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Sediment transport plays a crucial role in coastal ecosystems and is one of the least known
parameters in high energy sites. The recent development of tidal energy projects challenges
the scientific community to better understand this natural phenomenon and the interac-
tions with tidal turbines. Using MIKE21/3 software from DHI, a benchmark for sediment
transport model was developed with simulations with and without a tidal farm in idealised
two and three-dimensional tidal channels. Results reveal that a 2D approach is sufficient
for regional scale morphological assessments, however 3D models allow for a closer examina-
tion of influences around the tidal farm. Differences in calculating sediment transport rates
based on approaches after Engelund & Fredsge and Van Rijn formulae illustrate the degree
of uncertainty in modelling sediment transport rates. Results for the Engelund & Fredsge
models also show that they are sensitive to mesh resolution in equilibrium conditions and
are more stable in non-equilibrium conditions for the bed level change rates. Tests have also
demonstrated that models using Engelund & Fredsge formulae are more sensitive to phys-
ical characteristics than models based on Van Rijn, accentuating the necessity to evaluate
sediment transport formulae with field data before making a choice of model.
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1. Introduction

Erosion and accretion of sediments shape the morphology of the seabed, changing the
distribution of nutrients and affecting the ecosystem. The influence of tidal energy converters
on seabed characteristics is a growing object of concern for tidal energy developers as the
industry emerges. The significance of sediment transport is widely recognized as a crucial
component for tidal site assessment [I] 2]. Previous studies have shown that small arrays
of less than 50 MW have an insignificant influence on the marine environment in a narrow
tidal channel [3] 4, [5]. However, sediment studies at high flow sites are rare, as acquiring
data is expensive and challenging in these highly energetic sites. To remove uncertainties
about the influence of a tidal farm on sediment transport processes, or the influence on the
turbines themselves, the interaction needs to be better understood. Numerical modelling
is a useful tool for preliminary studies to assess the possible influence. Factors such as
currents, waves, bathymetry and seabed composition must be considered for the accurate
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prediction of sediment transport. Unlike hydrodynamic modelling, little to no case studies
exist for sediment modelling. The physical mechanism of the coastal environment is difficult
to simulate due to many parameters influencing the motion of sediments [6]. The majority
of coastal sediment transport models have adopted the equilibrium transport concept [7],
but recently non-equilibrium approaches have received increasing attention [8] for a more
realistic approach as they take into account the temporal and spatial lag between current
and sediment transport rates, and capture morphological change accurately compared with
previous models.

The most commonly used methods to predict total load sediment transport rates were
developed by Engelund & Hansen [9], Engelund & Fredsge [10], Ackers & White [11], and
Van Rijn [12], 13]. In these formulae total load transport is composed of bed load transport
(mobile load close to the bed in almost continuous contact with the seafloor) and suspended
load transport (load that is no longer in contact with the seafloor due to turbulent flow
higher in the water column). These two components drive the behavior of morphodynamics.
Numerous studies have compared well known sediment transport formulae [14], [15] 16, 17,
18, 19]. Significant differences were found in |15, [16] between the formulae, with factors of
2 for pure current to 5 for wave current dominated flows. The main source of uncertainty
for [17] is the choice of the transport formulae in contradiction with [19] who affirmed that
the errors in sediment rates depend on errors in physical properties like current velocity. A
dependence on medium grain size exists as well for the calculation of transport rates. The
results illustrate the degree of uncertainty in calculating sediment transport rates. If in situ
data or experimental data is available, an evaluation of the most accurate formulae can be
made. But when this information is unavailable as in most cases, error of up to a factor of 5
for sediment transport rates can occur [20]. In MIKE21 /3 the most commonly approach used
in coastal systems is Van Rijn (VR) for pure current, and Engelund & Fredsge (EF) in the
wave current interactions. The VR formulae have been validated against experimental data
and field data and compared to different formulae [12], 13, 21]. Two studies have evaluated the
difference between the two formulae: comparing results between eleven sediment transport
formulae [22] and in some test cases using approaches described in the software manual
COHERENS [23]. Nakato [22] found that EF produced the lowest sediment transport rates
for most of the tests. Using the software COHERENS, results showed that for medium to
coarse sand under low shear stress the formulae were in the same range for transport rates.

The work outlined in this paper focused on developing a benchmark for sediment trans-
port models. This benchmark study uses the numerical model MIKE21 Flexible Mesh (FM)
and MIKE 3 FM to examine the sensitivity of the developed sediment model in idealised
tidal channels with pure current, with and without a simulated tidal farm. To examine the
influence of a tidal farm on hydrodynamic and sediment dynamics, a farm of 500 turbines
was simulated for some test cases. Studies of sediment transport processes around the tidal
farm were performed for the near field area around the turbines and also for the far field
effects in 2D and 3D. The sediment transport VR and EF formulae were compared in equi-
librium and non-equilibrium modes for both 2D and 3D simulations. This study will serve as
a benchmark for sediment transport studies allowing a better understanding of this complex
phenomenon in a more elementary system than realistic cases, necessary step before apply-
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ing the model in real environment. This study is also part of a larger work to examine the
influence of a tidal farm in Banks Strait, Tasmania, a promising tidal energy site identified
by the “Tidal Energy in Australia-Assessing Resource and Feasibility to Australia’s Future
Energy Mix” Project (AUSTEn project [24]).

2. Modelling Methodology

The numerical modelling approach, the validation of the tidal energy extraction model
and the model set up used for this study are highlighted below.

2.1. General Description

For all simulations, the MIKE21 FM and MIKE3 FM hydrodynamic models were used,
which are based on the cell-centred finite volume method. These models use an unstruc-
tured mesh to allow for changes in resolution within the domain depending on the area of
interest, reducing computational time. Reynolds-averaged Navier-Stokes (RANS) equations
are solved in the model, with the Boussinesq assumption and hydrostatic pressure [25]. To
model sediment transport, the module quasi 3Dimensional “Sand Transport” is used, which
determines the transport of non-cohesive particle (common feature in these high energy sites)
based on both the hydrodynamic conditions and sediment properties [26]. Sediment motion
occurs when the value of the dimensionless bed shear stress (Shields parameter) exceeds a
set threshold value (the critical Shields parameter). Two formulae for sediment transport
rates were examined: Engelund & Fredsge [10] and Van Rijn [12] 13] in equilibrium and non-
equilibrium conditions. In the equilibrium condition sediments react instantaneously with
the flow, whereas in the non-equilibrium condition phase lag effects are included (time to
adapt the concentration profile over the water column). For the change in bed bathymetry
the Exner sediment continuity equation is solved at each timestep using:

—(1—n)%:85’x+%—AS (1)

ot ox oy
where n is the bed porosity, z is the bed level, ¢ is the time, S, is the total load in the x
direction, S, is the total load in the y direction and AS is the sediment sink or source rate.
For equilibrium conditions, the source term is zero, except if lateral sediment supply is
included in the model. If the advection-dispersion equation is considered (non-equilibrium

condition) the source term is defined by:

AS = Dy (ny) ws (¢ — ) (2)

where @ is the unit profile function for the sediment concentration, 7 is the normalised no
slip level above the bed, w, is the settling velocity for suspended sediment, c¢ is the depth
averaged sediment concentration and c. is the depth averaged equilibrium concentration.
Two idealised theoretical channel-bay systems of different length were created, with di-
mensions outlined in Table [Il They are based on a commonly studied benchmark test case
[5] adapted from [27] which is often used for validation of the energy extraction models. The

3



tidal channel is connected to a tidal bay and an open ocean (Fig. On the open ocean
boundary, one meter of tidal amplitude is applied. The model is considered barotropic to

reduce computational time.

Table 1: Geometry of the domains used for the simulations

Domain Length (km) Width (km) Depth(m)
Open Ocean 200 240 200
Tidal Channel 30/60 6 60
Tidal Bay 150 30 100

Bathymetry [m]
Above -15
S30. 18
-45. .30
H0- 48
-75- 80
80 -T5
-105. -50
-120..105
-135.-120
~150 - 138
-185 - -150
N -180 - 185
) -195 - -180
=210 - 185

Figure 1: Bathymetry in the domain and zoom of the mesh for tidal farm cases in the tidal channel

Tidal turbines are represented in MIKE21/3 as a sub-grid object with their influence on
the hydrodynamics based on actuator disc theory. The turbines are modelled as a momentum
sink terms which are related to the thrust exerted by the turbine, method commonly applied
for the study of tidal farm energy extraction [28|, 29] [30, 31, B2, B3]. For each mesh layer
the influence of turbines is modelled by calculating the current induced drag and lift force
on each layer [25]. The effective drag force, F)p and F}, are defined as:

1

Fp = §PQCDA6U§ (3)
1

Fr = §pOéCLAeU§ (4)

where p is the density of water (equal to 1025 kg/m3), « a correction factor (set to 1 in
this study), Cp is the drag coefficient, C, is the lift coefficient, A, is the effective area of
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turbine exposed to current and Up is the upstream current speed. Although this method
could lead to inaccuracies in the near field wake and did not account for detailed design,
it is appropriate for assessing environmental influence on the marine environment [34]. For
the near field, results should be interpreted with caution.

2.2. Validation of the tidal energy extraction model

The short tidal channel for tidal energy extraction modelling was validated by comparing
the 2D MIKE model against results from literature using a 2D Marine and HydroKinetic
software module in Finite Volume Coastal Ocean Model (FVCOM) |27, 5]. The power

generated by the turbines is calculated using:
1 73

where A, is the turbine cross-sectional area and U? is the average of tidal current speed over
a tidal cycle. In this study the turbines face the flow at all time and thus Cp = Cp (thrust
coefficient) and C, = 0. The turbines parameters were based on the dimensions from the
2D (FVCOM) model: Cr was set to 0.5, the diameter of the turbine was set to 10m given
Ay equal to 78.54 m2, and the hub height was set to 10m.

A baseline condition was simulated with no turbine. Five additional cases were then per-
formed corresponding to: one, two, five, six and nine turbines in each cell of the tidal channel
(comprised of a total of 10855 cells in the channel). The simulated extractable power was
then compared with the Yang studies results [27] (data were given in personal communica-
tion, 26/01/19) (Fig[2). Model results were very close to the results of the (FVCOM) model
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Figure 2: Predicted extractable power as a function of number of turbines

[27] with a maximum difference of extractable power less than 5%. This difference may
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occur as the channel here were discretised with a finer unstructured mesh of 10 855 elements
compared to the 1 140 elements in the (FVCOM) model [27|. The results showed that the
maximum tidally extractable power was 2099 MW, in line with the analytical solution of
2004 MW derived using the Eqf] [35, 27]. The model result was only higher of 4% than the
analytical model, which is in the range of +-10% variation prescribed by [35] .

Pmax = Oznganam (6)

where a is the tidal amplitude, g is the gravity acceleration and @), is the maximum
volume flux in the tidal channel with no turbines.

2.3. Formulae for sediment transport rates

For the sediment transport module two formulae were used and tested: Van Rijn (VR)
and Engelund & Fredsge (EF). The bed load formula for each approach is shown in Ap-
pendix A. The major difference between the two methods is the calculation of the bed layer
thickness, the Shields parameter, the exponent applied to input velocity and the calculation
of the friction velocity. EF considers the bed layer thickness equal to twice d50 (median
grain size), whereas Van Rijn uses the saltation height with a minimum of twice d50. The
Shields parameter 6, is always constant for EF but varying upon D, (dimensionless particle
parameter) in VR formulae and so depending on the grain size. In this study d50 is con-
stant, so 6, is equal to 0.044 in the tidal channel (depth=60m) for VR equations. Different
ranges of exponents are applied to the input velocity for Sy: 1 for EF, 4.1 for VR. The
approach to calculate the friction velocity are both functions of v, h and d50 but with a
different constant. The influence of these differences in the sediment transport equations is
investigated in this work.

2.4. Model Set up

All models were run for 4 days of simulation time (with an additional 12h spin up to avoid
any start up transients) with a timestep of 600s. The mesh resolution of the domain varied
based on distance to the simulated tidal farm. Near the models boundary elements of up
to 2km were used, with resolution increasing in the channel region, from 180m to 20m (the
size of the turbines). The unstructured meshes resulted in 38602 elements, 19733 nodes for
the small channel (SC) and 50485 elements, 25850 nodes for the long channel (LC) models.
The grain size was constant and set up to 300pm ( median sand) as in [5], based on anterior
modelling studies in these high energetic flow sites [36, 28], 29] and preliminary insitu cores
in Banks Strait, Tasmania. Median sand characterises most of the seafloor of tidal energy
sites [37]. The layer thickness was set up with the default parameter in MIKE (infinite
source of sediment). For 3D simulations the mean velocity component used as an input
for the sediment transport rates can be calculated in two ways: depth-averaged velocity
(DAV) from the hydrodynamic module or derived from the bottom stress value given by the

hydrodynamic module (Eq[7):
V= /7/pcy (7)
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where 73, is the bottom stress value and cy is the drag coefficient. Here the mean velocity is
derived from the bottom stress value. This choice is driven by the conclusion of a previous
study between the two methods where the 3D using bottom stress value better captured the
acceleration near the seabed than the 3D-DAV which was very close to the 2D model (less
than 4% difference [5]). Changes in 3D compared to the 2D setup include the vertical layers
and the bed resistance where the roughness height was used and calculated from Manning’s
number (Eq with kg the roughness height:

25.4
M= (8)

ks

The model domain was decomposed into 19 vertical layers to have more details under the
turbines and near the seabed. For the simulations implemented with turbines, the configu-
ration of a tidal farm of 500 turbines with a spacing about 10 diameters longitudinally as in
[30], and with lines of 50 turbines each were chosen. The parameters for the turbines were
as follows: Ct was set to 0.85, the diameter of the turbine was set to 20m, and the hub
height was set to 17m, as these values are commonly used in the literature and represent
a generic turbine [30, B38]. The tidal farm was centered in the middle of the tidal channel
(Fig. Two experiments were performed in this paper and are summarised in Fig.

Tidal Bay

)

Open Ocean .
Tidal Channel
3000 m ( rT \
0 IE PL
-3000 m A&
i /

Tidal

Farm 30 000(SC)
60 000(LC)

(m)

Figure 3: Domain schematisation (not to scale) with the location of longitudinal profile PL and transversal
profile PT

3. Results and Discussion

Simulations were performed comparing the influence of spatial extent and sediment trans-
port formulae with pure current only.
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Figure 4: Flow chart of the several simulations

3.1. Spatial extent : effects on sediment dynamics

Simulations were performed in 2D and 3D in both channels with currents as the only
dominating hydrodynamic forcing. The Van Rijn formula with equilibrium condition was
chosen for the calculation of sediment transport rates. Examination of results found differ-
ences in bed level changes along a longitudinal profile (location on Fig between the two
models as shown in Fig[5
In the small channel the difference between 2D and 3D was significant at the location of
the tidal farm: with differences found of 1.56m for 3D against 0.48m for 2D when compared
to the baseline case. The average difference along the profile PL. was 0.19m and it reached
0.56m inside the tidal farm with a maximum of 1.80m. The variations in bed levels between
the 2D and 3D were reduced away from the tidal farm and were disturbed at the boundaries
of the tidal channel by the open ocean and the tidal bay, as seen around value 50 and 450
in Fig. The major difference in bed level change was in the tidal farm region up to +/-
1.5m difference found, reducing to 10mm 9km from the tidal farm. The channel boundaries
influence the far field effect in the small channel that is why a longer channel was also stud-
ied.

The longer channel results in lower current speeds and reduced variations in the bed level
change compared to the small channel. At the location of the tidal farm the trends in the
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bed level change were the same as those in the small channel, however at the boundaries
of the tidal channel the variations between 2D /3D were negligible. This is shown in Fig.@
where the far field average difference is 0.37mm between the 2D and 3D models. For both
the small and long channel the 3D model captures more information on the flow around
the tidal farm than the 2D model due to the vertical resolution of the 3D model. Greater
sediments accumulation was found in the 3D tidal farm model and a new zone of erosion
appeared at the extremity of the farm as a result of the better capture of the flow acceler-
ation near the seabed at the approach of the turbines (Fig. To assess the influence of a
tidal farm in the far field, the long channel is recommended for any future baseline sediment
studies.

Small Channel Long Channel

15- 772D 15H 2D
“|—3D —3D

1

0.5

Bed Level Change (m)

Bed Level Change (m)
(=]

I L 1 I . 1 I R ) ) . :
0 50 100 150 200 250 300 350 400 450 500 "o 100 200 300 400 500 600 700 800
PL PL

Figure 5: Comparison of bed level changes for 2D/3D simulation with tidal farm (T=4 days) for PL (
location on Fig

The 2D simulation was 9 times faster than the 3D model, with run times being faster by
almost a factor of 10 (11h in 2D compared to 100 hours in 3D). Although a 2D hydrodynamic
model is commonly applied for sediment transport modelling, most of the information about
the vertical structure of the flow is lost in the depth-averaging process. A 3D model, though
more complex and CPU intensive, simulates the vertical distribution of currents in the water
column needed to model sediment dynamics and for simulating underwater structures. For
a preliminary environmental assessment of a potential site for tidal energy, the authors
recommend that 2D modelling approaches are suitable given both the reduced computational
cost and the fact that differences between the 2D and 3D models become negligible far away
from the tidal farm. However, to examine near field results, 3D models are required which
is in accordance with the statement of [39] for smaller scale. The influence of the tidal farm
on bed level change is localised at the vicinity of the tidal farm and extend up to 9km from
the array. These results are similar to realistic cases: using 2D modelling, Robins [29] found
that the influence of the tidal turbines will be comparable to the natural variability for the
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Figure 6: Comparison of bed level changes determined by 3D and 2D simulations of a tidal farm (T=4 days)
in long channel with Van Rijn formula.

dynamic of sediments 10km from the array for the Skerries in the Irish Sea and, Haverson
[38] in Ramsey Sound observed that the influence of energy extraction on bed shear stress
will not occur beyond 12km from the tidal farm.

3.2. Sediment transport formulae

3.2.1. Equilibrium conditions 2D/3D

The performances of two sediment formulae: Van Rijn (VR) [12, 13] and Engelund &
Fredsge (EF) [10] with equilibrium conditions have been analysed in the small channel.
Simulation results for the baseline case found larger difference in bed level change between
VR and EF models: an average difference of 92mm for PL in 2D and 62mm for 3D (Fig. [7).
The comparison of the bed level after 4 days revealed a significant difference between the
two models around the location of the tidal farm, with the EF Equilibrium model showing
a very rough bed level compared to VR Equilibrium where the mesh is refined. The EF
Equilibrium model was less stable and more sensitive to the mesh density. The current speed
mean values for the EF Equilibrium baseline case were approximately 1% higher than that
found in the VR Equilibrium baseline case.
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Figure 7: Comparison of bed level changes for Small Channel Baseline and Tidal Farm for PL at T=4 days
at Equilibrium conditions

For simulations with the tidal farm, the average difference of bed level change for PL
profile in 2D was 109mm (199mm for the profile PT) and in 3D 292mm for PL with an
average of 1m difference in the tidal farm (Fig@. The VR Equilibrium model found less
erosion at the top and bottom of the tidal farm and inside the tidal farm when compared to
the EF Equilibrium model results for both 2D and 3D (Fig. . The discrepancy between
the two formulae was found to be larger when comparing results obtained from 3D models.
Between each line of turbines, a zone of erosion appeared in the EF model. Bed level change
factors of an average of 2 were found in the far field, with changes of up to 6 inside the tidal
farm, with the EF Equilibrium model predicting increased accretion and erosion in the tidal
farm region when compared to the VR model. The statistical mean of current speed in 2D
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Figure 8: Comparison of bed level changes between VR Equilibrium and EF Equilibrium formulae for Small
Channel TF in 2D and 3D at the location of the tidal farm at T=4 days

at the location of the tidal farm showed little differences between the two formulae (Figld).
When EF Equilibrium was used, the current speed was higher at the top and bottom of
the tidal farm, and slightly higher inside the tidal farm. These differences can be explained
by the coupled model HYD-ST, where the morphology of the bed level is included to the
calculation of the hydrodynamic module. A rough bed generates more turbulence and thus
more bed shear stress. The EF Equilibrium model results for the baseline appeared to be
influenced by the mesh size as shown in Fig[7] suggesting that it overestimates bed level
change at the location of the tidal farm.

Simulations were also performed with a coarser mesh (100 m and 500 m) in the tidal farm
to examine the influence of mesh density on the bed level change. The results of the 2D and
3D EF Equilibrium baseline models showed a mesh dependency between mesh resolution
and bed level change. The authors therefore conclude that the equilibrium approach with
EF formulae is not suitable for tidal turbine sediment studies, as it appears to be highly
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influenced by mesh resolution.
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Figure 9: Comparison of Statistical mean Current speed for the Small Channel TF in 2D at the location of
the tidal farm in Equilibrium mode for VR and EF showing slight differences

3.2.2. Non-Equilibrium condition 2D/3D

As the EF Equilibrium models’ predictions of bed level change were found to be highly
mesh dependent, the Non-Equilibrium condition was also tested in the small channel to
determine if this approach was as equally dependent on mesh size.

Simulation results for the baseline 2D model with EF Non-Equilibrium formulae showed
different results when compared to EF Equilibrium, with the Non-Equilibrium approach
more stable and not dependent on the mesh size (Fig. For VR simulations including a
tidal farm, the difference between equilibrium and non-equilibrium was not significant, with
differences of approximately 15mm along profile PL in 2D and 72mm in 3D (Fig. The
3D VR Equilibrium model was found to slightly overestimate the bed level change when
compared to the VR Non-Equilibrium model with an average height difference in the tidal
farm of 0.24m, a result not found in the 2D model. Considering the advection/diffusion of
the suspended sediment, the non-equilibrium approach tends to deposit less sediment on the
bed at the location of the tidal farm as expected.

In the non-equilibrium mode models with tidal farm, comparisons between the two for-
mulae showed higher rates of bed level change for the EF Non-Equilibrium formula. Results
along the profile PL revealed an increase in accretion and erosion inside the tidal farm
for the EF Non-Equilibrium. The average difference of bed level changes between the two
formulae along the profile PL was 100mm and 191mm for the profile PT in 2D. In 3D,
the values along the profile PL. were similar with 93mm of average difference based on the
mean current speed at the bottom layer being 1% higher for EF Non-equilibrium, gener-
ating slightly higher bed load rates (Fig. The analysis of current speed time-series in
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2D and 3D for each model revealed similar disparity for a point inside the tidal farm: 0.6%
for 2D and 1.11% for 3D (Fig[12)). The actual sediment concentration in the water column
is higher than the equilibrium concentration for the EF Non-Equilibrium model compared
to the VR Non-Equilibrium model allowing more sediment deposition inside the tidal farm.
The EF Non-Equilibrium formulae generated the largest bed level change inside the tidal
farm. Soulsby [97] showed that there is a factor of 2 between the results of different sediment
transport formula, and there can be uncertainty of sediment transport rates up to a factor
of 5 [20]. Here for the non-equilibrium conditions in 3D the factor reveal a difference factor
of about 1.9 for the total load transport rates and 1.4 for bed level changes, illustrating the
degree of uncertainty in determining sediment transport rates.

VR NE m EF NE

Statistical mean : Current
speed [m/'s]

Il ~bove 13516
I 1.3339-1.3516
[ 1.3163-1.3339
[ 1.2987-1.3162
[ 1.2810-1.2987
1.2634-1.2810
] 1.2457-1.2634
I 1.2281-1.2457
I 12105 - 12281
] 1.1928 - 1.2108
B 1.1752-1.1928
B 1 1575-1.1752
I 11399 - 11575
B 1122311399
I 11046 - 1.1223
B Beow 11046

14000 14500 15000 15500 16000 16500

17000 17500 18000 14000 14500 15000 15500 16000 16500 17000 17500 18000
m [m)

Figure 11: Mean current speed for the bottom layer in each model
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Figure 13: Difference of bed level changes between several tidal range for Small Channel TF at PL at T=4
days in non-equilibrium conditions in 2D

Further tests were conducted in 2D including the implementation of a tidal farm for
different tide ranges (0.25m, 0.5m, 0.75m, 0.85m, 1.25m, 1m and 1.5m) to investigate the
impact of the two sediment transport models at different current speeds. Bed level changes
for the EF Non-Equilibrium formulae were usually lower than for the VR Non-Equilibrium
formulae when the current speeds were smaller than 1.54m/s (Figl[l3)). The value of bed
level change was similar for both formulae for current speeds equal to 1.54m/s with the
tidal range of 0.75m. However, when current speeds were higher than 1.78m/s, the EF
Non-Equilibrium model reported an increased bed level change almost three times higher
than the VR Non-Equilibrium value (Fig.. Additional simulations were carried out with
finer grain sizes (d5o=400, 500pm): the results were similar, above a current speed threshold
the EF formulae generated a large difference in the value of bed level changes. The VR
Non-Equilibrium formulae exhibited smaller changes with all of the simulated tidal ranges
compared to results discussed in [I9]. This suggests that the VR Non-Equilibrium model has
a lesser dependency on velocity and grain size than the EF Non-Equilibrium. The EF Non-
Equilibrium models were very sensitive to current speed changes leading to very high values
of bed level changes for high current velocities. The simulations in these studies reinforce the
assumption that VR formulae are considered best practice and reveal that the EF formulae
are more sensitive to basic physical properties than the VR formulae. This analysis highlights
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Figure 14: Average of bed level changes for PL at T=4 days against Mean current speed in tidal channel
for SC TF

the uncertainty between the different formulae and underlines the importance of evaluating
sediment transport formulae on the basis of field data before making a choice of the approach
to model sediment transport.

3.2.8. Summary

In 2D models, smaller differences have been observed for VR formulae between equilib-
rium and non-equilibrium conditions. The 3D model reveals that in equilibrium condition,
the VR formula tend to have higher sediment transport rates in the tidal farm compared to
the non-equilibrium one. In the equilibrium model sediments react instantly with the flow,
whereas in the condition of non-equilibrium a lag time effect is introduced with the actual
conditions. With non-equilibrium conditions the bed level change is linked to the difference
between the removal rate of sediment into the current and the accumulation of sediment
on the seafloor. The simulation with equilibrium conditions fails to take the time lag into
account and might overestimate sediment transport rates, which is reproduced in the MIKE
model. The computational costs of the different approaches for 2D are listed in Table [2]
and show that the non-equilibrium condition runs are slightly slower for both formulae. The
authors recommend that the non-equilibrium condition is relevant to evaluate morphological
changes in high energy tidal sites, even with a slightly higher computational cost. A closer
look at the bottom layer in the 3D models showed that near bed velocities were reduced
to 7.33 % in the simulations including the implementation of a tidal farm compared to the
baseline model of the VR Non-Equilibrium formula (Fig.. The layer considered was just
above the seabed and below the rotor plane of tidal turbines. This reduction is an impor-
tant fact which could lead to significant change for the morphological change, especially for
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Figure 15: Comparison of Mean Current speed between VR Non-Equilibrium baseline and VR Non-
Equilibrium TF for the layer just above the seabed.

sandbanks as indicated by [40].

Table 2: Computational costs of the different approaches in 2D for 1 day simulation period

Equilibrium  Non-Equilibrium
EF VR EF VR

Length of Run for 4h 4h 4h25 4h10
1 day simulation period

The MIKE 21/3 model for combined waves and current is based on the approach of
Engelund & Fredsge where bed load transport is estimated from the instantaneous Shields
parameter with the Engelund & Fredsge formulae and suspended load transport is derived
from Fredsoe et al. [41]. A first analysis of bed load transport formula has been performed
here in a simplified environment (using only current as hydrodynamic forcing), showing that
caution should be taken to use this formula in the combined wave & current mode in future
studies. The findings of this paper will contribute to understand the performance of the
model in a potential candidate site for tidal energy conversion, e.g. Banks Strait, Tasmania.
The model results presented here will also help to develop a 2D model for far field and a
3D model for near field simulation for this real-world scenario, allowing the analysis of the
influence of tidal farms on sediment and hydrodynamics properties. The advantage of an
idealised model is the presentation of a wide range of simplified assumptions necessary to
understand the complex phenomena of sediment dynamics. It is an important step before
applying the model to real-world conditions with more complex model parameters such as
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bathymetry or coastlines. The studied configuration is idealized and has several limitations:
firstly, the channel is greatly simplified as it has no complex bathymetry and exhibits only
a uniform sediment grain size and due to unstructured mesh, the domain is not perfectly
symmetric. Secondly, the use of an artificial channel only allows a comparison of the state
before and after varying the parameters. Thirdly the use of only one layout for the array is
simplified to observe the response to the sediment dynamics with the same geometry in a
very idealized configuration. The optimization of the arrays is out of the scope of this study.
Finally, as [30] mentioned in his studies MIKE3 has not been used for sediment transport
models in tidal energy sites. These results should be interpreted with caution and future
work in lab experiments or real-world case simulations compared to field data would be
useful. To the knowledge of the authors no sediment transport model has been validated in
tidal energy sites given the difficulty of measuring sediment transport and therefore lack of
sediment data.

4. Conclusion

2D and 3D models were used to simulate the influence of a tidal farm on the bed level
change in small and long idealised channels. Equilibrium and non-equilibrium conditions
were also tested on two sediment transport formulae: Engelund & Fredsge and Van Rijn.
This benchmark shows that 2D model gives similar results as 3D model for sediment dy-
namics in far field and the influence of energy extraction will not extend beyond 9km of
the tidal farm. The authors recommend that 2D modelling approaches are suitable for a
preliminary environmental assessment of promising tidal energy sites given both the reduced
computational cost and the negligible difference with 3D modelling. However, to have more
insight in the near field 3D model are required. In this benchmark the long channel is less
sensitive to channel boundaries and should be used for any future baseline sediment work
in the far field.

Vigilance should be applied when studying morphodynamic changes due to a tidal farm,
as this work has found that different sediment transport formulae lead to significant differ-
ences in bed level change predictions, with a difference of 1.4 found between Engelund &
Fredsge and Van Riijn models. However, despite these differences in the magnitude of bed
level changes, the main residual transport circulation was largely unaffected by the choices of
the formula. The Engelund & Fredsge in equilibrium condition was considered unstable due
to mesh dependency and in non-equilibrium condition was sensitive to changes in current
speed, suggesting small errors in this parameter could lead to significant error in bed level
change prediction. Additionally, the Engelund & Fredsge formulae may not be suitable for
high energetic sites given the results for strong currents compared to Van Rijn formulae that
seems to run more stable. The first priority for tidal developers when assessing environmen-
tal impact is thus to have a well calibrated hydrodynamic model to reduce the uncertainty
on a possible error in the current speed, and if possible to have field data to evaluate the
sediment transport formulae.

This study is the first step of the larger project to examine the influence of a tidal farm in
Banks Strait, Tasmania. The future hydrodynamic and sediment transport model developed

19



will be calibrated and validated by in situ data (acoustic doppler current profiler, multibeam
and sub-bottom data) collected by the AUSTEn project.
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A. Sediment Transport formulae

The bed load formula for each approach is shown in Table A.1 and suspended load formula
in Table [A.2] . The following symbols are applied: s Relative density of the sediment, C
Chezy number, V' Velocity, h Water depth, g Acceleration of gravity, dso Median grain size, d
Grain diameter, v Kinematic viscosity, for VR c0 is the concentration corresponding to firm
packing of the sediment and for EF 14 is equal to 0.51(=tan27, dynamic friction coefficient).

Table A.1: Bed load formulae VR and EF

Van Rijn Engelund Fredsge
Bed Load Sy = 0053 /(s — 1)g - dZy) Sy = 5p- (\/9’ — 0.7\/97) G- Dgd,
1
(s=1)g\ AN
Parameters D, = dx ( — g) p= |1+ (6?7(;0) .0 >0,
ulf 2 , u?
T= (ufc) -1 0 = (s—1)gdso
Effective and critical Use = 1/0c(s — 1)gdso
. . . ;o ﬁ _ \/57 o 7
friction velocity uy =VE VISZOQ% uy o)
' 2h
C" = 18log (dso)
0. (Shields Parameter) Following a variation as a function of D, [26] Constant equal to 0.05
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Table A.2: Suspended load formulae VR and EF

Van Rijn Engelund Fredsge

Suspended Sa = fcaVh Sq=c,Vh fnlo u(n)c(n)dn
Load

ug > 4= for D, < 10
Conditions

us > 04ws for D, > 10
Parameters f — (%)Z_(%)LQ cp = 0.331(9_96)1.75

1

1+ 00.?4361 (9_90)1.75

u(n) = % In (%)

- l.5 _ o \?
Ca = 0.015 - ol c(n) = (1_7772 . m)
To = €XPp (770 —1- %)
o B 0.01h i
Saltation height a max( 9ds ) a 3
Rouse Number 7 = B:;f + — ;;Zsf

‘ ; 08 / 04
Correction p=73 (W) <CO>
factors
Equilibrium Following a variation as Ce = %s - 108
Concentration a function of Z and ¢, [26]

Fall Velocity

1/2 2\ /2
Ws = v/ g<8 - 1)d ((% + g(s—l)d3> o <9(§El)dd) >
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