The curved open boundary of the left basinénth
forced with a sinusoidal tide of amplitude 1.0 ndan
an angular frequency 0.00014 rad/s until maximum
amplitude is reached after 3.1 hrs. The depthiat th
left open boundary is then held constant. The depth
variation on the curved open boundary of the right
basin is kept at zero throughout. After 48 hrs the
flow within the channel was deemed to have reached
steady state conditions, allowing for a numerical
comparison to the quasi-steady analytical model
discussed in Section 2.

L B R Qmax Pmax

[km] | [km] | [km] | [x10°m%s]| [MW]
Channel 1] 30 4 4 0.819 3090
Channel 2 10 4 4 1.34 5075

Table 1: Geometry of channels. The bottom friction for
both channels was set @ = 0.003.

Ay NA
AR\
RSN

4

S

Turbine
7 Fence

Figure 6: Numerical mesh for the simple channel (Channel
1 mesh shown). For both channels the semi-cirtaidans
have a radius of 100 km.
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Initially, for a case with no turbine fences, the
flow rates in both of the channels were obtained an
recorded as Q.. In Table 1. The predicted
maximum power, given in [2] a@%,,, = 03809aQmax
was then evaluated for both channels (Table 1). To
investigate whether the numerical model is in
agreement a fence of turbines located across the
middle of the channel is introduced (see Figure 6).
The discontinuity across the fence is defined using
LMADT, as explained in Section 5, for a real fence
of turbines operating at approximately maximum
power output ¢, =1/3). The power extracted by the

fenceP, and the flow rate in the channél, are
computed for a range of turbine blockage ratios.
Figure 7 compares these simulated power and flow
rates, normalised by their predicted and measured
maximum values respectively, to the predicted
theoretical results. The agreement between theory
and the numerical simulations is good. In genéial t
indicates that both friction and separation losdes
decrease with the flow rate squared for both chianne
when turbines are added. For the short channel in
particular, where separation losses are more
important, this also implies that the point at whic
the flow exits the channel as a jet is relatively
constant despite the addition of turbines.

0.4
1r 0.5
0.6 N 0.3
08 | %07
0.4
3 0.7
£0.6 [ 02
a
D-04 - 03
02 | 0.2
0
0 0.2 0.4 0.6 0.8 1
Q/Qmax

Figure 7: Numerical power (normalised by predicted
maximum power) plotted against flow rate
(normalised by the undisturbed flow rate) for
Channel 1 (0’s), Channel 2 (x’s), and the theoaktic
prediction due to [2] (line). The numbers corregpon

to blockage ratio.

In Figure 7 it is also clear that a lower blockage
ratio is required to reach maximum power for the
short channelB=0.4-0.5), where friction drag is a
higher proportion of total losses, than the long
channel B=0.5-0.6). This result is predicted by the
theory and discussion in [6] where, for a small
Froude number, the optimal blockage ratio is noted
to be an increasing function of friction lossesthn
case of only separation losses, and therefore no
friction losses, the optimal blockage ratio is gives



approximately 0.46 when the channel area at the
location of the turbines is equal to the channehaat

the exit [6]. For both channels in Table 1 we note
that the exit area is greater than the channel area
the turbines, and so this lower bound reducestligh
(for example the lower bound would be
approximately 0.39 if the exit area is 25% larger),
which is consistent with the results in Figure 7.

In summary the simulations provide a cross-
validation between the theory and the analysis for
this simple geometry. This gives confidence in
applying the numerical technique to more complex
systems that cannot be addressed by the simple
theory.

7 Conclusions

Two existing 1D theoretical models provide a
good understanding of the effects of energy
extraction from tidal turbines in channels. However
further work with numerical simulations is required
to test the limitations of these theories, sucHaoas
partially blocked irregular channels, and to preva
general understanding for truly 2D tidal systems.

LMADT provides an efficiency measure for a
tidal turbine in an open channel flow with free
surface effects. This measure indicates that
increasing the blockage ratio of tidal turbinesd an
increasing the number of turbines placed in series
downstream, will improve efficiency.

Furthermore, LMADT is a convenient theory that
can be used to introduce a line, or fence, of tidal
turbines into a depth averaged numerical model.
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