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Abstract: This paper outlines present thinking on the determination of accessible tidal current
resources within channels and other potentially exploitable locations. The fundamental
principles behind tides and tidal currents are briefly discussed and the implications of temporal
and spatial variations on the evaluation of the resources considered in the context of artificial
energy exploitation. The thinking behind the flux approach to resource estimation is presented
and an example based on the Pentland Firth is considered. The impact of energy extraction on
the flow patterns is considered in both one and two dimensions and the principles required for
three-dimensional analyses are presented in a generic form.
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1 INTRODUCTION

Anyone who has watched the sea is aware of the
cyclic nature of the tides. In most coastal areas, the
sea level rises and falls with a period of ~12.4 h.
Longer observation will reveal other cycles. The
forces driving these motions are astronomic in
nature and governed by the relative positions of the
Earth, Sun, and Moon. Explaining the principles
behind the tides was one of the first triumphs of
Newtonian mechanics. Indeed, the ‘equilibrium
theory of tides’ [1], which uses mechanical principles
to explain the periodic nature of tides on a hypothe-
tical water covered planet, is frequently referred to as
the Newtonian theory of tides. The equilibrium
theory, in effect, enables determination of the tidally
generating forces on the ocean waters.

Although the Newtonian theory is capable of
explaining the existence of tides, including the har-
monic periods governing the temporal variations in
tidal behaviour, it cannot directly explain the local
variations in amplitude caused by geographic effects.
The presence of coastlines, continents, islands, and
depth variation all modify the response of the ocea-
nic waters to the astronomic ‘tide generating
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forces’. In many parts of the world, coastal and
seabed conditions result in extreme acceleration in
the currents associated with the tides. In many
locations, the flows are sufficiently fast to suggest
the possibility of using them to generate energy.
Figure 1 shows the kinetic energy flux density as a
function of flow speed if the water density is
1023 kg/m>.

This graph is generated by application of equation
(1), which allows determination of the kinetic energy
flowing through a channel cross section in 1 s

1

Pen = J U2 dA (1)
AChan

In any real tidal environment, the flow speed will
vary in both space and time. This means that the
application of equation (1), and Fig. 1, might produce
misleading results if these variations are not taken
properly into account.

A further issue which must be fully understood is
how much energy can be theoretically and practi-
cally harvested. In wind power, the Betz limit [2] is
frequently quoted as representing the theoretical
upper limit to extraction potential for a wind
energy converter. It is important to realize that the
Betz model deals with a hypothetical energy extrac-
tion device removing energy from an unconstrained,
incompressible flow, in which the boundaries are

JPE238 © IMechE 2007

Proc. IMechE Vol. 221 Part A: J. Power and Energy



126 I G Bryden, S J Couch, A Owen, and G Melville

Current Speed and Kinetic Energy Flux Density
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Fig. 1 Influence of current speed on energy flux
density

infinitely distant from the site of the extraction. Cri-
tically, in the tidal case, the flow is constrained by
the seabed and the free surface. Additionally, the
constantly evolving free surface is also a key com-
ponent of the tidal environment, allowing the driving
tidal wave to propagate through the system. The Betz
limit should not therefore be applied to determine
the limits of extraction of energy from a tidal flow
environment, as the assumptions made by Betz are
unrealistic for the tidal case [3]. Nevertheless, it is
still of value for resource assessment purposes to
ascertain practical limits to extraction, and the
results of preliminary investigations into quantifying
the theoretical upper limit to extraction potential for
tidal energy converters [3,4] are now becoming
available and progress is, consequentially, being
made towards defining an analogous representation
of the Betz limit for tidal application. Such analysis
does not yet take account of the feedback between
the device and the fluid environment, which has
been identified as having a significant impact on
the localized flow development [5]. Further work is
therefore required before the theoretical and practi-
cal limits on tidal current energy extraction can be
fully defined.

2 INFLUENCE OF SPATIAL AND TEMPORAL
FLOW SPEED VARIATIONS

2.1 Temporal variations

The tidal elevations in any part of the world can be
described in terms of harmonic components [6],
the periods of which are a consequence of the astro-
nomic driving processes described in section 1. The
amplitudes and phases are heavily influenced by
the local geography. In general, the tidal amplitudes
can be expressed as the sum of all the harmonic

components as

2
n(t) = ;An cos <T I+ ¢n> )

n

Almost 400 harmonic components have been
identified.

Harmonic descriptions of current velocity are
more complex than for elevations. Directionality is
obviously an issue and increases the complexity of
the description. Obviously, the amplitudes of the
harmonic components describing the currents are
spatially dependent and would need to be described
everywhere that energy assessments are required.
Even horizontal separations of a few tens of metres
will have impacts upon the flow speed amplitudes,
as will be seen in section 2.3, while amplitudes gov-
erning the tidal elevations are generally applicable
over separations of many kilometres.

Generally, further analysis of the size of the tidal
current resource will require a mapping of the tidal
current vectors, u(x,y, z), expressed in time and
space over the domain of interest, where x and y rep-
resent the horizontal coordinates and z represents
the distance from the seabed.

2.2 Variations in flow speed within the water
column

Equation (1) was presented as describing the energy
flux passing through a section. This could equally
well apply to the swept area of a device as to the
cross-sectional area of a tidal flow environment. It
is in this mode of use that the Betz limit might
have some limited applicability as mentioned in sec-
tion 1. As, however, it is known that flow speeds can
vary considerably through the water column, it is
vital that the nature of this variation is understood
if the energy fluxes are to be effectively quantified.

The horizontal speed of water in a tidal flow varies
with height above the seabed. This variation may be
complex in form. It has, however, become common
to represent the variation as a power law shown in
equation (3)

g (1/w)
U, = Const (ﬁ) 3)

Figure 2 represents a standard 1/7th power law
speed variation over a turbine with a vertical extent
of 20m in a depth of 40 m. It is reasonable to
assume that the current speed should be averaged
in some manner over the swept area of the turbine,
if the energy flux is to be determined.

If the current profile can be specified in terms of a
power law, then the value of the power factor, 1/7 in
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Variation in Current Speed Within the Water

Column
40
35 1 Top of Turbine /
30
25
E 20
15 Bottom of Turbine
10
5 /
0 + i i T } t |
0.0 05 1.0 15 20 25 30 35
mis

Fig. 2 Possible variation in current speed with depth
of submergence

the case shown, becomes another parameter
required to describe the flow conditions. Indeed, it
is conceivable that the value of the power factor
might change through the tidal cycle. As a first
approximation, however, a single power law coeffi-
cient might suffice.

For a horizontal axis system, if the hub of the
turbine is at a height Z,, the average current speed
over the swept area is given by

+(D/2)
U= wiDJ cos[sin1 <%y>]u(y + zo)dy (4)

—-(D/2)

This is better than simply using the speed at the
hub depth but does not take into account the
cube law dependence between the speed of flow
and the kinetic energy flux. Nor does it take into
account the complex relationships between ambient
flow and the lifting surfaces, which are likely to form
components of any practical conversion system. It
is more helpful to use, instead, the cube root of
the mean, over the swept area, of the speed cubed.

Influence of Hub Depth on Calculated Energy Flux

Water Depth=60m; Turbine Diameter = 20m

1 — — — —+— (Fhux throngh swept
— area){Estimated fhux based
0.8 on surface speed)
0.6 =
P
0.4 —— (Flux throngh swept
i area){Estimated flux based
0.2 on depth mean speed)
0 T
10 15 20 25 30

Hub Height({m)

Fig. 3 Influence of hub position on energy flux
estimates

This is given by

_ -1/3) 4 +(D/2) 2y
3 _ «—1 3
[(u )] =3 J(D/Z) cos |:51n (—Dﬂ u
x (¥ + zo)dy (5)

Figure 3, which is based upon a 1/7th power law,
demonstrates the importance of using an appropri-
ate value of the current speed in determining the
energy flux. The data points show that the use of sur-
face current values in the kinetic energy flux esti-
mation through a swept area will result in a
substantial over estimate of the energy flux through
the intercepted area of the device. Use of the depth
mean current speed would be more satisfactory but
will still result in deviation and could even result in
underestimation of the swept energy flux.

2.3 Flow speed variations in the horizontal
domain

Local horizontal variations in flow speed can be
driven by depth changes and coastal shape. Figure 4
shows an instantaneous map of flow speeds in the
Pentland Firth, which lies between the North of the
Scottish mainland and the island group of Orkney.
The data shown in Figs 4 to 6 were generated using
graphical interpretation of Admiralty Charts [7] and
a Tidal Stream Atlas [8]. Figure 4 represents the flow
distribution during a spring tide, close to the peak
flood. As can be seen there are considerable horizon-
tal variations in the flow speed.

The evolution of the flow patterns during the tide
can be viewed in Figs 5 and 6, which show the
speed distributions in 3 h steps. While Fig. 4 shows
the flow distribution close to the peak flood tide,
Fig. 5 shows the distribution close to slack water,
and Fig. 6 shows the flow close to the peak ebb tide.

Fig. 4 Instantaneous spring tide flow speed in the
Pentland Firth (nominal time: 0 h)

JPE238 © IMechE 2007

Proc. IMechE Vol. 221 Part A: J. Power and Energy



128 I G Bryden, S J Couch, A Owen, and G Melville

Fig. 5 Instantaneous spring tide flow speed in the
Pentland Firth (nominal time: 3 h)

The flow speed can be clearly seen to vary spatially
as well as with time. Indeed, although it cannot be
clearly discerned in the figures, the most energetic
areas in the flood are not necessarily the most
energetic in the ebb and vice versa.

3 GENERATING DATA SUITABLE FOR
RESOURCE ASSESSMENT

The tidal energy flux has now been mapped for the
entire UK continental shelf and is available for view
[9], although it should be realized that, in most areas,
the spatial resolution of available data is not sufficient
to allow detailed resource assessment. The data pre-
sented in Figs 4 to 6, however, although historical,
are sufficient to enable a preliminary assessment of
the kinetic energy flux. Figure 7 shows the location of
a flux assessment plane in the vicinity of the Pentland
Skerries, through which the energy flux was assessed
as part of a highly significant study into the UK tidal
current resource [10]. The annual kinetic energy flux
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Fig. 6 Instantaneous spring tide flow speed in the

Pentland Firth (nominal time: 6 h)

Energy ' v
" Extraction
Plane

Fig. 7 Location of energy flux plane

through this 3.2 km long plane was determined and
subsequently reported as exceeding 22.6 TWh. The
authors suggested that 20 per cent of this energy,
4.5 TWh, might be extractable.

The first stage of a resource assessment should con-
sist of determining the mean flux of kinetic energy, in
an undisturbed tide, flowing through an extraction
plane. In many situations, there will be insufficient
data available directly to allow this calculation. In
these cases, it will be necessary to construct a numeri-
cal model of the flow domain. Figure 8 shows, as an
example, an instantaneous model output during
a simulated spring tide in Yell Sound Shetland. This
model was originally created using bathymetric data
for the sound and with elevation boundaries at the
extremities. It was subsequently calibrated with
point measurements taken using acoustic doppler
current profilers located within the flow domain.

It is important to adopt this ‘flux’ based approach.
Early estimates of tidal current resource potentials

Possible
extraction

Q0 05 1.0 15 20 25 (wil

numerical model
showing hypothetical extraction plain

Fig. 8 Instantaneous output
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based upon predictions of power per unit sea of sea
surface [11] are now known to be in error.

4 INFLUENCE OF ENERGY EXTRACTION ON THE
FLOW

4.1 Simple channel model

In the determination of wind power estimates, the
influence of kinetic energy removal on the flow is gen-
erally handled by taking account of the wake
generated behind the turbines and by establishing a
maximum reasonable turbine separation and, there-
fore, energy extraction density in terms of MW/km?.
This implies that the kinetic flux recovers behind a
turbine or wind farm. Wind energy systems, in
effect, skim kinetic energy from the lowest layers of
the atmosphere and it is not unreasonable to con-
clude that the energy flux recovers, although not
necessarily within the dimensions of a wind farm.
An array of tidal turbines across, for example, a chan-
nel as shown in Fig. 9, should be expected to produce
changes in the tidal flow characteristics. These
changes must be taken into account in determining
the potential of a site to deliver useful energy.
Indeed, it will become increasingly obvious during
these analyses that undisturbed current speed alone
is insufficient to make assessments of the potential
for energy extraction.

In the case of a well defined channel, an early assess-
ment of the flow impact resulting from energy extrac-
tion can be gained from a simple channel model based
upon open channel flow theory [12-14], in which
energy extraction is modelled by a flow retarding
force acting on water passing through a cross-sectional
plane in a constant width, finite length channel. The
model is based upon a version of the traditional open
channel flow equations shown by

U?\ oh 1
U\ 1, (6)
( hg ) ox pgAchan er Telt

The effective shear stress term, 7.g, is the sum of the
actual shear stress [15], given by equation (7) in terms
of the Chezy friction coefficient [16] and an artificial
stress term, which is defined in equation (8) and

~ e
T e

Fig. 9 Linear tidal array across a channel

mimics the effect of artificial energy extraction

U2
T = Pgﬁ (7)
1 5, R
Tex = EPfU A_x (8)

The Chezy coefficient itself can be conveniently
calculated in terms of the Manning coefficient [17]

R(I/G)
T n

9)

Upstream from the inlet to the channel, designated
as x = 0, the flow is assumed to be stationary. Immedi-
ately downstream from the inlet, the flow speed is
assumed to have a non-zero value. Application of the
energy equation [18] suggests that this acceleration
should be accompanied by a head drop given by
equation (10) in terms of the flow speed immediately
downstream from the inlet

U2
ARy = 2—;; (10)

At the channel outlet, the assumption of a simple
amplitude continuity boundary allows the implemen-
tation of a simple iterative model of the channel flow
behaviour defined by equation 11.

Uz (“on
hinlet - houtlet = 27‘; + JO adx (11)

where (0h/9x) is defined by equation (5).

Equation (11) can be ‘solved’ iteratively to deter-
mine the speed and depth at all points along the
channel, for any distribution of artificial energy
extraction. Figure 10 shows a sample model output
for a channel of length 1000 m, width 500 m, inlet
depth 40 m, and outlet depth 39.2 m. The manning
coefficient was set to 0.035(m™'/3 s) and an artificial
energy extraction of 25per cent was introduced
over a length of 100 m in the middle of the channel
length. The influence of energy extraction on the
local flow speed and depth is clearly seen. Interest-
ingly, and somewhat counter intuitively, the speed
downstream of the extraction is higher than the
upstream. This is an inevitable consequence of the
head drop, which can also be seen and can be
explained by the same theory as used to describe
the commonly observed fluid flow phenomenon of
friction slope, which is discussed in most texts cover-
ing open channel flow [19]. Although the simple
channel model makes no attempt to correctly
model the shallow water wave nature of tidal
dynamics, a similar physical response of the system

JPE238 © IMechE 2007
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Fig. 10 Simulated changes in flow speed and depth along a simple channel

to energy extraction is also observed in cases investi-
gated using the shallow water equations (SWE), as
discussed in section 4.3, both in steady state and tid-
ally varying analysis.

Figure 11 shows that the overall speed has been
reduced appreciably as a result of the energy extrac-
tion. The overall slowing of the flow speed, both
upstream and downstream, can be clearly seen.
The one-dimensional iterative model can, of
course, be run for a channel of any width, depth,
roughness, and energy extraction proportion. It is
interesting to investigate if there is any generic
description of the sensitivity of a channel to exploita-
tion. In particular, it would be useful if a non-dimen-
sional parameter governing sensitivity could be
identified. Of particular interest would be a para-
metric description which allows an estimation of
the proportional reduction in flow speed.

4.2 Identification of a non-dimensional channel
description

If the Froude number is much less than unity and
the channel has a constant width, then equation (6)

Speed distribution in the exploited and
undexploited channel

3.00
205 |=anmezw® e T LI L] pEmesaEEsEEBSOUEE
E 290
E + Speed(m/s)
i - (25% energy extraction
g @ Undisturbad
" seeteted Speed(m/s)

oYY il
oonncooooo‘00noo°“’

275

4

270

0 1000 2000 3000 4000

Distance along channel{m)

Fig. 11 Comparison between speed distributions in
the exploited and unexploited channels

may be more simply written as

Bh _ PerTeif

ax  pgbh

(12)

If the energy extraction process is assumed to be
constant along the channel and, crucially, changes
in depth, flow speed and wetted perimeter are
small, then the equation could be further simplified
as

LPe; 7eg

eh Y

Ahchannel = -

The total head difference between the inlet and
outlet can, therefore, be written as

LU?n? 1,U% U?
Crucially, the ratio, B, between the head drop result-
ing from energy extraction and that from the inlet
condition and frictional effects can be expressed as

f
B=17 2gLn?/R4/ (15)
Obviously, this relationship depends on rather restric-
tive assumptions made with respect to constancy of
depth and flow speed. It would, however, be informa-
tive to plot predicted proportional flow speed
reductions derived from the iterative one-dimen-
sional model against the value of B for a wide range
of values of f, L, n, and R. Table 1 shows a list of par-
ameters with which the one-dimensional iterative
model was executed. In each case, the model was exe-
cuted with energy extraction proportions of 5, 10, 15,
20, and 25 per cent, expressed as a proportion of the
kinetic flux in the raw undisturbed channel, rather
than the flux in the exploited channel. This energy
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Table 1 Channel configurations simulated with the
one-dimensional iterative model

Length (m) Width (m) 7 @m '®s)  fjec M) Aouger (M)
4000 200 0.02 40 39.6
4000 200 0.025 40 39.6
4000 200 0.03 40 39.6
4000 200 0.03 40 39.6
4000 200 0.035 40 39.6
4000 200 0.04 40 39.6
4000 200 0.045 40 39.6
4000 200 0.05 40 39.6
4000 200 0.055 40 39.6
4000 1000 0.02 40 39.6
4000 1000 0.025 40 39.6
4000 1000 0.03 40 39.6
4000 1000 0.03 40 39.6
4000 1000 0.035 40 39.6
4000 1000 0.04 40 39.6
4000 1000 0.045 40 39.6
4000 1000 0.05 40 39.6
4000 1000 0.055 40 39.6
1000 500 0.035 40 39.6
2000 500 0.035 40 39.6
3000 500 0.035 40 39.6
4000 500 0.035 40 39.6
5000 500 0.035 40 39.6
2000 500 0.035 19.6 20
2000 500 0.035 21.6 22
2000 500 0.035 23.6 24
2000 500 0.035 25.6 26
2000 500 0.035 27.6 28
2000 500 0.035 29.6 30
2000 500 0.035 31.6 32
2000 500 0.035 33.6 34
2000 500 0.035 35.6 36
2000 500 0.035 37.6 38
2000 500 0.035 39.6 40
2000 500 0.035 41.6 42
2000 500 0.035 43.6 44
4000 500 0.035 19.6 20
4000 500 0.035 21.6 22
4000 500 0.035 23.6 24
4000 500 0.035 25.6 26
4000 500 0.035 27.6 28
4000 500 0.035 29.6 30
4000 500 0.035 31.6 32
4000 500 0.035 33.6 34
4000 500 0.035 35.6 36
4000 500 0.035 37.6 38
4000 500 0.035 39.6 40
4000 500 0.035 41.6 42
4000 500 0.035 43.6 44

fraction was chosen as being of more interest to a site
developer than the proportion of energy available
from a subsequently modified flow.

Figure 12 shows the proportional flow speed
reduction, in the vicinity of the energy extraction
site, with respect to the undisturbed flow, expressed
as a function of the parameter B.

Despite the assumptions used in establishing
the nature of the ratio B, there does appear to be
a relatively simple relationship between it and the
iterative solutions. The parameter does suggest
that sensitivity of a simple channel to energy

=1
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=]
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o
-
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o
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-10 \
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>

Proportional Speed Change(% )
& &

-
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Fig. 12 Influence of B on speed reduction

extraction is related to water depth, length, width,
and the nature of the boundary roughness. If this
is subsequently proved experimentally, it could
form the basis of a rapid analysis of the sensitivity
of a channel of simple geometrical form.

4.3 Influence of energy extraction in a complex
flow domain

Obviously, most tidal regimes, such as those shown
in Figs 4 to 6 are more complex than a simple one-
dimensional channel. The influence of energy
extraction in a three-dimensional domain, can be
simulated by application of an extraction related
retarding force on the flow, as shown in Fig. 13.

In the case shown, the retarding force, F,(IN), on
the fluid as it passes through the disc will be given by

_Pex

Fy=
U

(16)

This equation does not include the influence of
fluid blockage which the technology may also apply
to the fluid. This should be included when assessing
a technology concept but is ignored here in the con-
sideration of the energy extraction itself.

Numerical models for the simulation of geo-
graphic flows are generally based upon solution of
equations describing the momentum and continuity
of the tidal waters, subject to seabed, coastal and
open water boundaries. These equations are fre-
quently expressed in a depth-averaged form [20],
although appreciation of the flow through the water
column requires solution of the equations in three
dimensions. The large horizontal domain, with
respect to the water depth, in most simulated
environments, means that the vertical behaviour
can generally be simulated using a variable thickness
layered approach [21], which is more convenient
than a full three-dimensional analysis with a variable
surface boundary would have been.

JPE238 © IMechE 2007
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Retarding force(N}

P(Jrs)

Fig. 13 Flow through an energy extraction plane

In any depth integrated analytic approach, the
plane of energy extraction would extend from the
surface to the seabed and, as such, could not simu-
late the effects of flow above and below the plane
of extraction. Figures 14 and 15 show how such
cells could be incorporated into a rectangular grid.

If a layered model is used, then for every cell
defined in the horizontal grid, extraction could be
applied on a layer-by-layer basis, as indicated by
Fig. 16.

Cells from which
energy is being
extracted

Fig. 14 Rectangular grid containing energy extraction
cells

\‘\ Cells extending
; ; from surface to
bed

Fig. 15 Extraction cells extending from surface to bed

In principle, the incorporation of energy extraction
cells into a two- or three-dimensional coastal flow
model will enable assessment of the implications of
energy extraction. True resource assessment should
always be based upon such energy extraction model-
ling and only preliminary assessments can be based
upon the energy flux in undisturbed flow.

Figure 17 shows the domain of a simplified two-
dimensional model, which consists of a channel of
length 9.6 km and width 4.8 km. The grid size was
80 m by 80 m. The domain features an island, which
creates a two-channel system in its central region
and is symmetrical around the centre-line. Free-slip
lateral boundary conditions were applied at the
closed boundaries and continuity boundaries applied
at the inlet and outlet to the channel. In all of the
simulations, the flow was assumed to be driven by a
3.5m M, tidal wave progressing along the channel,
which was run from a cold start up to one fourth of
the tidal period, at which time the inlet and outlet
boundary conditions were maintained.

The numerical model used here is based on
an explicit, depth integrated finite difference SWE
solver [22], to which has been added a flow

Energy extraction cells

o Iatyer i+4
o Ia;/er i+3
l o Iafyer i+2
o Iaiyer i+1
o Ia%er i

Fig. 16 Three-dimensional energy extraction cells in a
o layer model
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Fig. 17 Two-dimensional flow domain grid

retardation algorithm based upon equation (14).
Figure 18 shows the domain with two energy extrac-
tion planes to the ‘North’ and ‘South’ of the island.

The influence of the energy extraction and the
island can be seen in Fig. 19. The extraction planes
are set at one cell width and with an extraction
figure of 6 MW per cell. This represents an extreme
level of flow exploitation, which has been selected
to demonstrate the nature of distortion caused by
high levels of energy extraction.

Not unexpectedly, the discharge pattern is sym-
metric about the longitudinal axis and the most
dominant observation is a wake behind the island.
As the system showed eddy effects from the island,
the discharge figures represent time averages, with
averaging periods sufficiently greater than the shed-
ding frequencies to allow confidence in the averaging
process.

It is more interesting to consider the asymmetric
case in which only one of the channels is exploited,
as suggested in Fig. 20. The sectional discharges for
this simulation are shown in Fig. 21. In this case,
the asymmetric flow downstream of the island can
be clearly seen, as can the preference of the flow to
pass through the unexploited channel. The dis-
charge, per unit width, in the northern channel
has been reduced from approximately 67 m?/s

e
ESR IR

nergy extraction

Fig. 18 Flow domain with
extraction
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(1.75m/s at a water depth of 38.3 m)) to approxi-
mately 50 m*/s (1.31 m/s at a water depth of 38/2 m).

This level of exploitation in a multiply connected
flow regime would result in substantial modifications
to the flow pattern and the reduction in flow speed
would cause problems to the system developer, who
would have to design for flow speeds ~25 per cent
reduced from the undistorted flow.

5 ENVIRONMENTAL ISSUES AFFECTING
RESOURCE POTENTIALS

All energy extraction technologies will have environ-
mental impact; the challenge is to ensure that these
impacts do not outweigh the benefits from the
energy generated. In the case of renewable technol-
ogy, the benefit assessment should include the posi-
tive effects of displacing fossil fuel generation and the
subsequent release of greenhouse gasses as well as
the reduced reliance upon imported fuels. Scottish
natural heritage (SNH) have considered the potential
of most forms of renewable energy to change the
environment and have recently published an in
depth review [23] of the likely impact from marine
renewable development.
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There are four principal environmental issues that
must be taken into account when identifying the
potential of a tidal site to deliver useful energy.

1. Will the reduction to the energy flux cause
unacceptable modifications to the natural
environment?

2. Will the tidal technology pose an impact hazard to
marine life?

3. Will there be local flow effects detrimental to life
on the seabed?

4. Will the installation process cause unacceptable
disturbance?

None of these issues is clearly defined or easily quan-
tifiable. Use of the one-dimensional flow model in
section 4.1 suggested that, in the channel illustrated,
25 per cent of the kinetic flux could be extracted with
less than 7 per cent reduction in the flow speed. This
is close to the limits of effective measurement in the
marine environment. Would such a reduction in flow
speed cause unsuspected and detrimental changes?
If the tidal currents were constant, this might be
rationally argued. As discussed in section 2.1, how-
ever, the tides are themselves highly variable in
time and the 7 per cent variation caused by exploita-
tion would be totally dwarfed by speed variations on
an hourly, diurnal, and monthly time scale, so sensi-
ble levels of energy extraction are unlikely to cause
any environmentally threatening channel scale
effects resulting from large scale flow modification.

No serious research has yet been performed into
the likelihood of direct interactions between wildlife
and tidal current technology. Open turbines are
likely to present the least threatening challenge to
marine mammals and fish, but this is an issue
which needs further research and in situ monitoring
before definitive answers become available.

Extraction of energy from the mid water layers in a
channel does produce modifications to the nature of
flow above, around and, most significantly, below,
the extraction plain. Although most tidal channels
have a highly scoured bed, the location of devices
will need to take this effect into account.

The installation of most systems will likely involve
preparation of the seabed. Some systems such as the
sea flow system [24] require the installation of a pillar
into the seabed, which will require brief but
noisy marine activity. If the site is known to be
important for breeding mammals or birds, it would
be wise to choose the installation time to minimize
disturbance.

As well as the natural environment, it is important
to consider that there may be constraints on develop-
ment set by analysis of the economic and social
environment. Resource development must work in
full cognisance of the wide range of stakeholders in
the marine environment. The fishing industry, leisure
industry, and the petroleum industry are all important
dependents upon UK waters and the seabed.

Resource assessment must take full consideration
of constraints resulting from avoidance of unaccep-
table impacts on the natural and human environ-
ment. This may result in some, otherwise excellent,
sites being deemed fully or partially out of bounds,
or having severe restrictions placed upon the
locations of devices. These restrictions must be con-
sidered within the frameworks set in sections 2 to 4.

6 CONCLUSIONS

Through the use of published tidal data and the
application of modern measurement techniques
and computational analysis, it is now possible to
make robust estimates of the ultimate potential of
a tidal site to deliver energy. These estimates
must, however, be modified to take account of
limitations set by concern for the natural and
social/economic environment. In particular, it
must be recognized that knowledge of the kinetic
energy flux in the undisturbed site is not sufficient
to assess the available energy and that the sensi-
tivity of a site to exploitation is dependent upon a
range of other factors relating to the geography of
the chosen location.
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APPENDIX

Notation

An amplitude of a harmonic component (m)

Achan channel cross-sectional area (m?)

b channel width (m)

C Chezy friction coefficient

D turbine diameter (m)

f fraction of the kinetic flux being extracted

g acceleration due to gravity (m/ s?)

h water depth (m)

L channel length (m)

n Manning friction coefficient (m~Y35g)

P, wetted perimeter of a channel (m)

Py power being extracted (Watts)

P kinetic energy passing through a channel
cross section in 1 s (Watts)

R hydraulic radius (m)

Tn period of a harmonic component (s)

u flow speed averaged over the swept area of
a horizontal axis turbine (m/s)

Uq longitudinal component of the fluid
velocity passing through a disc (m/s)

Uy flow speed immediately downstream from
a channel inlet (m/s)

U, longitudinal component of flow velocity
(m/s)

w power law coefficient

2 height of the turbine hub above the seabed
(m)

Ay length over which the energy is being
extracted (m)

7(t) vertical displacement of the sea surface as a
function of time (m)

& vertical distance above the seabed (m)

p density of water (kg/ m?)

D, phase of harmonic component
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