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Figure 2.1.2 Morphological patterns of Western Scheldt estuary

= b
Figure 2.1.3 Bathymetry of 2001 of Western scheldt estuary including mouth area
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2.2 Channels, shoals and cells

The Scheldt estuary can be subdivided into a series of macro-cells (Deltares, 2011). Each
cell consists of meandering tidal channels with decreasing dimensions in landward direction.
The lateral boundaries are formed by dikes. The tidal channels show a regular pattern of main
flood and main ebb channels (primary and secondary channels).

The type of tidal flow (flood-dominated or ebb-dominated) is presented in Table 2.2.1. The
maximum flow velocities during flood and ebb tide (mean tide) are taken from the DELFT3D-
model for Scheldt estuary (see Section 4.3). Generally, the flood tide enters through the
more shallow channels (mean depths of 10 to 15 m) and leaves through the deeper channels
(mean depths of 15 to 20 m with respect to MSL). The main ebb channels are deepest and
form the navigation route to the Port of Antwerp. The main flood channels generally are
shallower than the main ebb channels. Shallow areas (sills) are found at the seaward side of
the ebb channels and at the landward side of the flood channels. Along the banks smaller,
former main, channels can be found (marginal channels). Various connecting (tertiary)
channels are present between the parallel main flood and ebb channels.

The sediment in the Scheldt estuary mainly consists of medium fine sand in the channels (0.2
to 0.4 mm sand) and fine sand on the shoals (0.05 to 0.2 mm sand). The percentage of mud
(< 0.03 mm) is rather small (< 10%) in the main channels. Alongside the estuarine margins, at
the intertidal areas and salt marshes, the percentage of mud is much larger.

The Scheldt estuary can be subdivided into a series of macro-cells (Deltares, 2011), as
follows (see Figure 2.2.1):

macro-cell 1+2 with channels around tidal flats Hooge Platen;

macro-cell 3 with channels around tidal flat Middelgat;

macro-cell 4 with channels around tidal flats Platen van Ossenisse;

macro-cell 5 with channels around tidal flats Platen van Valkenisse;

macro-cell 6+7 with channels north of Verdonken land van Saeftinge.

arLdOE

Both the total area of intertidal shoals (roughly above -2 m NAP) and the subtidal zone
(roughly between -5 m and -2 m NAP) have decreased substantially (about 20% to 30%) over
the period 1950 to 2000 in the western part of the estuary.

Substantial dredging at the sill locations is required to maintain the required depth of the main
navigation route to Antwerp (Belgium). Mean annual dredging volumes have gradually
increased from about 4 to 5 Mm? per year in the 1960’s to about 10 Mm? per year around
2000 to accomodate the passage of larger vessels to the Port of Antwerp (Deltares, 2004).

The sills were deepened again in the period 1997-1998 (second deepening campaign).
Recent morphological changes after the second deepening of the navigation route (1997-
1998) have been reported by Rijkswaterstaat 2006 (MOVE final report, RIKZ,
Rijkswaterstaat).

The initial dredging volume in the period 1997-1998 was about 7.5 million m® over a total area
of 7.5 km? (about 7% of the total tidal channel area (about 100 km?) of the Scheldt estuary
between Vlissingen and Bath). The total deepening was about 1 m (3 feet).

The dredged material was dumped in the secondary channels of the western part and in the
middle part of the estuary.

6 of 73 Tidal Phenomena in the Scheldt Estuary, part 2
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Analysis of the morphological data in the period 1998 to 2005 (after the second deeepening
campaign) shows:

« the total dredging volume east of Vlissingen is about 11 Mm?® per year between 1999
and 2002 which decreases to about 7.5 Mm? per year in 2005, which is less than the
dredging volume before the second deepening campaign (about 9.5 Mm? per year); sill
dredging is reduced from about 6.5 Mm® per year before the second deepening
campaign 1997 to about 5 Mm? per year after the second deepening campaign 1998
(opposite to the estimated increase of the sill dredging volume);

e the area and volume of the main channels have increased;

¢ the area and volume of the secondary channels have decreased substantially in the
western part of the estuary;

¢ the total surface area of shallow water (subtidal zone) between -5 m and -2 m NAP has
not changed;

¢ the surface area and volume of the shoals (intertidal zone above low water -2 m NAP)
have decreased in the western and in the middle part of the estuary;

« the total sand mining volume was about 2 Mm? per year (within allowed limits).

Tidal Phenomena in the Scheldt Estuary, part 2 7 of 73
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Figure 2.2.1  Macro cells of the Scheldt estuary
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Table 2.2.1 Dimensions of Channels, Scheldt estuary
(depth values based on bathymetry 1998; velocities based on DELFT-model)
Cell Channel Type of Width | Length | Mean | Maximum Maximum
channel depth | flow vel. flow vel.
below | Flood Ebb
NAP
B(m) |L(m) h(m) | U (m/s) u (m/s)
1 Oostgat ebb-dom. 500 3000 15-20 | 0.7-0.9 0.8-1.0
Wielingen flood-dom. 2000 6000 15-30 | 1.1-1.3 1.0-1.2
2 Honte ebb-dom. 700 6000 20-40 | 1.2-1.4 1.2-1.4
Schaar Spijkerplaat flood-dom. 500 3000 10-20 | 1.0-1.2 0.8-1.0
Geul zuid Hoofdplaat | flood-dom. 200 6000 10-20 | 0.9-1.1 0.7-0.9
Drempel Borssele ebb-dom 300 2000 15-20 | 0.8-1.0 0.7-0.9
3 Everingen flood-dom. 700 6000 20-30 [1.2-14 1.2-1.4
Drempel Baarland flood-dom. 300 2000 10-15 | 1.0-1.2 1.0-1.2
Zuid-Everingen ebb-dom. 300 3000 10-15 | 0.7-0.9 0.8-1.0
Straatje Willem flood-dom. 300 2000 7-10 [0.9-1.1 0.8-1.0
Pas van Terneuzen ebb-dom. 700 6000 20-35 [1.2-14 1.2-1.4
4 Middelgat ebb-dom. 500 7000 20-30 | 1.0-1.2 1.0-1.2
Put van Hansweert ebb-dom. 500 2000 20-40 [1.2-1.4 1.2-1.4
Gat van Ossenisse flood-dom. 700 4000 20-25 [1.2-1.4 1.2-1.4
Overloop Hansweert | flood-dom. 500 4000 15-25 | 1.2-1.4 1.2-1.4
Schaar Ossenisse flood-dom. 200 3000 7-10 [ 0.7-0.9 0.7-0.9
Zuidergat ebb-dom. 500 6000 15-25 [ 1.2-14 1.2-1.4
Drempel Hansweert ebb-dom 300 2000 15-20 | 0.8-1.0 0.8-1.0
5 Schaar van Waarde flood-dom. 300 2000 10-15 | 0.9-1.1 0.7-0.9
Schaar Valkenisse flood-dom. 300 3000 10-15 | 1.0-1.2 0.8-1.0
Bocht Walsoorden ebb-dom. 400 3000 15-20 | 1.0-1.2 1.0-1.2
6+7 Nauw van Bath ebb-dom. 300 3000 15-20 [ 1.2-14 1.2-1.4
Overloop Valkenisse | ebb-dom 700 5000 15-20 |[1.2-14 1.0-1.2
Pas Rilland ebb-dom 400 4000 15-20 [ 1.2-14 1.2-1.4
Drempel Bath ebb-dom. 300 1500 15-20 | 1.0-1.2 1.0-1.2
Drempel Valkenisse ebb-dom. 300 1500 15-20 | 1.0-1.2 1.0-1.2
Rilland-Liefkenshoek | ebb-dom 300 7000 10-15 | 0.9-1.1 0.9-1.1

Figure 2.2.2 shows the widths (B) and the width-averaged depths (h) below MSL and the
areas (A) of the cross-sections based on Savenije (2005). The cross-sectional areas (A)
follow a very regular decreasing exponential curve with a converging length scale of about
La= 28 km. The width reduction in landward direction shows more variability. The width-
averaged depth below MSL fluctuates around a constant value of about 10.5 m up to Antwerp
at 110 km from the mouth (sea boundary). The depths are larger at locations where the
widths are smaller.

Tidal Phenomena in the Scheldt Estuary, part 2
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Figure 2.2.3 shows the widths (B) and the width-averaged depths (h) below MSL and the
areas (A) of the cross-sections based on the bathymetry of 1998 as used in the Delft2DH-
model of DELTARES. The locations of the cross-sections and the cross-section profiles are
shown in Appendix A.

The results of Figure 2.2.3 are similar to those of Figure 2.2.2. The width represents the total
width of the channel (width of shoals and flats above MSL has been subtracted from total
width). The converging length scale of the cross-sectional area over 100 km is about 26 km
and that of the width is about 28 km. The width-averaged depth (to MSL) fluctuates around
the value of 10 m up to Antwerp (Belgium).
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Figure 2.2.2 Width-averaged depth (h), width (B) and cross-sectional area (A) as function
of distance to the sea boundary (west of Vlissingen), Scheldt estuary
(Savenije, 2005)
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Figure 2.2.3 Width-averaged depth, width and cross-sectional area as function of distance
to the sea boundary (Westkapelle), Scheldt estuary (Deltares 2011)
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Tidal computations

Basic tidal phenomena in Scheldt estuary

The fluid motion in a tidal wave is governed by external forces (water surface slope, wind
forces, Coriolis forces), internal forces (boundary friction) and inertial forces (acceleration and
deceleration). Basically, inertial forces are apparent forces defined as the product of mass
and acceleration and can be seen as the apparent resistance of the fluid mass against
temporal changes in movement.
In deep, unbound water a tidal wave will propagate as a single progressive harmonic wave
(forward moving wave without phase shift between water levels and velocities). Near coasts
the propagation of the tidal wave is affected by the following processes:

e reflection,

¢ amplification (funneling and shoaling),

e deformation,

e damping.

The tidal wave in the Scheldt estuary includes all of these basic phenomena.

Figure 3.1.1 shows instantaneous water surface profiles during mean tidal conditions at
various times after HW in Vlissingen (Pieters, 2002). The HW and LW contour curves of
spring, mean and neap tides are also shown.

The tidal ranges at Vlissingen are approximately: 3.0m during neap tide
3.7m during mean tide,
45m during springtide.

The tidal ranges at Antwerp are approximately: 45m during neap tide,
53m during mean tide,
6.0m during springtide.

The water surface profiles along the Scheldt estuary show the basic features of a single
progressive wave. The tidal wave propagates landward while amplifying and deforming. The
tidal wave is amplified between Vlissingen and Antwerp (increase of tidal range) and is
damped landward of Antwerp where the water depth decreases rapidly (rapid increase of
boundary friction). The tidal wave also deforms (steepening of the wave front) due to larger
water depths under the crest.

The tidal wave in the Scheldt estuary is not a single progressive wave (which has no phase
shift between horizontal and vertical tide). The horizontal tide (velocity) runs ahead of the
vertical tide by about 2 hours. As a standing wave system has a phase shift of 3 hours, this
may suggest that reflection plays a significant role in the Scheldt estuary. Jay (1991) and Van
Rijn (2011b,c) have shown that a progressive tidal wave in a converging channel (funnel-type
channel) may mimic a standing wave by having a phase difference close to 3 hours between
the tidal velocities and the tidal elevations and a very large wave speed. This behaviour is
enforced by the very gradual, but systematic reduction of the flow width in landward direction
(flow convergence) causing continuous reflection. As such the tidal signal in a convergent
estuary will always consist of an incoming and an outgoing wave.

Tidal Phenomena in the Scheldt Estuary, part 2 11 of 73



1204410-000-ZKS-0001, 19 October 2011, final

Figures 3.1.2 and 3.1.3 show the historical development of the HW, LW lines and the tidal
range along the Scheldt estuary (based on Pieters, 2002). The amplification of the tidal range
landward of Hansweert (40 km) increases systematically since 1950. The maximum value
increases from about 1.2 to 1.4 (15% increase). The location of maximum amplification has

shifted landwards from 60 km to 95 km.
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Figure 3.1.1 Water surface profiles in Scheldt estuary and Scheldt river (Pieters,2002)
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Figure 3.1.2 HW and LW lines along Scheldt estuary; 1888 to 1990 (Pieters, 2002)
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1. Reflection

Reflection is herein defined as wave propagation opposite to the incoming wave motion due
to the presence of a change of the depth and/or width. Reflection is one of the most
important wave phenomena near coasts and in estuaries. Full reflection will occur in a closed-
end channel.

Partial reflection will occur if the depth and width of the cross-section become smaller abruptly
(narrowing of the cross-section). If a local sill (relatively shallow section) and/or a local
constriction are present, the water level upstream of this location (seaward during flood and
landward during ebb) will build up to overcome the extra flow resistance at this location. This
backwater effect will propagate upstream (seaward during flood), which can be interpreted as
partial reflection of the tidal wave.

A long wave is partly reflected when it propagates abruptly from a wide and deep prismatic
section (b; and h;) into a narrow and shallow prismatic section (b, and h;). The transmitted
wave length L, = ¢, T is reduced in the narrow and shallow section, because c; is reduced (T
remains constant). Thus, L, < L;. The reflected wave interferes with the incoming wave
resulting in a composite wave. The transmitted wave in the shallow section has a shorter
length but a larger height than the incident wave (known as shoaling).

The reflection factor for a sudden change of the cross-section can be crudely expressed as:

v = (baCy cosg,)/(bicicose;) with b = flow width, ¢ = wave speed, ¢ = phase shift between
horizontal and vertical tide (Van Rijn, 2011b, Pieters, 2002).

The ratio of the reflected wave height and the original incoming wave height in prismatic
channels is crudely given by: H/Hi=(1—y)/(1+y).

Using h; = hy and b,/b; = 0.5, this yields: H/Hi= (1-y)/(1+y) = 0.3.

Thus, if the width of the narrow prismatic section is 50% of the width of the wide prismatic
section, the reflected wave height is about 30% of the incoming wave height. Hence, the
composite (incoming plus reflected) wave height increases considerably.

Standing waves are generated in the case of total reflection against a vertical boundary.
Resonance may occur if the channel length is of the same order of magnitude as a quarter of
the tidal wave length (L¢hanne= 0.25 Lyave)-

Pieters (2002) stresses the importance of partial reflection of the tidal wave due to abrupt
local changes of cross-sections of the Scheldt estuary. According to Pieters (2002), the
reflection effects amount to about 20% to 30% of the tidal range at Vlissingen.

Pieters (2002) makes the following remarks:

e an abrupt change of the cross-section (abrupt depth and width changes) influences the
tidal wave propagation on the incoming side of the wave; the reflected wave interferes
with the incoming wave resulting in a larger wave height (positive reflection) on both
sides of the cross-section involved (pages p 28, 33, 24);

e the discharge is about 75° degrees ahead of the water surface level elevation (page
67), which means that the tidal wave strongly deviates from a progressive tidal wave
and that substantial reflection occurs (phase lead is 90° in standing wave system);

e dredging of the Overloop van Hansweert-channel has resulted in larger depths and
smaller local flow velocities which both lead to reduced flow resistance and less
damping of the tide (page 72);

o over the length of the Scheldt estuary and the Lower Scheldt river (Beneden-Schelde),
the phase difference between the tidal velocity and the tidal water level elevation has
increased in the period 1965 to 1995, suggesting a further shift towards a standing
wave system which is consistent with the increase of the tide.

14 of 73 Tidal Phenomena in the Scheldt Estuary, part 2
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Various dredging campaigns have been executed in the last 30 years to widen and deepen
the navigation channel to Antwerp. During this period the tidal range has increased
substantially, see Figures 3.1.2 and 3.1.3 (based on Pieters, 2002).

In the perception of Pieters the widening and deepening effects will result in less partial
reflection effects and hence a smaller tidal range. On the other hand the widening and
deepening will also result in less damping (less friction). Given the observed increase of the
tidal range in the Scheldt estuary, the reduced frictional effects seem to be dominant.

2. Amplification (funneling and shoaling)

Funneling is herein defined as the increase of the wave height due to the gradual decrease
of the width of the system.

Shoaling is herein defined as the increase of the wave height due to the gradual decrease of
the depth of the system.

Both processes lead to landward amplification of the wave height (tidal range) in convergent
channels (decreasing width and depth in landward direction) and is an important
phenomenon in estuaries where the depth and the width are gradually decreasing.

The principle of tidal wave amplification can be easily understood by considering the wave
energy flux equation, which is known as Green’s law (1837). The total energy of a sinusoidal
tidal wave per unit length is equal to E = 0.125pg bH? with b= width of channel, H = wave
height. The propagation velocity of a sinusoidal wave is given by: c,= (gh,)®® with h,= water
depth. Assuming that there is no reflection and no loss of energy (due to bottom friction), the
energy flux is constant resulting in: EqCo = Ey Cx 0or Hy/Ho=(by/bo) - (hy/ho) 2.

Thus, the tidal wave height Hy increases for decreasing width and depth.

The wave length L= ¢, T will decrease if ¢, decreases for decreasing depth resulting in a
shorter and higher wave (Figure 3.1.4).

A strongly converging channel will lead to a large phase shift (70° to 85°) between the velocity
curve and the water surface curve (Van Rijn, 2011a,b,c). The apparent wave speed will also
increase. In the case of a standing wave system the phase shift is 90° and the apparent
wave speed is infinite.

The sinusoidal water level curve and the velocity curve of the tidal wave at any location within
a converging channel can be subdivided (splitted) into an ingoing (landward) progressive tidal
wave and an outgoing (seaward) progressive tidal wave. Both the ingoing and outgoing
progressive (frictionless) waves are assumed to travel with wave speed c,= (gh)"°.

It is valid that: d = Qin * Jout

N = Nin + Nout
It is also valid: Qin = Co Min and Qout = — Co Nout
This yields: g= Co Min — Co Nout

Nin =q/Co + Nout and Nout = _q/Co + Nin

Thus: N = (9/Co + Mout) + Nout = G/Co+ 2Nout OF Mour= 0.5 (M—0/Co)
M = Min + (=0/Co + Min) = — 0/Co+ 21in OF  Min = 0.5 (M+0/Cy)

with: n= tidal water level elevation and g= tidal discharge per unit width.

Tidal Phenomena in the Scheldt Estuary, part 2 15 0of 73
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If the values of g (=U h) and n are known as function of time, the values of n;, and no, can be
determined as function of time from g (=U h) and n.

Using the linearized momentum equations, an analytical solution of g (=uh) and n can be
derived for a converging tidal channel with an exponential planform and constant depth (Van
Rijn, 2011a,b,c).

Figures 3.1.5A,B show the velocity and water level curve at x= 100 km and at the mouth (x=
0 km) in a channel with exponentially decreasing width (length= 180 km, width at mouth b=
25 km, converging length scale Ly= 25 km, with depth of h=10 m) based on the analytical
model for an exponential planform. The computed phase lead of the velocity curve (dashed
black curve) with respect to the water level curve (black curve) is 76° or 2.6 hours.

Using Equations (3.6) and (3.7), the water level curve (black curve) at x= 100 km is splitted
into an ingoing tidal wave (blue curve) with amplitude 1= 1.8 m and an outgoing tidal wave
(red curve) with amplitude 7 o= 1.53 m (=85% of amplitude of incoming wave), both travelling
with c,.

The water level curve (black curve) at x= 0 km is splitted into an ingoing tidal wave (blue
curve) with amplitude 1= 1.2 m and an outgoing tidal wave (red curve) with amplitude 7 o=

1.05 m (=85% of amplitude of incoming wave), both travelling with c,. Thus, at the seaward
boundary the tidal wave also consists of a reflected wave.

Using this analysis method, the outgoing wave can be seen as a reflected wave produced by
the converging planform of the estuary.

5
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Figure 3.1.5A Water level and velocity in converging channel; ingoing and outgoing water
level curves, at x= 100 km from mouth
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Figure 3.1.5B Water level and velocity in converging channel; ingoing and outgoing water
level curves, at mouth x= 0 km

3. Deformation

A harmonic wave propagating from deep water to shallow water cannot remain harmonic
(sinusoidal) due to the decreasing water depth. Furthermore, the water depth (h) varies along
the wave profile. The water depth is largest under the wave crest and smallest under the
wave trough. As the propagation velocity is proportional to h®°, the wave crest will propagate
faster than the wave trough, and the wave shape will change which is known as deformation
(Figure 3.1.4). The wave is then no longer a smooth sinusoidal wave; the tidal high water
becomes a sharply peaked event and low water is a long flat event. The deformed wave
profile (wave skewness) can be described by additional sinusoidal components known as
higher harmonics of the basic wave. Bottom friction and shoaling will also lead to wave
deformation. Bore-type asymmetric waves can only be described by higher harmonics if a
phase shift is introduced between the base wave and the higher harmonic wave.

4. Damping

Friction between the flowing water and the bottom causes a loss of energy and as a result the
wave height will be reduced (energy = H2L). These effects may be relatively important in the
landward part of the estuary where the channels are smaller and relatively shallow. Small
changes of the channel width and depth may have relatively large effects on the tidal wave
propagation in this part of the estuary (see also Pieters, 2002). Dredging of channels in this
eastern part of the estuary will have a different effect on tidal wave propagation than dredging
of channels in the mouth region.

Generally, frictional losses are quadratically related to the mean velocity. Using quadratic
(non-linear) friction, the equations of motion and continuity can only be solved numerically.
Using linear friction, analytical solutions can be obtained. According to the energy principle of
Lorentz, the total energy dissipation in a tidal cycle is the same for both linearized and quadratic
friction.
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Using linear friction and a constant water depth, the wave height (tidal range) will decrease
exponentially during propagation in a prismatic channel (Figure 3.1.4).

Non-linearity of the friction term (bottom friction ~ U2 or U|U|) generates higher frequency
components than the basic frequency w of a tidal wave (w = 211/T).

Analytical and numerical simulations of tidal flow in converging channels

Numerical and analytical models
In this study both numerical and analytical models have been used.

The 1D numerical model can simulate the real pattern of width and depth variations taking all
terms of the momentum equation and quadratic friction into account, but lateral flows and 3D
effects are excluded.

Analytical models can be derived by neglecting the convective acceleration term and
assuming linear properties of the momentum equation, linear friction, constant depth (to MSL)
and a prismatic or exponential planform of the estuary.

In an earlier study Van Rijn (2011a,b,c) has shown that the tidal range in the Scheldt estuary
can be simulated by an analytical solution method for converging channels neglecting wave
reflection at the closed channel end. Using this analytical approach, the (funnel-type)
planform of the estuary is represented by an exponential curve based on b = b, exp(x/Lp) with
b= width of estuary, b,= width at mouth and L,= converging length scale, x= longitudinal
coordinate (negative in landward direction). The cross-sections of the Scheldt estuary have
been schematized into rectangular profiles with constant depth h,.

It may be argued whether the rather irregular pattern of the tidal channels can be represented
sufficiently accurate by using a 1D model approach, as bend effects are not taken into
account. Basically, this requires a 3D model approach which is beyond the present scope of
research. However, in essence the Scheldt estuary consists of primary and secondary tidal
channels with gradually decreasing dimensions in landward direction. Sills/shoals are present
at various locations, but nature deals with these constrictions by flow diversion (lateral flows)
from primary to secondary channels.

The analytical model can only deal with exponentially decreasing widths based on rectangular
cross-sections. The cross-sectional area of parallel primary and secondary channels should
be combined to one channel cross-section. Therefore, this type of model can only represent
the basic trends caused by gradual geometrical convergence and frictional damping.

In the case of a compound cross-section consisting of a main channel and tidal flats it may
be assumed that the flow over the tidal flats is of minor importance and only contributes to the
tidal storage. The discharge is conveyed through the main channel. This can to some extent
be represented by using co= (g het)®> with heir = Ac/bs = onhe and o = Ad/(bs he) = (be/bs) he=
(be/bs) ho, Ac= area of main channel (= b. he= bchy), he = ho= depth of main channel, b=
width of main channel and bs= surface width.

The transfer of momentum from the main flow to the flow over the tidal flats can be seen as
additional drag exerted on the main flow (by shear stresses in the side planes between the
main channel and the tidal flats). This effect can be included crudely by increasing the friction
in the main channel.
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If the hydraulic radius (R) is used to compute the friction parameters (m and C) and the wave
propagation depth (hef= R), the tidal wave propagation in a compound channel will be similar
to that in a rectangular channel with the same cross-section A.

The tidal wave propagation in the Scheldt estuary can also be simulated by using the four-pole
method (Verspuy 1985, Pieters, 2002, Van Rijn, 2011b). This method is based on a
combination of the incoming wave and the reflected wave. Using this approach, the estuary is
schematized into series of prismatic sections, each with constant width and depth, see Figure
3.2.1. The water level and discharge at the end of each section are used as boundary
conditions at the entrance of the next section. The computation goes from section to section in
landward direction. In each new section a new incoming and reflected wave is computed based
on the section parameters. The method has been employed to the Scheldt estuary by Pieters
(2002). His results show the generation of a reflected wave with an amplitude of about 1 m in
the Scheldt estuary, which is approximately constant along the estuary. The phase shift
between the incoming and reflected wave is about 65° at the mouth decreasing to about 30° at
the end of the estuary. The phase shift of the velocity and water level curve at the mouth of the
estuary is assumed to be 70° (input parameter derived by calibration)

The major drawback of this method is that the convergence (shoaling) process within each
prismatic channel section is neglected. The tide will be damped exponentially due to bottom
friction along each prismatic section length. To correct for the absence of convergence, an
apparent reflected wave has to be introduced. So channel convergence is replaced by wave
reflection at each abrupt transition in channel section. Another deficiency is that the phase lead
between the vertical and the horizontal tide is not part of the solution, but has to be known
(input value) from measured data, otherwise no solution is possible. Pieters (2002) has fitted
this value to get the best overall results along the estuary. Finally, the method is not really
predictive as the phase shift between the vertical and the horizontal tide is unknown for future
scenarios with changed channel characteristics (channel depth and width changes).

Figure 3.2.1 Schematization of estuary planform in fourpole-method

Effect of water depth on tidal range

To demonstrate the applicability of the analytical model for a converging estuary, the tidal
range of spring tide (H, = 4.2 m, T= 12 hours) has been computed along a converging
estuary (Figure 3.2.2) with a length of 180 km, the width at the mouth is b,= 25 km, the
converging length scale is L,=25 km, the width at the end of the channel is b= 20 m, the water
depth to MSL is h,= 10 m (width-averaged depth), the bed roughness is ks= 0.05 m (Manning
coefficient n = 0.024; Pieters (2002) has used n = 0.025). The channel is closed at the end
(Q;= 0 m%s). The dimensions of this flow system are broadly similar to those of the Scheldt
estuary and Scheldt river (Van Rijn, 2011a). The computed tidal range values of the
analytical model (neglecting reflection at the closed end) are shown in Figure 3.2.3.
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Figure 3.2.2 Planform of estuary; width along estuary
(total length= 180 km, depth=constant)

The results of the numerical 1D model of Deltares (including reflection) are also shown for
this case with constant depth. The tidal range values of the numerical 1D model are
systematically smaller (10% to 15%) as this model is based on quadratic friction, whereas the
analytical model is based on linear friction. Using a larger bed roughness of ks= 0.1 m in
stead of ks= 0.05 m, the results of the analytical model are in very good agreement with those
of the numerical model. Measured tidal range values (springtide) up to Antwerp are in
reasonable agreement (within 5% to 10%) with the results of both models. Measured tidal
range values landward of Antwerp are not shown as the real water depths in the Scheldt river
are much smaller than the constant water depth of 10 m used in this computation.

Figure 3.2.4 shows the ratio of the tidal range at x= 90 km and that at the mouth (x= 0 km) as
a function of the water depth using both models. The water depth values have been varied in
the range of 5 to 100 m. The results of the analytical and numerical models are in good
agreement.

Tidal damping occurs for water depth values smaller than about 7 m due to the dominant
effect of friction.

Tidal amplification occurs for water depths larger than about 7 m due to dominant funneling
effect (decrease of width). The amplification effect is maximum for a water depth of about 12
m. The tidal amplification reduces again for water depths larger than 12 m. Tidal amplification
approaches 1 for very large depths (> 50 m). In that case the wave speed is very large and
the length of the tidal wave is much larger (L=cT) than the channel length resulting in an
almost horizontal water surface moving up and down, see Figures 3.2.5 and 3.2.6 showing
water surface profiles at HW and LW.
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Water surface profiles at High Water and Low Water ( mouth);

h=5, 10 and 15 m (yellow colour); length= 180 km
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Figure 3.2.6

Water surface profiles at High Water and Low Water ( mouth);

h= 20, 30 and 75 m (yellow colour); length= 180 km
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According to the analytical model, the tidal range in a converging channel is described by:
H,= H, [e (—0-5B+H)X]

with: x= longitudinal coordinate (negative in landward direction), p=1/L,= convergence
coefficient, L,= convergence length scale (= 25 km), b,= 25 km, p = friction coefficient.

Tidal damping occurs for (-0.58+u) >0 or 0.5 < p.
Tidal amplification occurs occurs for (-0.5p+u) <0 or 0.58 > p.

The values of 0.58 and p for water depths in the range of 5 to 100 m are given in Table 3.2.1.
Both coefficients are about equal for a water depth of about 7 m. Damping dominates for
water depths smaller than about 7 m and amplification dominates for water depths in the
range of 7 to 25 m. The amplification effect gradually reduces for larger depths. The values of

Table 3.2.1 also show that both coefficients become equal again for very large depths. In the
case of a very deep channel the wave propagation velocity is very large and hence a very
long wave is present (L= cT). The wave length is then much larger than the channel length
and the wave will act as a standing wave with a horizontal surface (almost no friction due to
large depth and small velocities) moving up and down. This has been verified by a run with
the 1D-flow model for a converging channel with a length of about 180 km, width at mouth of
25 km, width at end of about 20 m (converging length scale of about 25 km), see Figure 3.2.6
(h= 75 m). The tidal range in the channel was found to be equal to the tidal range at the
mouth at all sections (except in the end section where reflection occurred).

Table 3.2.1 Friction and convergence coefficients (Lp= 25 km, ks= 0.05 m)

Water depth Coefficient Coefficient Peak tidal
h 0.5B=0.5/L,, n velocity at mouth
]
(m) ) ) (m/s)
5 2.0107 2.89 10~ 1.07
7 2.0107 2.04 107 0.98
8 2.0107 1.82 107 0.94
10 2.0107 1.60 10 0.82
12 2.0107 1.57 107 0.70
15 2.0107 1.62 107 0.56
20 2.0107 1.71 10 0.41
25 2.0107 1.77 107 0.32
50 2.0107 1.89 10 0.16
100 2.0107 1.95 10 0.08
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Effect of planform schematizations on tidal range

1. Schematization of landward river section

The numerical 1D-model has been used to analyse the effect of width and depth variations in
the most landward section (landward of x= 90 km) of the Scheldt estuary and Scheldt river
system. The width at the mouth is b,= 25 km. The convergence length scale is L,= 25 km.
The total length is 180 km. The landward end is closed (no river inflow).

Four schematizations have been applied (see Figure 3.2.7):

Schematization A: exponential width variation between mouth at x= 0 km and x= 180
km (width at end= 20 m based on L,= 25 km; Figure 3.2.2); water
depth= 10 m;

Schematization B: exponential width variation between mouth and x= 90 km (width at
90 km= 630 m based on L,= 25 km); constant width= 630 m
between 90 and 180 km; water depth= 10 m;

Schematization C: exponential width variation between mouth and x= 90 km (width at
90 km= 630 m based on L,= 25 km); width reduction from 630 m to
100 m between x=90 km and x= 115 km; constant width= 100 m
between 115 and 180 km; constant water depth= 10 m;

Schematization D: exponential width variation between mouth and x= 90 km (width at
90 km= 630 m based on Ly,= 25 km), water depth= 10 m; width
reduction from 630 m to 100 m between x=90 km and x= 115 km;
constant width= 100 m between 115 and 180 km; water depth=5 m
between 115 and 180 km.

I |
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:SEA Cand D ilOOm A ] LAND
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1
/ x= 90 km T x= 180 km
1

Figure 3.2.7 Schematizations

Figure 3.2.8 shows the computed tidal range values of springtide conditions (mouth: H,= 4.2
m, T= 12 hours). Measured tidal range values up to Melle in Belgium are also shown.

The convergence effect is maximum in Schematization A with an exponential width decrease
up to the end of the flow system. The tidal range values up to station Bath based on the
numerical model results are slightly too small compared to measured data. In this part of the
estuary the widths according to the exponential planform are somewhat too small. The
channel near Bath (Nauw van Bath) is relatively narrow. If the width is kept constant to
bgo= 630 m after 90 km (schematization B), the tidal range drops consideraby due to the
bottom friction effects up to 160 km. Landward of 160 km the tidal range increases again due
to reflection against the closed land boundary.
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If the width is reduced between 90 and 115 km from 630 m tot 100 m and kept constant at
100 m beyond 115 km (schematization C), the tidal range drops much less. Reflection effects
can be seen over the last 20 km.

If the water depth is reduced from 10 m between 0 and 90 km to 5 m between 115 and 180
km (Schematization D), the tidal range decreases to realistic values, as measured in Stations
Wichelen and Melle due to the effect of increased bottom friction. More accurate simulations
of the tidal wave propagation requires detailed representation of the geometry of the estuary,
which is beyond the scope of the present study.

These results clearly show the importance of the width convergence resulting in a significant
increase of the tidal range if the width is reduced. A constant width landward of a converging
section leads to decrease of the tidal range in the constant-width section but also in the more
seaward converging section (schematization B).

The results also show that the tidal range in the seaward half of the estuary (x<90 km) is only
affected by schematization B.
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Figure 3.2.8 Measured and computed tidal ranges along Scheldt estuary and river

2. Schematization of flood and ebb channels of Scheldt estuary

The tidal range of the Scheldt estuary can be simulated quite well by the analytical model
using the dimensions of the flood and ebb channels only.

Figure 3.2.9 shows the schematized flow system of the Scheldt estuary. In essence, the flow
system is a two-channel system with primary and secondary channels between the mouth
and section 10 (west of Bath); landward of that section only one dominant channel is present.
Generally, shallow sills/shoals are present at the transitions from primary to secondary
channels, see Figure 3.2.9. Large vessels sail up to Antwerp through the primary navigation
channel.
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Figure 3.2.9 Schematized primary and secondary channels of Scheldt estuary

Table 3.2.2 Dimensions of schematized primary and secondary channels of Scheldt

estuary
Cross-section Dis Schematization E Schematization F
tance Primary Primary Primary Prim. Prim. Prim.
channel channel channel and sec. and sec. and
width depth to area channel channel sec.
NAP width depth to channel
NAP area
km) | (m) (m) (m?) (m) (m) (m?)
1 Sea 0 2500 15 37500 5000 10-15 50000
2 Vlissingen-West 12 1500 25 22500 3000 10-25 30000
3 Vlissingen-Oost 19 700 30 21000 1500 10-30 15000
4 Drempel Borssele 25 400 15-30 6000 1000 10-30 10000
5 Terneuzen 34 500 30 15000 1000 10-30 10000
6 Gat Ossenisse 42 500 25 12500 1000 10-25 10000
7 Middelgat 47 400 25 10000 1000 10-25 10000
8 Hansweert 54 400 25 10000 800 10-25 10000
9 Zuidergat-Schaar 60 300 20 6000 600 10-20 6000
Valkenisse
10 Overloop Valkenisse 66 300 20 6000 500 10-20 5000
11 Bath 71 200 20 4000 400 10-20 4000
12 Rilland 77 200 20 4000 300 10-20 3000
13 Antwerpen 97 150 15 2250 200 10-15 2000
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Two funnel-type channel schematizations have been applied to represent this flow system by
the analytical model (see Table 3.2.2), as follows:

Schematization E:  primary channel
with by,= 2.5 km, L,= 30 km, hy,=12 and 15 m, ks= 0.05m,

Schematization F1: primary and secondary channel
with b,=5 km, Ly=30 km, ho,=12 and 15 m, k= 0.05 m
(cross-sections of parallel channels between Vlissingen and Bath have
been combined into one rectangular cross-section)

Schematization F2: primary and secondary channel
with b,=5 km, Ly=40 km, h,=12 and 15 m, k= 0.05 m
(cross-sections of parallel channels between Vlissingen and Bath have
been combined into one rectangular cross-section)

Figure 3.2.10 shows measured and computed areas of the cross-sections of Table 3.2.2.
The ‘measured’ values are estimates (with accuracy of 30%) of the areas of the cross-
sections of the main tidal channels, see Appendix A. The areas are gradually decreasing in
landward direction and can be represented by exponential functions (A=A, exp(-x/La) with A=
bh= area of cross-section, A,= area at mouth, La=L,=convergence length scale = 30 to 40 km,
h= water depth to MSL=constant).

Schematization E focusing on the primary (navigation) channel includes several narrow
cross-sections at Stations 4, 6, 8, 10 and 11 with minimum depths of about 15 m below NAP
(=MSL). Shoals/sills are present at these locations. The water depth at these sills is kept at
about 15 m below MSL by dredging. The water depths of the tidal channels on the seaward
and landward sides of the sills are much larger up to 30 m (see Table 3.2.2). For example,
the local width at the Borssele sill (Station 4) is about 400 m yielding a cross-sectional area of
about 6000 m?, which is much smaller than the available areas just upstream (about 20000
m? at Station 3) and downstream (about 15000 m? at Station 5) of the sill location (Station 4).
Hence, this sill location may easily give rise to some (partial) reflection of the tidal wave.
However, part of the flow will be diverted through the secondary channel (Everingen) between
Stations 4 and 6 compensating the reflection effect.

Schematization F includes both the primary and secondary channels. Cross-sections of the
parallel primary and secondary channels between Vlissingen and Bath have been combined
into one rectangular cross-section. The primary channel refers to the main navigation
channel.

Figure 3.2.11 shows measured and computed tidal range values between the mouth (sea
boundary) and Antwerp. The results of Schematization F1 are not schown as they are almost
identical to those of E. Thus, an increase of the width only (keeping the depth and
convergence length the same) has not much effect on the results. All schematizations yield
amplification of the tidal range. The simulations E and F1 yield amplification of the tidal range
in landward direction in reasonable agreement with the measured values due to the
convergence (funneling) effect. The results of schematization F2 show a smaller amplification
effect for a smaller water depth of 12 m and a larger convergence length of 40 km. The effect
of the water depth is much larger for a convergence length of 40 km than for a convergence
length of 30 km
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Similar computations have been made for the Section Hansweert-Antwerpen only with length
of about 45 km using the tidal range, peak tidal velocity and flow width computed at
Hansweert as new boundary conditions (based on Schematization E; primary channel and
boundary conditions at sea). The computed tidal range at Antwerpen was found to be within
3% of that for Schematization E with boundary conditions at sea (both for a depth of 12 m and
15 m; Ly= 30 km; the width at sea is 2500 m; the width reduces from 550 m at Hansweert to
about 125 m at Antwerpen).

Based on these results, it can be concluded that realistic amplification values are obtained
using the dimensions of the dominant tidal channels only (channel width at mouth of 2.5 to 5
km, minimum water depth of 12 to 15 m and convergence length scales of 30 to 40 km). The
water depth and the convergence length are most important parameters.
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Figure 3.2.10 Measured and computed areas of cross-sections along channel;
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Figure 3.2.11 Measured and computed tidal range values along tidal channel;
Scheldt estuary
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3.2.4 Effect of abrupt changes of cross-section on tidal range

The presence of abrupt changes of local cross-sections may cause partial reflection and
deformation of the tidal wave resulting in a significant change of the tidal range along the
estuary. This can only be studied by using the 1D numerical model.

Two types of estuaries are considered: prismatic estuary and converging estuary.

Prismatic estuary

The estuary has a length of 180 km and a width (b) of 1 km. The estuary is closed at the end
with no river inflow. The depth (h) is 20 m below MSL and the bottom roughnes is ks= 0.05 m.
The tidal range at the mouth is 4.2 m and the tidal period is T= 12 hours.

The following cases are defined (see Figure 3.2.12):

Case A:

Case B:

Case C:

Case D:
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straight, prismatic channel without sills and narrows

two short sills are present at 35 km and at 70 km from the sea; the horizontal sill
bottom is set at at -10 m below MSL (cross-section reduction of 50%); the slopes
of the sill have a length of 3 km; the horizontal middle section of each sill has a
length of 3 km (total length of two sills is 18 km; 10% of total estuary length; total
reduction of cross-section is 50%).

two narrow sections are present at 35 km and at 70 km from the sea; the length
of the narrow middle section is 3 km; the length of the inflow and outflow section
also is 3 km (total length of two narrows of 18 km; 10% of total length of estuary);
the width of the narrow section is set at 50% of the original width over length of 3
km in the middle (total reduction of cross-section is 50%).

two sills and two narrow sections are present at 35 km and at 70 km from the
sea; the horizontal sill bottom is set at respectively at -10 m below MSL (water
depth reduction of 50%; the length of the inflow and outflow section also is 3 km;
total length of 18 km; 10% of total length of estuary); the width of the narrow
section is set at 50% of the original width over length of 3 km in the middle (total
reduction of cross-section is 75%).
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