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Abstract: An open and important question in tidal in-stream energy conversion is the level of
kinetic power extraction that is possible without unacceptable environmental degradation. In
general, the effects of large-scale kinetic power extraction on estuary-scale fluid mechanics are
not well understood. In this paper, these effects are quantified for an idealized estuary using a
one-dimensional, time-dependent numerical model. The numerical domain consists of a long,
wide inlet and basin connected by a constricted channel. Kinetic power densities within this
constriction are suitable for in-stream energy conversion. Modelling shows that the extraction of
kinetic power has a number of effects, including: (a) reduction of the volume of water exchanged
through the estuary over the tidal cycle; (b) reduction of the tidal range landward of the array;
and (c) reduction of the kinetic power density in the tidal channel. These impacts are strongly
dependent on the magnitude of kinetic power extraction, estuary geometry, tidal regime, and
non-linear turbine dynamics. It is shown that it may be misleading to relate these impacts to
the fraction of kinetic energy extracted from the system. Results highlight the importance of

time-dependent modelling and the incorporation of non-linear turbine dynamics.

Keywords: tidal energy, numerical modelling

1 INTRODUCTION

The gravitational pull of the sun and moon on the
earth’s oceans produces a twice daily rise and fall in
ocean depth. As the depth of the open ocean rises,
water floods into estuaries and then, as the depth falls,
ebbs back out. There has been a long-standing inter-
est in harnessing this renewable resource to generate
power because (a) areas with strong tides may be close
to urban load centres and (b) tides are driven by gravi-
tational forces rather than weather phenomena, mak-
ing them predictable centuries in advance(l, 2]. The
semi-diurnal tidal cycle has a duration of 14.8 days.
During this period, the strongest tides are referred to
as spring tides and weakest as neap tides.
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Within the past few years, new technology to extract
kinetic power from tidal streams has reached an
advanced demonstration phase. This approach uses
free stream turbines to extract kinetic power from
moving water and, unlike a barrage, does not require
environmentally damaging impoundment behind a
dam. Free-stream turbines superficially resemble the
utility-scale wind turbines that have become a com-
mon feature of the energy landscape [1, 3]. While
methodologies exist for estimating the kinetic resource
of tidal currents [1, 2, 4], a critical unknown is the
level of extraction that will not result in unaccept-
able environmental impact. This is not expected to
be an issue for proposed pilot facilities involving
only a few turbines, but in order for the large-
scale development of tidal in-stream energy to pro-
ceed, it will be necessary to understand an estu-
ary’s fluidic response to large-scale kinetic power
extraction. Oceanographers and marine biologists
will then be able to interpret these physical effects
in a broader environmental context of ecosystem
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processes to determine an environmentally accept-
able level of extraction. Bryden and Melville [1],
Bryden and Couch [5, 6], Couch et al. [7], and Bry-
den et al. [8] have previously modelled extraction from
steady-state flows. Garrett and Cummins [9, 10] and
Sutherland et al. [11] have formulated both analytical
and computational representations of tidal currents
driven by phase lags between large bodies of water.

In this study, the effects of extracting kinetic power
from estuaries are investigated using a simple numer-
ical model. Additionally, the effects of turbine non-
linearities (e.g. rated speed and cut-in speed) are
explored. Section 2 lays out the underlying method-
ology; section 3 briefly reviews steady-state flows;
section 4 considers an estuary forced by a constant
period and amplitude wave at its inlet; and section 5
examines the more realistic case of an estuary forced
by a neap-spring cycle.

2 METHODOLOGY

This study uses explicit, one-dimensional numerical
models to capture the basic physics of large-scale
kinetic power extraction from estuaries. The modelling
of flows without kinetic power extraction is discussed
in section 2.2 and the extension to flows with power
extraction in section 2.3.

2.1 Model geometry

The geometry adopted for this study is a series of
channels, each with constant cross-section. As shown
in Fig.1, the model consists of a long, wide inlet
connected to along, wide basin by a short, narrow con-
striction. Depth differences between the inlet and the
basin drive the flow through the constricted channel,
where currents are fast enough to support extraction
of kinetic power. This type of constricted channel is
found in a number of locations; for example Admiralty
Inlet and Tacoma Narrows in the Puget Sound.

2.2 Flow without kinetic power extraction
2.2.1 Governing equations

For one-dimensional, time-dependent flows, the
fluid physics are described by the shallow water
equations [12]. The formulations given below are
specifically valid for situations: where (a) the entire
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Inlet Constriction Basin

Fig.1 Model geometry (top view)

water column moves with the particle velocity of the
wave; (b) the pressure distribution is hydrostatic; (c)
transient friction losses are treated using steady-state
formulations; (d) the channel cross-section is rectan-
gular and constant; (e) the channel bottom has no
natural slope; and (f) Coriolis forces are neglected. The
governing equations for mass and momentum may be
written in conservation form as
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S¢, the friction slope, is given by the Manning for-
mula [13]
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2.2.2 Numerical solution to governing equations

An explicit finite-difference approximation using the
predictor-corrector MacCormack algorithm (second
order in time and space) [12] is used to approximate
the governing equations as
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where ¢ is a parameter controlling the direction of dif-
ferencing and its value is alternated between 0 and
1 on alternate time steps. For the inlet and basin
Ax = 100m and within the constriction Ax = 50m.
The grid is unstaggered. The value of At defaults
to 2s and is decreased as required to maintain the
algorithm stability. At each time step, the Courant
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stability condition

|U| +\/gh 1
Ax/ At

is verified at each grid point and the time step size
decreased and the step re-run, if the condition is
exceeded.

Two types of boundary conditions are encountered:
(a) internal at the junction of channels with different
cross-sections and (b) external at either end of the
numerical domain. While an initial condition must
also be specified, if the first few tidal cycles are dis-
carded, the selection of an initial condition is relatively
unimportant and the case of high tide and zero veloc-
ity at all grid points yields stable performance during
spin-up.

At internal junctions, downstream depth and veloc-
ity and upstream depth and velocity (four unknowns)
are determined by solving the system of algebraic
equations specified by the negative characteristic
at the upstream boundary, positive characteristic at
the downstream boundary, conservation of mass,
and conservation of energy [14]. The four governing
equations are solved simultaneously using Newton-
Rhapson method with relaxation to guarantee con-
vergence. A thorough discussion of the method of
characteristics may be found in reference [15].

At the closed end of the basin, the boundary condi-
tion is specified as zero normal velocity, and the depth
determined by the positive characteristic equation.
The open boundary at the inlet must satisfy three cri-
teria: (a) radiate internally generated waves without
reflection; (b) allow external information to propa-
gate into the system; and (c) maintain the mean sea
level within the model domain when a periodic forc-
ing is applied. Specifying the inlet depth, while a
common approach, results in a clamped boundary
that will reflect internally generated waves [16, 17].
A more suitable formulation is proposed by Blayo and
Debreu [16], which makes use of the Flather condition
for the incoming characteristic (equation (10)) and
extrapolation for the outgoing characteristic (equation
(11)). Implicit in the formulation is the assumption
that the shallow water phase speed is constant across
the numerical boundary

UOVl+1 + h;ingl é-onJrl = Ug:trl + hng+1 Eg:trl (10)
V 0 V 0
Url+1 + ng n+1 — 2 <Un+l _ ng n+1>
0 ‘/ h0+1 0 1 h1+1 1
— (U;“— /—hng+1 ;“) (11)
2

In the above formulations, the subscript ext refers to
flow conditions external to the numerical domain and

)

subscripts 0, 1, and 2 are respectively the first, second,
and third model grid points from the open bound-
ary. These two equations are solved simultaneously to
give explicit formulations for velocity and depth on
the numerical boundary. The external elevation (Zey)
is specified and external velocity (Uey) is assumed to
be zero.

2.3 Kinetic power extraction by in-stream turbines

Within the constricted channel, evenly spaced tran-
sects of in-stream turbines are positioned perpendic-
ular to the flow. A schematic of a channel with four
transects is shown in Fig. 2. It is assumed that the
diameter of each turbine is very small in compari-
son to the channel geometry, which allows for a high
blockage ratio. Three-dimensional flow features, such
as the wake of each turbine, are of a length scale
much smaller than is resolved on the numerical grid
and kinetic power extraction can be approximated
as occurring uniformly across a plane perpendicu-
lar to the flow. As such, extraction appears as a flow
discontinuity and is modelled using a compatibility
condition (analogous to the previous discussion for
internal boundaries). This is similar to shock fitting,
with the additional simplification that the location of
the discontinuity is known a priori.

The energy compatibility relation (see Appendix 3
for derivation) across the extraction plane is given by

U? U?
—A-k)+h=-20-k)+h (12)
2g 28

where station ‘1’ is just upstream of the extraction
plane and station ‘2’ just downstream as shown in
Fig. 2 and the extraction coefficient (k) for a transect is
given by

k=n=t (13)

where A; is the cross-section swept by the transect, A,
is the channel cross-section, and 7 is the coefficient of

Transect | Transect 2 Transect 3 Transect 4

Alde2 B | ¢ | D | E

&
i A

h > Original Channel

Sub-Channel

Fig.2 Top view of channel with kinetic power extrac-
tion (channel segments labelled alphabetically).
Dashed lines indicate transects. Numbered dots
indicate ‘upstream’ and ‘downstream’ positions
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performance. On flood tides, k; = k and k, = 0, and
vice versa on ebb.

Implicit in the above formulation is the assump-
tion that transects will extract power from the flow
in direct proportion to the free stream power for all
velocities; that is, their behaviour is linear. In prac-
tice, turbines extract kinetic power in proportion to the
free stream power only under a restricted set of condi-
tions. Below the cut-in speed, the flow will be unable
to overcome mechanical friction and the turbine will
not rotate. Cut-in could be delayed beyond this point
by pitch control or a mechanical brake. These dynam-
ics are only valid for idealized systems in which the
drag does not continue to increase above rated speed
and the turbine support structure contributes negli-
gibly to total drag. In design studies, the rated speed
is chosen to achieve the lowest cost of energy [18]. As
such, both parameters may be considered free vari-
ables for the purposes of investigation. A key question
iswhether these non-linearities play a meaningful role
in the estuary response to extraction. That is, whether
there are fluidic, as well as economic, implications to
their selection.

The extraction coefficients in the energy compati-
bility relation may be modified to account for these
non-linearities (see Appendix 3 for derivation)

k=0 U < Ucyt-in
k= Ueitin < U < U,
- Ac n cut—in X X Urated (14)
Unatea \* A
k= ( r[a]ted> A—tﬂ U > Urated

For both linear and non-linear transects, the block-
age ratio (A./A.) is assumed to be 50 per cent and
the coefficient of performance (n) is 50 per cent. The
classical Betz limit for a free-stream turbine is not
used here since the downstream depth, and there-
fore pressure, will not be the same as the upstream
depth, which represents a substantial departure from
classical streamtube theory. A recent analytical inves-
tigation of theoretical extraction limits by Garrett and
Cummins [10] concludes that the maximum extrac-
tion by an array of turbines evenly distributed across
a channel is 33 per cent of the incident kinetic power.
Therefore, the case considered here (25 per cent) is
not the ideal upper limit, but simply a strenuous
test case.

2.4 Forcings applied

Three types of forcing are applied to the water depth
at the open boundary: (a) steady state; (b) constant
amplitude and period sinusoid; and (c) a neap-spring
cycle modelled with four constituent sinusoids.

2.4.1 Steady state

Steady-state flows have been investigated in up to
three dimensions by Bryden et al. [1, 5]. Steady flow
is not the focus of this work, but a brief review helps to
provide context for time-dependent modelling. For the
steady-state model, the forcing is a constant driving
head (depth difference) between the inlet and outlet
of a channel. This is a simplified case of the geometry
presented in Fig. 1.

2.4.2 Constant amplitude and period sinusoidal
forcing

The simplest unsteady case is a forcing of constant
amplitude and period. The external forcing at the
system inlet is given by

Lext(f) = Asin <2n%) (15)

where ¢ is the elevation relative to mean sea-level
external to the model. A period of 12.42 h models the
principal semi-diurnal lunar tidal constituent (M2).
This forcing allows an investigation of power extrac-
tion without the complications present when the
system is being forced by multiple waves of varying
amplitudes and periods, as in a neap-spring cycle.

2.4.3 Neap-spring cycle

Four constituent forcings are used to approximate the
14.8-day neap-spring tidal cycle. For this case, the
elevation at the inlet boundary is specified by

- . t
Cext (L) = ZAl sin <2ﬂi — 91‘) (16)

i=1

where A;, T;, and 6; are the amplitude, period, and
phase lag of the ith constituent. The periods and
amplitudes for the constituents are given in Table 1.
For simplicity, it is assumed that all constituent phase
lags are equal to zero. The type of tidal regime can be
broadly characterized by the ratio of the strength of the
diurnal (approximately 24 h period) and semi-diurnal

Table 1 Representative tidal constituents

Amplitude

Mixed Mixed

Semi- (mainly semi- (mainly
Constituent Period (h) diurnal diurnal) diurnal)
M2: principal lunar 12.421 1.3 1.2 0.83
S2: principal solar  12.000 0.48 0.4 0.32
K1: lunisolar 23.934 0.1 0.9 1.68
declinational
O1: lunar 25.819 0.1 1.5 0.98

declinational
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Fig.3 Mixed, mainly semi-diurnal tide

constituents (approximately 12h period) using the
Formzahl (F) [19]. Three regimes described by their
respective Formzahl are considered here:

1. F =0-0.25: semi-diurnal tide with two high and low
waters each day of approximately the same height.

2. F =0.25-1.5: mixed, mainly semi-diurnal tide with
two high and low waters each day, but with signif-
icant inequality in height and timing as shown in
Fig. 3.

3. F =1.5-3.0: mixed, mainly diurnal tide with either
one high and low water each day, or two high and
low waters with significant inequality in height and
timing.

2.5 Method limitations

The modelling approach used has a number of
limitations:

1. Channel velocity is assumed to be one-
dimensional. Cross-channel and vertical variations
in velocity cannotbe resolved, nor are any local flow
effects related to the turbine wake.

2. Channels are assumed to have constant, rectangu-
lar cross-sections.

3. Inlet forcing is assumed to be invariant with kinetic
power extraction.

These limitations will be the most appropriately
addressed by future work using more advanced
models.

3 STEADY STATE

3.1 Approach

The steady-state approach uses a simplified geom-
etry consisting of a single channel with a constant
driving head. This means the depth of water is
maintained at the inlet and outlet of the channel.
While this constitutes a clamped boundary condition,
and would produce spurious reflection in a time-
dependent model, this is not a concern for modelling

Table 2 Steady-state base case geometry and

forcing
Length (L) 3km
Width (b) 1km
Quiescent depth (D) 40m
Manning roughness (1) 0.035

Driving head (H) 0.5m

steady-state flow. Base case geometry and forcing are
summarized in Table 2. Starting from a quiescent state,
the driving head is imposed and the model spun-up to
a steady-state over a half-day. The following quantities
are then computed:

(a) flowrate (m3/s) at the channel inlet;

(b) kinetic power (MW) at the channel inlet;

(c) kinetic power density (kW/m?) at the channel
inlet;

(d) kinetic power extracted (MW) by all transects.

The model is run for nine extraction cases — from no
extraction up to eight transects.

3.2 Effect of kinetic power extraction

The impact of kinetic power extraction on the flow
regime at steady-state is well-described by Bryden
and Couch [5] and only a summary is given here.
In order for the flow to satisfy both conservation of
mass and energy, the water depth decreases and veloc-
ity increases across the plane of power extraction. As
shown in Fig. 4(a), as the number of transects (IV)
increases, more of the driving head is consumed by
power extraction and less is available to drive the
flow. This is apparent in Fig. 4(b), which shows that
the flow velocity is inversely related to power extrac-
tion. The local increase in velocity across each transect
(not visible in Fig. 4(b)) is entirely subordinate to
the channel-scale velocity decrease. Since the veloc-
ity increase across each transect is so minimal, power
density isroughly constant along the channel and each
transect extracts nearly the same amount of kinetic
power from the flow.

The flowrate at the channel inlet as a function of
the kinetic power extracted is shown in Fig. 5. While

4.5 1

o
(=)

w

n
=z
M

Velocity (m/s)

0 1000 2000 3000 0 1000 2000 3000
Distance from inlet (m) Distance frominlet (m)

(a) Channel depth profile (b) Channel velocity profile

Fig.4 Velocity and depth profiles for flows with 0, 1,
and 4 transects (steady state, base geometry, and
forcing)
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Fig.5 Extractionimpact (base steady-state forcing, base
geometry)

each point represents a discrete number of linear tran-
sects, the curve is a continuous function of n(A/A.)N
for a particular channel geometry and forcing. As a
result, the choice of coefficient of performance () and
blockage ratio (A;/A.) does not fundamentally alter the
system response. For example, choosing alower block-
age ratio or coefficient of performance has the effect
of moving all the points further down the same curve.

Extraction of kinetic power shows diminishing
marginal returns since each additional transect
reduces the velocity, and therefore, the kinetic power
present in the system. Beyond a certain point, adding
more turbines results in less power being extracted.
This point of maximum power has been previously
identified by Bryden and Couch [6] and Garrett and
Cummins [9].

3.3 Dependence on geometry and boundary
conditions

As shown in Fig. 6, the response to the extraction
of kinetic power depends on channel geometry and

3.5E+05
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2.5E+05 e

b=1500r
2.0E+05 477 rween

1.5E+05 3

& 2
o N
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e H=02m T Begl X N

...... SV X &
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0

5.0E+04 §---0-0
D=2 L=5km n=0.040
0.0E+00 -+ T T T T T T 1
0 100 200 300 400 500 600 700
Extracted kinetic power (MW)

1.0E+05

Volume flow rate (m?/s)

Fig.6 Influenceofgeometryand driving head on extrac-
tion impact (base steady-state forcing). Curves
are labelled by the perturbation about the base
case: L=3km, b=1km, D=40m, n=0.035,
and H =0.5m

boundary conditions (driving head). The solid black
diamonds labelled ‘Base Case’ are identical to the
curve shown in Fig. 5. These results are presented to
contrast with the system response to time-dependent
forcing, which is discussed in sections 4 and 5.

4 CONSTANT AMPLITUDE AND PERIOD
SINUSOIDAL FORCING

4.1 Approach

The depth at the estuary inlet is sinusoidally forced
by a wave of constant amplitude and period. Estuary
geometry and forcing parameters are summarized in
Table 3. Calculations are carried out for 3 days, which
is sufficient to spin-up the model and eliminate the
dependency on initial conditions. A number of quan-
tities are monitored during ebb and flood tides at eight
locations (black dots in Fig. 7) and a time-weighted
average between the ebb and flood quantities is used
to evaluate them over the complete tidal period. As
in the steady-state case, energy extraction with up to
eight transects is considered. Transects are located in
the constriction between points 4 and 5 in Fig. 7. The
monitored quantities are:

(a) flow volume exchanged across each plane (m?);

(b) strength and time of peak velocity (ebb and flood)
(m/s);

(c) depth and time of high and low tide (m);

(d) advected kinetic energy (MW) given by

2
advected kinetic energy = <,0 U7> Uhb; (17)
(e) advected potential energy (MW) given by

advected kinetic energy = Uhblpg(h + 2)];
(18)

Table 3 Constant amplitude and
period base case geometry
and forcing

Inlet
Length (inlet) 20km
Width (b) 10 km
Basin
Length (basin) 40 km
Width (b) 10km
Constriction
Length (L) 3km
Width (b) 1km
Entire system (estuary)
Nominal depth (D) 40m
Manning roughness (1) 0.035
Forcing amplitude (A) 3.0m
Forcing period (T) 12.42h
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Fig.7 Monitoring stations (top view)
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Fig.8 Extraction impact (base constant amplitude and
period forcing, base geometry)

(f) kinetic power density (kW/m?);
(g) kinetic energy extracted (M]) and average kinetic
power extracted (MW).

The tidal range is computed as the depth difference
between high and low tides and the total advected
energy as the sum of the potential and kinetic com-
ponents.

4.2 Effect of kinetic power extraction

When kinetic power is extracted from a time-
dependent system, the instantaneous flow structure
within the constriction is similar to the steady-state
case: velocity slightly increases across a turbine tran-
sect in the direction of the flow, and depth decreases.
For the base case, the relation between cycle-average
kinetic power extracted and reduction in flow volume
exchanged across the constriction inlet is shown in
Fig. 8. Increasing levels of extraction decrease the flow
volume exchanged. As in the steady-state case, there
is a decreasing marginal extraction for each additional
transect.

Several cycle-averaged estuary-scale effects are also
observed in proportion to the magnitude of extrac-
tion. The flow volume exchanged, tidal range, advected
energy, and power density are reduced and the tim-
ing of tidal events is altered as shown in Figs 9(a) to
(f). All flow quantities have been averaged over an
ebb-flood cycle and normalized against their values
without extraction. For both flow volume exchanged
and advected energy reduction, there is little spa-
tial variation within the estuary system and both
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volume exchanged
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]
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Fig.9 Spatial variation in impacts of kinetic power
extraction (base constant amplitude and period
forcing, base geometry). Number of linear tran-
sects given to the right of each series

have nearly the same value (Figs 9(a) and (c)). Range
reduction shows substantially more spatial depen-
dence, with almost no reduction at the inlet and
significant reductions in the constriction and basin
(Fig. 9(b)). The reduction in kinetic power density is
the strongest impact noted, though it shows weak spa-
tial variation (Fig. 9(d)). The change in timing varies
for each tidal event (high tide, low tide, peak flood,
peak ebb) and shows non-linear behaviour (e.g. tim-
ing change at constriction inlet in Fig. 9(e)). Of the
effects considered, it is not apparent by inspection,
which ones might cause the greatest environmen-
tal impact, though all are likely to have ecological
implications. For example, reduced exchange volume
would limit an estuary’s ability to flush pollutants
and a reduction in tidal range would be detrimen-
tal to mudflat ecosystems. Qualification of ecosys-
tem impacts is beyond the scope of this paper and
more appropriately addressed by oceanographers and
biologists.

4.3 Comparison to steady-state results

For time-dependent systems, the point at which
additional transects result in less total energy being
extracted requires many more transects than in the
steady-state cases discussed in section 3. In fact, none
of the test cases considered in section 4.4 reach the
point of maximum possible extraction. The under-
lying cause for this is a restorative feedback of the
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Fig.10 Restorative forcing (base constant amplitude
and period forcing, base geometry)

driving head in time-dependent systems. A constant
driving head, such as in the steady-state case, will sup-
port a particular volume flowrate in a channel with
a certain frictional resistance. As previously shown in
Fig. 4, kinetic power extraction reduces the flowrate
that can be supported by a constant driving head. In
time-dependent cases with extraction, the depth does
not change greatly at the constriction inlet (Fig. 10(a)),
but because the basin is not being filled as quickly, the
depth is lower at the outlet (Fig. 10(b)) in compari-
son to cases without extraction. Therefore, the driving
head has increased (Fig. 10(c)). This partially offsets
the velocity reduction that would be experienced in
a system with a constant driving head, resulting in
a smaller reduction and shift in the timing of peak
velocity (Fig. 10(d)). In cases where tidal currents are
driven by a phase lag at opposing ends of a chan-
nel [9], the restorative effect described here may be
less important.

4.4 Dependence on geometry and boundary
conditions

The influence of estuary geometry and boundary con-
ditions (amplitude and period of forcing) on extraction
impact, quantified as the reduction in flow volume
exchanged, is shown Fig. 11. The absolute flow volume
exchanged varies substantially between cases. In order
to ease the comparison of impacts between different
cases, flow volume reductions have been normalized
as a percentage of their values without extraction. Of
the geometric parameters tested, basin length, con-
striction ratio (ratio between width of basin and con-
striction), and constriction depth show the greatest
influence. Constriction length, Manning roughness,
and inlet length have relatively little impact on the
system response. The amplitude and period of the
external forcing have comparable influence on the sys-
tem response compared with variations in geometry.
These results suggest that in order to characterize the
effect of kinetic power extraction from a constriction,
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the flow in the entire estuary, not just the constriction
of interest, may have to be modelled.

At this point, it is useful to consider various meth-
ods of presenting impact data and the conclusions that
can be drawn from these. From an economic perspec-
tive, itis desirable to extract the greatest kinetic energy
with the fewest turbines. In Fig. 11, this corresponds
to cases such as large basins or high amplitude forc-
ing where the marginal increase in extracted power is
highest for each additional transect. For engineering
feasibility studies, in the absence of a fuller under-
standing of the effects of extraction, it has been
common to limit extraction by in-stream turbines to a
fixed percentage of the average kinetic resource with-
out extraction (e.g. 15 per cent) [18]. This is arbitrary
and not, in general, a useful metric. Figure 12 shows
results for the same cases as Fig. 11, but for both a rel-
ative presentation of extraction and impact. Relative
extraction is taken as the energy extracted by all
transects divided by the kinetic energy entering
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the constriction over an ebb-flood cycle. The first
implication of this figure is that relative impact does
not correlate with the relative level of kinetic energy
extraction between different cases. That is, for a partic-
ular fractional extraction (e.g. 75 per cent), the relative
impacts vary considerably with geometry and forcing.
This disconnect between impact and the fraction of
the kinetic resource extracted is a logical corollary to
Garrett and Cummins’ analytical work, which shows
that the point of maximum extraction for a tidal chan-
nel is uncorrelated with the kinetic resource in the
undisturbed channel [9]. However, it is worth noting
that extraction and impact are not entirely disparate
since none of the cases tested produce a high reduc-
tion in flow volume exchanged for a low fractional
extraction (e.g. 5 per cent). This indicates that pilot
installations extracting a low fraction of the natural
kinetic energy would be unlikely to significantly per-
turb the estuary-scale flow regime. Secondly, Fig. 12
is misleading since cases corresponding to a high
level of relative extraction and low relative impact (e.g.
geometric perturbation with a basin length of 20 km)
appear desirable in relative terms, but extract too lit-
tle power to be practical. In the near term, feasibility
studies for commercial arrays will likely continue to
assume an extraction level, which is a fixed percentage
ofthekinetic energy from the natural system. However,
it is important to recognize that this does not gen-
erally guarantee that operation of such a tidal array
would have an insignificant impact on the estuary-
scale flow regime. As a result, it would be prudent
for detailed case-by-case numerical model investi-
gations be carried out for early stage commercial
arrays.

In a number of cases shown in Fig. 12, the rela-
tive energy extracted is equivalent to more than 100
per cent of the kinetic energy in the natural tidal
stream. This does not imply that the flow stops or
reverses. Recall from section 3.2 that the kinetic power
incident on each transect in a uniform channel is
roughly constant and consider the hypothetical case
of a channel with 100 MW of kinetic power at its inlet
without extraction. If six transects each extract 20 MW
of kinetic power from the flow, the total extracted
kinetic power will be 120 MW, or 120 per cent of the
kinetic power at the inlet without extraction. Further,
the extraction of kinetic energy is primarily manifested
as a decrease in potential energy, not as a decrease in
kinetic energy and the kinetic energy in the system is
only a small fraction of the total energy (potential and
kinetic). This somewhat a counter-intuitive result fol-
lows from the realization that the kinetic and potential
energies are not independently conserved in the flow.
Rather their sum, less energy extracted by in-stream
turbines, is conserved. Additional discussion may be
found in Bryden and Couch [6].

4.5 Influence of transect non-linearity

The above discussions treat only linear transects and
do not account for the non-linear dynamics of cut-in
and rated speeds in real-world turbines. A represen-
tative comparison between the parameters for linear
and non-linear transects is given in Table 4. As previ-
ously mentioned, the estuary response to extraction
(e.g. Fig. 5) is a continuous function n(A./A.)N and
changing the value of any of the parameters in the
group shifts the response along the same curve. How-
ever, as shown in Fig. 13, the inclusion of cut-in
and rated speeds fundamentally alters the system
response — with the cut-in condition reducing impact
and the rated condition increasing it. For both non-
linearities, less kinetic energy is extracted from the
flow for the same number of linear transects. This
is to be expected, since both conditions result in a
turbine giving up some of the energy in the flow,
which would be extracted in the linear case. As the
cut-in speed increases, additional low velocity flow
passes through the transects unimpeded and the
impact of extraction decreases. This is because low
velocity flow accounts for a greater fraction of the
flow volume exchanged than advected kinetic energy
(since kinetic power depends on the cube of velocity
while flow volume depends linearly). The increas-
ing impact with lower rated speed can be similarly
rationalized.

5 NEAP-SPRING CYCLE

5.1 Approach

The neap-spring cycle for a tidal regime is modelled by
four constituent sinusoidal forcings of different ampli-
tude and period. Base case geometry is the same as for
the constant amplitude and period forcing (Table 3)
and the base forcing is a mixed, mainly semi-diurnal
tide (Table 1 and Fig. 3). This forcing is comparable
to that seen in the Puget Sound. Transects are linear
for the base case. Similar quantities to the constant
amplitude and period case are monitored for each ebb
and flood tide. Time-weighted averages are used to
compare flow quantities over the 14.8-day neap-spring
cycle.

Table 4 Linear and non-linear transect

parameters
Linear Non-linear
1 (%) 50 50
A¢ - AZY (%) 50 50
Cut-in speed (m/s) 0 0.5-2
Rated speed (m/s) o0 1.5-3
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5.2 Effect of kinetic power extraction

For a mixed, mainly semi-diurnal tide, the amplitude
and period of the tidal forcing change throughout
the neap-spring cycle. As a result, the power density
within the constricted channel also varies consider-
ably from the neap-spring cycle average as shown in
Fig. 14. Reductions in flow volume exchanged, range,
and advected energy occur in relation to the mag-
nitude of extraction but vary substantially over the
cycle. Unlike the constant amplitude and period forc-
ing, the value of the relative reduction in range is not
always equal to the relative reductions in flow volume
exchanged and energy advected, as shown in Fig. 15.

5.3 Dependence on geometry

Once flow quantities have been averaged over the
neap-spring cycle, the relative influence of geomet-
ric parameters is essentially unchanged from the case
of constant period and amplitude forcing. The rela-
tive reduction in flow volume exchanged for increas-
ing levels of extraction is shown in Fig. 16. Again,
constriction depth, constriction ratio (width of con-
striction compared with basin), and basin length have
the greatest influence on extraction and its impact.
Note that, in general, extracted power and relative
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impact are substantially lower than for the cases of
constantamplitude and period forcing. This is because
the constant amplitude and period forcing chosen
corresponds to a continuous spring tide, which is
unrealistically strong.

Figure 17 shows the relative reduction in kinetic
power density in the constricted channel for the same
cases as discussed above. This is an impact, which has
not only environmental, but operational and design
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implications for in-stream arrays. Like other impacts,
this reduction is dependent on estuary geometry and
should not be neglected when estimating the power
output in commercial-scale feasibility studies.

5.4 Dependence on tidal regime

For the neap-spring cycle, two types of forcing are
tested: (a) varying the amplitude of all constituents
by £50 per cent for the mixed, mainly semi-diurnal
regime and (b) forcing by semi-diurnal and mixed,
mainly diurnal regimes (constituents given in Table 1).
In order to make a meaningful comparison, all three
regimes have been calibrated so that the cycle-
averaged power density in the constriction does not
vary between cases. The system response to extraction
under different forcing regimes is shown in Fig. 18. For
the same type of tidal regime (e.g. mixed, mainly semi-
diurnal), higher amplitude forcing results in lower
relative impact for the same absolute extraction. This
result is anticipated from the constant period and
amplitude modelling. Regime type also influences
the system response to extraction, with greater semi-
diurnal character resulting in greater impact for the
test case considered here.

5.5 Influence of transect non-linearity

The influence of turbine non-linearity on reduction
in flow volume exchanged is shown in Fig. 19 for the
base case geometry and mixed, mainly semi-diurnal
forcing. As in the case of constant amplitude and
period forcing, lower rated speeds increase the extrac-
tion impact and higher cut-in speeds decrease the
extraction impact. Again, both non-linearities sub-
stantially reduce the power extracted per transect. The
relative effect of the rated and cut-in speed on the sys-
tem response varies with the magnitude and type of
tidal regime. For the mixed, mainly semi-diurnal tidal
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10% 4 —®— mixed,mainly semidiumal (base case)

—&— mixed,mainly diurnal
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Fig.18 Influence of tidal regime on extraction impact
(base geometry). Curves are labelled by the per-
turbation about the base case. Results for the
increased amplitude case are truncated
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regime shown in Fig. 19, the system response to extrac-
tion is more strongly influenced by cut-in speed, as
seen by the extreme and impractical example in which
the rated and cut-in speeds are set equal. These results
suggest that the selection of the rated and cut-in speed
for an array of turbines can have significant fluidic
implications, in addition to economic ones.

6 CONCLUSIONS

The extraction of kinetic power from estuaries has
been shown to reduce flow volume exchanged, tidal
range, advected energy, and kinetic power density, as
well as alter the timing of the tides. The magnitude
of these impacts is strongly dependent on the level of
power extraction. For a particular estuary, the system
response to extraction is determined by: (a) the estuary
geometry; (b) tidal regime; and (c) non-linear turbine
dynamics. All three must be accurately modelled to
assess the impacts of in-stream tidal energy extrac-
tion on an estuary. While feasibility studies often set an
extraction limit corresponding to a fraction of the nat-
ural kinetic power in an estuary system, the response
to extraction does not correlate with the fractional
level of extraction. This is a corollary to Garrett and
Cummins’ observations regarding the point of max-
imum possible extraction from a tidal channel [9].
Expressing extraction limits as a percentage of in-
stream power is convenient, but has little underlying
physical basis.

It has been shown that time-dependent analysis of
kinetic power extraction from tidal streams is nec-
essary to properly quantify the estuary-scale fluid
impacts of extraction. Steady-state modelling, while
instructive for some of the general physics, signifi-
cantly overstates the impact of kinetic power extrac-
tion from tidal systems. Further, when considering
non-linear transect dynamics, analysis over a full
neap-spring cycle is necessary to assess the system
response.
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An encouraging result is that the effect of extrac-
tion is often relatively moderate, since even high levels
of power extraction often correspond to reductions in
the flow volume exchanged of less than 10 per cent.
Because the response to extraction cannot be gener-
alized at this time, appropriate extraction limits may
have to be determined on a case-by-case basis. How-
ever, for initial pilot tests involving only a few turbines,
the level of power extraction will be very low and large-
scale fluidic impacts should be negligible. For the
geometric and tidal variations tested, which are in-line
with real estuaries, large-scale extraction for a neap-
spring tidal cycle is on the scale of a small wind-farm
(e.g. 100 + MW). This indicates that in-stream tidal
energy has the potential to meaningfully contribute
to regional energy demands.

Finally, if the marginal impact of each additional
transect is low, extraction impacts may not be the
limiting factor for array build-out. In real-world sit-
uations, the areas of high kinetic power density are
often highly localized, which would require very tight
turbine packing to accommodate a large number of
transects. As inter-turbine spacing decreases, there
exists the potential for the wake of an upstream turbine
to degrade that of one downstream. Wake propaga-
tion, which is also not well understood for in-stream
turbines, could limit array sizes more than estuary-
scale environmental impacts. Further numerical and,
particularly, experimental work in this area is required.
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APPENDIX 1

Notation

A amplitude of forcing adjacent to open
boundary (m)

A channel cross-sectional area (m?)

A, swept area of transect (m?)

b width of channel segment (m)

basin length of estuary basin (between con-

stricted channel and closed end) (km)
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D reference water depth (m)

g acceleration due to gravity (9.81 m/s?)

h water depth (m)

hj” water depth at grid point j and time n (m)

H driving head (m)

length of estuary inlet (between ocean and

constricted channel) (km)

k loss coefficient or extraction coefficient
(dimensionless)

L length of constricted channel (m)

n Manning roughness coefficient (s/m'/3)

N number of transects

Q volume flowrate of water (m3/s); Q = Uhb

Ry hydraulic radius (m)

St friction slope (dimensionless)

t time from start of simulation (s)

T period of forcing adjacent to open

boundary (h)
U water velocity (m/s)
uy velocity at grid point jand time 7 (m/s)
z common reference elevation for computa-

tion of advected potential energy (m)

At time step on numerical domain (s)

Ax distance between grid points in numerical
domain (m)

e water surface elevation relative to reference
depth (m)

n coefficient of performance for transect
(dimensionless)

0 phase lag of harmonic constituent
(radians)

APPENDIX 2

1. Blockage ratio: the swept area of all turbines on a
transect divided by the cross-sectional area of the
channel (A;/A.).

2. Capacity factor: ratio of average extracted kinetic
power over measurement period to maximum
extracted kinetic power during the same period.

3. Driving head: depth difference between inlet and
outlet of constricted channel.

4. Extraction effectiveness: the ratio of cycle-average
kinetic power extracted to reduction in a reference
flow value (normally flow volume exchanged). The
higher the effectiveness, the lower the environ-
mental footprint of an array of in-stream turbines
for a given level of extraction.

5. Extraction impact: the alteration of estuary-scale
flow parameters in response to kinetic energy
extraction. The higher the impact, the greater
the reduction in a parameter from the natu-
ral baseline. Unless otherwise stated, impact is

characterized by the reduction in flow volume
exchanged.

6. Flowvolume exchanged: the total volume of water
passing through a plane perpendicular to the flow
during an ebb or flood tide.

7. Kinetic power density: the kinetic power per
cross-sectional unit of the flow and is given by
P =0.5pU® where p is the density of seawater
(1024 kg/m?®) and U the magnitude of the free-
stream velocity. All power densities discussed here
are kinetic.

8. Natural: reference baseline for a flow quantity (e.g.
power density) without extraction by in-stream
turbines.

9. Tidal range: the difference in elevation between
high and low tides.

10. Time-dependent: a model in which the flow quan-
tities at a given point in space change with time,
in contrast to steady-state flow in which the flow
quantities are time-invariant at a given point in
space.

11. Transect: a row of in-stream turbines perpen-
dicular to the flow in a channel. Two types are
considered: linear and non-linear as discussed in
section 2.3.

APPENDIX 3

Energy compatibility condition for kinetic power
extraction

In general, the total upstream potential and kinetic
power must equal the total downstream potential and
kinetic power plus the power extracted at the turbine
transect

PE; + KE; = PE, + KE, + extraction

Case 1: linear transect

If we restrict ourselves to the case of a flood
tide, then

. 1
Extraction = 3P U’Am

and the balance between the flux of kinetic and
potential energy may be written as

1
(pUhib)ghy + (,OU1h1b)§U12 = (pU h,b)gh;
1 1
+ (,OUzhzb)EUzz + E/OUfAtU

Noting that due to mass conservation

,OUlhlb = ,OUzhzb
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and defining the channel area as
AC = hlb

then the conservation equation may be simplified to
U? A U?
—|1—n— hi=—-%+h
28 ( "a) T T g T

Case 2: non-linear transect operating at or above rated
speed

For the case of a non-linear turbine operating at or
above rated speed, then if we again take the case of a
flood tide, extraction may be written as

. 1
Extraction = = p U2 odAn

the conservation equation may be written as

1
(pU,h.b)gh, + (,OU1h1b)§U12 = (pU,h,b)gh;

1 1
+ (pUzheb) U3 + 5 pUrigeaAu

and comparably simplified to

1 1 1U3 A
h —U? = oh ) § . rated £t
gmtai =8t 3y, A

which may be expressed as

U? Unatea | At U?
—Ll1- = hh=-2+h
2g |: ( U, AC’7 i 28 i
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