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A B S T R A C T

Tidal stream turbines are becoming an affordable option for harvesting sustainable energy in coastal areas.
They can be retrofitted in barrages, providing an integral solution for flood protection and emission-free power
generation, within environmental constraints. To optimize the turbine-barrage configuration with respect to
these objectives, simulation tools are needed to predict the efficiency of the turbines as well as their impact
on the adjacent tidal system. These tools should be based on an accurate representation of the underlying flow
processes, which cover a wide range of spatial scales — from meters at the barrage and turbines to tenths of
kilometers in the tidal basin. This article presents the development of such a tool by linking an analytical model
for turbine fences in barrage gates to a regional flow model. The turbine model is validated with experimental
data, and data from a thoroughly monitored tidal energy pilot project. Simulations reveal how clustering the
turbines in small arrays can increase their efficiency, owing to array blockage effects, with only little effect
on the tidal exchange. We also demonstrate the potential of using turbine fences to manipulate the tidal
jet, issued from the barrage, with benefits for coastal — and wildlife protection in the basin. The presented
research helps understanding how turbine fences in barrages can be configured with high energy yield and
calculated impact to the environment.
1. Introduction

The EU targets to further decarbonize the energy system, as this is
critical to reach climate objectives in 2030 and 2050 [1]. Tidal stream
turbines, which are a promising technology in a development stage,
are becoming an affordable option for sustainable energy harvesting in
coastal areas, and, in this way, contribute to this target [2]. Besides,
the EU aims to conserve its natural capital and protect its citizens from
environment-related hazards, such as coastal floods. However, these
objectives are complex and interlinked, which makes it non-trivial to
develop and optimize tidal energy projects in practice. In the research
described in this paper we set up a modelling tool specifically for this
purpose and apply it to an existing pilot project to shed light on the
possible trade-offs and compromises of the above objectives.

In the tidal energy pilot under consideration (in the Eastern Scheldt
tidal basin, The Netherlands) the above objectives could actually be
combined. Five horizontal-axis tidal turbines (a fence) were retrofitted
in a single gate of an open storm surge barrier or tidal barrage, in
order to harvest sustainable energy from the passing tidal current.
Hereby, the flood protection function and estuary ecosystem value were
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(W.S.J. Uijttewaal).

warranted over the span of the pilot, between 2015 and 2019 (and later
between 2021 and 2023) [3–5]. In order to understand how energy
yield as well as flood protection within environmental constraints can
still be served simultaneously while retrofitting more turbine fences in
neighbouring gates of a barrage, a modelling tool is needed that can
predict turbine power production as well as the impact of the barrage
and turbines on the adjacent tidal system. By incorporating the main
physical processes, such a tool should also be instrumental in applying
lessons learned to other tidal sites.

Specifically, the desired tool must be able to predict how small-
scale flow processes associated with the turbines affect larger-scale
flow processes in a tidal basin, and vice versa (see Figs. 1 and 2). At
small scales, an individual turbine device influences the blockage of
its neighbour turbine through bypass flow and wakes [6,7]. Besides,
the flow through the barrage itself also interacts with the turbine [4].
At larger scales, the distribution and amplitude of the tidal current
over the barrage is affected by the sum of these processes, and vice
versa. In turn, these large-scale processes have impact on e.g. discharge
distribution and sediment transport [3], which are important to flood-
vailable online 2 January 2024
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Fig. 1. Schematic overview (top) of turbine-barrage flow interaction at the basin scale,
f (1-10) km, illustrating the relevant processes: 1. flow contraction in the tidal

channel, 2. large-scale turbulence structures, 3. flow contraction in barrage gates, 4.
turbine added resistance, 5. turbine-turbine and gate-gate interactions.

and nature protection of a basin. Due to this interaction of scales, an
important requirement of the desired tool is the dynamic coupling of
flow phenomena at both scale levels: from flow patterns at the scale of
a single turbine device, of (1-10) m, up to flow patterns at the scale
f a barrage and the wider tidal basin, of (1-10) km.

The described coupling of scales usually comes at the cost of an
increased computational effort. Obviously, it is desirable to minimize
this effort where possible. This can be achieved in two ways. Firstly, by
modelling small-scale turbine processes (such as the flow through and
bypassing a turbine device) in a sub-grid manner, using a parameteri-
zation which accounts for the relevant physical processes, and coupling
this to a larger-scale numerical flow model. And secondly, by applying
local mesh refinement in the larger scale model near the barrage and
turbine fence (to accurately and efficiently resolve the coupling of
scales), while using a coarser mesh resolution in the far field. In this
study, this is achieved by employing an unstructured triangular mesh
combined with a numerical flow model based on the finite element
method.

There are different ways to include sub-grid flow effects of tidal
stream turbines or barrages in a regional (numerical) flow model. A first
type employs a modified (mass) flux at the position of the turbine [8]
or barrage [9] location, using a line discontinuity in the mesh. A second
type uses a mesh-interpolated momentum sink representative of the
force applied by the turbine to the flow (e.g. [10]). The first approach
has the advantage that discontinuities in the discrete flow velocity and
water level associated with the turbine(s) are automatically captured by
the mesh. This avoids a numerical boundary layer (wiggles) that would
otherwise occur if the local mesh resolution is too coarse with respect
to the horizontal extent of the disturbed flow field. This layer can then
only be suppressed by increasing the viscosity which also obscures,
however, the turbine-gate interaction.

With this in mind, the aim of the research described in this paper
is twofold. Firstly, to establish the elementary dynamics of a single
turbine-gate configuration, in order to develop and validate an effi-
cient sub-grid parameterization which describes the energy yield and
head-discharge relation of a turbine fence mounted in a barrage with
gates. Secondly, to couple this sub-grid parameterization, using internal
boundaries, with a larger-scale numerical flow model and applying it
to a tidal power pilot project in order to assess the effects of alternative
turbine configurations on energy yield, discharge distribution, tidal
prism, and system functions related to natural capital and coastal pro-
2

tection. The findings will help understanding how to optimally combine
Fig. 2. Schematic overview (side) of turbine-barrage flow interaction at device scale,
of (1-10) m, during flood flow (a) and ebb flow (b), illustrating the relevant processes:
6. flow contraction by local blockage, 7. free-surface level variation, 8. flow expansion
downstream of the weir, 9. flow expansion in the turbine wake.

complex EU ambitions on coastal protection and energy generation
within environmental constraints in a tidal energy project.

This approach has a few innovative aspects. First, a physics-based
sub-grid model is developed for the specific case of turbine fences in
barrage gates. The latter increase the turbine thrust, as the flow is
strongly contracted, which requires an extension of existing models,
e.g. [11], with a barrage weir. Second, while hardly used in litera-
ture, the implementation of the sub-grid model by means of internal
boundaries is exploited to resolve the local flow details that drive the
turbine-gate interaction — which is all important here. Third, and last,
the resulting flow field and turbine power are validated using field
and laboratory data from a turbine fence in a barrage. The availability
of data from commercial-scale operating turbines in representative
environments is unique and the combination of a turbine with a weir
has not been studied in the field nor in a laboratory setting before.

In view of the aims above, this paper is structured as follows. Sec-
tion 2 describes the developed sub-grid turbine-weir parameterization,
as well as its coupling with a larger-scale numerical model solving the
two-dimensional (2D) shallow water equations. The resulting modelling
tool is validated using (successively) field data and experimental data
of turbines in hydraulic structures [4,5]. In Section 3, this tool is
applied to the above mentioned pilot project in the Eastern Scheldt
storm surge barrier (barrage). Site-specific as well as general results
are presented in Section 3.4. The discussion in Section 4 integrates
findings from both parts of the scope: the applicability range of the
developed sub-grid tool, and the ensuing design considerations for tidal
energy sites. Besides, some trade-offs and compromises between the
various (complex and interlinked) design objectives are considered.
Conclusions are formulated in Section 5.
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2. Sub-grid turbine model and its coupling to larger scales

This section describes the development of the sub-grid turbine
model and its coupling to a larger-scale model for computing tidal
flows. To this end, we will first identify the physical processes relevant
to each scale in Section 2.1. Concerning the turbines, we next derive a
theoretical formulation aggregating the elementary dynamics of a tur-
bine fence mounted in a barrage gate with a weir (Section 2.2.2). For an
individual turbine, this provides a relation between the local discharge,
the head difference over the turbine and the power production. The
resulting parameterization is implemented in a tidal flow model, using
interior boundary conditions, thereby achieving the desired coupling of
scales. The overall approach is validated in Section 2.3.

2.1. Governing physical processes

We consider a semi-enclosed tidal basin, having a open barrage in its
inlet; see Fig. 1 for a conceptual lay-out of the system. Here, a tidal inlet
refers to the sea body between two islands or headlands, where the tidal
exchange flow locally contracts. In this work, the barrier (or barrage)
consists of parallel gates, spanning the width of the tidal inlet. Each of
the gates is in fact a small channel formed by side pillars and a bottom
beam (weir). In the gate an array of tidal turbines can be installed, see
Fig. 2. An array (often referred to as a fence) consists of tidal devices
placed next to each other, perpendicular to the flow. The performance
and impact of these arrays of turbines are the result of a superposition
of processes. Next, we introduce them in order of their associated length
scale, which is roughly 1–10 km for the channels (horizontal length or
width), and typically 1–10 m for the gates and devices (diameter of the
turbine blade swept area).

2.1.1. Channel scale
Fig. 1 distinguishes five channel-scale processes, which need to

be resolved with sufficient detail when when using a numerical flow
model for turbine-barrage interaction. With reference to the figure,
these processes are discussed briefly below.

The tidal flow towards the barrage (1) contracts in the tidal inlet.
In [12] it was shown that this process is associated with large horizontal
gradients of the flow velocity, and can be typified as a (tidal) jet. The
flow further contracts (3) within the barrage gate (horizontally) and
over the weir (vertically). The corresponding acceleration of the flow
velocity enhances turbine thrust and power coefficients, mainly as a
result of an additional pressure difference over the turbines [6,13].
The subsequent expansion of the flow behind the barrage (2) leads to
large-scale, quasi-horizontal turbulence driving large gyres along the
side slopes of the inlet channels.

The turbines themselves decelerate the flow locally through their
so-called added resistance (4), as energy head of the flow is lost in
turbine power extraction and energy dissipation in the turbulent wakes
[13]. As a result of this resistance, single turbine devices and arrays
of turbine fences interact with each other (5) through water level set-
up and bypass flows. In [7,14] it was postulated that there exists an
optimal intra-turbine spacing (referred to as local blockage) and inter-
array spacing (array blockage) maximizing the power coefficient of
a single turbine. The power extraction of the tidal farm as a whole
can therefore be optimized by altering the intra-turbine and intra-array
spacing, depending on the total number of devices (global blockage).
The optimum strikes a balance between the higher efficiency of a single
device, when operated in clusters of devices, and the added resistance
of the overall farm to the flow, in conjunction with the response of the
3

adjacent tidal basin (basin efficiency).
2.1.2. Gate-turbine scale
Fig. 2 illustrates four device-scale processes, which will be included

in a sub-grid model and coupled to the aforementioned large-scale flow
model. With reference to the figure these processes are discussed below.

In a free, unbounded flow, a turbine can capture at most a fraction
of 16/27 of the incoming energy flux through a plane with the same
size as the rotor swept area. This famous result was derived analytically
by Betz [15], and is due to the flow bypassing the turbine because
of the higher local resistance. In a constrained flow however, such
as in the barrier gate (6), the bypass flow is suppressed leading to a
higher limit of power extraction. This effect is governed by the local
blockage 𝐵 (or occupation ratio) of the turbine, which is defined as
the ratio of the streamwise projection of the rotor swept area and the
channel cross section. It was shown in [11] that the limit of power
extraction increases with a factor of (1 −𝐵)−2. In a similar way, spatial
and temporal variations of the free surface level (7) influence the power
extraction, by altering the local blockage, an effect that is characterized
by the local Froude number [16].

Turbine performance is furthermore dependent on the local flow
patterns and the pressure field within the gate. In particular, these are
affected by the crest of the weir (8). The weir causes an additional
contraction of the flow, which also involves a negative pressure gra-
dient. Moreover, the recirculation zone behind the weir (9) interacts
with the wake flow of the turbine, slowing down its recovery. All this
will further enhance the performance of the turbine, depending also on
the position of the turbine with respect to the weir. In [4] an analytical
model was postulated and validated, accounting for the effects of the
weir on the turbine performance and added resistance.

2.2. Modelling approach

The channel-scale processes (1-5) are basically governed by the two-
dimensional shallow water equations (SWE) where the equations of
motion of the flow are averaged over the depth [17]. This averaging
relies on the pressure being hydrostatic in the vertical direction, which
is obviously not the case around the gates and turbines. Therefore, the
small-scale processes (6-9) have to be taken into account by means of a
sub-grid model, treating the non-hydrostatic effects in a semi-analytical
manner. In our approach, we express the discharge through a gate –
with or without turbines – in terms of the head difference over the
gate and the device properties. The resulting discharge relation will
be coupled to the large-scale model by means of an interior boundary
condition. Details of the approach are described below.

2.2.1. Shallow-water flow model
The shallow water equations that govern the channel-scale flow

are discretized using a finite element method based on a numerical
approach that was introduced in [18] and further developed in [19,20],
see also [21,22] (see equations in Appendix B). The method employs a
computational mesh consisting of triangles, that can have arbitrary size
and shape, which conveniently accommodates to irregular geometries
and allows for a flexible local mesh refinement in the domain of
interest.

Importantly, near the barrage a sufficient mesh resolution is re-
quired in order to warrant a correct reproduction of the intra-turbine
and inter-array interactions. Also the wakes from arrays of turbines and
the adjoining lateral recirculation zones need to be resolved with suf-
ficient detail (combined with a horizontal turbulence model) in order
to predict the overall efficiency of the tidal farm correctly. A maximum
triangle size of (10) m (turbine spacing) is considered necessary here,
which can be furnished by refining the triangles locally, keeping the
total number of triangles in the mesh acceptable for computational
efficiency.

Along the exterior boundaries of the model domain, either the water

level or the flow velocity must be prescribed. The actual boundary
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Fig. 3. Creation of an interior boundary (indicated red) by duplication of associated nodes (indicated green).
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Fig. 4. A schematic sketch of the flow passing a barrage weir and turbine via a
treamtube passing the turbine (indicated 𝐷), a bypass streamtube (indicated 𝐵), and
recirculation zone of the weir, driven by a pressure difference (𝑝7 − 𝑝1). The numbers

efer to the stations of the model schematization. The respective velocities within the
omain are expressed as a factor times the inflow velocity 𝑢1 (at station 1), using the
elocity factors 𝛼 in the turbine streamtube and 𝛽 in the bypass. The cross-sectional
rea of a streamtube at each station is expressed as the product of the rotor-swept area
𝐷 , the relative weir area 𝑎, and the blockage 1∕𝑅. An overview of the velocity and
ross section of each streamtube is provided in the supplementary material [23].

onditions to be imposed depend on the situation at hand which, for
ur case, will be specified in Section 3.2.

In addition, we introduce interior boundaries in order to implement
he sub-grid turbine model. These boundaries are located at and aligned
ith the barrage gates and turbines, and are created by locally discon-
ecting the mesh, see Fig. 3. The action of the turbines and/or barrage
ates is simulated by expressing the volume flux between the resulting
airs of opposite points in terms of the water level difference between
hese points. The corresponding head-discharge relation is used to
rescribe the flow velocity at interior boundaries, which provides the
esired dynamic coupling between water levels at neighbouring nodes
n both sides of the barrage location. It now remains to quantify this
elation for the various gate-turbine configurations.

.2.2. Sub-grid turbine model
The basis of the head-discharge relation used for the sub-grid tur-

ine parameterization is the analytical model given in [4] (see Fig. 4).
n this model, the device-scale processes are quantified by combining
wo existing approaches, a head-discharge relation describing the flow
ver a long-crested weir [17], and an actuator disk model to calculate
he performance of a single turbine in a channel [11]. The model aims
o account for the influence of a weir (or other abrupt expansion of
he flow) on the turbine performance and resistance in a single gate of
barrage, which distinguishes it from the schematized model in [11].
he resulting head-discharge relation for the turbines/gates takes the
ollowing generic form,

= 𝑑𝑐𝑢𝑐 =
(

𝜁 − 𝑏𝑐
)

√

2𝑔 𝛥ℎ (1)
4

𝑓 s
n which 𝑞 is the volume flux at the gate per unit width, 𝑑𝑐 = 𝜁 − 𝑏𝑐
= 𝐴𝐷𝑅 in Fig. 4) is the water depth at the weir crest, 𝜁 and 𝑏𝑐 are,
espectively, the water level and bed level at the weir crest, 𝑢𝑐(= 𝑢1𝛼2
n Fig. 4) is the depth-averaged flow velocity at the crest, 𝑔 is the
ravitational constant, 𝛥ℎ (= (𝑝7 − 𝑝1)∕(𝜌𝑔) in Fig. 4) is the head
ifference over the gate, and 𝑓 is a dimensionless head loss coefficient.

The geometrical parameters 𝜁 and 𝑏𝑐 depend directly on the dimen-
ions of the gate and the adjoining water level. To account for the
nfluence of the free surface height on the blockage, we use a time-
ariable, uniform water level 𝜁 by averaging the water levels upstream
nd downstream of the gate obtained from the shallow-water model.
his is allowed if the head difference 𝛥ℎ is small relative to the water
epth, and only acts as a pressure force driving the flow.

The discharge coefficient 𝑓 emulates all device-scale processes, and
epends on the specific turbine-weir configuration (one example of
urbine downstream a weir is given in Fig. 4). We distinguish turbines
n a flat bed, turbines upstream of a weir, turbines downstream of
weir, and a weir only. The different cases are characterized by the

istance between the turbine rotor and weir crest, crest height 𝑎, the
otor diameter (blockage 1

𝑅 ), and the deceleration of the flow velocity
behind the turbine 𝛼5, (all variables are seen in Fig. 4). The latter is
specified as the dimensionless ratio of the initial velocity in the turbine
wake and the undisturbed ambient velocity. This parameter 𝛼5 depends
n the turbine operation and is to be obtained from experiments and
ield tests.

To derive closed algebraic expressions for 𝑓 , the flow passing the
eir and turbines is schematized by means of two streamtubes, a

treamtube passing the rotor disk, and a streamtube following the entire
ypass flow (see Fig. A.12). Assuming quasi-steady flow (inertia terms
nd local mass storage can be neglected), one-dimensional balances
f mass, momentum and energy apply to both streamtubes. The tubes
nteract via pressure forces, that depend on their spatial configuration,
eading to a set of coupled equations. This can be solved analytically
o give the distribution of the flow over both streamtubes, the head-
oss coefficient 𝑓 , and the turbine thrust and power coefficients. This
mportant information regarding the sub-grid parameterization is in-
luded in Appendix A and the supporting material [23], as the resulting
lgebra is lengthy.

The derived head-discharge relation is applied to the flow compo-
ent normal to the interior boundary. This is in accordance with the
hysics of turbines, as horizontal-axis turbines extract streamwise mo-
entum from the flow. However, it also requires that the mesh contours
ithin the model are aligned with the turbine-swept planes, which is
asily accomplished when using an unstructured mesh. Provided this
ondition is met, our sub-grid turbine parameterization can be coupled
o other types of spatial discretization as well, for which computer

ource code is available in the supporting material [23].



Renewable Energy 222 (2024) 119929M.C. Verbeek et al.
2.3. Model validation

The coupled model has been validated elaborately with field —
and experimental data, which is described in detail in the supporting
material [23]. In essence, the validation showed that the model predicts
the magnitudes of the head loss and discharge through a gate with
turbines quite well, with a relative accuracy of more than 80%, which
is close to the accuracy of the measurements. Furthermore, the model
very accurately predicts the turbine thrust and power coefficients. How-
ever, for a turbine placed upstream of a weir (ebb situation) the power
was overestimated by approximately 60% in the field situation. With
a view to the results below, the latter implies that for this particular
turbine-weir configuration the computed added resistance of the tidal
farm may be on the conservative side. This overestimation for the ebb
phase has three main causes: (1) the decelerating effect of the turbine
strut (situated in front of the rotor swept plane during ebb) which is not
incorporated in the model, (2) the overestimation of the near-field wake
expansion, and (3) the overestimation of the blockage factor (which is
well-defined only for the flood situation with the turbine downstream
of the barrage).

There remain a few points of attention when applying the coupled
model. First, the wake recovery downstream of the turbine arrays
(mid field) and the barrage (far field) influences the performance of
the tidal farm . This is simulated by using a Smagorinsky turbulence
closure model [24], an approach that should be refined however if
wake development in the mid - and far field need to be resolved with
greater accuracy. Furthermore, the bed level used in the mesh at the
sub-grid location must be based on the nearby bottom bathymetry,
excluding the weir-gate geometry, as the later is already accounted for
in the sub-grid model. Lastly, the wake velocity factor 𝛼5 is used as
a calibration parameter for which the turbine characteristics must be
known beforehand in order to predetermine a realistic range of values
(see Section 3.2.2 for the calibration of 𝛼5).

3. Case study eastern scheldt tidal basin

This section describes how the developed tool is used in a case
study. We determine an optimal configuration of turbines in the storm
surge barrier of the Eastern Scheldt by varying the number of turbines
and their spacing. First, the study area and the tidal energy pilot project
are introduced after which the tidal model for the Eastern Scheldt and
the sub-grid model for the adopted turbines are calibrated. Thereafter,
the results of the optimization study are analysed, considering the
performance as well as the environmental impact of the tidal farm.

3.1. Tidal dynamics

The Eastern Scheldt is a tidal basin located in the southern part
of the North Sea, with a large semi-open storm surge barrier in its
inlet (see Fig. 5). The barrage has a total length of 8 km, spanning
the three tidal channels (from North to South) Schaar, Hammen and
Roompot, and also includes two barrier islands separating the channels.
The construction of the barrage consists of a submarine dam, with
sixty-two parallel open gates on top distributed evenly over the three
channels. The gates, which are 40 m in width, are formed by concrete
piers with a bed beam - or weir. Bed protection, consisting of boulders,
extends to six hundred meters up- and downstream of the barrage to
protect the local seabed against the impact of the high current velocities
near the barrage.

A pilot project that started in 2015, involved the deployment of
five horizontal-axis tidal turbines which were retrofitted in one gate
of this barrage to harness energy from the passing tidal current [3–
5]. The flow velocity inside the barrage gates amounts up to 5 ms−1,
which makes this form of energy generation attractive at this location.
Interestingly, the storm surge barrier has room for retrofitting many
5

more turbines. However, it is unclear how the different functions of
the barrage structure are warranted when up-scaling the energy yield.
The two most important conditions are discussed below and reflected
upon in the results.

The storm surge barrier‘s main objective is flood protection. In
particular, the gates of the dam can be closed to protect the south-
western part of the Netherlands from coastal flooding. For the integrity
of this structure it is imperative that the scour holes, which are forming
at either side of the barrage by the strongly contracting flow at the tidal
inlet [25], are not further deepened. In [12] a mitigation strategy for
this erosion was proposed where the lateral non-uniformity of the flow
upstream of the scour hole is reduced. Interestingly, this is what the
tidal turbines could possibly realize, when positioned in the centre of
the tidal jet.

Another objective of the barrage is to preserve the nature capital of
the Eastern Scheldt basin. The barrage is left partly open to allow tides
to pass, thereby sustaining the ecosystem of the area. The sandy inter-
tidal flats, which are the most biodiverse locations of the area, need
sufficient sediment supply by the tide. Hence, an optimal configuration
of turbines involves a minimal reduction of the tidal volume (discharge)
and maintains a maximal tidal asymmetry. This is crucial as the con-
struction of the open barrage itself already lowered the so-called tidal
volume by 30 percent [26]. Hence, an optimal turbine configuration
in terms of energy yield can compromise the ecological objectives of a
site, and vice versa.

3.2. Model set-up and calibration

This section summarizes the main issues of the application and
calibration of the coupled model to the Eastern Scheldt case study. An
extensive overview and discussion of the calibration and the resulting
model settings is given in the supporting material [23].

3.2.1. Shallow-water flow model
The shallow-water flow model encompasses the Eastern - and West-

ern Scheldt tidal basins, and the adjacent part of the North Sea (Fig. 6).
The size of the triangular elements roughly varies from 5 m at the
barrage, via 50 m at the edge of the bed protection and 100 m in
the tidal basin, to 2 km in the far field at open sea, which results
in about 340,000 elements. The bathymetry is based on data sets of
Rijkswaterstaat (Dutch Ministry of Infrastructure), with a high level of
detail near the barrage (Fig. 7). The tidal water level is prescribed along
the seaward boundary of the model, using 95 harmonic constituents
obtained from a continental shelf model [27].

The model has been calibrated in [27] in terms of water levels
and discharges; the former using fixed gauges across the region, the
latter using Acoustic Doppler Current Profiler (ADCP) transects sailed
with a ship (observed velocities have been integrated over various cross
sections within the basin to obtain the discharges in the tidal channels,
see Fig. 7a). As an example, Fig. 7b demonstrates the correspondence
between the observed and computed discharge in the Roompot inlet
(transect no. I).

3.2.2. Sub-grid turbine model
At the barrage, interior boundaries are used in combination with the

sub-grid turbine model, in such a way that many different configura-
tions of gates with or without turbines can be chosen. The pillars of the
storm surge barrier have been included in this boundary by accounting
for their respective blockage widths, which amounts to 12% of the total
barrage width.

The velocity coefficient 𝛼5 in the turbine model is calibrated using
field data from the pilot project at the Eastern Scheldt barrier [4]. Based
on in-situ velocity measurements along the wake centreline of one of
the installed turbines, a velocity coefficient of 0.65 was derived, which
conforms to the range of values (0.56 - 0.95) found in experiments [4].
However, this result relies on the velocity profile that was adopted to
relate the measured velocity in the wake centreline to an average value
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Fig. 5. The Eastern Scheldt estuary; horizontal planform showing turbine site (a), location in the Netherlands (b), aerial photograph of the storm surge barrier (barrage) and its
gates.
Source: Rijkswaterstaat.
Fig. 6. Spatial discretization shallow-water flow model, colorbar indicates depth [m] with respect to mean sea level; overall mesh including Eastern Scheldt, Western Scheldt and
adjacent North Sea (a), mesh refinement at the barrage (b); mesh refinement near the gates (c).
Fig. 7. Calibration of shallow-water flow model; locations of ADCP transects across the Eastern Scheldt basin used for model calibration (a), computed and observed discharge
past transect no. I in the Roompot inlet (marked in yellow). (b).
characterizing the entire turbine wake streamtube.1 We therefore per-
form a sensitivity analysis by applying the coupled model to the pilot
project, for a full neap-spring tidal cycle, using values for 𝛼5 between
0.55 and 0.75. A sensitivity analysis of the performance coefficients 𝐶𝑃
and 𝐶𝑇 for a range of 𝛼5 values for the different cases specified by 𝑓 is
provided in Fig. 4 of the supplementary material [23].

1 The measured velocity deficit in the wake centreline equals half the
undisturbed incoming flow velocity which, by assuming a parabolic velocity
profile over the wake cross section, corresponds to an average velocity factor
of 0.65 for the wake streamtube.
6

Fig. 8 shows computed and measured thrust, power and velocity
data versus the water level difference over the barrage. For the con-
sidered range of 𝛼5, the computed turbine power and thrust are almost
similar, but the computed local velocity at the turbine shows a better
agreement for a velocity factor of 0.65, confirming the value proposed
in [4], and which is adopted here. At the same time, the computed
thrust and power agree well with the measured values during the flood
phase, while during ebb these are overestimated by approximately
60%. In line with the observations, the computed added resistance of
the turbines is larger during ebb (turbine upstream of the weir) than
during flood (turbines downstream of the weir), where the latter is also
slightly underestimated in the computations.
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Fig. 8. Calibration of the sub-grid turbine model; turbine thrust (a), turbine power (b), and flow velocity at turbine (c) versus corresponding water level difference (𝛥ℎ) over the
barrage.
.

Finally, it should be noticed that the adopted value for 𝛼5 is not
necessarily the optimal value regarding power extraction, rather it is a
value that corresponds to the observed turbine performance parameters
and that we wish to reproduce here.

3.3. Scenarios

The trade-off between lowering the tidal volume (discharge) through
the structure and increasing energy yield is studied by varying the
turbine configurations in a systematic way. As a guiding principle we
use the concept of multi-scale dynamics introduced in [6]. Turbine
configurations are thus characterized in terms of their local blockage,
array blockage and global blockage, relating the respective areas of
obstruction to the total flow cross section for a turbine or group(s) of
turbines [7]. The local blockage (𝐵𝐿) is defined as,

𝐵𝐿 =
1
4𝜋𝐷

2

𝑑
(

𝐷 + 𝑠𝐿
) (2)

where 𝐷 is the turbine diameter, 𝑑 is the water depth and 𝑠𝐿 is the
intra-turbine spacing. Referring to a cluster of turbines in a single gate
as an array, the array blockage (𝐵𝐴) is defined as,

𝐵𝐴 =
𝑚
(

𝐷 + 𝑠𝐿
)

𝑚
(

𝐷 + 𝑠𝐿
)

+ 𝑠𝐴
(3)

where 𝑚 is the number turbines in a gate, and 𝑠𝐴 is the horizontal
distance between gates with turbines. In a similar way, the global
blockage (𝐵𝐹 ) is defined as,

𝐵𝐹 =
𝑛
(

𝑚
(

𝐷 + 𝑠𝐿
)

+ 𝑠𝐴
)

𝑊
(4)

where 𝑛 is the number of gates with turbines and 𝑊 is the total width
of the barrage or inlet.

Our scenarios consider the southernmost inlet of the basin (Room-
pot) which has 31 gates spanning a total width of 1.5 km. Correspond-
ing to the situation of the pilot study, the number of turbines in a gate
(𝑚) is set to 5, giving a local blockage 𝐵𝐿 of 0.3. In order to generate
independent combinations of farm - and array blockage, we vary the
total number of gates with turbines (𝑛), and the number of open gates
alternately left open (𝑠). This results in scenarios with 0, 1, 2, 5, 8,
10, 15 and 30 gates with turbines, where – starting at the 8th gate
from the south (the location of the test station) – turbines are placed in
neighbouring gates (𝑠𝑛 = 0), in every 2nd gate (𝑠𝑛 = 1), or in every 3rd
gate (𝑠𝑛 = 2). The resulting combinations of global - and array blockage
are summarized in Table 1.

In the simulations, overall discharge (tidal volume), power output
and power coefficient of the turbines are monitored, while keeping
the overall tidal forcing (mean neap-spring tidal cycle) and turbine
performance parameters constant.
7

Table 1
Cross-table indicating the different model scenarios, varying the number of gates filled
with turbines (𝑛, global blockage 𝐵𝐹 ) and the number of gates left empty in between (𝑠,
array blockage 𝐵𝐴); number of turbines per gate (𝑚) equals 5 (local blockage 𝐵𝐿 = 0.3)
𝑛 0 1 2 5 8 10 15 30
𝐵𝐹 0 0.03 0.05 0.13 0.21 0.27 0.4 0.8

𝑠𝑛 = 0, 𝐵𝐴 = 1 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

𝑠𝑛 = 1, 𝐵𝐴 = 0.5 ✓ ✓ ✓ ✓ ✓ ✓

𝑠𝑛 = 2, 𝐵𝐴 = 0.3 ✓ ✓ ✓ ✓ ✓

3.4. Results

This section presents the modelling results of the considered sce-
narios. First, the general characteristics of the ambient tidal flow in
the inlets of the Eastern Scheldt are described. Thereafter, the power
output from the turbines and the ways in which turbines affect the tidal
exchange are considered.

3.4.1. Reference scenario
For the reference scenario (𝑛 = 0), the flow towards the barrage

contracts horizontally and vertically due to, respectively, the horizontal
planform of the tidal inlets of the Eastern Scheldt and the presence of
a bottom sill at the barrage [12]. This is illustrated in Fig. 9, showing
computed flow fields in the inlet during the maximum ebb and flood
stages. In every inlet a tidal jet forms that varies periodically in time in
response to the tide, with a pronounced asymmetry between ebb and
flood as described in [28]. A free shear layer with two counter rotating
vortices is developing on either side of the jet directly downstream of
the barrage. Paradoxically, the velocity in the jet increases in down-
stream direction, where also the depth increases due to the presence of
scour holes. This effect is due to further contraction of the jet by the
downward bed slope, a phenomenon that causes ongoing erosion of the
scour holes [12]. Superimposed on the tidal jet, narrow neighbouring
jets are present in the flow pattern, associated with the individual
barrage gates. This general flow pattern confirms the schematization
of the flow and the associated processes as outlined in Section 2.1.

3.4.2. Turbine scenarios: tidal discharge and power output
The results for the considered scenarios are summarized in Fig. 10,

in terms of the tidal volume passing the tidal inlets, the power delivered
by the turbines, and the associated power coefficient, which are plotted
versus the global blockage (𝐵𝐹 ).

For an increasing global blockage, the tidal volume passing the
Roompot inlet initially decreases until a certain minimum — depending
on the array blockage the reduction amounts upto 1.5% of the reference
volume (Fig. 10a). This tidal reduction results from the additional
resistance by the turbines, which increases with the total turbine area
and also depends on the array spacing. Remarkably, the tidal volume
partly recovers when turbines are distributed evenly over the full span
of the barrage, instead of being placed in the mid sections only. The
former is the case for low global blockage with high inter-array spacing,
as well as for higher global blockage with lower inter-array spacing,
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Fig. 9. Computed flow fields at the inlet of the Eastern Scheldt; western basin, maximum ebb (a), Roompot, maximum ebb (b), western basin, maximum flood (c), Roompot,
maximum flood (d); colorbar indicates the depth-mean flow velocity magnitude.
Fig. 10. Scenarios for turbine placement in the Roompot inlet: computed tidal volume and turbine performance characteristics versus global blockage (𝐵𝐹 ); tidal volume (𝑉 )
passing the respective inlets (Roompot, Schaar and Hammen), normalized by the tidal volume (𝑉ref) in the reference scenario (a), total power output of turbines (𝑃 ) normalized by
a theoretical maximum given by 𝑃ref = 𝜌𝑔 ∫ 𝛥𝐻𝑄d𝑡, where 𝛥𝐻 is the available water level head and 𝑄 the corresponding discharge through the barrage in the reference scenario
(b), time-averaged power coefficient of the installed turbines (𝐶𝑃 ,farm = 𝑃∕(𝜌𝑔 ∫ 𝛥𝐻𝑄turbine𝑑𝑡), where 𝛥𝐻 is the water level head available at the barrage gates and 𝑄turbine the
corresponding discharge through the installed turbine area in the gates.) (c); all panels present data for one model day, interpolation splines are added as visual aid only.
where arrays of turbines also occupy the gates nearest to the shore
lines. This involves a more uniform distribution of the resistance over
the barrage width, which reduces the lateral velocity gradient and the
associated expansion losses in the wake flow. In any case, the loss of
tidal volume in the Roompot is almost completely compensated by a
corresponding increase in the other two inlets, Hammen and Schaar,
the overall impact of the turbines on the tidal exchange being less than
1%.

Fig. 10b presents the overall power output of the turbines for the
considered scenarios normalized with the total power available in the
8

flow passing the inlet. Generally, the power output increases with the
number of turbines. For a given global blockage, the output is highest
when turbines are placed in neighbouring gates (𝑠𝑛 = 0) and lowest
when arrays are separated by two empty gates (𝑠𝑛 = 2). The latter
is the result of the increased inter-array bypass flow when the array
blockage decreases. At the same time, the marginal output decreases
when installing more turbines, moreover when the global blockage is
large. This is attributed to the deployment of less effective arrays in the
nearshore gates of the barrage where the depth and flow velocities are
relatively small.
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Fig. 11. Ambient flow effects: velocity deviation in the southern channel inlet (Roompot), relative to the reference scenario, for scenarios with ten arrays of turbines; upper panels:
maximum ebb flow for 𝑠𝑛 = 0 (a), 𝑠𝑛 = 1 (b) and 𝑠𝑛 = 2 (c); lower panels: maximum flood flow for 𝑠𝑛 = 0 (d), 𝑠𝑛 = 1 (e) and 𝑠𝑛 = 2 (f).
Fig. 10c displays the power coefficient, which is a widely used
variable to express the efficiency of turbines for harvesting energy from
the flow. Interestingly, the scenarios with an inter-array spacing of one
gate (𝑠𝑛 = 1, 𝐵𝐴 = 0.5) have the highest power coefficient, which peaks
at 0.86. This confirms the analytical prediction in [7], who found a
peak value of 0.865 for an optimal array blockage of 0.4. For 𝑠𝑛 = 1,
the power coefficient decreases to about 0.75 if the global blockage
exceeds 0.3, which is equivalent to more than ten gates being filled
with turbines. As similar decline occurs for both the other inter-array
spacings (𝑠𝑛 = 0, 𝑠𝑛 = 2), albeit for a different total number of turbines.
The inclusion of gates near the sides of the tidal inlet channel when the
number of turbines approaches its maximum limit is the most important
factor explaining this effect.

3.4.3. Turbine scenarios: ambient flow effects
The effects of the turbines on the ambient flow patterns in the

Roompot tidal inlet are discussed by considering two moments during
ebb and flood, respectively, for which the head difference over the
barrage and the corresponding flow velocities are maximum. As an
example, Fig. 11 shows spatial patterns of the flow velocity deviation,
relative to the reference situation, for all scenarios with 10 gates being
filled with turbines. This number is chosen since it translates to a
global blockage that is close to the theoretical optimum for energy
extraction [7].

Downstream of the barrage, the flow velocity decreases behind
the gates with turbines (the wake), and increases between gates with
turbines (the bypass). A similar pattern can be recognized at the scale
of the tidal farm as a whole, where downstream of the farm the flow
is generally decelerating, while in the large-scale bypass around the
farm the flow is mostly accelerating. The farm thus redistributes the
discharge in the tidal channel, which is characterized by a reduction of
the flow contraction behind the barrage.

Upstream of the barrage, the ebb flow decelerates towards the tidal
farm over a rather uniform zone, while during flood the deceleration
occurs over confined areas just upstream of individual turbine arrays.
This indicates that during ebb the gate-gate interaction is governed
by the global blockage while during flood the array blockage is more
prominent in this respect. This stems from the deployment of the
turbines on the landward side of the barrage gates, which implies
a larger added resistance during ebb, and a more pronounced effect
on the flow fields, compared to the flood situation. The latter is a
consequence of the flow resistance calculated in the sub-grid model,
using different head-discharge relations for ebb and flood, respectively.
In fact, the adapted internal boundary approach does not produce a
numerical boundary layer in the flow upstream of the turbine [18].
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For the same reason (results not shown here), a larger impact occurs
when either more gates are filled with turbines (increasing the global
blockage), or when turbine arrays are placed closer to each other
(decreasing the array blockage), moreover so during ebb.

At basin scale, the influence of the turbines on the flow pattern
extends beyond the Roompot tidal inlet, by means of their added
resistance. The latter depends on the global blockage and the position
of the turbines with respect to the flow direction (i.e., ebb or flood).
The added resistance increases the head difference over the barrage,
compared to the reference situation, and causes a small time lag
of the tidal water level variation in the entire basin. This increases
the discharge in the two northern inlets Hammen and Schaar, where
the additional resistance is absent, which almost compensates for the
decreased discharge in the Roompot inlet.

The above analysis reveals a clear relation between the added
resistance and the redistribution of the flow over the barrage across
a range of scales, from a single array of turbines to one tidal inlet and
even the entire basin entrance. This may be utilized to manipulate the
tidal jet, mitigating its scouring potential that presently causes ongoing
erosion downstream of the barrage.

4. Discussion

The discussion will first address the application range of the pro-
posed model and its further development steps. Thereafter, differ-
ent turbine configurations and their trade offs and compromises are
discussed.

4.1. Model application range

This article proposes a model for optimizing the configuration of
turbine fences over a barrage with parallel gates, in order to harvest
energy from the flow while respecting environmental constraints of the
hinter-lying basin. The model can be applied during both the start-up
and the realization of a tidal energy project. In both phases, changes
in hydrodynamic patterns and energy yield need to be explored for
alternative turbine configurations, as this is key to balance multiple
criteria regarding harvesting energy and sustaining barrage integrity
within environmental constraints.

We are not alone in pursuing such a modelling tool; some other
numerical models have been proposed in literature for simulating the
performance of free stream turbines in different (farm) configura-
tions [14,29], or for alternative barrage designs [9]. A key novelty of
our method is that it blends former approaches, providing a simulation
tool for a hybrid of these technologies, which is validated against
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elaborate and unique sets of both experimental and full-scale turbine
data capturing the turbine-barrage interaction. The latter suggests the
use of an unstructured mesh for the shallow-water flow model in order
to resolve the interaction of the turbines with a barrage as well as with
a complex basin bathymetry, over a wide range of scales, an approach
that is also favoured in [9]. In addition, we show how to apply the
model to a unique and thoroughly monitored field case.

In the analysis of this pilot, it was suggested that certain turbine
configurations can solve local issues in the hydrodynamics by using
a dedicated turbine-configuration. In particular, the lateral velocity
profile in the adjacent tidal channel can be manipulated, decreasing
the contraction of the tidal jets, which reduces the scouring potential
of the flow downstream of the barrage.

As a first step, the present work intended to investigate the flow
processes in the basin driving the turbines, using fixed turbine — and
configuration settings. For applying the developed tool to future tidal
energy projects, a useful extension of the model would be an automatic
optimization of these settings with regard to the underlying project
goals. For our target application of a hybrid between tidal stream and
barrage, different thresholds or weights would be needed, reflecting the
project criteria, in order to make an automatic optimization feasible.

There are some assumptions in the sub-grid model that may lead
to deviations from the observations. In particular, the neglect of the
yawing phenomenon of the turbine (i.e., power reduction under an-
gled inflow [30]), the exclusion of a correction for high velocities
(when blades operate in deep stall), and the neglect of Froude-number
dependent blockage (increasing the blockage effect for high flow veloc-
ities [16]). However, in the considered case of the Eastern Scheldt these
conditions hardly occur, justifying the above simplifications. Other
assumptions made in the sub-grid model concern the linear integration
of forces over the rotor swept area, and the neglect of rotational effects
of the wake and 3D flow effects at the blade tip. These are only of minor
importance because of the (large) spatial scales of interest of this study.

4.2. Trade-offs and compromises of farm configurations

The optimal configuration of turbines in a barrage is not simply
dictated by a numerical result only. In particular, the configuration
yielding a maximum energy extraction, when all gates are filled, may
involve compromises regarding the structural integrity of a barrage
and the ecological impact, the latter being expressed as a reduction
of the tidal volume. All trade-offs and compromises have to be put
into perspective before adopting a particular alternative. We therefore
reconsider the implications for the Eastern Scheldt case, followed by
a short discussion of other tidal farm locations, arriving finally at the
broader implementation of the EU targets.

Our analysis shows that, accepting a change of the tidal volume
of at most 1 percent of the reference situation, room for at least 10
gates with turbines is present. They harvest most energy from the
flow (highest power output per turbine area, and highest degree of
gate-gate enhancement) when configured directly neighbouring each
other in the centre of the inlet, where the flow velocity is highest. An
additional advantage of this choice, regarding the structural integrity
of the barrage, is that the contraction of the tidal jet in the inlet is
suppressed by this configuration. The latter may decrease the scour
potential of the flow at either side of the barrage, as was discussed
in Section 3.1. Besides, the flow asymmetry enforced with a turbine
deployment in only one of the three tidal inlets, may induce more
sediment transport into the basin than a more symmetric arrangement
where turbines are spread evenly over the three inlets [31]. This is
considered favourable for sustaining the biodiverse tidal flats in the
area, as discussed in Section 3.1.

In other turbine–barrage projects around the world, finding the right
balance between environmental (flow) effects and turbine energy yield
is also a prerequisite. For example, in the Larantuka Strait, Indonesia,
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where a so-called tidal bridge is planned, both energy yield and the far i
field flow effects are crucial for its realization [32]. In this respect it
is noteworthy that the presented research shows that the far-field flow
effects of turbines inside barrages are relatively small. In particular, the
added resistance of turbines in an open barrage appears to be lower
than estimated before [31,33], rendering the estimates less conserva-
tive. This enables projects to combine a relatively high energy yield
(trade-off) with a limited environmental impact, provided the proper
choices are made. The proposed model can help in finding this balance.

5. Conclusion

The twofold aim of the research described in this paper was, first,
to develop an accurate and efficient model to study an optimal con-
figuration of turbine fences in a barrage, and second, to apply it to a
realistic tidal site for investigating the energy yield of a tidal farm, and
its impact on the tidal volume and flow distribution. This hinges on the
idea that the turbine-barrage interaction with the adjacent basin can
be modelled using a head-discharge relation (to incorporate turbine-
barrage interaction) combined with sufficient resolution (to incorporate
turbine-turbine interaction on account of their bypass flows). In or-
der to achieve the first aim, the relevant effects of barrage-mounted
turbine fences were parameterized, in terms of head-discharge rela-
tions, for an efficient numerical implementation. This parameterization
was then coupled to a shallow water flow model which is based on
the finite element method. The turbines are implemented by means
of interior boundaries along which the head-discharge relations for
barrage-mounted turbines are prescribed. The latter are derived from
an analytical model which was validated using field and experimental
data. Novel aspects addressed by this study are: the modelling of
turbine fences with barrages, including details of the near-field, and
its validation against elaborate data obtained specifically for this type
of tidal power. The latter originating from commercial-scale operating
turbines in a barrage (shared publicly by the turbine company), and a
corresponding scaled experimental turbine (with a relatively large scale
factor).

To achieve the second aim, the model is applied to a thoroughly
monitored tidal energy pilot project in the Eastern Scheldt basin. The
analysis shows that smart placing of the turbines can lead to a 50%
increase of the harvested power for the same number of turbines. For
a scenario with ten gates being filled with turbines, summing up to 50
turbines, the tidal volume decreases with only 1.5%. A minimal tidal
volume change is crucial at this location as the tidal prism accounts
for the transport of nutrients and sediments to the biodiverse tidal flats
in the hinter-lying basin. The results furthermore show the potential
use of turbines to manipulate the tidal jet issued from the barrier, in
favour of coastal protection. In particular, this may reduce the ongoing
scour of the tidal channels near the barrage. For the Eastern Scheldt,
the above considerations result in an optimum with around 10 gates
being filled with turbines — situated in the centre of the barrage.

In essence, choosing an optimum tidal farm configuration is far
more complex than achieving the largest power output only. The devel-
oped modelling tool can be used to understand how complex EU ambi-
tions on coastal protection and energy generation within environmental
constraints can be combined in a tidal energy project.
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Appendix A. Sub-grid turbine model

A.1. Turbine parameterization

The turbine parameterization relates the local water level difference
over the turbine-weir configuration to the following output,

• the discharge 𝑞 (per unit width) through a barrage gate with or
without turbines (discharge relation),

• the net thrust force 𝑇 on the turbines,
• the power yield 𝑃 of the turbines.2

The parameterization is based on an analytical model proposed in [4]
which was validated experimentally in [5]. The corresponding dis-
charge relations have been adapted to include the cases of a weir
without turbines and turbines on a flat bed as well. The resulting
discharge relation takes the following general form,

𝑞 = 𝑑𝑐𝑢𝑐 = 𝑑𝑐

√

2𝑔𝛥ℎ
𝑓

(A.1)

in which 𝑑𝑐 and 𝑢𝑐 are, respectively, the depth and the depth-averaged
low velocity at the weir crest, 𝑔 is the gravitational acceleration,
ℎ is the local head difference over the turbine/weir, and 𝑓 is a

dimensionless head loss coefficient.
The expression for 𝑓 is specific to the chosen turbine-weir configu-

ration. Four different cases are distinguished,

1. turbine on a flat bed (no weir)
2. turbine upstream of a weir
3. turbine downstream of a weir
4. weir only (no or idle turbine)

These cases are characterized by two dimensionless parameters. The
relative weir height 𝑎 is defined as the height of the weir relative to
the water depth near the weir, as follows,

𝑎 =
𝑑1 − 𝑑𝑐

𝑑𝑐
=

𝑑7 − 𝑑𝑐
𝑑𝑐

(A.2)

in which 𝑑1 is the water depth upstream of the weir, assumed equal to
the downstream water depth 𝑑7, see Fig. A.12. The so-called inverse
blockage ratio 𝑅 is defined as the (reciprocal) fraction of the flow
cross-section at the weir blocked by the turbines, as follows,

𝑅 = 1
𝐵𝐿

=
𝑑𝑐
𝐴𝐷

(A.3)

in which 𝐷 is the turbine diameter, 𝑠𝐿 is the intra-turbine spacing, and
𝐷 is the rotor swept area of the turbine per unit width, see also Eq. (2).
ote that for a turbine on a flat bed 𝑎 equals zero, while for a weir
ithout turbine 𝑅 tends to infinity.

The flow distribution over the weir and turbines is schematized
y means of two streamtubes (see Fig. A.12), a stream tube passing

2 The gross amount of energy extracted from the flow will always be
educed by some efficiency factor 𝜂 < 1, to obtain the effective net electrical
ower yield. However, this efficiency factor has no feedback on the local
ydrodynamics and is therefore omitted from the analyses.
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𝜂

the turbine rotor, indicated 𝐷, and a stream tube covering the flow
ypass, indicated 𝐵. In addition, we discern a flow recirculation zone
ownstream of the weir. Furthermore, the schematization assumes
uniform water level over the weir-turbine, for which a weighted

verage of the upstream and downstream water levels is used [23].
hus, the water level difference 𝛥ℎ only acts in a dynamic way, driving
he flow, while its effect on the flow kinematics (i.e., flow cross-section)
s ignored. This is allowed if the water level difference 𝛥ℎ is negligible

relative to the local water depth.
For both streamtubes one-dimensional balances of mass, momentum

and energy apply. These balances are expressed in terms of dimen-
sionless velocity coefficients 𝛼𝑛 (streamtube 𝐷) and 𝛽𝑛 (streamtube
𝐵), where 𝑛 is an index referring to the corresponding station (see
Fig. A.12). In particular, the coefficient 𝛼5 (velocity in the turbine
wake relative to 𝑢𝑐) is treated as an independent input parameter,
representing the actual operational settings of the turbine system.
Assuming a constant discharge (quasi-steady flow) and a hydrostatic
pressure in every station but 3 and 4, the balances are coupled which
results in a set of equations that, given 𝑎, 𝑅 and 𝛼5, can be solved
to yield the flow and pressure distributions along both streamtubes.
The algebra is lengthy, and the complete derivation and solution are
provided in the supplementary material [23]. The resulting expressions
for the head-loss coefficient are given by,

turbine on a flat bed (no weir) [11] 𝑓 =
𝛽25 − 𝛼25

𝑅

turbine upstream of a weir 𝑓 =
𝛽25 − 𝛼25

𝑅
+ 2

( 𝑎
1 + 𝑎

)2

+ 𝑎
2 + 𝑎

[

( 1
1 + 𝑎

)2
− 𝛽25

]

turbine downstream of a weir 𝑓 =
𝛽25 − 𝛼25
𝑅(1 + 𝑎)

+
( 𝑎
1 + 𝑎

)2

weir only, no turbine [22] 𝑓 =
( 𝑎
1 + 𝑎

)2

(A.4)

in which the coefficient 𝛽5 (velocity in the wake bypass relative to 𝑢𝑐)
is implicitly given by,

𝑅𝑦
(

𝛽25 − 1
)

−
(

𝛽25 − 𝛼25
)

+ 2𝑅
(

1 − 𝛽5
) (

1 − 𝛼5
)

= 0 (A.5)

here 𝑦 is a flow expansion factor defined by (2 + 2𝑎) ∕ (2 + 𝑎) for an
pstream turbine, and by 1 + 𝑎 otherwise. After solving for 𝛽5, the
oefficient 𝛼3 (velocity at the rotor plane relative to 𝑢𝑐 , or induction),
ollows from,

3 =
𝑅
(

1 − 𝛽5
)

1 − 𝛽5∕𝛼5
(A.6)

o complete Eq. (A.1), the water level difference 𝛥ℎ is obtained from
the shallow water flow model. The resulting specific discharge 𝑞 is
ed back into the flow model by imposing it as an interior boundary
ondition.

The following general formula holds for the net axial force 𝑇 on the
urbines (thrust force) per unit width,

= 1
2
𝜌𝑢2𝑐𝐴𝐷

(

𝛽25 − 𝛼25
)

= 1
2
𝜌𝑢2𝑐𝐴𝐷𝐶𝑇 (A.7)

n which 𝐶𝑇 = 𝛽25 − 𝛼25 is the dimensionless thrust coefficient. Multiply-
ng the thrust force by the local flow velocity 𝛼3𝑢𝑐 at the turbine disk

returns the corresponding power yield 𝑃 per unit width,

𝑃 = 1
2
𝜌𝑢3𝑐𝐴𝐷𝛼3

(

𝛽25 − 𝛼25
)

= 1
2
𝜌𝑢3𝑐𝐴𝐷𝐶𝑃 (A.8)

n which 𝐶𝑃 = 𝛼3𝐶𝑇 = 𝛼3
(

𝛽25 − 𝛼25
)

is the dimensionless power
oefficient. We recall that 𝑃 must be scaled by the electrical efficiency
to obtain the effective power yield 𝜂𝑃 .
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Fig. A.12. Schematization of the flow passing the weir and turbine: turbine downstream of weir as during flood (a), turbine upstream of weir as during ebb (b).
Appendix B. Shallow water flow

The shallow-water equations are valid when the horizontal dimen-
sions of the considered flow problem exceed, by far, the water depth. In
such case the vertical pressure distribution can be assumed hydrostatic
while variations of the flow velocity over depth are presumably small.
This allows vertical integration of the basic balance equations for fluid
motion, expressing these in terms of vertically averaged quantities.
Although not strictly necessary, the atmospheric pressure and water
density are assumed to be uniform, for simplicity.

We first consider the depth-integrated continuity equation describ-
ing the mass balance in a horizontal flow. For a uniform density, this
reduces to a volume balance equation, which reads as follows
𝜕𝑑
𝜕𝑡

+ ∇ ⋅ (𝑑𝑢̄) = 0, (B.1)

where 𝑑 is the water depth, 𝑢̄ is the depth-averaged flow velocity vector,
and ∇ denotes the horizontal gradient operator.

Second, the depth-integrated momentum balance equations describe
the balance of forces acting on a fluid particle. In the shallow-water
approximation this concerns the pressure gradient, assumed vertically
uniform, the transfer of horizontal momentum by mean advection and
turbulence, (wind) shear stresses at the sea surface, and bed friction.
These equations are stated as follows

𝑑
( 𝜕𝑢̄
𝜕𝑡

+ 𝑢̄ ⋅ ∇𝑢̄
)

+ 𝑔𝑑 ∇ℎ + ∇ ⋅ (𝑑 ̄̄𝜏𝑡) = 𝜏𝑤 − 𝜏𝑏 (B.2)

where ℎ is the water level, 𝑔 is gravitation, ̄̄𝜏𝑡 is the turbulence stress
tensor, 𝜏𝑤 is the wind shear stress at the sea surface, and 𝜏𝑏 is the
bed shear stress opposed to the flow direction (stresses are normalized
with the water density). Eq. (B.2) is the so-called acceleration form
of the momentum equations; other equivalent forms can be derived
depending on the primary variables that are being considered.

Appendix C. Supplementary data

Supplementary material related to this article can be found online
at https://doi.org/10.1016/j.renene.2023.119929.
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