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ABSTRACT

There are two approaches to extracting power from tides —
either turbines are placed in areas of strong flows or turbines
are placed in barrages enabling the two sides of the barrage to
be closed off and a head to build up across the barrage. Both of
these energy extraction approaches will have a significant back
effect on the flow, and it is vital that this is correctly modelled
in any numerical simulation of tidal hydrodynamics. This pa-
per presents the inclusion of both tidal stream turbines and tidal
barrages in the depth-averaged shallow water equation model
DG-SWEM. We represent the head loss due to tidal stream tur-
bines as a line discontinuity — thus we consider the turbines, and
the energy lost in local wake-mixing behind the turbines, to be
a sub-grid scale processes. Our code allows the inclusion of
turbine power and thrust coefficients which are dependent on
Froude number, turbine blockage, and velocity, but can be ob-
tained from analytical or numerical models as well as experi-
mental data. The barrage model modifies the existing culvert
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model within the code, replacing the original cross-barrier pipe
equations. At the location of this boundary, velocities through
sluice gates are calculated according to the orifice equation. For
simulating the turbines, a Hill Chart for low head bulb turbines
provided by Andritz Hydro is used.

We demonstrate the implementations on both idealised ge-
ometries where it is straightforward to compare against other
models and numerical simulations of real candidate sites for
tidal energy in Malaysia and the Bristol Channel.

INTRODUCTION

Tidal energy is a promising source of clean and predictable
energy. To extract power from the tide the flow needs to pass
through a turbine. This can either be a tidal stream turbine or a
turbine in a barrage where the flow may be restrained to allow
a head to build up. In the latter case it is obvious that there is
a substantial interaction between energy extraction and the tidal
hydrodynamics but even in the former case it is necessary to ap-
ply a force to the flow in order to generate power. Understanding
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these interactions is crucial for evaluating the power output and
environmental impact.

To understand these interactions it is necessary to model the
basin scale hydrodynamics. Placing tidal turbines or barrages in
models at this scale is tricky because of the wide range of length
scales involved (see Fig. 5 of [1]). Indeed, there may be some
inherent inconsistency, since the flow through turbines is highly
three-dimensional and this makes it difficult to conserve mass,
momentum and energy fluxes correctly in a 2D or 3D model with
a small number of sigma layers.

In this paper we examine the inclusion of both tidal turbines
and tidal barrages in DG-SWEM [2, 3]. This numerical model
solves the shallow water equations which are generally used for
modelling tidal hydrodynamics. The model is based on ADCIRC
(ADvanced CIRCulation model) and solves the equations using
a discontinuous Galerkin solver [4].

The first half of this paper presents the implementation of
tidal stream turbines and presents a number of test cases. The
second half does the same but for tidal barrages.

TIDAL STREAM TURBINES
Methodology

Several approaches exist for implementing tidal stream tur-
bines in large scale numerical models (see for instance [5]). One
approach is to use enhanced bed friction to represent the thrust
from the turbines. A disadvantage of this approach is that it
creates ambiguities in terms of the length-scales of the process
and exactly what thrust and energy are lost. An alternative ap-
proach was developed by Draper [6] who modelled the energy
loss as a line sink within the model. Thus a head difference
was introduced across the turbine row to represent the energy
lost and thrust applied to the turbines. The model was found
to be consistent with laboratory measurements [7]. Whilst this
approach does reduce the turbine and the wake mixing to a sub-
grid scale process, it has the advantage of making it relatively
easy to track where the energy is going and does not require
very high mesh resolution in the turbine region. This approach
was implemented in the discontinuous Galerkin version of AD-
CIRC by Serhadlioglu [8]. She used actuator disc theory to rep-
resent the turbines following [9]. Her model has been widely
used (e.g. [10-12]).

The present work takes the line-discontinuity approach and
implements this in DG-SWEM. In contrast to Serhadlioglu’s tur-
bine implementation, the one discussed in this paper is based on
an input of power and thrust coefficient curves, which in turn can
be obtained from any external analytical or numerical model as
well as from experimental data. This leads to more flexibility in
terms of turbine model selection. In this paper two external tur-
bine models have been used: (i) the analytical Linear Momentum
Actuator Disc Theory (LMADT) model and (ii) a model based
on experimental and numerical data for the cross-flow Transverse
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FIGURE 1: G;-PART OF AN EXAMPLE INPUT FILE

Horizontal Axis Water Turbine (THAWT). The results of the for-
mer are compared to Serhadlioglu’s implementation to ensure
correct execution of the input method. Both underlying models
are described below, but others could be adopted as well.

To implement the turbine characteristics DG-SWEM’s nodal
attribute input file (fort.13) was adapted to include tables for
thrust coefficient C; and power coefficient C,, with respect to
upstream Froude number Fr = u/+/gh and local blockage B =
A;/(hb), where u is flow velocity, & water depth and g gravita-
tional acceleration, and with turbine swept area A,, and local pas-
sage width b. These tables are assigned to turbine nodes. An ad-
ditional input parameter is the turbine swept area per unit length.
In the modified DG-SWEM code used in this paper the actual
thrust and power coefficients are interpolated from these tables
for edges between consecutive turbine nodes along the specified
turbine arrays. These, in turn, are used to calculate the thrust on
the flow and the power generation. The energy loss due to local
wake-mixing behind the turbines is considered to be a sub-grid
scale process. A schematic representation of an example input
file table for C; can be found in Fig. 1. The numbered elements
in Fig. 1 represent the following: (1) number of turbine nodes,
(2) turbine swept area per unit length, (3) list of turbine nodes,
(4) local blockage B, and (5) Froude number Fr. The lines in
between (2) and (3) represent, in the following order, a constant
to determine if all turbine nodes have the same characteristics,
the number of turbine arrays, and the number of turbine nodes in
the first array. The table for C), is constructed similarly and part
of the same input file.

Actuator disc model The simplest representation of a
tidal turbine in a flow is that given by actuator disc theory. In
the present paper we use the formulation given in [6, 9] which
forms the basis for the turbine model in [8]. The inputs to the
model are upstream flow conditions (i.e. Fr), blockage ratio B,
and turbine tuning (i.e. 04). The model gives the head difference
between the upstream and downstream as well as the ‘available’
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power output — i.e. the power extracted from the flow minus
the energy lost in wake mixing behind the turbines. This model
is well documented in the literature (e.g. [10, 13]) so we do not
describe it in detail here.

THAWT model The second turbine model is based on
experimental and numerical data from the Transverse Horizon-
tal Axis Water Turbine (THAWT) [14-16]. The experiments
were conducted on a prototype with a turbine diameter of 0.5 m,
two different blockage ratios B = 0.47 and B = 0.59, and vari-
ous Froude numbers [14]. To account for device scaling, such
as Reynolds number effects, Stringer et al. [17] carried out 2D
Reynolds-Averaged numerical simulations of the turbine, both at
laboratory scale and full scale. The results from both experimen-
tal and numerical investigations were then used to find correla-
tions for maximum power and thrust coefficients with respect to
Reynolds number Re, Froude number Fr, and blockage ratio B.
At Re < 550000 and calibrated for a range of blockage ratios
between B = 0.47 and B = 0.59 these correlations are as follows:

Cpmax = 0.95210g(Re /550000)
+(—0.401 +2.47B) + (4.898 — 6.65B)Fr,

1
Ct max = 0.619/0g(Re/550000) )
+(—3.627+11.835B) + (18.27 —29.71B)Fr.
While at Re > 550000 the following apply:
Cpmax = 0.1971og(Re /550000)
+(—0.4014+2.47B) + (4.898 — 6.65B)Fr, 2

C,.max = 0.15210g(Re /550000)
+(—3.627+11.835B) + (18.27 — 29.71B)Fr.

In order to include the effects of varying tip speed ratios A the
experimental data was used to fit curves like the ones shown
schematically in Fig. 2.

In this analysis the turbines are assumed to operate at the opti-
mum tip speed ratio 4 to give Cp, uqr. We do not consider “tun-
ing” of turbines (see [18, 19]).

RESULTS

To test the implementation of the turbine code several test
cases of an idealised channel with both steady and unsteady con-
ditions have been evaluated. Furthermore, a more realistic model
of the Malacca Strait based on a previous study [12], has been in-
vestigated. The results are discussed below.

Steady idealised channel The idealised channel is
40 km long and 10 km wide with a water depth of 15 m. The bed

>

A

FIGURE 2: SCHEMATIC OF C, AND C; CURVES FOR
THAWT MODEL

friction is set to ¢y = 0.0005. The top and bottom boundaries of
the channel are tangential slip boundaries and the right boundary
is set to a constant elevation of zero. In the steady case the left
boundary is forced with a constant flow rate (Fr ~ 0.1). Differ-
ent variations of tidal fences have been investigated: (i) a tidal
fence spanning the entire width of the channel; (ii) a tidal fence
partially spanning the width of the channel; (iii) the tidal fence
from (ii) rotated by an angle of 30 degrees; (iv) the tidal fence
from (iii) placed downstream of a rectangular island. All turbine
fences have the same characteristics (04 = 1/3 and B = 0.5).

Fig. 3 shows contour plots for three of the steady cases with
the C, and C; curves derived from the LMADT model. The
three plots in Fig. 3 show the depth-averaged velocity mag-
nitude. The acceleration of the bypass flow and the decelera-
tion of the core flow can be seen especially in Fig. 3a. Both
Figs. 3b and 3c demonstrate the ability of the code to cope with
flow that is not perpendicular to the turbine fence. The differ-
ent implementations of the actuator disc model (hard-coded or
via input file) compare very well, which can be seen in Fig.
4 for both the full tidal fence (Fig. 4a) and the partial tidal
fence (Fig. 4b). Here, the 'LMADT’ corresponds to the hard-
coded version of [8], while the implementation via input file for
both LMADT and THAWT models are represented by the "P-T-
curves, LMADT’ and ’P-T-curves, THAWT’, respectively. The
corresponding result for the tidal fence angled to the input flow
and the tidal fence downstream of the island are not shown here,
but show similar agreement for the two models. The differences
in the beginning of the simulation period are a result of different
ramp functions. The power achieved with the THAWT model
is lower than with the LMADT model for both the full and the
partial tidal fence. This is to be expected as the THAWT model
is based on experimental data and therefore accounts for losses
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FIGURE 3: DEPTH-AVERAGED VELOCITY FOR (a) CASE
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that the more idealised LMADT model does not capture.

Unsteady idealised channel For the unsteady case the
channel geometry and meshing remains the same as in the steady
case, but the left boundary is now forced with a sinusoidal ele-
vation of amplitude A = 0.05 m and period of T = 12.42 h. All
other boundaries and turbine characteristics remain the same.
Fig. 5 again shows the power generation over time for all three
models for the full tidal fence (Fig. 5a) and the partial array (Fig.
5b). Again, the agreement between the two LMADT models is
very good. Similar to the steady case the power output from the
THAWT model is lower than the one from the LMADT model
for both the full and partial array. The difference between two
consecutive peaks (different directions of flow) can be ascribed
to the free surface. A flow direction left-to-right means a slightly
higher water depth, compared to a mean water depth of 15 m, at
the turbine fence than for the opposite direction. Thus, the flow
speed is higher for the direction right-to-left, which in turn leads
to a higher power generation.

—LMADT
120 {—P-T-curves, LMADT
—P-T-curves, THAWT,

—LMADT
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L
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FIGURE 4: COMPARISON OF POWER FOR ALL THREE
TURBINE MODELS FOR (a) FULL TURBINE FENCE, (b)
PARTIAL TURBINE FENCE - STEADY
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FIGURE 5: COMPARISON OF POWER FOR ALL THREE
TURBINE MODELS FOR (a) FULL TURBINE FENCE, (b)
PARTIAL TURBINE FENCE - UNSTEADY

The Froude number and blockage ratio intervals for the C, and
C; tables in the input file (see Fig. 1) can in principle be cho-
sen arbitrarily, but Fig. 6 shows that they require some attention.
There, the power generation of one full cycle for three different
interval sizes (AFr and AB = 0.01, 0.05 and 0.1) for the case of
the actuator disc model with B = 0.4 is plotted (Fig. 6). While
the results for the 0.01 and 0.05 cases agree well, the 0.1 case
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FIGURE 6: COMPARISON OF DIFFERENT INPUT TABLE
STEP SIZES FOR THE ACTUATOR DISC MODEL

differs significantly. Therefore, a convergence study should be
undertaken to determine the step size.

Malaysia model The model of the Malacca Strait by
Bonar et al. [12] is used for the last part of the test. The nu-
merical mesh of the entire domain can be seen in Fig. 7a. The
land boundaries are set to allow tangential slip, while the open
ocean boundary is forced with tidal constituents and a constant
northwest-going flow [12]. Two tidal fences are placed at the
Port Dickson location (see Fig. 7b) with a local blockage ratio of
B = 0.5 and a turbine wake velocity coefficient of oy = 1/3 for
the actuator disc model.

The new implementation of the actuator disc model C), and C;
curves again compares well to the previous hard-coded imple-
mentation, as can be seen in the power output in Fig. 8. The
top subplot Fig. 8a shows the differences in the spring-neap cy-
cle, which are captured by all three models. As for the idealised
cases, the THAWT model leads to a lower power output than the
actuator disc models as it accounts in more detail for realistic
hydrodynamic losses. Fig. 8b represents a shorter time interval,
which shows that the general form, if not the magnitude, of the
power variations is captured by the THAWT model as well.

In addition to the power generation of the turbine arrays, the
environmental impact is another factor that needs to be consid-
ered. Processes like sediment transport or distribution of nutri-
ents can be significantly effected by changes to the natural flow
speed. While this is not a comprehensive environmental study,
the change in flow speed can provide some understanding of
the potential environmental impact. Fig. 9 shows the change
in depth-averaged velocity at peak power for the actuator disc
model — the THAWT model gives visually similar results. Both
turbine models lead to a significant change in flow velocity. The
downstream flow throughout the entire length of the turbine ar-
rays is slowed down due to the energy extraction. The bypass
flow around the turbine fences on the other hand is accelerated.

TIDAL BARRAGES AND LAGOONS

In the second section we present the implementation of a
tidal barrage boundary in DG-SWEM. For this work we adopted
a ‘two-way’ generation strategy (see [20,21]) of which the vari-
ous phases are shown schematically in Fig. 10.

Methods

For including the effects of sluices and turbines inside DG-
SWEM, modifications were made to an existing culvert model
[22,23]. The culvert boundary incorporates an internal barrier
into the mesh that connects pairs of nodes across the “barrier”
segment (Fig. 11). The flow between these pairs is found from
the water level difference between “Front” and "Back” sides.

In order to simulate a tidal barrage behaviour, the culvert
equations are substituted by appropriate sluice and turbine equa-
tions, along with a control switch for starting and ending power
generation. For the sluice gates, the orifice equation has been
extensively used in the literature as an appropriate representation
of flow through hydraulic structures [20, 24]

Qo(H) = CaAs\/28H, 3)

where C; is the discharge coefficient (chosen as “1” for this
study), Ag the sluice area, g the gravity constant and H the head
difference between the ocean and the impounded body of water.

To obtain the flow through the turbines and power charac-
teristics a Hill Chart is used. In the current work we use a low
head bulb turbine Hill Chart provided by Andritz Hydro [25,26].
This chart relates the turbine unit speed n;1 with the specific unit
discharge Q;; obtained experimentally. The graph also shows
the efficiency curves 7, wicked gate openings and pitch blade
opening.

By specifying the turbine diameter D, number of generat-
ing poles G, and grid frequency f, the turbine rotation S, (rpm)

is obtained as S, = %ﬂ where the unit speed nj; and specific

P
discharge Q1 are:

ni = 50 O = o
VH’ D>VH

“

Manipulating Eqn. (4), the head difference H can be described
as

ni

2
H=(2) )

In turn, the turbine flow-rate Q; can be obtained from Eqn. (4):

0, = 011D*VH, ©)
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so that power output P is

P=|pgQHn], (M

where p is the water density. With the presence of a forcing
head, n;; is obtained from Eqn. (4), while Q1| can be attained
from regulating the (i) opening of the wicked gate, (ii) pitching
of the runner blade and crossing the values with the obtained ;.
The maximum output plot is obtained by digitizing the chart [25],
and following the path where the product between 1, Q and H is
maximized. Yielding the functions:

011 = (0.0166)n;; 4+ 0.4861; (when nj; =< 255)

8
011 =4.75; (when nj; > 255) ®)

and,
N = (—0.0019)ny; + 1.2461. ©)]

Knowing the head difference yields n;, both flow-rate and
power through the turbines can be calculated using Eqn. (6)-(9).

A ramp function of 20 minutes is included to avoid sharp
changes between the different stages of barrage operation consis-
tent with that used in other representations of barrages [27,28].

Idealised model Considering the implementation in an
idealised geometry. We evaluate the rectangular domain shown
in Fig. 12 where an internal barrier connects the node pairs be-
tween Sections 1 and 2. In the case study shown, 15 node pairs

are selected to simulate sluice gates, each having an area equiv-
alent to a 7m diameter orifice and a single control switch for
allowing flow to pass when H >= 1.5m . In order to drive the
flow through the sluices, a sinusoidal component, with 3m am-
plitude and 12.42h period is applied to the rectangular domain
on the left, while the other domain is set to have a constant water
level (Point-1 and 2, Fig. 13). A 0D model, based on the orifice
equation, utilises the combined sluice area by the node pairs and
the head difference from Fig. 13 to estimate the analytical flow
Q. expected to flow through the boundary. Detailed examination
of the flows shows that mass is conserved across the barrier.

The Swansea Lagoon Project

In this section the barrage boundary is used to simulate the
Swansea Bay Tidal Lagoon project suggested for the Bristol
Channel. We insert the lagoon representation into the numeri-
cal model with hydrodynamics developed in [29] and [30]. The
mesh of this model is shown in Fig. 14. In this study we only
consider forcing from the M, tidal constituent.

For simulating the Swansea Lagoon, a number of node pairs
are selected according to the lagoon design, so that the position-
ing of both turbines and sluices are as accurate as possible. At the
lagoon site, extra refinement is used in the region where turbines
and sluices are installed. In order not to increase the mesh reso-
lution excessively at the location of the hydraulic structures, each
node pair was responsible for simulating a number of turbines or
sluices. For this case study, we use a set up of 16 turbines with
7.35m in diameter and 95 generating poles each. They operate
together with a total sluice area of 800m?, feeding a grid with
frequency f = 50Hz.
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Power Production Verification (0D vs 2D) For ver-
ifying power production from the 2D model, a 0D model (fol-
lowing [24]) was used. The 0D model solves for the flow inside
the barrage (assuming the water to be level) for a given water
elevation outside the barrage. In this study we take the water
level from the 2D model outside the barrage as the driver for
our 0D model. After fixing the number of sluices, turbines and
lagoon size, power extraction becomes highly dependent on the
starting Hstart and finishing Hmin operational heads chosen for
the simulation (see [31]). We do not consider detailed optimi-
sation here, but consider two cases of different operations, with
Case 1 having Hstart = 2.5m and Hmin = 1.5m, following a rec-
ommended design by [28], and Case 2 with Hstart = 2.0m and
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Hmin = 1.0m, for comparison.

For a simulation run of 212 hours, OD and 2D power outputs
(P, and P,, respectively) from Cases 1 and 2 are plotted against
each other (Fig. 15) where the water level from the OD was taken
from the 2D model (thus accounting for the change in tidal am-
plitude outside the barrage due to the presence of the barrage).
0D and 2D methods show good agreement of results, although
there is some deviation observed. The water level inside the la-
goon not being exactly flat and small water level variations across
the different turbine mean that the agreement is not exact. Inte-
grated over the cycle the difference between the two models is of
the order of a few percent.

This paper does not present an in depth analysis of the power
output from the Swansea Bay lagoon scheme. However, we note
that the mean power predicted by our model (32.69 MW and
25.52 MW for Case 1 and 2 respectively) is consistent with the
estimate given by the developers given that we are only consid-

58

Lon (°)

FIGURE 14: COMPLETE 2D MODEL IN ADCIRC.

ering a single tidal constituent.

CONCLUSIONS

When conducting large scale modelling of tidal energy
schemes it is important to represent the energy extraction from
the system in a way which is consistent and physically reason-
able. This can be problematic since the local flows around energy
extraction systems are too complex to directly model in large
scale models. Once the correct physics has been developed it is
also important to verify its implementation. The present work
focuses on achieving this.

In this paper we have presented implementations of tidal
stream turbines and tidal barrages in the shallow water equa-
tion code DG-SWEM. We have used idealised models to com-
pare our implementations with other results from either well val-
idated models or simpler models. We find acceptable agreement
for all cases. Further, we have implemented both models in nu-
merical simulations of real location which are candidate sites for
tidal energy development. Our results from these real sites are in
agreement with expectations.
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