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1 Introduction

1.1 Background
The Eastern Scheldt Storm Surge Barrier consists of 62 individual gates, and is constructed
of concrete pillars, top beams and sill beams connecting to a rockfill sill construction and
about 600 m of bed protection on both sides, see [2]. During ebb and flood the maximum
head difference over the barrier is about 1 m, with maximum velocities of 4 m/s and higher,
making it an ideal site for the generation of tidal stream energy.

Figure 1.1 Location of Gate #08 of the Roompot section of the Eastern Scheldt Barier, shown on a satellite image
(source: Google Earth)

In 2015 an array of five tidal turbines was deployed in Gate #08 of the Roompot Section of
the barrier in the framework of a tidal power pilot project. This project initiated the
development of numerical modelling tools to assess the effects of the tidal turbines in this
type of barrier. Previously, the CFD modelling of a tidal turbine in the proximity of the free
surface was addressed, [3]. As a second step, the CFD modelling of the flow through the
gates of the barrier (without turbines) was studied and compared with field measurements of
ADCP horizontal and vertical profiles near the gate opening [4]. This report concerns
simulations that combine both the modelling of the turbine array in combination with the
structure of the Storm Surge Barrier. A comparison with field ADCP measurements is
included.

Research on the flow around tidal turbines that is available in the literature has concentrated
on the performance of the tidal turbines and has been conducted with BEM methods ([5, 6]),
CFD with frozen rotor [7] or actuator disc [8, 9]. More recently CFD methods with rotating
turbine blades in a sliding mesh configuration have been used to give a more detailed view of
the flow field and turbulence at the inlet and wake of the turbines. Most experiments [10-13]
consider isolated turbines at lab scale for a marine current application where the flow is
unidirectional. Subsequently, CFD validation efforts have therefore mostly concentrated on
such situations ([14-17]). Very few studies [18] have studied flow directionality. As the
turbines in these studies are isolated the blockages are relatively low (from 6 % in [9], 12 % in
[11], to 17 % in [19, 20]), although in one study a very high blockage was used [21]. Higher

Roompot
section

Gate #08

Approximate
extent of
CFD domain
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blockages have also been studied for cross flow turbines [22]. However, turbines located in a
Storm Surge Barrier will have a higher blockage than those available in this literature.

Similarly the location of turbines in a pre-existing hydraulic structure leads to complex inflow
conditions and interactions with the structure. Some authors have shown the importance of
inflow velocity profile and inflow turbulence on turbine performance, wake development and
the performance of CFD models [8, 23, 24]. The interaction with other turbines in arrays, both
in terms of performance and wake recovery, has been studied but only in the absence of
other structures [25-28]. Similarly an uneven bathymetry is often not included although the
probable importance is stressed [13]. Field measurements in a real bathymetry have been
made [29], although only in the absence of turbines, and consequently lab scale
measurements were scaled up for the CFD simulations with a turbine [17]. Alternatively the
CFD has been performed at full-scale with measured inflow profiles [30].

1.2 Objective and approach
The aim of the current report is to combine the modelling of bathymetry, surrounding
structures and rotating blades to simulate a field scale tidal turbine array with high blockage
owing to its location in a Storm Surge Barrier. Comparison with field scale measurements at
the location of the turbines, with and without turbines is made. The CFD results give
information about the effect of the tidal turbines on the discharge coefficient of the barrier as
well as the flow field downstream of the turbines.

1.3 Research framework DMEC
Dutch Marine Energy Centre (DMEC) is a consortium of 15 partners researching topics that
are related to energy from water. This research is part of the DMEC project - task 3.7, which
is led by Deltares. Research task 3.7 aims to use and develop tools to investigate the near
field and far field hydrodynamic behaviour near the Tidal Power Plant that is located in the
Eastern Scheldt Storm Surge barrier.

An analysis of the field scale experiments is given in detail in a separate report [31] and a
broader view of all the aspects of research tasks 3.7 is given in [1].
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2 Methodology

The CFD computations have been performed using STAR-CCM+. The flow through the
barrier is simulated including the free surface. The highly detailed pillar and sill geometry
result in an extremely turbulent flow downstream of the barrier and in this work an eddy-
resolving turbulence model is used.

2.1 Simulation schedule
The four cases chosen for this study include two ebb cases and two flood cases, see [31].
The four cases are moments in the tidal cycle at which the ADCP data has been analysed.
The range of the water levels and heads is determined by the range of ADCP data for which a
positive quality check is available. They do not cover the entire range of operation of either
the turbines or the wished for extension of operations of the turbines. For the CFD simulations
the water levels are considered to be constant, which has the effect of excluding tidal inertia
effects from the model. This is further addressed in the discussion section.

Table 2.1 Summary of the conditions for the simulations (NT represents No Turbines, WT represents: With
Turbines)

Case number

Water Level
North Sea

Water Level
Eastern Scheldt Head

t.o.v. NAP t.o.v. NAP [m]
Ebb NT.1 / WT.1 0.93 1.13 -0.20

NT.2 / WT.2 0.68 1.00 -0.32
Flood NT.3 / WT.3 -0.57 -0.77 0.20

NT.4 / WT.4 1.12 0.57 0.55

2.2 Numerical setup of CFD model

2.2.1 Software
The simulations have been performed using the Star-CCM+® software, version 11.02.10, a
proprietary and commercial CFD package. Star-CCM+ is able to solve the Navier-Stokes
equations for mass and momentum in a three-dimensional domain, both steady-state or
transient. The package also includes its own meshing algorithm. Different types of boundary
conditions, numerical schemes and turbulence models are available.

Star-CCM+ has been used successfully by Deltares in recent years for the simulation of free
surface flow in and around hydraulic structures, e.g. shipping locks and sluices, sewage
systems and tidal energy applications. Previous validation of flows around tidal turbines [3]
and the Eastern Scheldt Barrier [4] have also been performed with this software.

2.2.2 General model settings
The equations are solved in transient form, with 1st order temporal discretization, and a
segregated pressure-based solver. The equations are discretized on a structured 3D grid.
The Finite Volume method is used with 3rd order combination of MUSCL and Central
Difference for the discretisation of the advection terms. To model turbulence near the turbines
and near the sill of the barrier, Improved Delayed Detached Eddy Simulation (IDDES)
turbulence model has been applied. This model uses a Large-Eddy Simulation approach in
the bulk flow and a Reynolds-Averaged Navier Stokes approach in the near wall region. The
near wall model uses the SST k-Omega model with wall functions. Figure 2.1 shows the
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regions in which each model type is applied; a LES model is used for the vast majority of the
domain (blue region in the figure). To model the free surface air and water are included as
immiscible phases in the Volume of Fluid (VOF) model. A time step of 0.05 seconds is used
for the final simulations although some of the spin-up of the simulations is performed with a
higher time step 0.1-0.5 s. In all cases the time step and mesh are sufficient to achieve a
sharp interface for the volume fraction of water between air and water, this interface being no
more than 1 or 2 cells in the vertical at all locations.

Figure 2.1 Vertical cross section of the domain showing, via the IDDES blending function, the regions where LES
is performed (in blue) and those where RANS is performed (in red)

2.2.3 Geometry
The geometry of the CFD simulations encompasses a region approximately 200 m upstream
and 200 m downstream of the barrier. The bathymetry has been generated from multibeam
data (resolution 0.5 m) of the Eastern Scheldt region of 2017 provided by Rijkswaterstaat and
converted to an stl file, with a resolution of 2 m.It is integrated with the 3D CAD of the barrier
and the turbines (provided by Tocardo).

Figure 2.2 Contour plot of the bed elevation. Dimensions are with reference to NAP

The geometry encompasses one full port of the storm surge barrier (Roompot 8) and half of
the neighbouring ports on each side. The geometry has been updated and verified based on
the as built drawings from Rijkswaterstaat and photographs of the structure during
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installation. A detailed overview of the storm surge barrier, the bathymetry and the turbines is
presented in Appendix A.

The bathymetry bed levels can be seen in Figure 2.2. The extent of the bed protection is
visible on either side of the barrier where the variation in the breadth is limited. Away from the
bed protection the depth variations at the same distance from the barrier can be as much as
3 m in the breadth.

Figure 2.3 3D view of the CFD domain (left) and of the barrier CAD before integration with the bathymetry data
(right) – both seen from the North Sea

The turbine geometry has been provided by Tocardo, the manufacturer and operator of the
turbines. The turbine has two blades and is mounted on a support from above. There are 5
turbines in the port of Roompot 8, each with a diameter of 5.2 m. The distance between the
axes of each turbine is 6.7 m. The configuration can be seen in Figure 2.4 with all turbine
blades in the same orientation. In the simulations the turbines do not rotate in sync but at
different (but constant) rotating speeds from each other (see also Section 2.2.6). After some
spin-up time the turbines are at very different orientations from each other at any given time.
A rotating zone made of a cylinder of 6 m diameter and 3.2 m length is located around each
turbine hub. Ideally a larger rotating zone should be used for CFD calculations so that the
interpolation between the rotating zone and the stationary zone (occurring at the interaction
surface between the two zones at each time step) is performed at a location where the
gradients of the flow are small and the numerical errors in interpolation have a small effect.
However, for these simulations the rotating zone around the turbines is limited in size owing
to the requirement that they don’t overlap with each other or have a very small gap between
them where cell quality would be low. A zone of 6 m diameter has been used because it
allows for good quality cells between the different rotating zones and is therefore considered
acceptable for this study.
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Figure 2.4 3D CAD view of the five turbines with support structure

2.2.4 Mesh
The mesh has been generated in Star-CCM+ using multiple areas of mesh refinement (see
Figure 2.5). The largest cells in the domain are in the far field near the boundaries and are
cube cells of size 1.2 m. Given that the water depth is approximately 30 m in this region, this
gives a minimum of 20 cells in the vertical. The mesh is refined in the region 60 m upstream
and downstream of the barrier such that the cells in this region become slightly elongated with
the longitudinal and transverse dimension still 1.2 m, but with vertical dimension 60 cm. The
water depth in this region can be as low as 18 m but still this mesh gives approximately 30
cells in the vertical. Around the barrier sill itself the cells are refined further and are again
cubic with dimension 16 cm. The height of the opening above the sill is approximately 10.5 m
but the water depth can be 9 m. In any case the mesh has at least 40 cells in the vertical.

Figure 2.5 Detail of the mesh refinement zones around the sill of the barrier

In the cases where the turbines are included the mesh in the turbine wake is refined to 32 cm
and in the rotating zone around the turbine is further refined to give a cell size of 8 cm but
even more refinement is added at the turbine itself in order to better model the boundary
layers at the surface (see Figure 2.6).
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Figure 2.6 Detail of the mesh refinement zone around the turbine

Similarly in all simulations (with and without turbines) an inflation layer is added to the walls of
the barrier and at the bed of the domain where the bathymetry of the Eastern Scheldt and
North Sea has been included. The first cell next to the wall or bed is of the order of 3 mm in
this region. This value has been chosen to achieve the correct y+ value for the application of
wall functions (see Figure 2.7). The expansion rate away from the wall or bed is high (the first
cell outside of the prism layer can be as much as 5 times the prism layer thickness) to reduce
the total computational effort. This parameter was varied in the mesh dependence studies
and shown to have no effect on the area of interest.

Figure 2.7 Contour plot of the wall y+ value on the bed

2.2.5 Boundary conditions
The boundary conditions are combination of water levels and inlet velocity along with no-slip
boundaries for the wall boundaries at the barrier and bed. The conditions at the inlet and
outlet boundaries are constant throughout the simulation giving a flow field without inertial
effects associated with a varying tidal water level.

The location and names of the boundaries are shown in Figure 2.8. Water levels are set at
the downstream boundaries with a profile of the volume fraction of water, where the volume
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fraction is 1 below the water level and 0 above it. The downstream boundary is the Eastern
Scheldt for flood cases and the North Sea for Ebb cases. An initial water level is also set for
the upstream boundary in the same way along with a velocity profile. This initial water level
may not be consistent with the discharge through the barrier and the downstream water level
and therefore the upstream water level varies during the simulation. In order to have results
for the desired set of conditions in Table 2.1, the velocity profile is scaled to adjust the
discharge until the achieved upstream water level is within 1 cm of the desired level. This
water level is always averaged over the breadth of the domain and then time-averaged.

Figure 2.8 Vertical cross section of the domain showing the names of the boundaries

The barrier itself includes the sill and the pillars which are of concrete. They are modelled as
no-slip walls with a roughness of worn concrete (1 cm). The bed of includes the small scale
variations of the bed protection and seabed and has been modelled as a no-slip wall without
additional roughness. The sides of the domain located at the halfway point between the two
pillars in gate 7 and 9 so that a symmetry boundary condition can be used.

Table 2.2 Summary of the boundary conditions used in the simulations
Boundary Condition
North Sea / Eastern Scheldt Inflow profile and water level
Bed No-slip wall (smooth – no roughness)
Barrier No-slip wall with roughness
Atmosphere Atmospheric pressure
Sides Symmetry

2.2.5.1 Inflow velocity profile
ADCP data of the velocity profile in the Eastern Scheldt is available for a number of
measurement points. MP0002 is in the Eastern Scheldt 750 m from the barrier and at a
location where the bathymetry is representative for the inflow conditions to Roompot 8. A
comparison of measured velocity profiles in the Eastern Scheldt shows that a logarithmic
profile is representative.
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Figure 2.9 Measured profile at MPooo2 (750m before barrier at Eastern Scheldt side) versus logarithmic vertical
profile used in CFD

Figure 2.9 shows comparison of the measured profile during Ebb which would be
representative of the inflow condition for the CFD model, along with an example of the
logarithmic profile used for the CFD (scaled to the depth at that location). The measurements
show a variation in the profile between the start of the tidal phase and the end of the tidal
phase. The CFD profile is between these two measured profiles and is therefore a good
model of the average inflow conditions at the barrier.

2.2.6 Turbines rotation rate
The rotation speed of the turbines is applied to the model as an input parameter. The rotation
speeds are based on measured RPMs at the turbines. For each turbine a median is made
over a number of tidal cycles of the RPM at each head to give a relation between the head
difference and the median RPM (shown in Figure 2.10 for turbine T12-1). The rotation speed
in the simulations is therefore chosen to correspond to the head difference of the simulation;
a different speed is therefore given to each turbine (for more information see [31]). A
summary of the rotation speeds used in the simulations is given in Table 2.3.
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Figure 2.10 Example plot of the dependence of the turbine RPM on head difference

Table 2.3 Summary of the rotation rates for the turbines

Case
number

T12-1 T14-2 T11-3 T15-4 T09-5
[rpm] [rpm] [rpm] [rpm] [rpm]

Ebb WT.1 0.93 -24.33 -24.03 -23.03 -23.66
WT.2 0.68 -31.29 -31.17 -30.52 -30.97

Flood WT.3 -0.57 34.95 35.42 34.50 35.07
WT.4 1.12 44.57 44.86 44.47 44.61

2.3 Discharge coefficients
The discharge through the barrier depends on resistance of the barrier and the head across
the barrier. A non-dimensional coefficient, the discharge coefficient gives the relation between
the head and the discharge for a given situation. It is dependent on the cross section: in case
of the Eastern Scheldt barrier this is also dependent on the water level. The discharge can be
described by the following formula.

= 	 2 Δℎ

In which Q is discharge [m3/s], µ discharge coefficient [-], A the wetted cross-sectional area in
the poort, [m2], g gravitational constant [m/s2] and Δh water level difference [m].

2.4 Power
The generated power of the turbines has been analysed in a similar way to that of the rotation
rates; giving a median power over many tidal cycles as function of the head difference (see
also [31]). The resulting power for the head differences in each of the simulation conditions is
given in Table 2.4. The power generated in the simulations is not specified but is a result of
the simulation. The moment and force on the turbines is a direct output from the simulations,
calculated by Star-CCM+ as an integration of pressure across the surface of the blades. The
information of the measured power is used for comparison with the CFD in the results
section. The values as specified in Table 2.4 are measured power values to the grid. Due to
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energy losses, the power to the rotor is about 10% higher. This is further discussed in Section
3.2.4.

Table 2.4 Summary of the measured power of the turbines

Case
number

T12-1 T14-2 T11-3 T15-4 T09-5
[kW] [kW] [kW] [kW] [kW]

Ebb WT.1 13.76 12.73 11.27 12.28 9.85
WT.2 32.57 31.10 29.73 31.04 29.31

Flood WT.3 46.26 46.80 43.93 45.97 46.79
WT.4 191.01 193.87 186.00 188.73 192.77

For case WT.1, turbine 5 has a lower power value than the other 4 turbines. By investigating
this further, it was seen that the power that is generated at the start of the tidal phase is
significantly lower than at the end of the tidal phase. This is most likely the result of the
approach flow towards the turbines, which is straighter at the end of the tidal phase than
during the start of the tidal phase (see Figure 2.11). This figure is based on Delft3D numerical
model results at 200 m upstream of the barrier ([32]). This means that for ebb (red dots), the
approach flow velocities at 200 m from the barrier in Eastern Scheldt are analysed and during
flood (blue dots), the approach flow velocities at 200 m from the barrier in the North Sea are
analysed. In this figure it is seen that for lower flow velocities (up to 0.5 m/s) during ebb, the
angle can be either 31° or 6° with respect to the barrier. The larger angle represents the start
of the tidal phase and the more straight approach flow represents the end of the tidal phase.
An oblique approach flow leads to a reduced power production, particularly in turbine 5.

Figure 2.11 Approach flow angle towards gate 8 of the storm surge barrier. The red dots represent ebb and show
the approach flow angle towards the barrier. The blue arrows show the approach flow angle towards the
barrier during flood
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2.5 Thrust
Thrust measurements have been performed by Tocardo on the 3th and 5th turbine in the
barrier. Similar to the power measurements, these measurements have been analysed and
used as validation by the CFD model. The thrust is measured with thrust gauges, which are
mounted on the strut of the turbine. The values as presented in Table 2.5 are analysed based
on the head differences over the barrier, similar to the power and ADCP measurements (see
also [31]).

Table 2.5 Summary of the measured thrust on the turbines

Case
number

T12-1 T14-2 T11-3 T15-4 T09-5
[kN] [kN] [kN] [kN] [kN]

Ebb WT.1 n/a n/a -20.00 n/a -25.43
WT.2 n/a n/a -33.97 n/a -40.06

Flood WT.3 n/a n/a 43.25 n/a 45.39
WT.4 n/a n/a 105.04 n/a 117.68

2.6 Velocity profile measurements
ADCP measurements have been carried for both the situation before turbine deployment
(2011) and during turbine deployment (2016, 2017). Only the location of the measurements
are mentioned here as further analysis of the measurements has been made in [31].

Figure 2.12 shows the locations of the horizontal and vertical ADCP measurements that have
been carried out in 2011 before the turbines were installed in Gate #08. Both ADCP devices
were installed at the Eastern Scheldt side of the sill beam. The measurements were carried
out for a period of 6 days.

Figure 2.12 Overview of the 2011 ADCP measurements. Left: Top view, right: Side view.

In 2015, 5 turbines were installed on the Eastern Scheldt side of Gate #08 of the Eastern
Scheldt Barrier Roompot section. The middle and outer turbines were equipped with two
ADCP’s, one pointed forwards (towards the North Sea) and one pointed backwards (towards
the Eastern Scheldt), see Figure 2.13. The ADCP devices measure along 1 beam by default,
but have also been used to perform 5-beam measurements. Different periods have been
measured. These periods are listed in Table 2.6.
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Table 2.6 ADCP measurement periods with and without turbines
Measuring period Turbine operation Signal
15/08/2011 – 21/08/2011 6 days No turbines Horizontal + vertical ADCP
10/10/2016 – 26/10/2016 14 days Normal operation 1 beam
22/06/2017 –  24/06/2017 1 day Normal operation 5 beams
28/08/2017 –  29/08/2017 1 day Stall mode 1 beam
14/09/2017 –  15/09/2017 1,5 day Stall mode 5 beams

Figure 2.13 Top view (left) and side view (right) of the turbine configuration at Gate #08 of the Eastern Scheldt
Roompot Section. The red numbers show the names of the forward-looking and backward-looking ADCP
devices.
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3 Simulation results

3.1 Barrier without turbines

3.1.1 General flow pattern
The flow pattern shows an acceleration of the flow towards the barrier because of the
decrease in water depth. A large flow separation occurs at the upstream edge of the sill of the
barrier (see Figure 3.1). This separation creates a recirculation zone downstream of the
barrier where the dominate flow direction is back towards the barrier. The flow reattaches to
the bed at approximately 100 m downstream (not shown in the figure). In addition the
separation causes concentration of the flow at the surface such that the maximum velocity of
the flow is some distance downstream of the barrier opening rather than in the opening itself.

Figure 3.1 Contour plot of mean velocity magnitude on a vertical cross section from case NT.2; an ebb case with a
detail of the flow around the sill. The recirculation zone is shown by a red line and the direction of flow is
given by a red arrow.

Figure 3.2 Contour plot of velocity magnitude on a vertical cross section from case NT.2; an ebb case

Figure 3.2 shows the flow field for an ebb case where the flow is from right (Eastern Scheldt)
to left (North Sea). A comparison is shown between the mean field (top) resulting from an
average over a long time (a number of minutes) and the instantaneous field which is the
result of each time step. The large scale eddies resulting from the vortex shedding occurring

Vmax
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at the barrier are visible in the instantaneous plot but these are averaged out in the mean
field. Many scales of eddies, as small as approximately a couple of cell sizes, can be resolved
with the DES model.

Figure 3.3 Contour plot of mean velocity magnitude on a vertical cross section from case NT.4; a flood case with a
detail of the flow around the sill.

Figure 3.4 Contour plot of velocity magnitude on a vertical cross section from case NT.4; a flood case

Figure 3.3 shows a detail of the velocity contours near the sill for a flood case. Figure 3.4
shows the corresponding plots for a flood case where the qualitative flow pattern is the same
but the flow is from left (North Sea) to right (Eastern Scheldt). Again flow separation occurs at
the upstream edge of the barrier sill. Note that the contraction of the flow continues
downstream of the sill whereby the maximum velocity is present not at the smallest cross-
section (the barrier port) but downstream (the point of maximum contraction).

3.1.2 Velocity profiles
The ADCP measuring devices for the vertical profiles were mounted on the Eastern Scheldt
face of the barrier sill. In the Ebb case this is in a location upstream of the point of flow
separation. The vertical velocity profile (Figure 3.5) shows therefore simply an approximately
logarithmic profile with a clear boundary layer starting from the height of the top of the sill.
The measurements are split between a profile from the start of the tidal phase and that from
the end of the tidal phase. The difference between the two profiles is due to inertia in the
Eastern Scheldt (for more information see [31]). The CFD simulations are made with constant
boundary conditions (water levels) and the results are taken once the flow field has reached
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an equilibrium (a statistically steady state), this means that the CFD results are free from
inertia. It is therefore expected that the CFD profile should fall between the two measured
profiles. For this vertical profile of the ebb case NT.1 this is the case. The agreement with the
numerical model is therefore considered good.

Figure 3.5 Vertical ADCP profile from the measurements without turbines – comparison between CFD and
measurements – Ebb Case NT.1

The horizontal profile (Figure 3.6) shows some discrepancy in the region close to the pillar
(R9) where the measured profile, which does not measure right up to the pillar, does not
show any boundary layer, whereas the CFD predicts that the width of the boundary layer is
penetrating into the measured zone. This could be attributed to a large roughness used in the
simulations (1 cm) which may be appropriate for the sill but for the side pillars it may be too
high. The velocity in the bulk of the flow is predicted to be at the correct level, as the region of
the boundary layer is a negligible part of the total width of the port. This small discrepancy is
not expected to result in inaccuracy in the discharge coefficient. The agreement is therefore
considered acceptable.
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Figure 3.6 Horizontal ADCP profile from the measurements without turbines – comparison between CFD and
measurements – Ebb Case NT.1

In the flood case the ADCP is located downstream of the sill and therefore is located in the
recirculation zone. The comparison of the CFD results with the measurements is shown in
Figure 3.7. In this case the variation between the start of the tidal phase and the end of the
tidal phase in the measurements is small and the velocity in the bulk of the flow is predicted
very well by the CFD model. The size of the recirculation zone is slightly larger in the CFD
than in the measurements. The horizontal flow profile (shown in Figure 3.8) has similar
characteristics to that in the ebb case and the agreement with CFD is equally good. The
velocity profiles for the remaining cases (NT.2 and NT.3) are presented in Appendix B.
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Figure 3.7 Vertical ADCP profile from the measurements without turbines – comparison between CFD and
measurements – Flood Case NT.4

Figure 3.8 Horizontal ADCP profile from the measurements without turbines – comparison between CFD and
measurements – Flood Case NT.4
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The results presented in this section have been achieved after a long validation process in
which the dependence of the results has been tested for many parameters. The model
settings used for the definitive results produce the best results and used parameters which
can be well supported from physical considerations. In particular, the use of an appropriate
inflow velocity profile as a boundary condition at the edge of the CFD domain was important
in producing the good match seen here. Similarly mesh resolution and quality at the edge of
the sill where detachment occurs is also important.

3.1.3 Discharge coefficients
The discharge coefficients from the simulations, as defined in Section 2.3, were calculated for
each CFD case. A distinction is made for a coefficient over the whole domain and between
each port of the barrier. For the simulations without turbines these should be identical
because of the symmetry in the geometry and boundary conditions. The discharges for the
whole domain are calculated at the boundary. The Star-CCM+ monitors give a constant
discharge at the inlet boundary, owing to the specification of the inlet profile there. The
discharge at the outlet boundary varies during the simulation owing to the unsteadiness of the
flow. The value reported in Table 3.1 is based on the value at the inlet. The discharges for the
flow through the port and sides are based on a monitor of a vertical cross-section at the
barrier. This type of internal monitor uses interpolation of the flow field onto the predefined
cross-section which introduces small numerical errors. This is the reason why the discharge
in the table for the port and sides does not sum to exactly that through the entire domain.

Table 3.1 Summary of the results for discharge coefficients for the simulations

Case

Water Level
[m NAP] Head

Discharge µ
Domain Port Side Domain Port Side

North
Sea

Eastern
Scheldt [m] [m3/s] [m3/s] [m3/s] [-] [-] [-]

Ebb NT.1 0.93 1.13 -0.20 1588 780 799 0.98 0.96 0.98
NT.2 0.68 1.01 -0.33 1992 992 1009 0.98 0.98 0.99

Flood NT.3 -0.57 -0.77 0.20 1178 582 592 0.87 0.86 0.87
NT.4 1.12 0.58 0.55 2327 1145 1156 0.90 0.88 0.89

For the ebb cases the discharge coefficient (µ) is almost identical for each case. This can be
attributed to the very similar water levels upstream in each case (the difference is only
12 cm). A discharge coefficient of 0.98 is calculated for ebb, with a head difference from
200 m upstream and downstream of the barrier. For the flood cases a discharge coefficient
between the simulations between 0.90 and 0.87 is noted. For the flood cases the upstream
water level varies between the cases by 1.69 m. For a barrier of this type with a lintel support
which is submerged in water for the higher water levels the discharge coefficient is expected
to be dependent on water levels as well as geometry.

3.2 Barrier with turbines

3.2.1 General flow pattern
For the simulations with turbines the general flow pattern is very similar (see Figure 3.9 -
Figure 3.12). The turbines offer however some resistance to the flow. For the Ebb case this is
hardly visible in the contour plots but for Flood cases it is clear that the contraction of the flow
above the sill does not develop as strongly as in the scenario without turbines. The point of
maximum velocity is therefore much closer to the sill and is located as flow is diverted around
the turbines. Some of this diverted flow is directed downwards to the area below the turbines.
This can be seen more clearly in a plot of the difference in velocity between the simulations
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with and without turbines (shown for a flood case in Figure 3.13). Behind the turbine is an
area (in blue in the figure) where the velocity with turbines is much smaller than without
turbines because this is in the wake of the turbine. Below the turbine is an area (in red in the
figure) where the velocity with turbines is higher than without turbines. Some of the flow is
being diverted below the turbines, leading to larger velocities there. The recirculation area
appears therefore smaller than for the case without turbines, but again only in the flood case.

Figure 3.9 Contour plot of mean velocity magnitude on a vertical cross section from case WT.2; an ebb case with a
detail of the flow around the sill.

Figure 3.10 Contour plot of velocity magnitude on a vertical cross section from case WT.2; an ebb case

Figure 3.11 Contour plot of velocity magnitude on a vertical cross section from case WT.4; a flood case with a detail
of the flow around the sill.
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Figure 3.12 Contour plot of velocity magnitude on a vertical cross section from case WT.4; a flood case

Figure 3.13 Contour plot of the difference in longitudinal velocity on a vertical cross section from case WT.4; a flood
case

3.2.2 Velocity profiles
For the field measurements in the presence of the turbines the ADCP measurements were
made from a device mounted on the turbines’ hub and turbines support (see Figure 3.14).
The main direction of the ADCP is in the longitudinal direction, or parallel with the dominant
flow direction. Figure 3.15 and Figure 3.16 show the comparison of the measured profiles
with the CFD simulations for respectively an ebb case (WT.1) and a flood case (WT.4). The
corresponding profile of the simulation with the same conditions but without turbines is also
included in the figure, this helps to give insight into the effect of the turbine on the profile.

Figure 3.14 Orientation of ADCP’s on the turbines

For the ebb case (Figure 3.15) the inflow profile is at the top of the figure. This shows a region
of rising speed (because of the coordinate system used the velocity here is negative and

North Sea

Eastern Scheldt
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becomes more negative as it accelerates towards the barrier). The turbines are located
upstream of the barrier so the velocity magnitude drops in front of the barrier in the wake of
the turbines. Note that for the simulation without the turbines the flow accelerates all the way
to the sill and beyond, owing to the contraction of the flow which continues downstream of the
sill in that case. Downstream of the turbines the velocity recovers. The agreement with the
measurements is good although downstream of the turbines the uncertainty in the
measurements is large. Upstream of the turbines the CFD simulations show a small
underestimation of the velocity. Also the CFD simulation with turbines shows lower velocity
magnitudes than the simulation without turbines. This is owing to the difference in discharges
in the two simulations owing to the extra resistance of the turbines (the profile is insensitive to
the exact location in the vertical at which it is made). A slight underestimation of the velocity
magnitude in the CFD when compared to the measurements could also suggest that the
discharge is underestimated by the CFD. This is discussed further in Section 4.5.

Figure 3.15 Longitudinal ADCP profile from the measurements with turbines – comparison between CFD and
measurements – Ebb Case WT.1. For illustrative purposes, the profile along the same line is also plotted for
the corresponding simulation without turbines NT.1

For the flood case (Figure 3.16) the inflow profile is at the bottom of the graph showing the
flow acceleration towards the barrier. In the flood case the velocity magnitude is lower
compared to the measurements and the difference is greater than in the ebb case. The
difference with the simulation without turbines is less in this case but is still consistent with
extra resistance from the turbines. However, even the CFD simulation without turbines shows
lower inflow velocities than the measurements of velocity with turbines for the same case.
This is inconsistent and given that the velocities without turbines have been well validated
against the 2011 measurements less throws some doubt on the absolute values of the 2016
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measurements. In the analysis of the measurements (ref [31]), it was observed that the flow
velocity during flood is about 5-10% larger for the situation with turbines than for the situation
without turbines.

In the wake region the recovery of the velocity is faster in the CFD model than in the
measurements. For the flood case the wake region is much larger than in the ebb case
because the flow is not subsequently squeezed through the barrier. The recovery is not
complete after 50 m (note that the CFD domain extends 200 m downstream of the barrier.

The agreement of the CFD with the measurements is acceptable. Some of the details of the
flow patterns are not predicted correctly, such as the distance of the wake recovery and from
the comparison of the velocity profiles it can be concluded that the CFD slightly
underestimates the discharge. This could be attributed to the lack of sufficient mesh
resolution in the wake region in order to model the turbulence in this region. An analysis of
the turbulent scales which have been resolved by the simulations has been made in [33].

The velocity profiles for the remaining cases (NT.2 and NT.3) are presented in Appendix C.

Figure 3.16 Longitudinal ADCP profile from the measurements with turbines – comparison between CFD and
measurements – Flood Case WT.4. For illustrative purposes, the profile along the same line is also plotted
for the corresponding simulation without turbines NT.4

3.2.3 Discharge coefficients
The discharge coefficients from the simulations, as defined in Section 0, were calculated for
each CFD case. A distinction is made for a coefficient over the whole domain and between
each port of the barrier. For the simulations with turbines these will differ owing to the
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resistance that the turbines have on the flow. The discharges for the whole domain are
calculated at the boundary. The Star-CCM+ monitors give a constant discharge at the inlet
boundary, owing to the specification of the inlet profile there. The discharge at the outlet
boundary varies during the simulation owing to the unsteadiness of the flow. The value
reported in Table 3.2 is based on the value at the inlet. The discharges for the flow through
the port and sides are based on an average in time of the flow through a cross-section at the
barrier.

Table 3.2 Summary of the results for the discharge coefficients for the simulations with turbines

Case

Water Level
[m NAP] Head

Discharge µ
Domain Port Side Domain Port Side

North
Sea

Eastern
Scheldt [m] [m3/s] [m3/s] [m3/s] [-] [-] [-]

Ebb WT.1  0.93 1.12 -0.19 1489 730 766 0.94 0.93 0.97
WT.2 0.68 1.00 -0.32 1894 925 980 0.94 0.92 0.98

Flood WT.3 -0.57 -0.78 0.21 1174 588 587 0.85 0.85 0.85
WT.4 1.11 0.57 0.54 2278 1140 1140 0.88 0.88 0.88

By comparing the discharge coefficients from the situation with turbines (Table 3.3) with the
situation without turbines, it is seen that the discharge coefficient for ebb reduces more than
that for flood. The percentage difference for an ebb case is approximately 5% and for flood
the difference is negligible.

Table 3.3 Comparison of the results for the discharge coefficients of the ports with and without turbines

Case
Head

µ without
turbines

µ with
turbines

Side Port Δ
[m] [-] [-] %

Ebb 1 -0.19 0.97 0.93 5%
2 -0.32 0.98 0.92 6%

Flood 3 0.21 0.85 0.85 0%
4 0.54 0.88 0.88 0%

3.2.4 Turbine power
Tocardo controls the operation of the turbines in the Eastern Scheldt Storm Surge Barrier
based on the rotational speed of the turbine. The rotational speed of the turbine will be tuned
in such a way that the maximum amount of energy can be subtracted from the turbine. This
maximum efficiency point of the turbine appears at a tip speed ratio of 4.3. This means that
the ADCPs are not used to control the turbine operation.

In the CFD model, the rotational speed of the turbines is used as an input parameter.
Together with the torque of the turbine, the power is calculated via the formula: P tw= , in
which t  is the torque (Nm) and w  is the angular velocity [rad/s]. The generated power is
compared with the measured power from Tocardo. The measured power is the power that
has been delivered to the grid. Tocardo provided a conversion relation between the grid
power and the power on the rotor. This relation is presented in Figure 3.17. Due to energy
losses, the power on the rotor is approximately 10% higher.
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Figure 3.17 Relation (blue) between the power on the rotor and the power that has been delivered to the grid. (black
line represents no losses 1:1 relation)

In Table 3.4, the obtained power by the CFD model is presented in combination with the
difference with the modelled power. The deviation on the mean velocity for the higher power
output cases is below 10%. It has to be noted that the standard deviation for the modelling
results is in the order of 5-10% of the mean power. For the measurements, the standard
deviation of the power is in the order of 10-20%, with lower standard deviations for the cases
with the larger head difference. Based on this analysis, it is concluded that the CFD model
represents the measured power well.

Table 3.4 Summary of the CFD results for the power from the turbines

3.2.5 Thrust
The thrust, which is obtained from the CFD model is presented in Table 3.5. The differences
with the measured values is approximately 10kN. For the case with higher forcing on the
turbines WT.4, the relative difference is maximum 5% of the measured thrust. Similar to the
power, the standard deviation of the modelling results is 5%, while the standard deviation of
the measurements is in the order of 10-30%. Where the cases with the lower head difference
show the larger standard deviations. From this analysis, it is concluded that the CFD model
represents the measured thrust sufficiently accurate.
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Case
number

T12-1 T14-2 T11-3 T15-4 T09-5 T12-1 T14-2 T11-3 T15-4 T09-5
[kW] [kW] [kW] [kW] [kW] [kW] [kW] [kW] [kW] [kW]

Ebb WT.1 9.1 9.8 10.6 10.7 12.0 -4.7 -2.9 -0.7 -1.6 2.1
WT.2 19.8 20.8 22.2 22.5 24.8 -12.7 -10.3 -7.6 -8.5 -4.6

Flood WT.3 49.0 48.4 48.6 48.4 48.5 2.8 1.6 4.7 2.5 1.7
WT.4 218.2 201.5 197.9 199.4 208.8 27.2 7.6 11.9 10.6 16.1
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Table 3.5 Summary of the CFD results for the thrust on the turbines

modelled thrust
Difference between modelled &

measured thrust
Case

numbe
r

T12-1 T14-2 T11-3 T15-4 T09-5 T12-1 T14-2 T11-3 T15-4 T09-5
[kN] [kN] [kN] [kN] [kN] [kN] [kN] [kN] [kN] [kN]

Ebb WT.1 -12.2 -12.8 -13.4 -13.5 -14.4 6.6 11.0
WT.2 -23.1 -23.9 -24.8 -25.1 -26.5 9.1 13.6

Flood WT.3 38.5 38.6 38.5 38.6 38.5 -4.7 -6.9
WT.4 114.6 111.4 110.6 110.9 113.5 5.6 -4.2
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4 Discussion

4.1 Validation of the model
The CFD model has been validated against field measurements taken from ADCPs mounted
at the barrier during operation. The agreement in velocity at the ADCP profile locations is
good for the cases and head differences studied. The agreement is better for the ADCP
measurements taken in the situation without turbines. For the situation with turbines the inflow
velocities are slightly underpredicted. This could indicate that the discharges are also slightly
underpredicted in the case with turbines. However, it has to be noted that the field
measurments of the situation with turbines showed about 5-10% higher velocities than for the
situation without turbines (ref [31]). Similarly the details of some of the profiles, the size of the
recirculation zone and the size of the wake recovery zone, show some discrepancies but for
the bulk parameter of a discharge coefficient this is of less importance. Also in general the
good agreement between the measurements and the CFD give confidence that the quality of
the predicted flow field is high.

The predictions of the power and thrust from the turbines are validated as well. For both
parameters, the standard deviation of the measurements is significant (between 10% and
30%). The agreement with the measurements at the high flow rate (WT.4) is quite good
(<10%). This may mean the model performs well for the prediction of the optimal location of
the turbines in the flow field for power generation.

4.2 Inclusion of rotating zones around the turbines
The largest uncertainty in the results of the CFD simulations is created by the rotating zones
around the turbines. The earlier validation [3] of the CFD model with turbines was performed
with a larger rotating zone around the turbines than was possible to apply in these
simulations. A larger zone is generally preferable because it allows the interpolation between
rotating and stationary zones to be made at a location where the gradients are small and the
numerical errors will similarly be smaller. For the simulations of 5 turbines in a row in the
opening of the barrier it is not possible to create a larger zone. Similarly for the flood case, the
location of the rotating zone in a region of very high gradients downstream of the flow
separation at the sill, makes the numerical errors of interpolation greater. The expected effect
of this is to increase so called numerical diffusion which is a form of extra resistance in
simulations which are not fully resolved.

The inclusion of the rotating turbines in the simulations is state-of-the-art (see discussion of
literature in Section 1.1). The validation performed here with the turbines shows that this
model is possible of generating validated mean profiles whilst still resolving a large proportion
of the unsteady turbulence generated by the turbines and thereby giving insights into the true
effect of the turbines on the downstream flow.

4.3 Biofouling of the Eastern Scheldt Barrier
During installation of the horizontal and vertical ADCP’s in 2011 by Partrac, biofouling was
observed on the sill. A layer of approximately 10cm of shells had to be removed from the sill
before installation of the ADCP equipment. This layer of biofouling has not been included in
the CFD simulations, while it has an effect on the flow through the barrier.

Some simulations with different roughness were made during the validation process of the
model but adding a roughness as much as 10 cm is not possible in the current setup because
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in the model currently used the roughness is limited to the size of the first cell near the wall.
An investigation of other methods to include roughness in the model was not carried out.

4.4 Inertia effects in the Eastern Scheldt
From the measurements (ref [31]) it became clear that due to inertia, the velocities are much
higher at the end of the tidal phase than at the beginning of the tidal phase. This effect is not
included in the CFD model because the water levels were imposed as constant boundary
conditions. The CFD simulations also do not include the oblique approach flow which is
present at the start of the tidal phase for the ebb cases (see Figure 2.11). This oblique flow is
a result of inertial effects in the Eastern Scheldt owing to the tidal variations This oblique
approach flow angle could have an effect on the validation of the power measurements.

4.5 Possible discrepancy in velocity measurements
In the report of the field measurements (ref [31]) an analysis has been made of the
agreement between the measurements made in 2011 and 2016. The conclusion was made
that the measurements seemed consistent near the barrier although in the flood case the
velocities in the measurements with turbines were approximately 5% higher than without
turbines. The comparison was difficult to make because there was no common measurement
point in the two campaigns and this analysis was made at only one location for each dataset.

The CFD model provides data over the entire domain. Comparisons with the CFD shown in
the previous sections show that the agreement with the measurements in 2011 is good and
that the comparison of the CFD with and without turbines shows a logical consistency. The
velocities and discharges with turbines are always less than without turbines, owing to the
resistance of the turbines.

However, there does appear an inconsistency with the measurements of 2016 for the inflow
velocities. In for instance Figure 3.16 the inflow velocities of the two CFD cases show lower
values than the measurements. This would suggest that the discharges in the simulations are
lower: even in the simulation without turbines. However this simulation shows good
agreement with the velocity measurements from 2011 (and therefore the calculated
discharge).

It is unclear how the measurements with turbines in 2016 could give a higher measured inflow
velocity and therefore discharge than the validated CFD model without turbines for the same
case. Owing to the agreement and consistency of CFD and results from 2011 it seems that
the accuracy of the inflow velocities from 2016 far from the ADCP is questionable.
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5 Conclusions

The CFD simulations performed of the Eastern Scheldt Barrier were conducted for the
purpose of the prediction of discharge capacity and flow patterns downstream of the barrier
(see Objective in 1.2). With this objective in mind the following conclusions can be drawn:

1) Effect of turbines on discharge coefficient: the turbines have only a small effect on the
discharge coefficients. For the ebb case the reduction in discharge coefficient
between simulations without and with turbines is approximately 5%. For the flood
cases the reduction was negligible in both cases but this is likely within the range of
accuracy of the simulations. The small effect on the discharge coefficient for flood is
attributed to the fact that the turbines are placed sufficiently far from the sill. During
ebb, the turbines are upstream of the barrier, which causes a reduced discharge
coefficient.

2) Model is validated for discharge coefficients: the agreement between the CFD and
ADCP field measurements of velocity profiles is good. The small discrepancy in a
number of details is not sufficient to result in significant differences in the total flow
through the barrier. The agreement in the profiles is also not sensitive to the exact
location in the domain at which the profile is drawn. This gives confidence that the
comparison made is valid for a large part of the flow field. For the cases with turbines
it appears that the inflow velocities (and consequently discharges) are slightly
underpredicted. However, it is unclear if this is caused by the numerical model or by
the flow measurements (ref [31]), which have shown that the upstream flow velocities
are higher for the situation with turbines than without turbines. It is concluded that the
developed model is suitable for an assessment of the effect of the turbines on the
discharge coefficient.

3) Model validation for power and thrust still is carried out as well: the discrepancy
between the CFD calculated turbine power and the measured turbine is small for high
discharges and within the ranges of uncertainty. For simulations where the agreement
in inflow velocity profiles is better the agreement with the measured power is also
improved. This may mean the model performs well for the prediction of the optimal
location of the turbines in the flow field for power generation.
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CFD simulations of the Eastern Scheldt Barrier with and without tidal turbines A-1

A Detailed drawings of the geometry and turbines as present
in the CFD model
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CFD simulations of the Eastern Scheldt Barrier with and without tidal turbines B-1

B Velocity profiles without turbines

B.1 Horizontal ADCP validation

Figure B.1 Horizontal ADCP profile from the measurements without turbines – comparison between CFD and
measurements – Ebb Case NT.1
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CFD simulations of the Eastern Scheldt Barrier with and without tidal turbines B-2

Figure B.2 Horizontal ADCP profile from the measurements without turbines – comparison between CFD and
measurements – Ebb Case NT.2

Figure B.3 Horizontal ADCP profile from the measurements without turbines – comparison between CFD and
measurements – Ebb Case NT.3

Figure B.4 Horizontal ADCP profile from the measurements without turbines – comparison between CFD and
measurements – Ebb Case NT.4
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CFD simulations of the Eastern Scheldt Barrier with and without tidal turbines B-3

B.2 Vertical ADCP validation

Figure B.5 Vertical ADCP profile from the measurements without turbines – comparison between CFD and
measurements – Ebb Case NT.1

Figure B.6 Vertical ADCP profile from the measurements without turbines – comparison between CFD and
measurements – Ebb Case NT.2
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CFD simulations of the Eastern Scheldt Barrier with and without tidal turbines B-4

Figure B.7 Vertical ADCP profile from the measurements without turbines – comparison between CFD and
measurements – Ebb Case NT.3

Figure B.8 Vertical ADCP profile from the measurements without turbines – comparison between CFD and
measurements – Ebb Case NT.4
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CFD simulations of the Eastern Scheldt Barrier with and without tidal turbines C-1

C Velocity profiles with turbines

C.1 Case 1 (head difference = -0.2m)

Figure C.1 Longitudinal ADCP profile from the measurements with turbines – comparison between CFD and
measurements – Ebb Case WT.1. For illustrative purposes, the profile along the same line is also plotted for
the corresponding simulation without turbines NT.1

Figure C.2 Longitudinal ADCP profile from the measurements with turbines – comparison between CFD and
measurements – Ebb Case WT.1. For illustrative purposes, the profile along the same line is also plotted for
the corresponding simulation without turbines NT.1
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CFD simulations of the Eastern Scheldt Barrier with and without tidal turbines C-2

Figure C.3 Longitudinal ADCP profile from the measurements with turbines – comparison between CFD and
measurements – Ebb Case WT.1. For illustrative purposes, the profile along the same line is also plotted for
the corresponding simulation without turbines NT.1

C.2 Case 2 (head difference = -0.32m)

Figure C.4 Longitudinal ADCP profile from the measurements with turbines – comparison between CFD and
measurements – Ebb Case WT.2. For illustrative purposes, the profile along the same line is also plotted for
the corresponding simulation without turbines NT.2



11200119-003-HYE-0004, 22 August 2018, final

CFD simulations of the Eastern Scheldt Barrier with and without tidal turbines C-3

Figure C.5 Longitudinal ADCP profile from the measurements with turbines – comparison between CFD and
measurements – Ebb Case WT.2. For illustrative purposes, the profile along the same line is also plotted for
the corresponding simulation without turbines NT.2

Figure C.6 Longitudinal ADCP profile from the measurements with turbines – comparison between CFD and
measurements – Ebb Case WT.2. For illustrative purposes, the profile along the same line is also plotted for
the corresponding simulation without turbines NT.2
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CFD simulations of the Eastern Scheldt Barrier with and without tidal turbines C-4

C.3 Case 3 (head difference = +0.2m)

Figure C.7 Longitudinal ADCP profile from the measurements with turbines – comparison between CFD and
measurements – Ebb Case WT.3. For illustrative purposes, the profile along the same line is also plotted for
the corresponding simulation without turbines NT.3

Figure C.8 Longitudinal ADCP profile from the measurements with turbines – comparison between CFD and
measurements – Ebb Case WT.3. For illustrative purposes, the profile along the same line is also plotted for
the corresponding simulation without turbines NT.3
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CFD simulations of the Eastern Scheldt Barrier with and without tidal turbines C-5

Figure C.9 Longitudinal ADCP profile from the measurements with turbines – comparison between CFD and
measurements – Ebb Case WT.3. For illustrative purposes, the profile along the same line is also plotted for
the corresponding simulation without turbines NT.3

C.4 Case 4 (head difference = +0.55m)

Figure C.10 Longitudinal ADCP profile from the measurements with turbines – comparison between CFD and
measurements – Ebb Case WT.4. For illustrative purposes, the profile along the same line is also plotted for
the corresponding simulation without turbines NT.4
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CFD simulations of the Eastern Scheldt Barrier with and without tidal turbines C-6

Figure C.11 Longitudinal ADCP profile from the measurements with turbines – comparison between CFD and
measurements – Ebb Case WT.4. For illustrative purposes, the profile along the same line is also plotted for
the corresponding simulation without turbines NT.4

Figure C.12 Longitudinal ADCP profile from the measurements with turbines – comparison between CFD and
measurements – Ebb Case WT.4. For illustrative purposes, the profile along the same line is also plotted for
the corresponding simulation without turbines NT.4
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