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Abstract

The report gives a description of the combined application of a physical scale model and various
numerical models to assess the effect of a Current Deflecting Wall (CDW) on the rate of exchange
of water between river and harbour (or access channel) and consequently on siltation. The physical
model is a slightly distorted model (with vertical and horizontal scales of 150 and 300), which
includes a section of the Beneden Zeeschelde in Belgium. The model takes into account the effects
due to tidal filling, horizontal entrainment and density currents resulting from salinity differences.
Calibration of the model was done on the basis of variations of water levels, velocities and salinities
on the river near the access channel. The boundary conditions of the physical scale model were
derived from an overall two-dimensional (depth-averaged) numerical model as well as from a
three-dimensional model, which was nested in the overall model. The benefits of a CDW for the
Beneden Zeeschelde, as determined from the model tests, will be described elsewhere. To describe
adequately the three-dimensional flow, as induced by a CDW, numerical models needed to be
extended with proper process formulations and newly developed numerical schematisation
techniques. These were implemented in DELFT3D and relate to: (i) a fixed layer schematisation of
the numerical grid in vertical direction, (ii) inclusion of a non-hydrostatic pressure distribution and
(iii) application of a smooth boundary approximation. Comparison with results from the physical
scale model will have to indicate the potentials and limitations of numerical modelling in these
matters. Vice versa, the numerical scale model allows the assessment of possible scale effects of the
physical model due to the distortion and relatively low Reynolds numbers (viscosity). The approach
thus combines the strong points of both modelling approaches and offers the opportunity to develop
and validate numerical models for complicated three-dimensional flow phenomena.
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Executive Summary

Accumulation of sediment in harbour basins and access channels forms a practical problem for
managing authorities of ports in the world. Dumping in the environment poses negative side-effects
and the storage of polluted sediments in depots is not always an option. Therefore there is a
universal need to seek for solutions that combat siltation of harbours and channels at a more
fundamental level. The application of passive devices, such as the construction of a Current
Deflecting Wall (CDW), offers promising prospects to achieve a permanent reduction of net
siltation. This report describes a hybrid approach on the design of a CDW for the maritime access
of the Port of Antwerp, located along the Beneden Zeeschelde in Belgium. The approach consists of
the set-up of fools, which are capable to arrive at such a design. Distinction is made between
physical scale models and numerical models and the purpose of this report is to discuss the
capabilities and limitations of these models in these matters and to demonstrate how, through their
combined effort, an additional value is obtained.

The sedimentation rate in a semi-enclosed water body, which is in open connection with coastal
water, estuary or river, is governed by the mutual exchange of water due to tidal action, horizontal
entrainment and density currents (following from spatial differences of temperature, salinity or
suspended sediment concentration). The resulting three-dimensional flow pattern may be
influenced by a CDW in such a way that the rate of water exchange is decreased. A reduction of the
resulting sediment import into the harbour or channel is accomplished through (i) a diversion of
high concentration, near-bed suspensions from the harbour entrance, (ii) a decrease in the strength
of the mixing layer, (iii) a diversion of the mixing layer away from the harbour mouth and (iv) the
generation of a helical flow pattern in the harbour mouth. Experiences with an actually built
prototype for the Kohlfleet harbour in Hamburg (tidal, homogeneous conditions) and fundamental
research for a schematised estuarine harbour show that reductions in the exchange flow rate of 30-
50% can be achieved.

Research on the optimum design of a CDW requires an accurate reproduction of the relevant, three-
dimensional processes. Based on previous experiences, the application of a physical scale model is
still considered to be the most suitable research tool to arrive at reliable answers. This has led to the
construction of a physical scale model in the Tidal Flume of WL | Delft Hydraulics encompassing a
section of the Beneden Zeeschelde and a planned access channel for which siltation-reducing
measures need to be studied. The large-scale hydrodynamic processes are characterised by tidal
flow with a tidal range of 4 m, an annual-mean river discharge of 110 m’/s and gravity-driven flow.
Salinities vary strongly with the tide and the river run-off. Suspended sediment concentrations are
generally limited to several hundreds mg/l, however near-bed concentrations can be considerably
larger. Local sedimentation rates, as observed in access channels, amount several meters per year.

The physical scale model takes into account the large-scale hydrodynamic processes, including
gravity-driven flow due to salinity differences between sea and river water. Due to practical
constraints the model employs different vertical and horizontal length scales, 150 and 300
respectively. This implies a distortion factor of 2, which is still acceptable to reproduce the local
three-dimensional flow. The model was calibrated against field data, aiming at a correct
reproduction of the vertical and horizontal tide and salinity variation at the river near the location of
the future access channel.

WL | Delft Hydraulics i
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Comparison with results from the physical scale model will indicate the potentials and limitations
of numerical modelling in these matters. Vice versa, the numerical scale model allows the
assessment of possible scale effects of the physical model due to the distortion and relatively low
Reynolds numbers (viscosity). The approach thus combines the strong points of both modelling
approaches and offers the unique opportunity to develop and validate numerical models for
complicated three-dimensional flow phenomena.
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Slufter depot and LJsseloog depot.

Sketch of Current Deflecting Wall for homogeneous flow conditions.

Schematic helical flow pattern in entrance during flood, with CDW present (non-

homogeneous flow conditions).

Current Deflecting Wall in entrance of the Kohlfleet harbour.

Annual siltation in the Kohlfleet harbour without and with CDW.

Plan view of Parkhafen, Kohlfleet and river Elbe and modelled area.

Dispersion of dye in the Parkhafen 700 s after start of dye injection upstream of

the harbour entrance during flood.

CDW-SILL system in the Delft Tidal Flume for non-homogeneous conditions.
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Density currents in entrance of channel as visualised with dye.
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Overall Scheldt estuary model and detail for Beneden Zeeschelde with Tidal

Flume.

Vertical computational grid of z-coordinate model and the —model.

Characteristic salinity distribution (side view) of the front of the gravity current

for the non-hydrostatic and hydrostatic model.

Exchange flow, observed and computed.
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was achieved (Christiansen and Kirby, 1991, Winterwerp et al, 1994, Kirby, 2001). Further
investigations were carried out in The Netherlands through basic research in the Delft Tidal
Flume within the framework of the European LIP programme. Through the establishment of
the Dutch foundation ANTI-SLIB studies were sponsored and co-ordinated to arrive at
feasible solutions for the reduction of siltation in small-scale enterprises, like marinas.

1.2 Objective of the study

The potential of siltation-reducing measures with passive devices, such as a Current
Deflecting Wall, is nowadays stimulating research programmes for specific harbour
geometries. Currently, an extensive project is being carried out by Delft Hydraulics for the
Beneden Zeeschelde in Belgium. The aim of the project is to arrive at an optimum design
for a CDW to minimise siltation of entrance channels of harbour docks in the Port of
Antwerp. The underlying processes for sedimentation are complicated, and the assessment
of the efficiency of a CDW requires the application of advanced, state-of-the-art, research
tools. Until recently, only physical scale models were capable to address these types of
managerial questions. Recent, and on-going, developments allow the application of
numerical models in these matters. This offers the opportunity to combine the strong points
of both modelling approaches.

It is therefore the objective of this report:

e to describe the capabilities and limitations of both modelling approaches in addressing
the aforementioned research issues and

e to demonstrate how, through their combined effort, additional value to the design of a
CDW is obtained.

1.3 Contents of the report

In Chapter 2 the various mechanisms are described responsible for the net import of
sediment into harbours. Distinction is made between stagnant water systems (shallow lakes),
rivers, tidal rivers and coastal areas and estuarine systems (Winterwerp, 2003). Additionally,
mitigating measures are discussed in relation to their effect on the siltation processes and the
experiences gained so far with these (passive) devices. Chapter 3 focuses on the specific
conditions for the Beneden Zeeschelde and the on-going research to guarantee the
accessibility of the Port of Antwerp. The modelling approach is described in general terms
in Chapter 4, addressing (i) the use of a physical scale model, (ii) the necessary extension
and utilisation of numerical models and (iii) their combined application. This is elaborated
in more detail in Chapter 5 where, for the physical model, the scaling laws and resulting
spatial and time scales are derived taking into account practical constraints for the
construction of the model. Numerical models should describe adequately the dominant
water exchange processes and avoid that results are biased by numerical artefacts. This is
also addressed in Chapter 5. Conclusions of the study are presented in Chapter 6.

WL | Delft Hydraulics | —2
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1.4 Relation with Delft Cluster

The project follows closely the objectives of Delft Cluster, aiming at fundamental research
in the field of hydraulic engineering. The added-value of Delft Cluster to the project is (i)
that processes are studied in a more fundamental way, (ii) that existing tools and techniques
are made operational and (iii) that they are further improved and validated on the basis of
laboratory and field measurements. In this way the product of the project is generic, thus
strengthening the competitive position of The Netherlands in consultancy projects on
siltation-reducing methods for harbours and access channels along coasts and rivers.

WL | Delft Hydraulics | —3
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2  Siltation-reducing measures

2.1 Water-exchange processes

The attention is focused on the transport of fine suspended sediment. By a variety of
mechanisms water will enter the harbour basin and the sediment, carried by the water, is
allowed to settle because of the relatively low velocities in the harbour. Thus, although the
net flux of water through the harbour entrance is nil', there will be a net import of sediment
into the harbour. The siltation rate F depends on the total volume of exchanged water over a
certain period of time (rate of exchange Q), the sediment properties (especially the settling
velocity) and the characteristics of the harbour geometry (volume and surface area). The
combined effect of the sediment properties and harbour geometry for a specific harbour
basin can be described by the trapping efficiency p, so that the siltation rate is given by:

F'S =pc, Q 2.1
where ¢, is the suspended sediment concentration of the ambient water (Winterwerp, 2003).

The rate of exchange of water (J between a harbour basin and its environment may be
governed by a number of processes:

I. exchange flow by horizontal entrainment (mixing layer) Q,,

II. exchange flow by tidal filling Q,,

III. exchange flow by fresh-salt driven density currents Q,

IV. exchange flow by warm-cold driven density currents (7, and

V. exchange flow by sediment-induced density currents (s,

In some cases also navigation may play a role. Ships, sailing past a harbour basin, induce
outflow of that basin through the local acceleration of the flow in the channel, followed by
an inflow after passage. The water exchange cannot be reduced through constructional
measures, although regulations with respect to sailing speed and sailing distance from the
harbour mouth may be effective.

Exchange flow by horizontal entrainment

The horizontal exchange of water results from velocity differences between the river and the
harbour. Along the harbour entrance, starting from the upstream corner where flow
instabilities and separation occurs, a plane mixing layer originates, consisting of river water
and water from the harbour. The rate of growth of the mixing layer is given by:

0,=f AU, (2.2)

! After averaging over a long enough period and assuming that no discharge in, or withdrawal of
water from, the harbour takes place.

WL | Delft Hydraulics 2—
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where f, is the exchange coefficient which depends on the harbour mouth configuration and
the local flow conditions, A is the cross-sectional area of the harbour entrance and Uy is the

velocity of the river flow. Typical values for f, range between 0.005 and 0.05 (Winterwerp,
2003).

The flow interferes with the downstream geometry of the harbour basin, giving rise to the
existence of eddies in the harbour. Depending on the topography of the harbour one or more
eddies may develop. It is remarked here that the shape of the harbour at the downstream side
of the entrance, where the flow encounters the rigid wall at the so-called stagnation point, is
of great importance and also affects the flow inside the harbour. The line connecting the
upstream separation point and the downstream stagnation point is the dividing ‘streamline’,
where the flow velocity is the average of the harbour and river water. In the mixing zone the
flow velocity gradually varies from a low value, representing the velocity inside the harbour,
towards the velocity of the river water outside the mixing zone. The sediment concentration
in the mixing zone will be the result of the mixing between the river and harbour water.

Exchange flow by tidal filling

The exchange flow rate by tidal filling Q; can be computed in a straightforward manner if
tidal elevations and basin surface area are known. It is noted that the effects of tidal filling
and entrainment cannot simply be added, as the mixing layer will be advected into the
harbour mouth during tidal filling (e.g. Eysink, 1989, Van Rijn, 2003):

0.=(f/m)AU, - 10, = fAU,- f0, (2.3)

where an overbar denotes averaging over the tidal period and UO is the amplitude of the
tidal velocity (Winterwerp, 2003). The coefficient f; amounts to 0.1 — 0.25.

Exchange flow by density currents

The effect of density currents, induced by gradients in salinity or water temperature, on the
exchange flow rate can be significant. Such density currents are not only generated by fresh
or warm water releases in the harbour basin itself, but also in the case of density gradients in
the ambient water (e.2. Eysink, 1989). In particular, the discharge of cooling water within a
harbour basin has a dramatic effect on the exchange flow rate. As a rule of the thumb, this
exchange flow amounts to three to five times the cooling water discharge.

These exchange flow processes have been described extensively in the literature. Only
recently it has been appreciated that already at moderate suspended sediment concentrations,
as low as 100 mg/l, density currents can be induced by the sediment suspension itself.
Winterwerp and Van Kessel (2002) showed that sediment-induced density currents increase
the sediment fluxes into the harbour area of the Port of Rotterdam by at least a factor of
three. A second effect of these sediment-induced density currents is that they augment the
trapping efficiency within the basin.

It is further noted that the effects of Q;, Q4 Q1 and Js can be computed with a reasonable
accuracy with the current generation of three-dimensional numerical hydrodynamic models.

WL | Delft Hydraulics 2—2
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Figure 2.1: Sketch of Current Deflecting Wall for homogeneous flow conditions.
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Only for high river discharges the flood number is larger than 0.1, which implies stratified
salinity conditions. However, also for lower river discharges the river can be stratified
because of the meandering of the river.

3.3 Sediment dynamics

The suspended sediment concentrations vary in time and space due to the non-steady
hydrodynamics (on time-scales of the semi-diurnal tidal cycle, the neap-spring tidal cycle
and the seasons), the horizontal circulations (as induced by the geometry, intertidal areas
etc.) and due to the vertical circulations (resulting from the gravitational flow but also from
river bends). Generally, concentrations in the Beneden Zeeschelde are limited to several
hundreds mg/l. However, near the bed layers with much higher concentrations, ranging
between 1 and 100 g/1, can be present. They are formed during slack water and resuspended
during the subsequent phase of the tide when flow velocities increase. Parts of the high-
concentration layer may survive, especially during neap tide conditions. In that case the
layer will consolidate resulting in a net accumulation of sediment.

Measurements indicate that suspended sediment concentrations are larger during spring tide
conditions than during neap tide conditions (Oosterweel and Prosperpolder). Measurements
near Zandvliet and Oosterweel show that resulting sediment fluxes during spring tide are
three times higher than during neap tide. Concentrations are also higher during winter than
during summer. This is attributed to variations in river discharge (effect on turbidity
maximum, sediment input), temperature (biological activity, flocculation etc.), storm effects
(also on sea resulting in an increase of ambient suspended sediment concentrations) and
land erosion. It is estimated that, on a yearly basis, 10-30 10° ton of sediment mass (mainly
mud) is transported in upstream direction and a comparable amount in downstream
direction.

The turbidity maximum is located upstream of the zone with salinities of several ppt. The
location varies with the river discharge and from measurements it follows that during dry
periods the turbidity maximum can penetrate as far as St. Amands, i.e. 110 km from
Vlissingen. High river discharges cause the turbidity maximum to be shifted in downstream
direction between Prosperpolder and Bath, i.e. 50 km from Vlissingen.

Sedimentation rates have been measured in the access channel to the Kallo sluice, indicating
a net accumulation of 0.014 m/day (or 5 m/year). Similar measurements in- and outside a
sediment trap near the entrance of the Berendrecht sluice show values of 0.04-0.07 m/day
inside the trap and 0.01-0.02 m/day outside. Net sedimentation rates in the navigation
channel are much lower, amounting to 0.002 m/year as based on bathymetric surveys.
Accumulation of wetlands and intertidal areas vary between 0.002 to 0.02 m/year.

WL | Delft Hydraulics 3—3
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The internal Froude number in the prototype and the model should be equal and thus
OF; iernat = 1. From this it follows that the length scales for the water depth and the

longitudinal velocity are related according to:

if the relative density difference napyp is scaled as 1.

(5.4)

The choice for the horizontal length scale np, is based on practical considerations (required
space and costs); for the model ng, = 300 is chosen. In an undistorted model this would result
in a water depth of maximal 20/300 = 0.07 m, which is too small for accurate
measurements. The model is therefore slightly distorted and a vertical scale of 150 is
selected, implying a distortion of 2. With Eq. (5.4) the velocity scale becomes 12.25,
resulting in a time scale n; = n;/n,=300/12.25=24.5. In that case the duration of the semi-
diurnal tide in the model becomes 1830 s. Characteristic values of various parameters for

the prototype and the model are given in Table 5.1.

Parameter Scale Prototype Model
Water depth 150 14-20 m 0.09-0.13 m
Tidal range 150 5.2m 0.035 m
River width 300 400 m 1.3m

Tidal excursion 300 15000 m 50 m
Salinity 1 0-10 ppt 0-10 ppt
Horizontal velocity 12.25 0.9 m/s 0.07 m/s
River discharge 0.55 10° 120 m/s 0.21/s

Tidal period 24.5 12.5 hrs 1830's

Table 5.1: Values of parameters in the prototype and the physical scale model.

With the selected scales it is verified, if turbulence is sufficiently developed and scale effects

due to viscosity can be neglected. The Reynolds number is given by:

Re=M
1%

(5.5)

where u is the horizontal velocity [m/s], & is the water depth [m] and v is the cinematic
viscosity [m”/s]. With the characteristic values of Table 5.1 and v= 10" m%/s, the Reynolds
number amounts 6 10°-9 103, which is sufficiently large for well-developed turbulent flow.

In Figure 5.3a the physical scale model for the Beneden Zeeschelde, close to the future

entrance channel, is shown. A detail, near the project area, is given in Figure 5.3b.
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¢ Reduction of the density difference between the sea and the river and 10%
modifications of river discharge and tidal range.

e Fine tuning of the boundary conditions by slightly changing the phases and
amplitudes.

Final results of the calibration are given in Figure 5.5a (water level), Figure 5.5b (velocity)
and Figure 5.5¢ (salinity). Water level and flow velocity in the Beneden Zeeschelde near the
entrance channel are fairly good reproduced. Figure 5.5¢ shows the realised salinity
variation (coloured dots), the measured salinities in 1995 and 2002 as well as the target
conditions. The coloured dots represent measured values at different positions in vertical
direction (varying between 0 and 7.2 ¢cm below the reference level), indicating the vertical
stratification. For further details reference is made to (van Kessel and Cornelisse, 2003).

Figure 5.6 presents phase-amplitude diagrams for the vertical tide (Figure 5.6a) and the
horizontal tide (Figure 5.6b). The target and realised values for each of the four Fourier-
components are compared (the first component relates to the semi-diurnal tide, the second to
the quarter-diurnal tide etc.). The results show a good correspondence between target and
realised conditions.
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