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PREFACE

Leonardo da Vinci had it right. Flowing water is not only physics in its purest form, it is
a form of art; the art of nature. Flowing water is fascinating. The longer you stare at a
flow, the more of its intricate details become clear. Structure is revealed in what appeared
chaotic and random at first instance. The science behind flowing water is equally fasci-
nating.

The present thesis concludes my PhD research. During the past 5 years I studied an in-
triguing, fundamental fluid mechanical problem with a very clear engineering applica-
tion; that of the interaction between flows with large horizontal velocity differences and
local variability in bed topography. The dynamics of these flows are quite non-intuitive,
even surprising at times. I hope the reader of this thesis may appreciate the beauty of
horizontal shear flows over a streamwise varying bathymetry the same way I did.

Yorick Bryon Broekema
Delft, May 4, 2020.

v
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SUMMARY / SAMENVATTING

SUMMARY

Horizontal shear flows over a streamwise varying bathymetry

Environmental flows in channels, like flows in rivers, estuaries and coastal seas, are of-
ten characterized by velocity differences in transverse direction. Due to the effect of fluid
viscosity, a shear force is exerted between fluid particles travelling at different velocities;
hence, these types of flows are termed horizontal shear flows. Archetypal examples of hor-
izontal shear flows are jets, mixing layers and wakes. Transverse fluid velocity differences
may be induced by, for example, natural or man-made obstructions in the waterway, like
sand bars or hydraulic structures, or result from transverse differences in bed topography.
In addition to topographic variability in the transverse direction, natural waterways are
often characterized by a variable bed topography in streamwise direction as well. Typical
examples are submerged groynes in a river, or local scour holes in the vicinity of hydraulic
structures.

In this thesis, the three-dimensional evolution of horizontal shear flows over a varying
bathymetry in streamwise direction is investigated by means of field observations, lab-
oratory experiments and (idealized) analytical modelling. The motivation to study the
dynamics of these flows stems from ongoing scour development downstream of the East-
ern Scheldt storm surge barrier in the Netherlands. The primary objective of this thesis is
to obtain a fundamental understanding of the principal mechanisms that drive the evolu-
tion of these flows at a streamwise increase in flow depth. Special attention was paid to the
impact of these phenomena on the hydraulic loading on the confining bottom boundary
and the resulting morphological development in case of loose bed material.

An integral characteristic of the flows considered in this thesis is the ratio between the
advective momentum flux and the lateral shear stress. This ratio is a function of the width
of the shear layer with respect to a horizontal length scale, like the length (and thus im-
plicitly, steepness) of the streamwise slope. The field observations and laboratory obser-
vations of horizontal shear flows investigated in this thesisare characterized by different
magnitudes of the ratio between the lateral gradient and horizontal length scale.

Horizontal shear flows over a streamwise varying topography are characterized by a
redistribution of the flow at the location of a downward sloping section. This redistribu-
tion depends on the lateral gradient in streamwise velocity. For a sufficiently steep lateral
gradient the flow at the slope converges in the horizontal plane, whereas for milder lat-
eral gradients the flow diverges in the horizontal plane. The magnitude of the horizontal
convergence is dependent on the increase in flow depth; the conveyance cross section of
the flow elongates in the vertical direction and compresses in the horizontal direction, a
consequence of mass conservation. This dependency may be explained by conservation
of shallow water potential vorticity.

vii
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viii SUMMARY

Conservation of shallow water potential vorticity states that for an inviscid flow with-
out bed-friction effects, vertical vorticity divided by the water depth is constant along a
streamline. For shallow horizontal shear flows vertical vorticity is approximated by the
lateral gradient in streamwise velocity. Thus, an explicit and simple expression relates the
main two components of horizontal shear flows over a streamwise slope to eachother;
(i) a lateral velocity gradient and (ii) an increase in flow depth in streamwise direction. Al-
though the horizontal convergence of the flow is a consistent feature for both the field and
laboratory case, for the field case shallow water potential vorticity was conserved, whereas
for the laboratory experiments this was not the case. For the latter, the ratio between the
lateral gradient and a horizontal length scale was one order of magnitude smaller than for
the former, implying that turbulent losses are of more importance here.

The horizontal convergence of the flow field at the location of the slope is associated
with suppression of vertical flow separation. This feature may be explained by a reduc-
tion of the deceleration at the slope due to the horizontal flow convergence; as a result
the adverse pressure gradient that would normally occur is reduced or even eliminated
and the flow stays attached. Consequently, the flow follows the bed contour even for rela-
tively steep slopes where flow separation is expected under normal conditions. In case of
milder lateral gradients, the flow configuration is more resemblant of a horizontally uni-
form flow. These flows would theoretically show a smaller horizontal convergence, and
thus a smaller reduction of the adverse pressure gradient. As a result, boundary layer sep-
aration occurs once more. In this way, the occurrence of vertical flow separation is linked
to the horizontal flow state; the additional mixing of mass, momentum and energy due to
the presence of a vertical shear layer results in horizontal divergence of the flow.

A spectacular consequence of the presence of considerable transverse shear is the gen-
esis and growth of coherent quasi two-dimensional vortical structures. These dynamic,
turbulent flow features play an important role in the exchange of mass, momentum and
dissolved or suspended matter. As with the mean flow, these are affected by a streamwise
increase in flow depth as well. The presence of a streamwise slope intensifies turbulent
fluctuations in case vertical flow separation is suppressed and the flow converges hori-
zontally. The opposite happens in case of vertical flow separation and horizontal diver-
gence, which is related to the strong reduction in the lateral velocity gradient due to the
divergence.

Intensification of turbulence for horizontally converging flows at a streamwise slope
originates from two sources; (i) vertical, slope induced stretching of vorticity of structures
advected with the mean flow and (ii) additional production of turbulent kinetic energy re-
lated to streamwise acceleration or deceleration of the mean streamwise flow field. The
latter implies an energy transfer mechanism where part of the energy from the mean flow
in the conveyance cross section is transferred towards large-scale perturbations. This pro-
duction term is positive for deceleration and negative for acceleration. The combined ef-
fect of both contributions explains the increase in turbulence intensity of horizontal shear
flows as they evolve over an increase in flow depth.

The occurrence of either one of the flow states at the streamwise slope has large conse-
quences for the bed shear stress exerted by the flow on the bottom. It was experimentally
confirmed that in case of vertical flow attachment and horizontal flow convergence the
bed shear stress is significantly larger than in case of vertical flow separation and horizon-
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SUMMARY ix

tal flow divergence. This has clear implications for morphological development of hori-
zontal shear flows over erodible beds; the dependency of horizontal flow convergence on
the increase in flow depth and the corresponding high bed shear stresses along the slope
imply the existence of a positive feedback loop.

The findings have practical relevance for a wide range of flow problems. An exam-
ple that was emphasized in this thesis is scouring of the bed downstream of hydraulic
structures. For flows downstream of hydraulic structures, lateral nonuniformity is the rule
rather than the exception. Scour is large-scale local erosion near hydraulic structures,
leading to sudden, local changes in bed topography. The findings from this thesis are
therefore perfectly applicable in this field, and were used to explain the ongoing scour de-
velopment downstream of a storm surge barrier in the Netherlands, the Eastern Scheldt
storm surge barrier. Additional experimental observations of erosion under a plane hor-
izontal jet have shown that the expected scour geometry is a function of the ratio of the
lateral velocity gradient and a relevant horizontal length scale, further addressing the im-
portance of this parameter for horizontal shear flows.

The existence of the aforementioned two distinct flow states at a slope (with significant
differences in shear stress on the bottom boundary) has implications for the numerical
modelling of flow problems concerning horizontal shear flows over a streamwise topogra-
phy. The dependency of either of the possible flow states on the upstream flow conditions
requires parameterization of the impact of the development of the flow on the bottom
for two-dimensional horizontal computations. For this, an explicit formulation still has
to be developed that relates the upstream flow field parameters to the expected flow state
at the slope. The findings from this study suggest that the role of large-scale quasi two-
dimensional coherent structures is not always important for morphological development.
The choice of the most relevant turbulence closure model for a given situation may there-
fore be based on an a-priori estimate of the ratio between lateral velocity gradient and a
relevant horizontal length scale.

The results from this thesis may form part of the knowledge base from which design
guidelines or (numerical) design tools for protection against scour around hydraulic struc-
tures are developed. Furthermore, mitigation strategies to limit scour development at
existing structures, like at the Eastern Scheldt storm surge barrier, can be defined based
upon the results of this work.

Y.B. Broekema
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x SAMENVATTING

SAMENVATTING IN HET NEDERLANDS

Horizontale schuifstromen over een stroomwaarste variatie in bodemtopografie

Stromingen in open waterlopen, zoals rivieren, estuaria en kustgebieden zijn natuurlijke
stromen die vaak gekenmerkt worden door de aanwezigheid van snelheidsverschillen in
dwarsrichting. Als gevolg van de viscositeit van de vloeistof wordt een schuifkracht uitge-
oefend tussen deeltjes in de vloeistof die zich met verschillende snelheid voortbewegen;
dit soort stromen worden daarom gedefinieerd als horizontale schuifstromen. Archety-
pen van dit soort stromen zijn stralen, menglagen en zoggen. Snelheidsverschillen van
een stromende vloeistof in dwarsrichting kunnen ontstaan door, bijvoorbeeld, natuurlijke
of door de mens gemaakte obstructies zoals zandbanken of waterbouwkundige kunst-
werken, of ze ontstaan door verschillen in bodemhoogte in dwarsrichting. Naast variatie
van de bodemhoogte in dwarsrichting, zijn natuurlijke waterlopen vaak gekenmerkt door
een variabele bodem topografie in de stroomrichting. Typische voorbeelden zijn verzon-
ken rivierkribben, of lokale erosie van de bodem in de nabijheid van waterbouwkundige
kunstwerken.

In dit proefschrift is de driedimensionale ontwikkeling van horizontale schuifstromen
over een stroomwaartse variatie in bodemtopografie onderzocht door gebruik te maken
van veldobservaties, laboratoriumproeven en geïdealiseerde analytische modellen. De
motivatie om de dynamica van dit type stromingen te bestuderen komt vanuit de door-
gaande ontwikkeling van diepe ontgrondingskuilen benedenstrooms van de Oosterschel-
dekering. Het hoofddoel van dit proefschrift is het verkrijgen van een fundamenteel begrip
van de belangrijkste fysische processen die de ontwikkeling van deze stromingen over een
neerwaartse bodemhelling bepalen. Hierbij werd speciale aandacht geschonken aan de
impact van deze fenomenen op de hydraulische belasting van de stroming op de bodem,
en de resulterende morfologische ontwikkeling in het geval van erodeerbare bodems.

Een overkoepelende eigenschap van de stromingen onderzocht in dit proefschrift is
de verhouding tussen de advectieve momentum flux en de laterale schuifspanning. Deze
verhouding is een functie van de breedte van de menglaag ten opzichte van een relevante
horizontale lengteschaal, zoals de lengte (en dus impliciet, de steilheid) van een stroom-
waartse helling. In dit proefschrift zijn zowel veldobservaties als laboratoriumobservaties
van horizontale schuifstromen onderzocht. Deze worden gekenmerkt door een verschil
in de verhouding tussen de breedte van de menglaag en een kenmerkende horizontale
lengteschaal.

Horizontale schuifstromen over een stroomwaartse variatie in bodemtopografie wor-
den gekenmerkt door een herverdeling van de stroming ter plaatse van de helling. De ma-
nifestatie van deze herverdeling hangt af van de laterale gradiënt in stroomwaartse snel-
heid. Voor een voldoende steilheid van de laterale gradient convergeert de stroming bij
de helling in het horizontale vlak, terwijl voor mildere gradiënten de stroming divergeert
in het horizontale vlak. Hoeveel de stroming convergeert is afhankelijk van de toename in
stroomdiepte; de stroomvoerende doorsnede van de stroming rekt uit in verticale richting
en wordt samengedrukt in dwarsrichting om te voldoen massabehoud. Deze afhankelijk-
heid kan uitgelegd worden met het behoud van potentiële vorticiteit in ondiep water.

Behoud van potentiële vorticiteit in ondiep water stelt dat voor een niet-viskeuze stro-
ming zonder invloed van bodemwrijving, de verticale vorticiteit gedeeld door de water-
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SAMENVATTING xi

diepte constant is langs een stroomlijn. Verticale vorticiteit is voor horizontale schuif-
stromen in ondiep water bij benadering gelijk aan de laterale gradiënt in stroomwaartse
snelheid. Deze behoudswet beschrijft dus een expliciete relatie tussen de twee hoofd-
kenmerken van horizontale schuifstromen over een stroomwaartse helling; (i) de laterale
gradiënt en (ii) de toename in waterdiepte. Het optreden van horizontale convergentie is
een consistent kenmerk voor de stroming in zowel het veld als in het laboratorium. Echter,
voor stroming in het veld was potentiële vorticiteit min of meer behouden, terwijl dit in
het laboratorium niet het geval was. De stroming in de laboratoriumproeven kenmerkte
zich door een kleinere verhouding tussen de laterale gradiënt en een relevante horizontale
lengteschaal, wat een grotere invloed van turbulente verliezen impliceert.

De horizontale convergentie van de stroming ter plaatse van de helling gaat gepaard
met een onderdrukking van verticale loslating van de stroming. Dit effect is een gevolg
van een verminderde vertraging van de stroming over de helling als gevolg van de hori-
zontale convergentie; dit leidt tot een verminderde tegenwerkende drukgradiënt en dus
een intacte grenslaag. Dit heeft als gevolg dat de stroming de bodemcontouren kan vol-
gen, zelfs voor relatief steile hellingen waar loslating verwacht zou worden onder normale
condities. Voor mildere laterale gradiënten vertoont de stroming meer de karakteristieken
van een horizontaal uniforme stroming. Deze condities leiden in principe tot een kleinere
horizontale convergentie en dus tot minder reductie van de tegenwerkende drukgradiënt.
Als gevolg kan loslating van de grenslaag alsnog optreden. Op deze manier is verticale
loslating gekoppeld aan een horizontaal divergerende stroming; door extra menging van
massa, impuls en energie ten gevolge van de aanwezigheid van een verticale neer diver-
geert de stroming in het horizontale vlak.

Een spectaculair gevolg van een aanzienlijke horizontale schuifspanning in de stro-
ming is het onstaan en de groei van coherente, wervelende structuren. Deze dynami-
sche, turbulente stromingspatronen zijn belangrijk voor de uitwisseling van massa, im-
puls en opgeloste en gesuspendeerde materie. Evenals de gemiddelde stroming worden
deze structuren beïnvloed door de aanwezigheid van een stroomwaarste toename in wa-
terdiepte. Door de stroomwaartse helling worden de turbulente fluctuaties intensiever
als verticale loslating wordt onderdrukt en als de stroming convergeert in het horizontale
vlak; het tegenovergestelde gebeurd wanneer de stroming loslaat in het verticale vlak en
divergeert in het horizontale vlak, wat gerelateerd is aan de sterke afname van de laterale
snelheidsgradiënt door de divergentie.

De toename van turbulentie voor stromen die horizontaal convergeren bij een stroom-
waartse helling vindt zijn oorsprong in twee effecten; (i) verticale uitrekking van vortices
die worden geadvecteerd met de gemiddelde stroming en (ii) extra productie van turbu-
lente kinetische energie door stroomwaartse versnelling of vertraging van het gemiddelde
snelheidsveld. Dit effect impliceert energie overdracht vanuit de gemiddelde stroming in
de stroomvoerende doorsnede naar grootschalige perturbaties. Deze productie term is
positief voor een vertragende stroming en negatief voor een versnellende stroming. Het
gecombineerde effect van beide invloeden verklaart de toename in turbulentie intensiteit
in horizontale schuifstromen over een toename in waterdiepte.

Het optreden van een van beide stroomtoestanden boven een stroomwaartse helling
heeft grote consequenties voor de schuifspanning die de stroming uitoefent op de bodem.
Het is experimenteel aangetoond dat in het geval dat de stroming blijft aanliggen in het
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xii SAMENVATTING

verticale vlak en convergeert in het horizontale vlak de bodemschuifspanning significant
groter is dan wanneer de stroming horizontaal divergeert en verticaal loslaat. Dit heeft
implicaties voor de morfoligische ontwikkeling van erodeerbare bodems onder een men-
glaag; de afhankelijkheid van de toename in stroomdiepte op de horizontale convergentie
en de bijbehorende hoge bodemschuifspanningen langs de helling impliceren dat er een
positief feedback mechanisme bestaat.

De bevindingen van deze studie relevant voor een groot aantal typen stromingsproble-
men in de praktijk. Een voorbeeld uit dit proefschrift is het optreden van ontgronding be-
nedenstrooms van waterbouwkundige kunstwerken. Voor stromingen nabij kunstwerken
is laterale niet-uniformiteit eerder regel dan uitzondering. Ontgronding is grootschalige
lokale bodem erosie in de nabijheid van, bijvoorbeeld, kunstwerken. Dit resulteert in plot-
selinge lokale bodem variatie in stroomrichting (en dwarsrichting). De bevindingen uit dit
proefschrift hebben een duidelijke toepassing in dit veld, en met de opgedane kennis kan
de doorgaande ontgronding nabij een stormvloedkering in Nederland, de Oosterschelde-
kering, verklaard worden. Laboratoriumproeven naar erosie onder een horizontale straal
lieten zien dat het te verwachten ontgrondingspatroon afhankelijk is van de verhouding
tussen de laterale snelheidsgradiënt en een relevante horizontale lengteschaal. Dit onder-
streept nogmaals het belang van deze parameter voor horizontale schuifstromen.

De mogelijkheid van twee verschillende stroomtoestanden boven een helling (met sig-
nificante verschillen in de schuifspanning uitgeoefend door de stroming op de bodem)
heeft implicaties voor het numeriek modelleren van horizontale schuifstromen over een
stroomwaarste bodemtopografie. Welke van de twee mogelijke toestanden optreedt is af-
hankelijk van de bovenstroomse stroomcondities, wat in een twee-dimensionaal horizon-
taal model verdisconteerd moet worden via een parametrisatie. Teneinde dit te bereiken
moet een expliciete uitdrukking bepaald worden die de bovenstroomse stroomcondities
kan relateren aan de te verwachten stroomtoestand op de helling. De bevindingen van
deze studie suggereren dat grootschalige perturbaties niet altijd relevant zijn voor morfo-
logische ontwikkelingen. De keuze voor een relevant turbulentie model voor een gegeven
situatie kan daarom gebaseerd zijn op een a-priori afschatting van de ratio tussen de late-
rale gradiënt en een horizontale lengte schaal.

De resultaten van dit proefschrift vormen (mogelijk) een deel van de kennisbasis van
waaruit ontwerprichtlijnen of (numerieke) ontwerptools voor de bescherming tegen ont-
gronding rondom waterbouwkundige kunstwerken worden ontwikkeld. Bovendien kun-
nen, gebaseerd op de resultaten van dit werk, maatregelen gedefinieerd worden om de
ontwikkeling van ontgronding bij bestaande constructies, zoals bij de Oosterscheldeke-
ring, af te zwakken.

Y.B. Broekema
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1
INTRODUCTION

1.1. BACKGROUND
The Netherlands is a low-lying deltaic country, and its modern history is characterized
by a number of severe floodings. Since the majority of the densely populated areas and
critical infrastructure of the country are situated below mean sea level, these floodings
sometimes have catastrophic consequences. This ever present threat of the occurrence
of severe flooding left a clear mark on the coastline and the lay-out of the country, in the
form of sea-dikes, river dikes and ingenuous hydraulic defence structures. One of the
most recent major floodings was the so-called ’Watersnoodramp’ of 1953. Large parts of
Zeeland, Zuid-Holland and Brabant were flooded, over 600.000 people lost their homes
and over 1800 lives were lost. In the aftermath of the disaster a special committee, The
Deltacommittee, was appointed to make a plan for a floodproof Dutch delta. This plan,
later called ’The Deltaplan’, involved a number of (partial) closure works as an integral
defence system for the Dutch coast, the Deltaworks. The construction of the Deltaworks
greatly advanced the state-of-the-art of Dutch hydraulic engineering, and helped build its
excellent reputation. One of the most iconic defence works from the Deltaplan, and one
of the final works that was finished, is the storm surge barrier that is located in the mouth
of the Eastern Scheldt tidal basin, in the southwestern part of the Netherlands, depicted
in Figure 1.1.

The Eastern Scheldt storm surge barrier (ES-SSB) is one of the primary flood defence
structures to protect the southwestern Dutch delta from extreme flooding events. It is
9 km long and has a semi-open structure, consisting partly of dams and partly of gates
(Figure 1.2a) to maintain a tidal saline-water habitat in the Eastern Scheldt estuary (Fig-
ure 1.2b). The dams cover 5 km of the entrance, the remaining 4 km are covered by the
three main inlets of the estuary, from south to north: Roompot, Schaar, and Hammen
(see Figure 1.2c). On both sides of the construction a bed protection is applied, which
extends 550 to 600 m from the barrier. The barrier has a profound impact on the hydro-
morphodynamics of the Eastern Scheldt basin, and although it provides an opportunity
for tidal power generation (Verbeek et al., 2017), the impact it had so far on basin-scale

1
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Figure 1.1: Aerial photo of the Eastern Scheldt storm surge barrier, looking from the North Sea towards the East-
ern Scheldt. From left to right the inlets Hammen, Schaar and Roompot are visible. A strong contraction of
the flow is clearly visible through the foam, which is induced by vortex shedding from the barrier piers. Source:
https://deingenieur.nl, article: "De Oosterschelde bracht het keerpunt".

is experienced as mostly negative. Because of a strong reduction of the tidal prism due
to the blockage of the barrier (Vroon, 1994), the channels are no longer in morphological
equilibrium. The cross section of the tidal channels is too large compared to the volume of
water flowing in and out of the Eastern Scheldt per tidal cycle. Because the barrier limits
sediment exchange between the ebb-tidal delta and the basin, this imbalance leads to a
reduction of intertidal area (Eelkema et al., 2013; de Vet et al., 2017). A loss of tidal flats
means a loss of biodiversity and increased coastal vulnerability (Maan, 2019).

On the local inlet-scale of the basin (figure 1.2c), the barrier strongly contracts the
tidal flow. The accompanying acceleration of the flow led to deep, local erosion (scour),
downstream of the applied bed protection. The bed protection was applied to prevent
the anticipated scour from undermining the stability of the structure, and has a stream-
wise extent of approximately 600 m. A cross section of the applied bed protection struc-
ture and its characteristics, including the developed scour holes, is sketched in Figure 1.3.
Half-yearly monitoring has shown that the maximum water depth at the scour holes can
reach up to 60 m, associated with roughly 40 m of scour at its deepest point. This scour
depth is not unexpected; it was foreseen during the design phase of the barrier that scour
of the present magnitude would occur downstream of the bed protection. However, it was
expected that the current scour depth would be the equilibrium scour depth. Monitor-
ing of the situation has revealed that this is not the case; maximum velocities of up to 2
m/s near the bed have been observed. Corresponding to such high velocities is a large
erosion potential, and the scour holes are becoming deeper than foreseen. The under-
lying flow phenomena that stand at the base of this ongoing erosion are not completely
understood. An incomplete understanding of the relevant flow mechanisms complicates
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Figure 1.2: An overview of the Eastern Scheldt. (a) A photo of the Eastern Scheldt storm surge barrier during
a storm. Source: https://beeldbank.rws.nl, Rijkswaterstaat. (b) Bathymetry of the eastern scheldt basin. The
colourmap denotes the water depth. The upper limit of the colourbar is set to 0 m, to appreciate the (possible)
intertidal area of the basin. The red rectangle is the area that is corresponding to panel (c). (c) Close-up of the
bathymetry at the inlet. The scour holes are visible as dark-red patches. The bed protection is indicated with the
black, solid lines. A more detailed overview of the bed protection structure is given in Figure 1.3.
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Barrier centerline

1-10 t 1-3 t
60-300 kg

60-300 kg
10-60 kg Steel slugs

~25-40 m

Concrete mats Block mats + rock deposits Scour hole

Sill Bed protection

~100 m ~400 m

Figure 1.3: Cross section of the bed protection applied at Eastern Scheldt storm surge barrier. From the barrier
axis, this bed protection consists of the barrier sill and a transitional section with large concrete blocks weighing
between 1 and 10 metric tonnes. Next, concrete mats with weights ranging between 60 kg until 3 metric tonnes
are applied; the larger weights are located closest to the barrier. Then, the protection consists of block mats
with rock-deposits on top, with the weight of the rock material ranging from 10-600 kg. Downstream of the bed
protection, large scour holes have formed. To stabilize the slopes of the scour holes, steel slug deposits were
applied.

predicting future development of the scour holes, as well as fitting mitigation strategies.
If left uncontrolled, continuation of the erosion may lead to increased risk of geotechni-
cal instability events like liquefaction (Maghsoudloo et al., 2018) or breaching (Alhaddad
et al., 2019, 2020), that may eventually endanger the structural integrity of the barrier.
Hence, an external scientific committee recommended that more insight is needed in the
local, strongly three-dimensional, flow characteristics (Rijkswaterstaat, 2013).

The flow at the Eastern Scheldt storm surge barrier is characterized by a considerable
contraction of the main flow upstream of the barrier, mostly induced by the geometry of
the dams and the configuration of the tidal inlet. Additionaly, downstream of the barrier
a highly turbulent wake with characteristics of grid turbulence (see Uijttewaal and Jirka,
2003) induced by the pillars of the barrier is present (see Figure 1.1). Large lateral dif-
ferences in streamwise velocity, and thus considerable horizontal shear, are present in the
flow as it develops over the bed protection untill it reaches the erodible bed. Normally, ero-
sion of the bed continues until the flow velocity has reduced below some erosion threshold
due to the increase in flow depth (which results in a reduction of the flow velocity). At the
Eastern Scheldt, it appears that the ongoing erosion leads to an increase of the local flow
velocities, which sustains or even increases the development of the scour. This behaviour
is largely not understood, which motivates the present research into the interaction be-
tween flows containing considerable horizontal shear, that is, horizontal shear flows, and
bathymetric variability in the streamwise direction.

In this thesis, we consider the fundamental fluid mechanical aspects of horizontal shear
flows over a streamwise varying bathymetry. The knowledge obtained in this research can
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be translated to strategies that can be employed to mitigate the scour hole development
at the Eastern Scheldt storm surge barrier. Attention will be paid to the applicability and
use of the results to this particular case, as well as to other cases. In the following sections
we first provide a general overview of horizontal shear flows, turbulence, the influence of
relative shallowness and an analysis of the relevant scales of the flow problem. Finally, we
present the research objectives and thesis outline.

1.2. FUNDAMENTALS OF HORIZONTAL SHEAR FLOWS
Horizontal shear flows are characterized by differences in streamwise velocity perpendic-
ular to the main direction of the flow. These velocity differences may for example result
from the confluence of two rivers (Constantinescu et al., 2011; Biron et al., 2002; Rhoads
and Kenworthy, 1998), transverse topographic differences (van Prooijen et al., 2005; Besio
et al., 2012; Shiono and Knight, 1991) or separation of the flow in the horizontal plane at
a local blockage like headlands or hydraulic structures (Talstra, 2011; Jirka, 2001; Signell
and Geyer, 1991). Archetypal examples of horizontal shear flows are jets, mixing layers and
wakes, (e.g. Pope, 2000).

In this section, first the governing equations of motion for the flows considered in this
thesis are presented. Second, a brief overview of turbulence is provided. Third, the influ-
ence of shallowness on the develpoment of horizontal shear flows is discussed. Finally, an
analysis on the relevant scales of the flow problem is presented.

1.2.1. EQUATIONS OF MOTION
The flows considered in this thesis satisfy the incompressible Navier-Stokes Equation. A
three-dimensional domain Ω ∈ IR3 with principal Cartesian reference frame x, y, z is con-
sidered, with a corresponding fluid velocity vector u = (u, v, w)ᵀ, that depends on time t .
In conservative form, the Navier-Stokes equations for an incompressible homogeneous
fluid are given by (Pope, 2000):

∇·u = 0, (1.1)

∂u

∂t
+ (u ·∇)u+∇(P/ρ)−ν∇2u = f, (1.2)

where P is the hydrodynamic pressure (kg/ms2), ρ is a constant density (kg/m3), ν is a
constant kinematic molecular viscosity (10−6 m2/s) and f is a body force vector per unit
mass (m/s2). The body force usually accounts for gravity, in which case it can be elimi-
nated by incorporating it in the pressure gradient through f =−∇(g z), with g = 9.81 m/s2

the gravitational acceleration. Following Talstra (2011), the non-hydrostatic normalized
pressure is defined as p = P/ρ+g z. We substitute p back into Equation 1.2, resulting into:

∂u

∂t
+ (u ·∇)u+∇p −ν∇2u = 0. (1.3)

Hydrodynamic pressure gradients act as a driving force for fluid motion, whilst the velocity
field is continuously changing under the action of nonlinear momentum advection and
viscous effects. The role of viscosity in the flow problem is two-fold.
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First, if the ratio between advective and viscous forces is relatively small, hydrody-
namic instabilities are damped through viscosity. If this ratio becomes larger, viscous
action is not sufficient anymore to suppress the growth of perturbations, and the flow
transitions to a turbulent flow. Given a typical velocity scale U and a typical length scale
L of the flow problem, the ratio between advective and viscous forces is given by the well-
known Reynolds number, defined as Re = UL/ν. Transition to turbulence typically occurs
at Re > 2000.

Second, the action of viscous forces combined with no-slip boundary conditions in-
troduces rotation (that is, vorticity) in the velocity field, even when the initial flow field
did not contain rotation. Although the bulk motion of the fluid is driven by hydrodynamic
pressure gradients, changes in vorticity are not. Consider the vorticity-equation, obtained
by taking the curl from Equation 1.2:

∂ω

∂t
+ (u ·∇)ω= (ω ·∇)u+ν∇2ω, (1.4)

where ω (s−1) is the vorticity vector, obtained by taking the curl of the velocity field: ω =
∇×u. Equation 1.4 shows that vorticity is independent of hydrodynamic pressure gradi-
ents; the vorticity of a moving parcel of fluid is determined by the interaction of vorticity
and the deformation of the velocity field (first term on the RHS of 1.4), and by vorticity
diffusion through viscosity (second term on the RHS of 1.4). The first term on the RHS of
Equation 1.4 is often called the vortex stretching term, and can be rewritten as the product
of the vorticity vector ω and the strain-rate tensor S:

(ω ·∇)u = Sω, (1.5)

with S the symmetric part of the velocity gradient tensor, S
def= 1

2

(∇u +∇uT
)
. Deforma-

tion of the velocity field in the direction of the local vorticity vector leads to stretching or
squeezing of vortices. In case of vortex stretching, rotational kinetic energy will be trans-
ferred to higher frequencies and hence to smaller scales, in both time and space. Vortex
stretching is a crucial component of the behaviour of turbulent flows, which is briefly dis-
cussed here.

1.2.2. TURBULENCE
Practically all flows of interest in engineering are turbulent. Although a general, all-encompassing
definition of turbulence is not straightforward to come up with due to its complexity, tur-
bulence may best be described as ’structured physical chaos’; it is an often irregular and
seemingly random, three-dimensional diffusive phenomenon that occurs under condi-
tions where instabilities are no longer suppressed by viscous forces, which nearly always
leads to enhanced energy dissipation. However, like all motion of the fluid, turbulence is
completely governed by the conservation of principal quantities, like mass, momentum
and energy. The difficulty lies in quantifying its contributions, and the principal time- and
length-scales of the phenomena.

Turbulent motion is characterized by the presence of vortices of many different length-
and time-scales. Turbulence kinetic energy is transferred from larger to smaller scales
through the break-up of larger vortices into smaller vortices. This energy transfer goes on
untill the smallest eddies reach length- and time-scales at which their energy is transferred

00000 -17x24_BNW.indd   2200000 -17x24_BNW.indd   22 05-05-20   09:1905-05-20   09:19



1.2. FUNDAMENTALS OF HORIZONTAL SHEAR FLOWS

1

7

Figure 1.4: An illustration of shallowness. The figure depicts the difference between how open channel flows are
generally depicted in textbooks, and a more realistic aspect ratio. The lower sketch illustrates how thin the water
layer actually is with respect to the width of the domain.

into heat through viscous effects (Pope, 2000). This is often called the three-dimensional
energy cascade, which was first described by Richardson in his world famous poem (Richard-
son, 1922). The vortex stretching mechanism discussed above is responsible for this en-
ergy flux from large to small scales (e.g. Tennekes and Lumley (1972); Chorin (1994); Batch-
elor (2000)). Although this mechanism is largely suppressed for shallow flows (see next
section), in a different way it plays an important role in shaping the flow field of horizon-
tal shear flows over a streamwise topography, which will be demonstrated in this thesis.

1.2.3. DYNAMICS OF SHALLOW HORIZONTAL SHEAR FLOWS

Many flows of interest in engineering practice classify as, or show characteristics of, shal-
low flows. Flows in rivers, in estuaries and coastal waters, but also geophysical flows like
ocean circulation or atmospheric flows are typical examples of shallow flows. Shallow
flows are three-dimensional flows with one dimension significantly smaller than the other
two dimensions (see Figure 1.4), and in the context of environmental flows this is usually
the water depth. The horizontal shear flows that are investigated in this thesis predomi-
nantly belong to this category. This section discusses the influence of shallowness on the
development of horizontal shear flows.

A common feature in horizontal shear flows is the generation and growth of horizontal
coherent structures (illustrated in Figure 1.5) when the transverse gradient in streamwise
velocity makes the flow unstable (Drazin and Reid, 1981). On one side of the shear layer
the flow velocity is higher than at the other. The turbulent motion results in momentum
transfer from the high-velocity side to the low-velocity side of the shear layer, resulting
in a wider mixing region and a smaller velocity gradient. The origin, characteristics and
behaviour of the horizontal vortices are highly dependent on the relative shallowness of
the flow (Talstra, 2011; Uijttewaal, 2014; van Prooijen and Uijttewaal, 2002). A distinc-
tion can be made between free horizontal shear flows and shallow horizontal shear flows.
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Figure 1.5: Illustration of the growth of horizontal coherent structures in shallow water layers. Shallowness lim-
its vortex stretching perpendicular to its direction, thus for a large part limiting energy dissipation through this
mechanism. Self-organization of vorticity leads to large horizontal vortices that can grow to length scales typi-
cally much larger than the water depth; their energy is eventually dissipated by bottom friction.

Here, ’free’ implies that there is no influence of a wall, and as such all turbulence arises
from internal instabilities (Townsend, 1976). For shallow flows the influence of a wall (e.g.
the bed) can not be neglected, and the resulting bottom friction plays a large role in the
development of the flow field. A shallow environmental flow can be regarded as a turbu-
lent wall-flow that extends over the full water depth (e.g. (Talstra, 2011; van Prooijen and
Uijttewaal, 2002)). The presence of the wall gives rise to complex small-scale 3D coher-
ent structures (Nezu and Nakagawa, 1987; Hunt and Morrison, 2000; Adrian and Marusic,
2012; Nikora et al., 2007). The presence of bottom turbulence not only acts as a dissipation
mechanism for horizontal vortical motions but also contributes to their generation (van
Prooijen and Uijttewaal, 2002).

In flows that are confined in one of their three dimensions, like shallow flows, vortex
stretching in the direction of the vorticity axis is limited. This can be understood by recon-
sidering the definition of vorticity, ω = ∇×u. For large-scale twodimensional horizontal
coherent structures the vorticity vector consists of only one component, ω = (0, 0, ωz ).
This component is normal to the 2D-horizontal velocity field (Figure 1.5). Because of the
vertical confinement, stretching of the velocity field in this direction is not possible for
flows over a flat horizontal bed.

Although turbulence is by definition a three-dimensional phenomenon, in a predom-
inantly two-dimensional situation its dynamics are so different that the term quasi two-
dimensional turbulence is often employed. Because the vortex stretching mechanism is
suppressed, the horizontal vortices can grow to length scales that are typically larger than
the water depth. This phenomenon is sketched in Figure 1.5. The turbulence kinetic en-
ergy contained in the vortical motions tends to concentrate in large-scale horizontal vor-
tices in a self-organizational way (van Heijst, 1993). Their energy is eventually dissipated
through bottom friction.

An increase in flow depth in streamwise direction does allow for some vortex stretch-
ing, and it will be shown in this thesis that this may for a large part influence the devel-
opment of the flow field. An example of this is shown in Figure 1.6. This figure shows
a plan-view of one of the experiments performed in the framework of this thesis, where
a change in flow direction of a mixing layer at the location of a streamwise bed slope is

00000 -17x24_BNW.indd   2400000 -17x24_BNW.indd   24 05-05-20   09:1905-05-20   09:19



1.2. FUNDAMENTALS OF HORIZONTAL SHEAR FLOWS

1

9

Figure 1.6: An example of the turbulent structures at the interface between two flows of different velocities. In the
lower part of the domain, water flows into the flume, whilst the flow on the upper part of the domain is stagnant.
The vortices (coherent structures) exchange momentum from the high-velocity side to the low-velocity side,
which leads to a wider mixing region and smaller velocity gradients. For a more detailed background on this
specific experimental configuration, see Appendix C.

shown; this photo furthermore visualizes the growth of large, two-dimensional horizon-
tal coherent structures in streamwise direction towards length-scales that are much larger
than the flow depth.

1.2.4. RELEVANT SCALES OF THE FLOW PROBLEM

In this section we consider how the relative importance of inertia, advection, bed friction
and lateral mixing depends on the typical length-, time- and velocity-scales of the shallow
horizontal shear flows that are of interest in this thesis. This is done to define a classifica-
tion based on an assessment of the most relevant parameters for the flows studied in this
thesis.

The condition that the horizontal length scales are significantly larger than the vertical
length scale implies, through conservation of mass, that the vertical velocity scale is small
with respect to the horizontal velocity scale. Using Equation 1.2, it can be shown that this
further implies that the vertical pressure gradient is (nearly) hydrostatic; thus, horizontal
pressure gradients only arise due to displacements of the free surface. Vertical integration
of Equation 1.2 then eliminates the vertical velocity from the Navier-Stokes equations.

In the following we consider the shallow water momentum balance, obtained by aver-
aging Equation 1.2 over the water depth and by employing a no-slip boundary condition
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at the bed and a free-slip boundary condition at the surface:

∂u

∂t
+u ·∇u+ f u⊥+ g∇h =− 1

ρd
∇· (d τt

)− τb

ρd
(1.6)

in which d is the water depth, u the depth averaged velocity vector, f is the Coriolis pa-
rameter (chosen positive on the Northern hemisphere), u⊥ is the depth-averaged velocity
vector rotated 90◦ counter clock wise, τt is the depth averaged horizontal turbulence shear
stress tensor, τb is the bed shear stress, and ρ is the density of water. The symbol ∇ denotes
the horizontal gradient operator. Furthermore, the pressure is assumed hydrostatic, such
that p = ρg h+p0, where p0 is the atmospheric pressure p0 = patm , which is usually taken
constant and uniform (thus, gradients vanish). The closure of equation (1.6) involves a
parameterization of the bed shear stress and the turbulence stress tensor. The bed shear
stress is often modelled using a quadratic friction law,

τb = ρc f |u|u, (1.7)

in which c f is a dimensionless bed friction coefficient. The turbulence shear stress is often
assumed proportional to the horizontal gradient of the fluid velocity,

τt =−2ρνt∇s u, (1.8)

in which νt is the turbulent viscosity and ∇s = 1
2∇ (·)+ 1

2∇ (·)T is the symmetric gradient
operator.

A velocity scale U, horizontal length scale L, vertical length scale H and time scale T
are introduced. Then, the magnitude of the terms in the momentum equation are:

• Inertia: ∂u
∂t ∝U /T

• Advection: u ·∇u ∝U 2/L

• Bed friction: τb
ρd ∝ c f U 2/H

• Coriolis: f u⊥ ∝ f U

• Lateral shear: 1
ρd ∇· (d τt

)∝ νtU /L2, where νt is the effective eddy viscosity.

The horizontal eddy viscosity is estimated using Prandtl’s mixing length hypothesis, which
states that the length over which lateral mixing takes place is proportional to the local
mixing layer width. Hence, the eddy viscosity is expressed in terms of the mixing length in
the following way:

νt = l 2
m

∣∣∣∂u

∂y

∣∣∣, (1.9)

where y is the coordinate perpendicular to the flow direction and lm is the mixing length.
Using this formulation for the horizontal eddy viscosity, an order of magnitude estimation
of the lateral shear stress is U 2/L. This order of magnitude estimation is similar to that of
the advective term. However, the typcial velocity and length scales associated with lateral
mixing are, for horizontal shear flows, generally different from those associated with the

00000 -17x24_BNW.indd   2600000 -17x24_BNW.indd   26 05-05-20   09:1905-05-20   09:19



1.2. FUNDAMENTALS OF HORIZONTAL SHEAR FLOWS

1

11

Figure 1.7: Illustration of a horizontal shear flow in an open channel, as seen from above. Typical characteris-
tics like the lateral difference of streamwise velocity ∆U , the cross-sectionally averaged velocity ua and typical
mixing layer width δ are indicated. The streamwise length of the domain is denoted by Ls .

advective momentum transport. This feature is an important aspect for the interpretation
of the flows discussed in this thesis.

The ratio of advection and inertia scales with U T /L. For the flows considered in this
thesis advection dominates over inertia, that is, L << U T . For the Eastern Scheldt, for
example, a typical velocity scale is U ≈ 2 m/s, a typical length scale is L = 500 m and a
typical time scale T = 43200 s, which satisfies the above constraint.

The ratio between advection and bed friction scales with (c f )−1H/L. Typical values for
c f in field situations are of order O (10−3). Hence, the degree of shallowness of the flow,
that is, the ratio between the vertical and horizontal length scale H/L, determines the
relative importance of bed friction. For the Eastern Scheldt, for example, a typical vertical
length scale is H = 30 m, which implies that the ratio between advective momentum flux
and bed friction is in the order of magnitude O(101).

The ratio between the advection and Coriolis scales with U /L f . Typical values of f
are in the order of O(10−4). For the Eastern Scheldt, for example, f ≈ 1.13 · 10−4, which
implies that the ratio between advective momentum transport and Coriolis is in the order
of magnitude O(101).

As mentioned earlier in this section, for shallow horizontal shear flows the typical ve-
locity and length scales associated with the advective momentum flux are not necessarily
the same as those associated with the lateral shear stress. Figure 1.7 sketches the situa-
tion that we are considering here. As a typical velocity scale associated with lateral mix-
ing the velocity difference ∆U across the mixing layer is taken; as a typical length scale
the mixing layer width δ is chosen. The mixing length given in Equation 1.9 is propor-
tional to the mixing layer width with a proportionality constant α which is of the order of
O(10−1) (Rodi, 1980). A typical velocity scale associated with advective momentum flux is
the cross-sectionally averaged flow velocity ua . The choice for a typical horizontal length
scale associated with advective momentum transport is LH , which is discussed below. The
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ratio between the advective momentum flux and lateral shear stress then scales with:

Advective momentum flux

Lateral shear stress
def= ξ∝α−2 u2

a

∆U 2

δ

LH
. (1.10)

Equation 1.10 shows that the ratio between advective momentum flux and lateral shear
stress is dependent on the ratio between the mixing layer width and a horizontal length
scale. This horizontal length scale is dependent on the flow configuration. For instance, in
case of a flat horizontal bed a shallow horizontal shear flow scales with the friction length
scale, LH = L f = H/c f (Uijttewaal and Booij, 2000). However, for the cases considered
in this thesis a streamwise variation in the bed level is present. It will be demonstrated
throughout this thesis that the development of the flow field over a streamwise variabil-
ity in flow depth scales with the length over which the flow depth increases. Therefore, a
typical horizontal length scale LH , associated with the advective momentum flux, is de-
pendent on the increase in flow depth ∆d through LH = ib∆d . In here ib is the average
steepness of the streamwise bed slope.

The flows considered in this thesis are governed by the ratio of δ/LH , whereas the rel-
ative velocity difference ua/∆U was of the same order of magnitude for the flow configu-
rations studied. A typical order of magnitude for ua/∆U for the flows considered in this
thesis is O(10−1). As a result, the terms (ua/∆U )2 and α−2 when multiplied with each other
yield order unity. Hence, for the flows considered in this thesis the ratio of the mixing layer
width and the length of the sloping section largely determines the ratio of advective mo-
mentum flux with lateral shear stress, that is, ξ≈ δ/LH . Typical values of ξ are in the order
of O(1)-O(10−1) for the flows considered in this thesis. This implies that the phenomena
are, for a large part, driven by lateral shear stress. This is a somewhat trivial argument,
given the fact that the magnitude of lateral shear stress is largely insignificant in case of
horizontal uniformity of the flow field.

The ratio ξ can be interpreted as a type of Peclet number. It will be shown that the phe-
nomena studied in this thesis depend on the value of ξ. We will elaborate on the value of ξ
for the flow configurations studied in the next section, where both the research objective
and the thesis outline are discussed.

1.3. RESEARCH OBJECTIVE AND THESIS OUTLINE
The primary motivation of this research stems from the ongoing growth of the scour holes
near the Eastern Scheldt storm surge barrier. The mismatch between expected and ac-
tual scour development provided the incentive for obtaining a more fundamental under-
standing of the flow and turbulence adjacent to the scour holes. The primary (practical)
objective of this study is therefore stated as:

"To gain a fundamental understanding of the structure of the mean flow and
turbulence properties of horizontal shear flows over a streamwise topography,
with special attention to hydraulic loading on the bed"

To this end, the following research questions are formulated:

• How does a streamwise varying topography influence the interaction between the
horizontal and vertical structure of the mean three-dimensional flow field of a hor-
izontal shear flow? (Chapter 2 and Chapter 3)
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Figure 1.8: Graphical depiction of the research framework and the current thesis. The overall aim of the entire
Eastern Scheldt project is put in the black frame with bold lines. The objective of the current thesis is put in
the red frame. The bold, red lines indicate the core of the work on which conclusions with respect to the thesis
objective are based. Solid, black lines indicate the type of work that has been performed in this thesis, and
how they connect, whereas the red dotted lines indicate potential future work. This is elaborated on in detail in
Chapter 5.
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• How does a streamwise varying topography influence the turbulence structure of a
horizontal shear flow, and vice versa? (Chapter 4)

• In what way does the interaction between horizontal shear flows and a streamwise
varying topography influence morphological development? (Chapter 5).

A graphical depiction of the thesis outline is given in Figure 1.8. It was shown that an im-
portant parameter corresponding to the flows considered in this thesis is the ratio between
the advective momentum flux and lateral shear stress. It will be demonstrated throughout
the thesis how the phenomena depend on this parameter. In the final chapter the findings
are discussed in an integral manner.

Chapter 2 presents observations of a horizontal shear flow over a streamwise topog-
raphy in the field. The observations presented in this chapter were collected near the
Eastern Scheldt storm surge barrier by Rijkswaterstaat. The observed flow patterns are
analyzed using idealized analytical modelling, to reveal the most important parameters of
the phenomena. For this field case, the ratio δ/LH ≈O(1). The relative velocity difference
in this case varies throughout the tidal cycle, but is of magnitude ua/∆U ≈ O(10−1). The
key-result of this chapter is:

• At the location of a streamwise depth increase a pronounced horizontal contraction
of the horizontal flow occurs.

Chapter 3 presents a detailed analysis and interpretation of an experimental case. The
physical model that was designed for this study had a primary aim of understanding the
interaction between the horizontal and vertical structure of the flow, and the influence
of upstream lateral non-uniformity in the streamwise velocity on the flow patterns above
and downstream of a streamwise sloping section. In the experiment, the ratio δ/LH ≈
O(10−1). The relative velocity difference in this case is of magnitude ua/∆U ≈ O(10−1).
The key-result of this chapter is:

• Vertical flow separation is suppressed due to horizontal non-uniformity in the flow,
even for slopes as steep as 1 in 2.

Chapter 4 further investigates the impact of a streamwise slope on the turbulence prop-
erties by means of a linear stability analysis. This analysis was validated on the laboratory
data, and subsequently applied to the field data. The key-result of this chapter is:

• A streamwise bed slope amplifies the growth of perturbations both by changing into
the mean flow field, and through the presence of the bed slope itself.

Chapter 5 focusses on morphological aspects of horizontal shear flows over a streamwise
topography. The impact of the interaction between the flow and the (erodible) bed under
horizontal shear flows is discussed, utilizing the results of the previous chapters. Several
examples showcasing morphological development under horizontal shear flows are pre-
sented, both on lab scale and on field scale. These cases include, but are not limited to, the
scour development at the Eastern Scheldt storm surge barrier. It is inferred that the exact
mechanisms of erosion are also largely depending on the ratio δ/LH . Finally, implications
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of the finding for numerical modelling of the phenomena are discussed.

In the final Chapter 6 the main conclusions, recommendations and perspectives of the
work are listed and briefly discussed.
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2
FIELD OBSERVATIONS: SHALLOW

TIDAL JET AT A SCOUR HOLE

This chapter concerns field observations of a horizontal shear flow over a varying topog-
raphy in streamwise (and transverse) direction. The field observations presented in this
chapter are collected close to the storm surge barrier located in the mouth of the Eastern
Scheldt estuary, The Netherlands. The streamwise varying bathymetry of concern is the re-
sult of large-scale local erosion (scour) downstream of the storm surge barrier. The velocity
differences at this location are the result of a contraction of the tidal flow that is initiated
far upstream of the mouth of the estuary, transverse variation in the bed topography and
the presence of a hydraulic structure. Due to these influences, the tidal flow through the
semi-open barrier exhibits characteristics of a shallow tidal jet.

Parts of this chapter are published as: Y. B. Broekema, R .J .Labeur, W. S. J. Uijttewaal, Observations and Analysis
of the Horizontal Structure of a Tidal Jet at Deep Scour Holes. Journal of Geophysical Research: Earth Surface,
123(12), 3162-3189

17
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2.1. INTRODUCTION
The flow downstream of hydraulic structures often has the characteristics of a jet. A free
shear layer develops on either side of the jet, whose width increases with streamwise dis-
tance, causing the flow to spread laterally (Cohen, 2012). This process is schematized in
Figure 2.1.

In rivers or channels without tidal influence, such jets are is quasi-steady, i.e. there is
no temporal variation of the mean velocity structure. In the free shear layer lateral velocity
differences generate large horizontal vortices (Dracos et al., 1992; Jirka, 2001) that redis-
tribute horizontal momentum (Talstra, 2011; van Prooijen and Uijttewaal, 2002). These
coherent structures are usually associated with regions of high turbulence intensity (Babarutsi
et al., 1989).

At tidal inlets, the situation can be quite different. The ambient flow often contracts,
even in absence of hydraulic structures, due to the local geometry of the coastline. This
results in horizontal contraction of the flow towards the tidal inlet. Furthermore, the tidal
jets vary periodically in time in response to the tide, and a significant asymmetry between
ebb and flood flow may exist (Valle-Levinson and Guo, 2009). Developing jets are typically
asociated with a vortex cap of two counter rotating vortices (Bryant et al., 2012; Hench
et al., 2002; Wolanski et al., 1988). They form and grow directly downstream of the tidal
inlet (Nicolau del Roure et al., 2009) due to the growing intensity of the shear layer, that
occurs after slack tide (Wells and van Heijst, 2003). Another mechanism that may gen-
erate these large-scale vortices is flow separation from the nearshore boundary layer and
subsequent roll-up of shear instabilities (Signell and Geyer, 1991).

Although the influence of lateral variation of the bed topography on the structure and
development of jets and mixing layers has been studied extensively (van Prooijen et al.,
2005; Wan et al., 2015; Besio et al., 2012; Stocchino et al., 2011), knowledge on the influ-
ence of longitudinal topographic variability on the structure of jets and mixing layers is
limited. At a location where the flow depth increases, the influence of the bed friction will
decrease. For steady, horizontally unconfined flows with a uniform slope of the free sur-
face this may result in a higher velocity through the deeper part of the domain, generating
additional lateral shear (Shiono and Knight, 1991). However, for this effect to be signifi-
cant a relatively large length scale for adaptation of the flow to the change of bed friction
of approximately 200 times the water depth is needed. As mentioned in Chapter 1, the
horizontal length scale of the bathymetric changes that we consider in this thesis is much
smaller than the friction length scale. A more relevant example of the impact of longitudi-
nal topographic variability is the situation that may occur in sharp river bends with local
deep scour holes. The increase in cross-sectional area associated with the scour hole may
cause lateral flow separation (Blanckaert, 2010; Schnauder and Sukhodolov, 2012). The re-
sulting horizontal recirculation induces a flow pattern that shows similarities to jet flows.
Observations by Vermeulen et al. (2015) showed that the flow converges horizontally at the
location of the scour hole, a mechanisms that we further assess in the present thesis.

We will demonstrate in this chapter that an important mechanism in the development
of flows with large horizontal gradients is potential vorticity conservation, as a result of
which variable bed topography will influence the background vorticity field by vertical
stretching and horizontal contraction of vortex tubes (Poulin and Flierl, 2005). In addi-
tion to influencing the background vorticity field, Brocchini (2013) has shown that bed
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Figure 2.1: Top-view sketch of a shallow jet in the horizontal x y-plane induced by a local cross-section reduction
at a hydraulic structure. The hydraulic structure is located at x = 0, and downstream of the structure a free shear
layer containing large vortical structures develops on either side of the jet, causing the flow to spread laterally for
x > 0.

discontinuities may generate vorticity, thus influencing the potential vorticity balance.

To obtain insight on the influence of a streamwise topography on the development of a
flow with large horizontal gradients, this chapter investigates the flow pattern downstream
of a storm surge barrier in a tidal inlet in the Netherlands (the Eastern Scheldt Storm Surge
Barrier), using data from field measurements. At this storm surge barrier a bed protection
is applied on both sides of the construction, which extends 550 to 650 m from the bar-
rier (see Figure 1.3). Downstream of the applied bed protection, large scour holes have
developed (van Velzen et al., 2015). These are strong, sudden topographic changes, the in-
fluence of which on the flow field (characterized by horizontal velocity differences) is as of
yet unknown. We will investigate the relation between the (complex) bed topography and
the flow structure at the scour holes through an analysis of flow data and mathematical
modelling of a schematised geometry.

2.2. DATA ACQUISITION

2.2.1. STUDY AREA

The Eastern Scheldt is a tidal basin in the southwestern part of the Netherlands, that was
partly closed by a storm surge barrier in response to a large flooding event in 1953. The
Eastern Scheldt storm surge barrier (ES-SSB) is one of the primay flood defence structures
to protect the southern part of The Netherlands against extreme high-water levels. It is
nine kilometers long and has a semi-open structure, consisting partly of dams and partly
of gates to maintain a tidal saline-water habitat in the Eastern Scheldt estuary. The dams
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Figure 2.2: Aerial photograph of the Eastern Scheldt storm surge barrier showing from bottom (S) to top (N):
Roompot inlet, Neeltje Jans construction island, Schaar inlet, Roggeplaat construction island, and Hammen inlet
(a); bed topography in the near area of the storm surge barrier (januari 2013) showing the impermeable part of
the barrier (dark blue strip) and the scour holes (red areas) (b). The location of the bed protection at each inlet is
roughly given by the solid black lines.

cover five kilometers of the entrance, the remaining four kilometers are covered by the
three main inlets to the estuary, from south to north: ‘Roompot’, ‘Schaar’ and ‘Hammen’
(see Figure 2.2a). These inlet structures consist of 31, 15 and 16 gates respectively, each
with a width of 39.5 m. At each gate, the flow is confined by the barrier piers, a sill at
the bottom and an upper beam. The bottom sills in the inlet are constructed in such a
way that they follow the cross-sectional profile of the former tidal channels (van Velzen
et al., 2015), such that the water depth above the sills decreases from the center of the
inlet sidewards. On average, the water depth on top of the sills is approximately 10 m,
while downstream of the sills, on top of the bed protection, the water depth is 20-25 m.
The inlets are approximately 1000-1500 m wide. The tidal range near the ES-SSB is about
2.5 m, and characteristic maximum depth averaged velocities on top of the bed protection
are of the order of 1.5-2 m/s. The tidal character in the Netherlands is semi-diurnal.

On each side of the ES-SSB a bed protection consisting of rock material is applied over
a distance of 550 to 650 m from the barrier to safeguard its stability. Continuous moni-
toring of the bathymetry since the construction of the barrier in 1986 has shown that on
both sides of the barrier, downstream of the applied bed protection, large scour holes have
developed (van Velzen et al., 2015). Half-yearly monitoring studies using a multibeam
echosounder show that locally water depths of up to 60 meters occur, associated with
roughly 40 meters of scour. The bathymetry of the Eastern Scheldt in the vicinity of the
storm surge barrier is shown in Figure 2.2b, where d denotes the water depth w.r.t. mean
sea level and X and Y are coordinates according to the Dutch national RD-coordinate
system (Schreutelkamp and Strang van Hees, 2001).

The area of study concerns the scour holes and the adjacent bed protection at the
estuary side of the barrier in the Roompot and Schaar inlets, respectively, close to the ES-
SSB.
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2.2.2. AERIAL PHOTOGRAPHS
To investigate the horizontal structure of the flow field passing the barrier, aerial pho-
tographs are used that are publicly available through Rijkswaterstaat, the Dutch ministry
of public works. Additionally, satellite images of the region, showing characteristic fea-
tures of the surface flow, are available through Google Earth. Flow separation occurring
at the openings of the ES-SSB causes large turbulent structures superimposed on of the
base flow. These coherent structures, often visible through floating foam, can be observed
from satellites which provides a qualitative impression of the large-scale, horizontal flow
patterns in the wake of the barrier.

2.2.3. FLOW VELOCITY DATA
An extensive field campaign was conducted between January 2014 and July 2016, measur-
ing flow velocities in the vicinity of the scour holes. At each of the three inlets, flow veloci-
ties were measured using ADCP sensors (Teledyne RDI Workhorse Sentinel) mounted on a
vessel sailing along specific transects. Data was collected at both the sea- and the estuary-
side of the barrier. A quick, preliminary assessment of the flow data revealed that the flow
patterns during the ebb and flood phase of the tidal cycle were similar. During flood flow,
the relevant phenomena were more pronounced, since the water level difference over the
storm surge barrier is larger during the flood phase. This is the result of the presence of
both a bottom sill and an upper beam that limit the inflow into the basin. Consequently,
the flow velocity magnitudes are larger during the flood phase. Therefore, it was chosen
to analyze the flow fields on the estuary-side of the barrier only.

The data that are used in this chapter were collected at the Roompot inlet (on 06-22-
2016) and at the Schaar inlet (on 01-19-2015) along a number of transects, shown in Fig-
ures 2.3a and 2.3b, respectively. At both inlets three types of transect are distinguished:

1. transects parallel to the barrier at the downstream edge of the bed protection,

2. transects parallel to the barrier through the deepest part of the scour hole,

3. transects through the deepest part of the scour hole perpendicular to the barrier.

These transects are denoted with respectively R1, R2 and R3, for the Roompot inlet and S1,
S2 and S3 for the Schaar inlet, as shown in Figure 2.3. At the eastern side of the Roompot
inlet an additional transect (R4) was surveyed to obtain higher resolution of the data in the
recirculation zone (see Section 2.3). Transect S2 is curved, because the observation vessel
had to sail around a safety buoy. For the same reason, transect R4 deviates from a straight
line as well. Data was collected during one average flood period, during which the lay-out
of transects was sailed repetitively. The sailing speed was approximately 4 m/s, for which
completing the transect lay-out at the Roompot inlet required half an hour of sailing time,
whereas the completion of the transect lay-out at the Schaar inlet took 25 minutes. As
such, at the Roompot inlet we have a total of 14 cycles of the transects, and 17 cycles at the
Schaar inlet. The transects plotted in Figure 2.3 are the actually sailed transects during the
first cycle. Subsequent transects may deviate slightly from the intended tracks, especially
when the currents became stronger. This is accounted for in the data analysis.

The ADCP sensors collected data using a broadband signal with a frequency of 614 kHz
and a depth cell size of 1 m. The beam angle of the instrument was 20◦ with respect to the
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Figure 2.3: Sailed ADCP-transects at the Roompot inlet on 06-22-2016 (a) and Schaar inlet on 01-19-2015 (b).
Grey-scale indicates the bed level with respect to MSL of january 2013. Local (x, y) coordinate system used for
flow analysis is plotted at the location of the barrier for both inlets.

vertical, and the standard deviation per transmitted pulse (ping) was equal to 7.0 cm/s.
The ensemble time was approximately 4.5 s and (only) one ping was used per ensemble.

2.2.4. FLOW DATA PROCESSING

COORDINATE SYSTEM

In the data-analysis we use a fixed general coordinate system, which is the Dutch Na-
tional RD-coordinate system (X ,Y )-, and a local (x, y, z)-coordinate system. In the local
coordinate system the x-axis aligns with the axis of the tidal channels at the ES-SSB, the
y-axis is perpendicular to the x-axis and runs parallel to the barrier, and the z-axis is the
vertical axis (see Figure 2.3). All flow data analyses are performed in the local coordinate
system for (i) a more straighforward interpretation of the results and (ii) for convenience
in the modelling stage of the study. The global X ,Y -coordinate system is used for plotting
bathymetric data and for georeferencing the flow data.

HORIZONTAL FLOW FIELD

The ADCP data is used to determine the large-scale characteristics of the horizontal flow
field and to determine the vertical structure of the flow along a transect through the scour
hole. For investigating the horizontal flow structure, the observed velocities are averaged
over the depth, component wise, yielding a number of data points in x, y, t-space. The
depth-averaging operation was performed by integrating the velocity over the vertical
data-points, and dividing the result of that operation by the depth coverd by the vertical
data-points. Since not the entire water column was sampled, that is, we do not have data-
points near the bed, velocities were assumed zero at the bed and linearly interpolated up
until the first data point (which was located at a vertical distance of 1.7 m from the bed).
Additionally, the velocity at the surface was assumed the same value as the first measure-
ment point below the surface. The difference between the free-surface level and the first
data point below it never exceeded 1 m. Next, a spatio-temporal grid with horizontal grid
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sizes ∆x = 30 m, ∆y = 30 m and time steps ∆T = 10 minutes covering the range of data-
points, is used to interpolate the data. Depth-averaged velocities were interpolated to the
nodal points of the spatiotemporal grid using simple linear interpolation.

From the interpolated depth-averaged velocity data the depth averaged vertical vor-
ticity ωz was computed, defined by:

ωz = ∂v

∂x
− ∂u

∂y
, (2.1)

where u and v are the depth averaged velocity components in the (longitudinal) x-direction
and (lateral) y-direction, respectively. The gradients in Equation (2.1) were computed us-
ing central differences. Since the vertical vorticity computed from the depth averaged
velocity is the only component of the vorticity that we consider in this study, we adopt the

notation ωz
def=ω.

VERTICAL FLOW FIELD

The ADCP data is also used to determine the vertical structure of the flow along a tran-
sect through the scour hole. To this end, the velocity measured by the ADCP is decom-
posed along the x, z-plane for transect R3 at the Roompot inlet. The obtained velocity
field with this operation is the instantaneous velocity (turbulence is not averaged out),
since only one ping per ensemble was used. To obtain a representative mean velocity we
have applied a moving average filter at the data-points along the transect, where each ver-
tical profile was averaged with the previous and the following profile. Vertical profiles are
then averaged over three ensembles, which is likely not sufficient to entirely average out
the turbulence. However, Buschman (2017) has compared the velocity data collected by
boat to data from ADCP’s fixed to the bed, and found that averaging over three ensembles
provides a vertical profile of the velocity that is generally comparable to that of the bed-
mounted ADCP. The depth-averaged velocities are less sensitive to this issue, due to the
depth-averaging operation.

2.3. DATA ANALYSIS
This section presents the field data collected at the ES-SSB. We will first assess, using aerial
photos, the rough flow patterns in the near vicinity of the barrier. Subsequently, we will
analyse the horizontal flow structure by showing velocity and vorticity data at the scour
hole obtained from the ADCP’s. Next, the vertical structure of the flow through the deepest
part of the scour will be investigated.

2.3.1. CHARACTERISTIC FLOW FEATURES
An aerial photograph of the ES-SSB is shown in Figure 2.4 (the camera is looking towards
the Roompot inlet from the South-West), with the flow entering the Eastern Scheldt basin
(at maximum flood). The location of the edge of the bed-protection is indicated by the
red-dotted line. Downstream of the barrier, the flow is contracting horizontally with the
maximum contraction found at the location of deepest scour (1). The absence of foam to
the left of this location indicates that a recirculation zone is present adjacent to the main
flow (2). The original local topography at the barrier has a maximum water depth at the
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Figure 2.4: Aerial photograph of the flow at the Roompot inlet of the ES-SSB during maximum flood flow, looking
to the Northeast; red dotted line denotes the edge of the bed protection; upon passing the barrier the flow is
strongly contracting and maximum contraction is found at the deepest part of the scour (1); the absence of foam
in the region adjacent to the mainflow indicates that a recirculating motion is present (2); the outflow from the
barrier is schematized as a jet (3). The foam is a result of flow separation from the barrier piers, and as such it is
only present on the downstream side of the barrier; photo source: https://beeldbank.rws.nl, Rijkswaterstaat

center of the channel, which is decreasing towards the sides. The barrier is constructed
such that the bottom sills of the barrier follow this natural channel profile. Due to the local
depth differences the influence of bed friction varies over the lateral profile of the chan-
nel. This, in combination with the large-scale horizontal contraction of flow at the tidal
inlet, leads to the expectation that the horizontal velocity profile can be approximated as
a shallow jet (3). The aerial photograph shows that in the centre of the domain the length
of the wakes directly downstream of the piers is largest, indicating that the flow velocity is
indeed highest in the center of the channel. This statement is further supported by model
results from van Velzen et al. (2015). This will be discussed in more detail in Section 2.4.

2.3.2. DEPTH AVERAGED FLOW VELOCITY

ROOMPOT INLET

Interpolated depth averaged velocity fields at the Roompot inlet (22nd of June, 2016) are
plotted in Figure 2.5 for three different stages of the tidal cycle: about 1.5 hours after slack
tide (T1, Figure 2.5a-b), at maximum flood (T2, Figure 2.5c-d) and one hour after max-
imum flood (T3, Figure 2.5e-f). Both streamlines (left panels) and velocity magnitudes
(right panels) are plotted. As a reference the corresponding transects, R1-R4, are included
in the plot as red lines. Due to the local blockage by the barrier, there is a water level
difference between the estuary-side and the sea-side of the barrier. This water level dif-
ference amounts to 26 cm at T1, 78 cm at T2 and 32 cm at T3. The interpolated velocities
may extend out of the convex hull of the theoretical tracks plotted in Figure 2.3, which is
explained by slight deviations of the actual sailed tracks from the theoretical tracks R1-R4.
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Figure 2.5: Interpolated depth averaged flow field; streamlines (left panels) and velocity magnitude (right panels)
at the Roompot inlet for three different stages of the tidal cycle: 1.5 hours after slack tide (a-b), at maximum
flood (c-d), and 1 hour after maximum flood (e-f). As a reference, the sailed transects R1-R4 are plotted in red.
The greyscale in the left panels denotes the water depth, and the colourmap in the right panels the velocity
magnitude.
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Table 2.1: Observed values of cross-sectionally averaged streamwise velocity ua , lateral variation in streamwise
velocity over the cross-section ∆U , and the relative lateral velocity difference, ∆U /ua , along transects R1 and R2
at the Roompot inlet; ∆h is the observed water level difference between the in- and outside of the barrier.

Transect ua [m/s] ∆U [m/s] ∆U
ua

[-] ∆h [m]

T1: 1.5 hours after slack R1 0.33 0.67 2.03 0.26
R2 0.25 0.46 1.84

T2: maximum flood R1 0.66 1.66 2.50 0.78
R2 0.49 1.45 2.96

T3: 1 hour after maximum flood R1 0.44 1.40 3.18 0.32
R2 0.33 1.30 3.94

In Table 2.1 the cross-sectionally averaged streamwise flow velocity along a transect
ua , the difference in streamwise velocity along a transect ∆U , and the relative velocity
difference ∆U /ua are given for transects R1 and R2 for the three different stages in the
tidal cycle T1-T3. The lateral velocity difference ∆U is defined as the difference between
the minimum and maximum velocity along these transects. Additionally, the water level
difference across the barrier ∆h at each stage in the tidal cycle is given.

At time T1 (Figure 2.5a-b), the flow is relatively uniform in lateral direction. A recir-
culation zone starts to develop at the northern side of the domain. Above the scour hole
(and also to the south of the scour hole) horizontal streamlines are approximately straight.
A slightly higher velocity is observed above the scour hole. This is a direct result of inlet
topography at the barrier, which leads to a higher flow velocity in the center of the do-
main. Above the scour hole, both the cross-sectionally averaged flow velocity (ua) and the
velocity difference (∆U ) are lower than above the bed protection (Table 2.1).

At time T2 (Figure 2.5c-d), the recirculation zone in the north is much more pronounced
than at time T1. Large velocity differences in lateral direction are observed, and stream-
lines are converging towards the deepest part of the scour hole. As a result, the velocity
in front of (and slightly above) the scour hole is significantly larger than the observed ve-
locities elsewhere in the interpolated domain, and lateral velocity differences above the
scour hole remain relatively large (Table 2.1). The average flow velocity decreases in the
direction from R1 to R2, but the relative horizontal velocity difference (∆U /ua) increases.

At time T3 (Figure 2.5e-f), the horizontal extent of the recirculation zone has increased
compared to time T2. Lateral velocity differences are still clearly present, and streamlines
are strongly converging towards the deepest part of the scour hole, resulting in an increase
of relative horizontal velocity difference (Table 2.1). Although less apparent than during
maximum flood, the flow velocity in front of and above the scour hole is still larger than
elsewhere in the domain.

The magnitude of the streamwise velocity is correlated with the water level difference
between the in- and out-side of the barrier, as can be seen in both Table 2.1 and Figure 2.5.
When this difference is larger, velocities are generally larger. However, the water level dif-
ference at time T1 is more or less equal to the water level difference at time T3 (26 cm and
32 cm, respectively), while the average velocity at time T3 is significantly larger. The ve-
locity difference between times T1 and T3 for a similar water level difference is possibly
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Table 2.2: Observed values of cross-sectionally averaged streamwise velocity ua , difference in streamwise veloc-
ity over the cross-section ∆U and the relative velocity difference ∆U /ua , along transects S1 and S2 at the Schaar
inlet.

Transect ua [m/s] ∆U [m/s] ∆U
ua

[-]

T1: 1.5 hours after slack S1 0.26 0.55 2.12
S2 0.22 0.42 1.83

T2: maximum flood S1 0.46 1.39 3.00
S2 0.31 1.37 4.42

T3: 1 hour after maximum flood S1 0.36 1.04 2.89
S2 0.20 1.15 5.75

related to inertia effects. Additionally, at time T3 the conveyance cross-section is reduced
compared to T1 due to the contracting nature of the flow and the relatively large horizon-
tal extent of the recirculation zone. As a result, the velocity in the channel centerline is
larger at time T3 than at time T1.

The flow velocity in the center of the channel, right above the scour hole, is larger than
what would be expected based on the increase in flow depth alone. This is attributed to
the horizontal flow contraction, and will be extensively discussed in the remainder of this
chapter (and thesis).

SCHAAR INLET

The interpolated depth averaged velocity fields at the Schaar inlet (19th of January, 2015)
are visualized in the same manner as for the Roompot inlet, for the same three stages in
the tidal cycle T1-T3.

Table 2.2 lists ua , ∆U and ∆U /ua for transects S1 and S2 for times T1-T3. Before dis-
cussing the observations at the Schaar inlet, we first show similarities and differences be-
tween the situation of the Schaar and Roompot inlet. Firstly, the bathymetric data shows
that the seabed slope above the bed protection, where the jet develops, is approximately
1 in 50 for both the Roompot and the Schaar inlet. Secondly, at the Schaar inlet, there is
no tidal station at the sea-side of the barrier, so the exact water level difference between
the sea-side and basin-side of the barrier is unknown, although it is expected to be of the
same order of magnitude as in the Roompot inlet. Finally, another difference between the
Roompot inlet and the Schaar inlet is that at the Schaar inlet, on both sides of the barrier,
there is a harbour in the Southern side of the domain in open connection with the sea.
Furthermore, at the Roompot inlet, at the North side a breakwater is present in front of
the harbour entrance. At the Schaar inlet there is a breakwater on the North side of the
inlet as well, it is smaller and relatively located further away from the barrier axis. These
geometrical details may locally influence the development of the flow.

At time T1 (Figure 2.6a-b), the flow velocity is nearly uniform in lateral direction. Ve-
locities are slightly higher at the deeper parts of the domain, similar to the observed flow in
the Roompot inlet. However, streamlines are horizontally diverging. This is slightly differ-
ent from what was observed at the Roompot inlet, and may be partially explained by the
larger breakwater present in the North side of the Roompot inlet. The cross-sectionally
averaged flow velocity and the lateral velocity difference are both decreasing from the bed
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Figure 2.6: Interpolated depth averaged flow field; streamlines (left panels) and velocity magnitude (right panels)
at the Schaar inlet for three different stages of the tidal cycle: 1.5 hours after slack tide (a-b), at maximum flood
(c-d), and 1 hour after maximum flood (e-f). As a reference, the sailed transects S1-S3 are plotted in red. The
greyscale in the left panels denotes the water depth, and the colourmap in the right panels the velocity magni-
tude.
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protection towards the scour hole (Table 2.2). At the northern side of the domain a recir-
culation zone starts to develop. At the southern side of the domain water appears to be
flowing towards the harbour inlet.

At time T2 (Figure 2.6c-d), the recirculation zone in the north is well established. Sim-
ilarly to the Roompot inlet, large lateral velocity differences are observed and streamlines
are converging towards the scour hole. The lateral velocity differences over the cross sec-
tion remain high while the average flow velocity decreases above the scour hole (Table 2.2).
The convergence of the streamlines towards the scour hole appears to be less pronounced
compared to that observed at the Roompot inlet at the same time instant.

The flow structure one hour after maximum flood (Figure 2.6e-f)) is again similar to
the flow structure at the Roompot inlet. Large lateral velocity differences persist (and even
increase towards the scour hole), and the horizontal extent of the recirculation zone has
become larger compared to time T2.

By comparing Figure 2.5 and Figure 2.6 it appears that the structure of the flow as well
as the flow velocities at both inlets are very similar, showing only minor differences. These
are attributed to the smaller width of the Schaar inlet compared to the Roompot inlet, but
also to the presence of the harbour and associated dams in the southern part of the Schaar
inlet that attracts a considerable part of the flow.

2.3.3. VERTICAL VELOCITY COMPONENT
In Figure 2.7, the flow velocity field in a vertical transect along cross section R3 (in stream-
wise direction through the scour hole) at the Roompot inlet is plotted for two different
stages of the tidal cycle: 1.5 hours after slack tide (T1, Figure 2.7a) and maximum flood
(T2, Figure 2.7b).

At time T1, return currents at the upstream side of the scour hole are clearly visible
in the data (Figure 2.7a), indicating the occurence of vertical flow separation. At time
T2, when the velocities are much higher, no return currents are observed, and the flow
remains attached to the bed. High, downward vertical velocities of up to 20 cm/s are ob-
served, advecting high momentum fluid from the upper part of the water column to the
deepest parts of the scour hole.

At time T2, the vertical structure of the flow is significantly different from that at time
T1, and far more uniform than what would be expected considering the relatively steep
slopes at the upstream end of the scour hole (Kwoll et al., 2016). At time T1, the depth av-
eraged streamwise flow velocity along the transect reduces proportionally to the stream-
wise increase in water depth, with an approximately 50% reduction of flow velocity from
the edge of the bed protection until the downstream end of the scour hole. Furthermore,
the flow detaches from the bed resulting in a vertical recirculation zone. At this stage of
the tidal cycle there is limited lateral variability in the flow upstream of the scour hole.
The observed features of the vertical structure of the flow at T1 show strong similarities
with laboratory observations of flow in a 2D-vertical scour hole (e.g.Guan et al. (2014);
Hoffmans and Booij (1993)).

At T2 the situation is different. The reduction in depth averaged streamwise flow ve-
locity along the transect is less, which can be understood by considering the horizontally
contracting nature of the flow at T2 as described in Section 2.3.2. When large lateral veloc-
ity differences are present in the approaching flow upstream of the scour hole, a conver-
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Figure 2.7: Flow in the x, z-plane along transect R3 at the Roompot inlet at time T1 (a) and T2 (b). The colourmap
denotes the velocity magnitude.

gence of streamlines towards the deepest part of the scour hole and an increase in relative
horizontal velocity difference were observed. These observations suggest that there is a
link between the horizontal structure and the vertical structure of the flow, where lateral
nonuniformities in the velocity distribution influence the vertical flow separation.

The vertical flow phenomena observed at the Schaar inlet are essentially similar to the
corresponding observed flow phenomena at the Roompot inlet. However, it was decided
not to show the data from the Schaar inlet, as there were some gaps in the underlying data
due to malfunctioning of the ADCP, whereas there where none in the data at the Roompot
inlet.

2.3.4. DEPTH AVERAGED VERTICAL VORTICITY
Due to the presence of considerable lateral differences in streamwise velocity, we analyse
the vertical vorticity field. Figure 2.8 shows the vertical vorticity component (Equation 2.1)
as computed from the interpolated depth averaged velocity field at the Roompot inlet as
shown in Figure 2.5. Values of the vorticity are shown for the same three stages of the
tidal cycle (T1, T2 and T3) that were used before, where blue denotes positive vorticity (i.e.
counter-clockwise rotation) and red denotes negative vorticity (i.e. clockwise rotation). As
a reference, the transects sailed by the boat are included in red.

At time T1 (Figure 2.8a), the vorticity is relatively small, the flow being more or less uni-
form in lateral direction without significant lateral gradients in the velocity field. At time
T2 (Figure 2.8b), the vorticity is relatively large and increases towards the scour hole. A
possible explanation for this observation is the conservation of potential vorticity; stating
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Figure 2.8: Vertical vorticity ω derived from the interpolated depth averaged flow field at the Roompot inlet for
three stages in the tidal cycle: 1.5 hours after slack tide (a), at maximum flood (b) and 1 hour after maximum
flood (c). As a reference, boat transects R1-R4 are plotted in red. In the middle of the scour hole, values of ω are
small, whereas along the sides of the scour hole values of ω are significantly larger.

that along a streamline the vorticity divided by the depth is constant. This will be elabo-
rated on in Section 4. At time T3 (Figure 2.8c) vorticity is slightly smaller than at time T2,
though it is still significantly higher than at time T1. Again, vorticity increases towards the
scour hole.

The vertical vorticity component as computed from the interpolated depth averaged
velocity field at the Schaar inlet is shown in Figure 2.9 and shows similar patterns as those
at the Roompot inlet. The increase of the vorticity at the scour holes of both inlets suggests
that contraction of the flow may be interpreted as being the result of vertical stretching of
vorticity. As stated by Kelvin’s circulation theorem, the strength of a vortex tube (which
is the circulation around a closed curve) is a conserved property. This means that ver-
tical stretching of the tube yields a higher circulation, and thus larger vorticity. A similar
mechanism may influence the vorticity of the flow field near the scour holes; this is further
discussed in the next sections.

2.3.5. INTERPRETATION OF FLOW OBSERVATIONS
In this section we analyze the observed flow phenomena at the ES-SSB. First, we concep-
tualize the observed structure of the flow and highlight the most important phenomena.
Next, we discuss the formation and development of the large-scale recirculation zones,
and the turbulence directly downstream of the barrier generated by the pillars. Finally, we
discuss the shallowness of the large-scale phenomena to set-up the framework for further
analysis.

CONCEPTUALIZATION OF THE TYPES OF FLOW STRUCTURES

Two different types of flow structure were observed at the barrier, as shown schematically
in Figure 2.10, for a simplified seabed morphology, with the scour hole represented as a
uniformly sloping section without transverse variation. Figure 2.10a shows a flow with
limited horizontal velocity differences upstream of the scour hole, which will vertically
separate and diverge in the horizontal plane. The cross-sectionally averaged flow reduces
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Figure 2.9: Vertical vorticity ω derived from the interpolated depth averaged flow field at the Schaar inlet for
three stages in the tidal cycle: 1.5 hours after slack tide (a), at maximum flood (b) and 1 hour after maximum
flood (c). As a reference, boat transects S1-S3 are plotted in red. In the middle of the scour hole, values of ω are
small, whereas along the sides of the scour hole values of ω are significantly larger.

Figure 2.10: Conceptual sketch of the two different flow structures observed at the scour holes at the ES-SSB:
(a) a flow with limited horizontal velocity differences that is vertically separating and diverging in the horizontal
plane; (b) a flow with large horizontal velocity differences that stays attached to the bed and converges in the
horizontal plane. For both cases, the cross-sectionally averaged velocity reduces proportionally to the depth
increase, but for a laterally uniform flow (a), the deceleration of the core of the jet is far larger than for a laterally
non-uniform flow (b).
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proportionally to the depth increase (based on continuity arguments), with a correspond-
ing deceleration of the flow in the core of the jet. Due to the vertical flow separation,
velocities near the bed are relatively low. This flow state corresponds to the observed flow
field at time T1.

Figure 2.10b shows a flow with large horizontal velocity differences upstream of the
scour hole which will stay attached to the bed and converges in the horizontal plane. This
flow state corresponds to the observed flow fields at times T2 and T3. Again, based on
continuity arguments, the cross-sectionally averaged flow velocity reduces proportionally
to the depth increase, but due to the lateral contraction of the flow the corresponding de-
celeration in the core of the jet is reduced, and lateral velocity differences remain high (or
even grow). The vertical stretching of the horizontal jet structure and the accompanying
horizontal contraction of the jet is similar to the vertical stretching of a single horizontal
vortex. We exploit this analogy further in Section 2.4.1. Due to the horizontal contraction,
the flow remains attached and near-bed velocities are relatively high.

This link between the horizontal structure of the flow and the vertical structure of the
flow will be further investigated in Section 2.4.1.

RECIRCULATION ZONES

Observations of the flow at the Roompot and Schaar inlets show a jet-type flow structure
induced by the local basin inlet geometry upstream of the barrier and the spatially varying
discharge relation of the barrier. Recirculation zones were observed adjacent to the scour
hole. The onset of the growth of these recirculations does not occur immediately after
slack tide: they start to grow once the lateral shear becomes larger, i.e. when the lateral
non-uniformity is larger. Another important contributor to the growth of the recirculation
zones is the adverse pressure gradient caused by an overall deceleration of the flow at the
scour hole due to the increase in conveyance cross-section (Vermeulen et al., 2015). This
deceleration is larger later on in the tidal cycle, when velocities on average are higher. It
must be noted that even though on average the flow is decelerating above the scour hole,
in the core of the jet the deceleration is significantly less at some stages of the tidal cycle
(Figure 2.10).

The observations suggest that the recirculation zones at the downstream side of the
barrier originate and develop at the beginning of the flood phase of the tidal cycle, and
do not influence the flow in the subsequent ebb phase. This is supported by considering
the inlet Strouhal-number KW defined as KW = W /(UmT ), in which W is the inlet width,
Um the magnitude of the maximum cross-sectionally averaged tidal velocity and T is the
tidal period. For KW � 0.13, the development of the jet vortex is arrested by the reversing
tidal current, sweeping the emerging coherent structures back towards the inlet. For KW �
0.13 the vortex formation induced by the accelerating jet is accomplished before the tidal
current reverses, which effectively decouples the vortex dynamics between subsequent
tidal cycles (Wells and van Heijst, 2003). The critical value of KW = 0.13 was obtained from
an idealized experimental configuration, while the actual critical value is also dependent
on the shape of the inlet. Using estimated inlet widths of 1.0 km and 1.5 km for the Schaar
and Roompot inlet, respectively, a maximum cross-sectionally averaged tidal velocity of
Um ≈ 1 m/s, and assuming an M2-tide with a tidal period of 12 hr 25 min, the Strouhal
numbers at the Schaar and Roompot inlets are equal to 0.02 and 0.03, respectively. Under
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the assumption that the order of magnitude of the critical value of KW as predicted by
(Wells and van Heijst, 2003) is correct, then the calculated values of KW at the ES-SSB
are an order of magnitude smaller than this predicted value, thus indicating detachment
of the coherent structures. Therefore, we can safely say that the recirculation zones start
developing at the beginning of the flood phase of the tidal cycle without being influenced
by previously developed recirculating motions.

WAKES AT THE BARRIER OPENINGS

Upstream of the scour hole, aerial photographs revealed large turbulent structures on top
of the base flow which are caused by horizontal flow separation at the barrier openings.
The resulting flow pattern shows characteristics of grid turbulence (e.g. Uijttewaal and
Jirka (2003)), where the pillars of the barrier act as the grid. Although the obtained dataset
does not provide any insight in the effect of the grid turbulence induced by the barrier pil-
lars, a rough estimate of its importance can be made based on the size of the barrier pillars,
their spacing and the local water depth. The bathymetry maps show that the water depth
around the pillars, d , is approximately 20 meters. For vortex shedding downstream of a
cylinder, the typical length scale of the vortices is the width of the cylinder (Uijttewaal and
Jirka, 2003). The width of a single pillar, D , is approximately 7.5 meters and the heart-to-
heart distance between two pillars, Dp , is 45 meters. Comparing the size of a single pillar
with the local water depth of 20 meter, two-dimensional horizontal dynamics like vortex
merging are not expected in the wake of the pillars at the ES-SSB, since the local water
depth is larger than the characteristic size of the vortices. Furthermore, the solidity of the
grid, S = D/Dp , is relatively low (S = 0.16). Vortices that are shed from the pillars therefore
remain separated from eachother and dissipate before they have the opportunity to merge
(Uijttewaal and Jirka, 2003). It is however possible that the grid induced turbulence is an
additional source of disturbances and vorticity promoting the generation and growth of a
recirculation zone. The growth and development of perturbations superimposed on the
base flow near the barrier is the subject of investigation in Chapter 4.

SHALLOWNESS OF THE TIDAL JET

On a larger scale, the flow can be considered two-dimensional in the horizontal plane. As
was mentioned in Section 2.3.5, the cross-sectionally averaged flow velocity is decreasing
above the scour hole, but this decrease is significantly less in the core of the jet at certain
phases (that is, times T2 and T3) of the tidal cycle. Instead of spreading in lateral direction,
which is commonly observed for tidal jets (e.g. Cohen (2012)), the jet is showing a different
behaviour: it contracts laterally towards the scour hole (Figure 2.10). As a result, the lateral
velocity difference above the scour hole remains relatively high in spite of the decrease in
cross-sectionally averaged flow velocity (Table 2.1 and Table 2.2). This leads to velocities
in the scour hole that are larger than expected based on the increase in flow depth. To
explain this behaviour, we make use of the (relative) shallowness of the large-scale flow
characteristics near the scour hole.

The width of the jets is approximated by the width of the inlets, so in the order of 1-
1.5 kilometer, while the water depth is in the order of tens of meters, therefore classifying
the jet as a shallow jet (Jirka, 2001). Additionally, the horizontal extent of the recircula-
tion zone is roughly 300-500 meters, making the horizontal length scales of the large-scale
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flow phenomena significantly larger than the water depth. Moreover, the contracting be-
haviour during particular stages of the tidal cycle is linked to a vertical structure of the
flow that is approximately uniform (Figure 2.7b). To understand the contracting nature of
the jet above the scour hole, a more detailed analysis of the large-scale flow structure will
therefore be performed using a 2D-horizontal framework.

2.4. ANALYSIS OF FLOW DYNAMICS
At the ES-SSB, during particular stages of the tide, we observe a flow with large lateral
gradients of the streamwise velocity (and a corresponding high vorticity) experiencing a
large local change in depth, the scour hole. As such, the important features of the flow
may be understood through conservation of shallow water potential vorticity, resulting
from conservation of angular momentum, which states that vorticity divided by the water
depth is constant along a streamline. In this section we present the governing equations,
and by formulating a simplified quasi-one-dimensional analytical model, we will explain
the principal features of the observed flow characteristics.

2.4.1. POTENTIAL VORTICITY CONSERVATION
The conservation of potential vorticity is derived from the two-dimensional shallow water
equations, given by the continuity equation,

∂d

∂t
+∇· (du

)= 0 (2.2)

and the acceleration equation for the depth-averaged velocity,

∂u

∂t
+u ·∇u+ f u⊥+ g∇h =− 1

ρd
∇· (d τt

)− τb

ρd
(2.3)

in which d is the water depth, u the depth averaged velocity vector, f is the Coriolis pa-
rameter (chosen positive on the Northern hemisphere), u⊥ is the velocity vector rotated
90◦ counter clock wise, g is gravity, τt is the depth averaged horizontal turbulence shear
stress tensor, τb is the bed shear stress, and ρ is the density of water. The symbol ∇ denotes
the horizontal gradient operator. The closure of the system of equations (2.2) and (2.3) in-
volves a parameterization of the bed shear stress and the turbulence stress tensor. The
bed shear stress is often modelled using a quadratic friction law,

τb = ρc f |u|u, (2.4)

in which c f is a dimensionless bed friction coefficient. The turbulence shear stress is often
assumed proportional to the horizontal gradient of the fluid velocity,

τt =−2ρνt∇s u, (2.5)

in which νt is the turbulent viscosity and ∇s = 1
2∇ (·)+ 1

2∇ (·)T is the symmetric gradient
operator.

A scaling argument shows that for the case of the ES-SSB, as a first approximation the
bed shear stress term can be neglected with respect to the advective momentum flux term
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in equation (2.3), if we consider a domain where the streamwise distance is of the same
order as the width of the jet (i.e., the small distance assumption, see Chapter 1). Based
on the observed flow fields, the ratio of advective momentum flux with the lateral shear
stress, expressed as ξ∝ δ/LH is of the order of O(1), which implies that lateral shear stress
is of equal importance to advective momentum flux. A more detailed consideration re-
veals that the advective momentum flux, however, is an order of magnitude larger than
the lateral shear stress. In Chapter 1, we defined ξ∝ α−2 (Ua/∆U ) (δ/LH ) as the ratio of
advective momentum flux with the lateral shear stress. With a typical value of α of 0.09
(Rodi, 1980), then α−2 ≈ 123. The derived values of Ua/∆U then yield values of ξ of be-
tween 5-50, the highest values occurring earlier in the tidal cycle since the velocity differ-
ences are relatively small there. This implies that the advective momentum flux is of larger
importance than lateral shear stress, but that the latter may still be important. For now,
we disregard the contribution of turbulence for the model derivations.

As a consequence, the right hand side of the momentum equation (2.3) can be dis-
carded. By taking the curl of the reduced momentum equation (2.3) and using the conti-
nuity equation (2.2), the following equation for the depth averaged vertical vorticity ω =
∇×u is obtained: (

∂

∂t
+u ·∇

)(
ω+ f

d

)
= 0 (2.6)

which states that the quantity
(
ω+ f

)
/d , the so-called potential vorticity, is constant when

moving with the flow velocity u. We assume that background rotation is negligible, f <<
ω, and that at the scale of the barrier the local acceleration term is relatively small, so the
flow can be considered (quasi-) stationary (see Chapter 1). Using these assumptions and
an (x, y, z) coordinate system as defined in Section 2.2.4, Equation (2.6) further reduces to:

ū
∂

∂x

(ω
d

)
+ v̄

∂

∂y

(ω
d

)
= 0; (2.7)

in which ū, v̄ are the depth-averaged velocity components in the (x, y) coordinate sys-
tem. For notational convenience we will from now on drop the overbars. Equation (2.7)
expresses that along a streamline the vorticity ω is proportional to the water depth d . A
consequence of this conservation law is that a lateral gradient of the streamwise velocity
will increase when the flow enters a deeper region. With the purpose of characterizing the
behaviour of a jet-type flow over a sloping bed as at the ES-SSB, we seek approximate solu-
tions to the equation of potential vorticity conservation (2.7). To that end, we assume that
the velocity component in lateral direction (v) is much smaller than the velocity compo-
nent in streamwise direction (u). This assumption is valid if streamlines are approximately
straight, which is a reasonable first approximation for the mean flow of the tidal jet, based
on the field data (Figure 2.5 and Figure 2.6). The lateral boundaries of the domain are
slip boundaries, which is consistent with the assumption of inviscid flow. At the inflow
boundary situated at the edge of the bed protection (x = 0), the streamwise velocity field
as obtained from a known streamwise velocity profile, is imposed:

u0(y) = u(0, y), (2.8)

from which the corresponding vorticity at the inflow boundary is obtained by calculating
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the derivative of the streamwise velocity in y-direction:

ω0(y) =−∂u0(y)

∂y
. (2.9)

As we assumed the streamlines to be straight, and using equation (2.7), the vorticity at any
location in the domain is given by:

ω(x, y) = d(x, y)

d(0, y)
ω0(y). (2.10)

The corresponding streamwise velocity is obtained after integration of equation (2.10) in
the y-direction, giving:

u(x, y) = d(x, y)

d(0, y)
u0(y)−

∫[
u0(y)

∂

∂y

(
d(x, y)

d(0, y)

)]
dy +C . (2.11)

The integration constant C is determined from the requirement that the total mass flux
through each cross section is constant:

∫yU

yL

u(x, y)d(x, y) dy =
∫yU

yL

u0d(0, y) dy ; (2.12)

where yL is the lateral coordinate of the lower lateral boundary of the domain and yU is
the lateral coordinate of the upper lateral boundary of the domain.

The analytical solution to equations (2.11) and (2.12) assumes small lateral velocities.
These may be computed as a post-processing step using the stationary form of equa-
tion (2.2), that is, ∂d/∂t = 0. We remark that by taking the curl of the shallow water equa-
tions the pressure term is eliminated, with the resulting Equation (2.7) being purely kine-
matic. The corresponding pressure distribution may be reconstructed by substitution of
the velocities computed from potential vorticity conservation in the shallow water equa-
tions and solving the resulting Poisson equation.

DEPTH UNIFORMITY

The conservation of potential vorticity, as derived above, is valid for a 2D-horizontal situa-
tion, (thus implicitly) assuming a vertically uniform flow. However, for a sloping bathymetry
vertical flow separation may occur if the steepness of the slope is large enough, which
would violate the assumption of depth uniform flow. The velocity data suggests a link
between the presence of lateral non-uniformities in the velocity distribution and vertical
attachment of the flow, which will be investigated in this section.

Vertical flow separation occurs when the boundary layer detaches from the bed (Simp-
son, 1989), often as a result of a pressure gradient acting against the flow direction. This is
due to deceleration of the flow in a region of flow expansion, as for instance in a scour hole.
Through the conservation of potential vorticity, the flow at a topographic expansion may
locally experience a reduced deceleration in the core of the jet resulting from horizontal
flow contraction, see Figure 2.10. It is hypothesized that this reduced deceleration may
suppress the adverse pressure gradient resulting from an increase in conveyance cross-
section, such that the bottom boundary layer stays attached to the bed. We will show that
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the flow may stay attached to the bed when lateral non-uniformities, expressed as the rel-
ative lateral velocity difference ∆U /ua , are present in the flow.

In this analysis, the effect of the free stream pressure gradient, which is related to the
change in free stream velocity, is used to determine a critical steepness of the bed slope
for which boundary layer separation is expected. The change in free stream velocity is
related to the bed slope, and using boundary layer theory we can deduce that a critical
deceleration of the flow is some function of the bed shear stress and the boundary layer
characteristics (e.g. Chang (1970)). Therefore, by expressing the change in free stream
velocity in terms of the bed slope, we can define a critical bed slope for which bound-
ary layer separation is expected to occur. We can do this for a laterally uniform flow and
for a laterally non-uniform flow. For a laterally non-uniform flow, we envision that there
is, locally, an additional acceleration through horizontal contraction of the flow resulting
from conservation of potential vorticity, leading to a reduction of the adverse free stream
pressure gradient. Therefore, we expect vertical flow separation to occur for a different,
steeper critical bed slope (i∗b,c ) compared to the critical bed slope for which vertical flow
separation is expected for a laterally uniform flow (ib,c ). By assessing the difference in free
stream pressure gradient for a laterally uniform and a laterally non-uniform flow, we can
relate the presence of lateral velocity differences to a steepening of the critical bed slope,
which is expressed as:

i∗b,c

ib,c
∝

(
1−α

∆ũ0

ũa,0

)−1

, (2.13)

where the tildes denotes the free stream velocities, the subscript 0 denotes the velocities
at the edge of the slope, and α is a constant parameter of O(1), accounting for the shape
of the velocity profile, the length scale of the mixing layer and the lateral extent of the
scour hole. The derivation of Equation (2.13) can be found in Appendix A.2.1. We consider
the measured depth averaged values of the velocity difference (∆U0) and cross-sectionally
averaged velocity (ua,0) to be approximately equal to their free-stream counterparts, the
only difference being in the boundary layer contribution.

Equation (2.13) expresses that for a larger relative (free-stream) velocity difference
∆ũ0/ũa,0 at the edge of the slope, the boundary layer may stay attached for a steeper slope
than for the case of a laterally uniform flow velocity. This appears to be consistent with our
hypothesis based on the field observations: if the additional acceleration as a result of po-
tential vorticity conservation is large enough, flow may stay attached to the bed. Table 2.1
and Table 2.2 show that at time T1, when vertical recirculation currents were observed
at the scour hole, the relative velocity difference is smallest, and decreasing towards the
scour hole. Later on in the tidal cycle, the relative velocity difference is higher and increas-
ing towards the scour hole. During these stages of the tidal cycle the flow is approximately
depth uniform. Therefore, we expect the model to be valid for situations where the relative
velocity difference is large enough, which is the case at the ES-SSB most of the time.

2.4.2. MODEL APPLICATION: LINEARLY SLOPING BED
In this section the idealized model is applied to gain insight in the behaviour of a horizon-
tal shear flow that experiences an increasing flow depth. For this analysis, we assume that
the relative velocity difference at the inflow boundary is large enough with respect to the
bed slope (ib), such that vertical flow separation is counteracted (see also Eq. 2.13). We
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apply equation (2.11) to an idealized bathymetry, a linearly sloping bed that is uniform in
y-direction over the entire width B of the domain (LS-model) with the depth given by:

d(x, y) = d(0, y)+ ib x, (2.14)

in which d0 is the depth at the inflow boundary and ib is the slope of the bed. This specific
bathymetry allows for an analytical solution of Equation (2.7), which nevertheless illus-
trates the principal behaviour of the considered flow phenomena.

At the inflow boundary, a jet-type velocity profile is prescribed which is approximated
by a Gaussian (Dracos et al., 1992):

u(0, y) = u∞+uc exp

[−y2

2σ2

]
, (2.15)

in which u∞ is the upstream ambient velocity, uc is the magnitude of the velocity at the
centerline of the jet at the inflow boundary (x = 0) and σ is a measure of the width of
the jet. The ratio between the ambient velocity and the centerline velocity is often ex-
pressed using a velocity ratio parameter R, defined as R = (uc −u∞)/(uc +u∞) (see So-
colofsky and Jirka, 2004). The jet-width is bounded by the requirement that the flow ve-
locity at the inflow boundary (x = 0) equals the upstream ambient flow velocity at the
lateral boundaries yL and yU (i.e. σ ≤ B/6). The ambient velocity can be non-zero, that
is, u(0, yL) = u(0, yU ) = u∞. We have chosen to express the jet-velocity profile in this par-
ticular way as opposed to using a hyperbolic secant function as in previous studies (e.g.
Socolofsky and Jirka, 2004; Chu et al., 1991), because Equation 2.15 allows for relatively
easy differentiation and integration. Therefore, an analytical solution of Equation 2.11 ex-
ists when using this particular velocity profile. An analytical expression for the streamwise
velocity reads:

u(x, y) = γuc exp

[
− y2

2σ2

]
+�

2πucσ
(
γ−1 −γ

)
B−1 +γ−1u∞, (2.16)

in whichγ= d(x, y)/d(0, y) is the depth ratio with respect to the depth at the inflow bound-
ary. The corresponding lateral velocity is computed using continuity (Equation 2.2), and
is given by:

v(x, y) =−2

√
π

2

σib

d0
uc erf

(
y�
2σ

)
+ 2

�
2πσib

d0B
uc y, (2.17)

where we have used that the lateral velocity in the center of the jet is 0. The derivation
of Equations (2.16) and (2.17) is given in Appendix A.2.2. Equations (2.16)-(2.17) are a
solution to Equation (2.7) for the bathymetry given by Equation (2.14) and the boundary
condition given by Equation (2.15).

Equation (2.16) shows that the streamwise velocity is a function of the relative depth
increase γ, irrespective of the bed slope ib . Therefore, we eliminate the dependency on
streamwise distance by presenting the results of the analytical model (equation 2.16) us-
ing the following scaled quantities: Xsc = x/B , Ysc = y/B , U (Xsc ,Ysc ) = u(x, y)/uc , Ω =
ω(x, y)max/ |ω0|max and γ). We assess the change of the scaled cross-sectionally averaged
flow velocity Ua , the scaled lateral velocity difference over the domain ∆U and the scaled
relative velocity difference ∆U /Ua relative to the increase in water depth, for jet velocity
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ratios R = 1 and for R = 0.5. We consider a streamwise distance of Xsc = 1, such that the bed
shear stress term and turbulence stress term can be neglected with respect to the advective
acceleration term (see Section 2.4.1). The maximum depth that we consider here is twice
the depth at the inflow boundary, which is the same order of magnitude as at the Eastern
Scheldt. Through the combination of choices we made for the streamwise distance and
jet-width, the slope steepness is fixed for this case at ib = d0/B . Equation 2.11 shows that
the streamwise velocity field is not dependent on the slope steepness, but rather on the in-
crease in flow depth. Therefore, the fixed slope steepness for this analysis is the (arbitrary)
result of scaling choiches, that does not influence the results of this analysis.

Figure 2.11 shows the results of the model for a depth ratio γ of 2, for a velocity profile
with initially no ambient flow (R = 1). Figure 2.11a shows that the velocity in the cen-
ter of the domain is increasing despite the increasing depth, which is a result of the flow
contracting towards the center of the domain. This is due to the increasing maximum vor-
ticity, Ω (Figure 2.11c), proportional to the relative increase in depth, γ. As a result, the
velocity difference ∆U increases in proportion to the relative depth increase as well, as
can be seen in Figure 2.11b. The cross-sectionally averaged flow velocity, Ua , is inversely
proportional to the depth ratio. In the center of the domain, the combination of decelera-
tion of the average flow velocity and acceleration due to contraction of the flow leads to a
net increase of velocity at the centerline, Uc (Figure 2.11b, red line). The necessary water
volume to realize this increase is supplied by the return current and deceleration of the
flow adjacent to the jet. The relative velocity difference, ∆U /Ua , increases for an increase
in water depth.

Figure 2.12 shows the model results for a velocity profile with an initial ambient flow
(R = 0.5). The same global behaviour as for the previous case is observed; a horizontal
redistribution of the flow towards the center takes place, resulting in deceleration of the
flow on the sides of the domain. For this case, a return flow is observed starting from
Xsc ≈ 0.5 (Figure 2.12a). The changes in γ and Ω are the same as for the previous case
(Figure 2.12c), and similar trends in ∆U , Uc and Ua are predicted (Figure 2.12b).

The decrease of cross-sectionally averaged velocity, Ua , in combination with an in-
crease of relative velocity difference, ∆U /Ua , for an increasing water depth is a phenomenon
that was observed in the velocity data collected at the ES-SSB (see Table 2.1 and 2.2). As
such, the conservation of potential vorticity may explain the observed behaviour of the
flow at the ES-SSB during particular stages of the tidal cycle, i.e. when the lateral velocity
differences are large enough. If the jet satisfies these conditions, a converging character
rather than a diverging character is expected.

2.4.3. MODEL APPLICATION: SCHAAR INLET

In this section we apply the general model formulation (Equations (2.11) and (2.12)) to
the flow at the Schaar inlet to assess the hypothesis that potential vorticity conservation
for a large part governs the observed large-scale behaviour of the flow at the ES-SSB. The
Schaar inlet was chosen because the transects sailed by boat with the ADCP (S1-S3) cover
the width of the entire inlet, so determining the total mass flux through a cross-section is
more accurate than for the Roompot inlet.

The model domain is confined between transects S1 (above the bed protection, par-
allel to the barrier), and a transect parallel to the barrier at the downstream end of the
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Figure 2.11: Results of the analytical model for R = 1: a) streamwise velocity through the domain, black solid
lines are velocity profiles at locations indicated with the black dotted lines; b) average velocity (blue), centerline
velocity (red) and velocity difference (black) as a function of the relative depth increase γ; c) maximum vorticity
Ω as a function of the relative depth increase γ.
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Figure 2.12: Results of the analytical model for R = 0.5: a) streamwise velocity through the domain, black solid
lines are velocity profiles at locations indicated with the black dotted lines; b) average velocity (blue), centerline
velocity (red) and velocity difference (black) as a function of the relative depth increase γ; c) maximum vorticity
Ω as a function of the relative depth increase γ.
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Figure 2.13: Bathymetry at transects S1 (blue) and S2 (red) as used in the model.

scour hole, S2. Transect S1 is defined as the inflow boundary. The water depths along
transect S1 and transect S2 are plotted in Figure 2.13. The coordinate yc denotes the dis-
tance along the transect. The observed lateral profile of the streamwise velocity measured
at S1 is applied as a boundary condition at S1. The horizontal distance between the tran-
sects is approximately 300 m, which is one third of the inlet width, so the small distance
assumption is satisfied. The straight streamline assumption is reasonable in the center of
the domain, but less so on the outer sides of the domain (Figure 2.6). However, as can be
seen in Figure 2.9 the vorticity at the sides of the domain is relatively small, so we expect
the contribution from shear, ∂u/∂y , to be the dominant contribution to vorticity at the
ES-SSB.

The vertical vorticity field was computed by solving equation (2.10) assuming straight
streamlines and using a (simple) Euler forward space-marching scheme, with a step size
of 15 m. Subsequently, the velocity can be computed by integration of equation (2.10) and
applying equation (2.12).

Figure 2.14 compares observed (panels a-c) and computed (panels d-f) vorticity at the
Schaar inlet for three stages of the tidal cycle: 1.5 hours after slack tide, (T1, panels a,d), at
maximum flood (T2, panels b,e) and one hour after maximum flood (T3, panels c,f). Fig-
ure 2.15 shows the resulting computed transverse profiles of the streamwise velocity along
transect S2 compared with the corresponding observations. Table 2.3 lists observed and
computed values of the cross-sectionally averaged streamwise velocity ua , the horizontal
velocity difference over the transect ∆U and relative velocity difference ∆U /ua at transect
S1 and S2.

For all three stages of the tidal cycle the model predicts increasing vorticity and high
velocities above the scour hole, and increasing lateral velocity differences. This behaviour
is in most cases in excellent agreement with observations.

At T1 the computed vorticity (Figure 2.14d) does not show the same patterns as the
observed vorticity (Figure 2.14a). The discrepancy between model computation and field
observations is easily explained. At this stage of the tidal cycle the relative velocity differ-
ence is lowest (Table 2.3), and there is little to no acceleration of the flow due to potential
vorticity conservation. As a result, the flow in the center of the jet can not overcome the
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Figure 2.14: Observed (upper panels) and computed (lower panels) vorticity at the Schaar inlet at T1 (a,d), T2
(b,e) and T3 (c,f).

Table 2.3: Values of ua , ∆U and ∆U /ua along transects S1 and S2 at the Schaar inlet. Both observed and com-
puted values are shown.

Transect ua [m/s] ∆U [m/s] ∆U
ua

[-]

T1: 1.5 hours after slack S1: Observed 0.26 0.56 2.12
S2: Observed 0.22 0.42 1.83

S2: Computed 0.22 0.59 2.68

T2: maximum flood S1: Observed 0.46 1.97 3.00
S2: Observed 0.31 1.37 4.42

S2: Computed 0.35 1.49 4.26

T3: 1 hour after maximum flood S1: Observed 0.36 1.04 2.89
S2: Observed 0.20 1.15 5.75

S2: Computed 0.22 1.22 5.55
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Figure 2.15: Observed (blue solid line) velocity at inflow transect S1 and observed (red solid line) and computed
(red dotted line) streamwise velocity at transect S2 at the Schaar inlet. Results are shown 1.5 hours after slack
(a,b), at maximum flood (c,d) and one hour after maximum flood (e,f). The red dash-dotted line denotes the
velocity that one would expect in case the flow velocity changes proportionally to the increase in flow depth.
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critical adverse pressure gradient causing vertical flow separation (equation 2.13). As was
mentioned in Section 2.3, at T1 a vertical return flow was indeed observed in the data,
violating the model assumptions at this stage of the tidal cycle.

At T2, the computed vorticity (Figure 2.14e) shows a pattern that is more similar to
the observed vorticity (Figure 2.14b). In the southern part of the domain, the location of
peak vorticity is reproduced well, but the magnitude is slightly too high. As can be seen
in Figure 2.15c-d, this leads to a slight shift of the peak velocity towards the south. The
magnitude of the vorticity in the northern part of the domain is computed fairly well, but
the location of the maximum is shifted slightly towards the south. Therefore, the lateral
gradient in the velocity profile is too steep. The magnitude of the peak velocity above the
scour hole is predicted accurately by the model (see Table 2.3). The model computes the
cross-sectionally averaged velocity and the velocity difference over the cross-section well.

At T3, the similarity between computed (Figure 2.14f) and observed (Figure 2.14c)
vorticity is highest. The patterns of increasing vorticity above the scour hole are repre-
sented fairly well by the model, and location of peak vorticity is predicted accurately by
the model. The magnitude of the vorticity is computed well. The increasing magnitude
of vorticity in streamwise direction above the scour hole leads to an increase in lateral
velocity differences in the transverse velocity profile, which the model is able to capture
(Figure 2.15e-f). The location and magnitude of the maximum streamwise velocity is ac-
curately reproduced by the model. Again, Table 2.3 shows that the model is very well ca-
pable of predicting the cross-sectionally averaged velocity and the velocity difference over
the cross-section. The model has the tendency to mostly overpredict positive vorticity
whereas negative vorticity is generally computed more accurately. This asymmetry to-
wards positive vorticity may potentially be by the presence of the harbour in the southern
part of the domain that is drawing part of the flow. However, our data resolution in this
area is not sufficient to give a definite answer to this issue.

Although there are some discrepancies between model computations and field obser-
vations, for the cases where the relative velocity difference is large enough, and flow stays
attached to the bed, the model is very well able to reproduce the relevant phenomena.
This is remarkable, given the simplicity of the model, and further demonstrates how the
flow field is shaped by conservation of potential vorticity. The model performing better for
larger velocity difference is consistent with our expectations based on Equation (2.13); for
these moments in time where ∆U /ua is sufficiently large flow separation is suppressed,
and thus the flow can be considered two-dimensional in the horizontal plane. Based on
mass conservation in the vertical xz plane, one would expect the flow velocity to decrease
in proportion to the depth increase, which would lead to a significant velocity reduction
above the scour hole. Instead, conservation of potential vorticity appears to be dominant
in shaping the horizontal structure of the flow. As a result, the jet shows a converging
character towards the deepest part of the scour hole, as opposed to spreading laterally,
maintaining relatively high velocities in the deeper part of the scour hole.

2.5. DISCUSSION
Flow velocity data at the ES-SSB revealed an intricate flow structure during particular
stages of the tidal cycle, featuring attachment of flow to the bed in combination with con-
vergence of streamlines in the horizontal plane (Figure 2.10). We found this attachment-
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convergence behaviour of the flow to be analogous to that of the vertical stretching of a
single vortex, and exploited this analogy by setting up a simple model based on conser-
vation of shallow water potential vorticity. The purpose of this model was to understand
the large scale characteristics of the flow structure at the ES-SSB, rather than to serve as
a predictive tool. The main advantage of the model that we used is that it explicitly re-
lates horizontal non-uniformity of the flow to topographic variability in a very straightfor-
ward way. We do note, however, that reality is far too complex to be captured entirely by
this very simple approach. Nevertheless, potential vorticity conservation is the principal
mechanism that explains the flow structure at the ES-SSB during tidal stages with large
lateral differences in streamwise velocity.

We have assumed an inviscid flow neglecting the effect of turbulence, where the ef-
fect of bed friction is not accounted for. Another implication of assuming inviscid flow is
that there is no interaction between steepening of the lateral gradient on the one hand,
and the impact this has on fluid entrainment and mixing of the jet on the other hand (e.g.
Turner (1986)). Moreover, generation (or destruction) of potential vorticity due to a jump-
discontinuity in the bed as described by Brocchini (2013) was not taken into account. We
have additionally assumed that lateral velocities are much smaller than streamwise ve-
locities, such that the second term of equation (2.7) vanishes. A scaling argument easily
shows that this assumption is reasonable for relatively small downstream distances (see
Appendix A.1), but especially at the steep side slopes of the scour hole this may not hold.
Finally, Falcini and Jerolmack (2010) have shown that high sediment concentrations may
slightly alter the potential vorticity in a jet. The sediment concentration in the jet as it
reaches the edge of the bed protection is relatively low, as there is barely any sediment
to pick up from the bed protection layer. However, above the scour hole the sediment
concentration may change considerably, which was left out of consideration in this study.

Nevertheless, despite its limitations the model was very well able to reproduce the rele-
vant large scale flow phenomena, thereby confirming the observed stretching-contraction
behaviour of a laterally non-uniform flow that experiences a streamwise increase in depth.
This insight applies to many other (similar) situations in riverine and coastal environ-
ments where deep scour occurs in combination with a flow with large lateral velocity dif-
ferences. The resulting flow has high velocities near the bed, which may have large impli-
cations for the ongoing scour hole development; this is further elaborated in Chapter 5.

2.6. CONCLUSIONS
In this chapter, the principal mechanisms that determine the flow field of a horizontal
shear flow at a streamwise sloping section were assessed on field scale. The Eastern Scheldt
Storm Surge Barrier (ES-SSB) was chosen as a case study. At this location, large scour holes
have developed downstream of the applied bed protection, with local water depths of ap-
proximately 60 m, associated with roughly 40 m of scour. Observations showed that the
flow just downstream of the barrier has a jet-like structure. At the sides of the jet, large-
scale quasi two-dimensional recirculating motions are present, adjacent to the scour hole.
Instead of spreading laterally the jet was shown to contract towards the deepest part of the
scour hole. The local (scour) bathymetry plays an important role in shaping the structure
of the flow as observed, which may be understood by considering conservation of poten-
tial vorticity in a 2D-horizontal framework: for an increasing water depth, the vorticity in-
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creases proportionally, explaining the contracting nature of the flow. As a result, the cross-
sectionally averaged velocity decreases proportionally to the increase in water depth, but
the velocity difference over the cross-section remains relatively high, resulting in relatively
large hydraulic loading at the bed. However, if the upstream flow field is laterally uiform
vertical flow separation occurs on the upstream slope of the scour hole, depth-uniformity
does not hold anymore and at these moments a more diverging character of the jet was
observed.

Taking into account lateral non-uniformity of the flow is crucial in understanding the
observed phenomena. Vertical flow separation may be suppressed for a larger initial rel-
ative velocity difference over the cross-section: through potential vorticity conservation
the flow may locally experience an additional acceleration, and as a result, the adverse
pressure gradient that is responsible for separation of the boundary layer from the bed
is reduced. The field observations support this notion: when the relative velocity differ-
ence over the cross-section is smaller, vertical flow separation was observed, whereas for a
larger relative velocity difference the flow was observed to stay attached to the bed. So, for
larger lateral non-uniformity in the horizontal structure of the flow, the vertical structure
of the flow appears to become more depth-uniform. The precise mechanisms behind this
interaction, and its implications, are the topic of further study in the following chapters.
For now, it is concluded that it is the mutual interaction of the vertical and the horizontal
structure of the flow that determines the character of the flow.

An analytical model based on the conservation of potential vorticity was able to com-
pute the streamwise development of the jet over the scour hole quite well. For the condi-
tions as observed at the Eastern Scheldt storm surge barrier, the flow field development is
therefore primarily determined by this conservation law. For this particular case, the ratio
of ξ = δ/LH was of the order of O(1). The results of this chapter serve as the motivation
of the physical modelling of the next chapter, in which the fundamental behaviour of a
horizontal shear flow over a linearly sloping bed in streamwise direction is experimentally
investigated in a highly idealized geometry. To assess the effect of ξ on the dynamics of
horizontal shear flows over a streamwise topography, the experiment is designed in such
a way that ξ is an order of magnitude smaller compared to the case presented in this chap-
ter.
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LABORATORY OBSERVATIONS:

HORIZONTAL MIXING LAYER OVER A

SLOPE

This chapter concerns experimental observations of the development of a horizontal mixing
layer over an idealized streamwise varying bathymetry; a linearly sloping bed. In this exper-
iment, the interaction between the horizontal mixing layer and the streamwise downward
directed bed slope is investigated. Lateral non-uniformity in the experiment originates from
flow separation at the trailing edge of a horizontal obstruction in the flume. The novelty of
this experiment is that, for the first time, the interaction between lateral non-uniformity of
the upstream flow field and the vertical structure of the flow at a slope is investigated in
detail.

Parts of this chapter are published as: Y. B. Broekema, R .J .Labeur, W. S. J. Uijttewaal, Suppression of vertical flow
separation over steep slopes in open channels by horizontal flow contraction. Journal of Fluid Mechanics, 885,
A8.
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3.1. INTRODUCTION
Flow separation is one of the most intensively investigated problems in classical fluid me-
chanics (Goldstein, 1969). It occurs when the boundary layer loses contact with the as-
sociated confining wall, which is usually caused by a pressure gradient acting against the
local flow direction (Simpson, 1989).

In many applications flow separation is an unwanted phenomenon, while in many
others it has beneficial effects. Therefore, a detailed understanding of flow separation and
the ability to control it have been the subject of many decades of research (Gad-el Hak
and Bushnell, 1991; Flatt, 1961; Chang, 1976). Numerous control strategies exist to pre-
vent separation, including streamlining of a flow body (Schlichting, 1951; Schubauer and
Spangenberg, 1960), boundary layer suction (Prandtl, 1935; Truckenbrodt, 1956; Kornilov,
2015; Kametani et al., 2015), injection of momentum into the boundary layer (Wallis and
Stuart, 1958), and controlling separation by provoking it (Hurley, 1961; Francis et al., 1979).
In this paper we present observations that demonstrate - for the first time - that vertical
flow separation over steep slopes in open channels may be suppressed by a lateral gradi-
ent in the streamwise velocity field upstream of the slope.

For a two-dimensional plane flow (for instance, the flow perpendicular to the axis of
a wing profile or a slender body), the basic phenomenology of flow separation has been
understood for a long time; a combination of a pressure gradient and bed shear stress
determines the development of the boundary layer, and eventually whether or not it sep-
arates from the confining wall (Chang, 1970). For a larger deceleration of the flow, the
pressure gradient acting against the flow direction increases and the likelihood of bound-
ary layer separation increases (Schlichting, 1951). Flow control methods aim to either
prevent separation or to reduce the size of the recirculation zone as much as possible
(Chang, 1976). Therefore, much research effort has been dedicated to turbulent bound-
ary layers and separation in two-dimensional plane flows (e.g. Clauser (1954); Stratford
(1959); Simpson et al. (1981); Simpson (1989, 1996); Nezu and Nakagawa (1987); Scarano
et al. (1999)), to understand the flow characteristics up to the separation point (Sandborn
and Kline, 1961; Sandborn and Liu, 1968; Simpson et al., 1981) and in the recirculation
zone after separation (Bradshaw and Wong, 1972; Kim et al., 1980; Eaton and Johnston,
1981; Driver and Seegmiller, 1985; Babarutsi et al., 1989; Le et al., 1997; Kourta et al., 2015;
Stella et al., 2017). Increase in computational power has made high-resolution numerical
investigation of separation behaviour and control strategies an attractive addition (Alimi
and Wünsch, 2018; Zhang and Samtaney, 2015; Garnier et al., 2012; Dandois et al., 2007).

Several separation criteria have been proposed that are based on either the skin fric-
tion at the separation point (e.g. Cebeci (1974)), the pressure distribution in the free stream
(e.g. Stratford (1959)), or shape parameters that characterize the velocity profile in the
boundary layer (e.g. Sandborn and Kline (1961)). It was shown by Cebeci et al. (1972) that
most of these methods were able to predict the location of the detachment point for steady
two-dimensional flows with a reliability and accuracy needed for design purposes.

In this chapter we study flow separation phenomena in open channel flows. A dis-
tinction needs to be made between boundary layer separation in the 2D-vertical plane
and in the 2D-horizontal plane, respectively (for an illustration, see figure 3.1). In the
2D-vertical plane, the bed topography is the major cause of flow separation, while in the
2D-horizontal plane the plan form or the presence of hydraulic structures are determining
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Figure 3.1: Definition of the different two-dimensional planes considered in this study. Sketched are the 2D-
vertical xz-plane (similar to the two-dimensional plane perpendicular to a wing profile) and the 2D-horizontal
x y-plane. The bed-topography causing vertical separation phenomena in the 2D-vertical plane may result from
local erosion downstream of a hydraulic structure.

factors. In both the 2D-horizontal and the 2D-vertical plane, flow separation phenomena
are comparable, although there are some differences. In the 2D-horizontal plane bed fric-
tion may play an important role in determining the extent of the horizontal recirculation
zone after separation (Babarutsi et al., 1989). This is for instance the case when the flow
can be considered shallow, that is, when the horizontal length scales of the flow are much
larger than the flow depth (Uijttewaal, 2014). The flow can be considered 2D-vertical if
variations in the lateral direction of the domain are small.

In reality flow is not two-dimensional but three-dimensional, and the inclusion of the
third dimension largely complicates the situation due to the extra degrees of freedom
(Simpson, 1996; Tobak and Peak, 1982). Field observations of a flow with large lateral
gradients in the streamwise velocity over a bed topography at the Eastern Scheldt storm
surge barrier, similar to that of Figure 3.1, revealed complex separation phenomena (see
Chapter2). For sufficiently large lateral gradients of the streamwise velocity, vertical flow
separation did not occur, whereas it was observed if the horizontal variability in the mean
flow field was limited. These observations motivated the experimental work presented in
this chapter, in which the observed phenomena in the field are investigated for a highly
simplified geometry in the laboratory. In the experiment, a horizontally non-uniform flow
over a downstream bed slope was investigated. The primary aim of the experiment was
to verify to which extent lateral non-uniformity of the upstream horizontal flow field in-
fluences vertical flow separation at the slope, and the corresponding three-dimensional
flow fields on top of and downstream of the slope. A secondary aim was to assess the po-
tential impact of vertical flow separation and flow attachment on the hydraulic loading
on the confining boundary. The experiments did not pursue new flow control strategies,
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however, the results may serve as an inspiration for that particular purpose.

In this chapter, first the methodology of the experimental work is described in Sec-
tion 3.2. In Section 3.3 observed time-averaged and depth-averaged flow fields are pre-
sented, as well as the derived bed shear stresses. These observations form the basis for a
further analysis and characterization of the flow in Section 3.4. We reflect upon the find-
ings and their relevance in Section 3.5.

3.2. METHODOLOGY

3.2.1. EXPERIMENTAL SETUP

The experimental work was conducted in a 14 m long, 0.4 m deep and 0.4 m wide glass-
sided flume (Figure 3.2). In Chapter 2 the suppression of vertical flow separation was re-
lated to the magnitude of the lateral velocity gradient, which is therefore an important
variable in the experiment. The lateral non-uniformity in the streamwise velocity was im-
posed by an obstruction at one side of the flume, located upstream of the slope,with a
maximum lateral blockage of half the flume width. The relative shallowness of the flow
is considered an important driver of the phenomena, motivating the choice for a one-
sided (asymmetrical) obstruction which uses the available flume width more optimally in
this respect than a two-sided (symmetrical) set-up. Moreover, a symmetrical expansion
tends to downstream flow attachment favouring one side of the domain (e.g., Kantoush
and Schleiss (2009)), which would leave the interpretation of the results ambiguous. For
similar reasons, previous studies concerning a lateral expansion over a flat bed (van Prooi-
jen et al., 2005; Talstra, 2011) also used a one-sided obstruction which enables a direct
comparison of the results of the present study with their findings.

The mixing layer caused by the abrupt expansion downstream of the obstruction de-
velops over a certain streamwise distance towards the slope. As it develops, the width of
the mixing layer increases while the velocity difference across the mixing layer decreases
(van Prooijen and Uijttewaal, 2002), giving a reduction of the lateral velocity gradient.
Thus, by varying the (streamwise) distance LD from the horizontal obstruction to the up-
stream edge of the slope, the magnitude of the lateral velocity gradient at the upstream
edge of the slope is controlled. Another important experimental variable is the bed level
gradient ib , which was selected such that vertical flow separation would occur for a hor-
izontally uniform flow (so for a 2D-vertical situation). It was verified whether or not this
was the case, before putting the horizontal obstruction in the flume. For all slopes that we
tested in the experiment, vertical flow separation was observed in the 2D-vertical case.

Upstream of the slope, a false bed with a height zu of 0.15 m was placed in the flume.
The false bed was positioned directly at the inlet of the flume and had a length of 8 m to
ensure a fully developed flow at the upstream edge of the lateral obstruction. The bed
level in the flume was uniform in lateral direction. The upstream water depth, du , was
approximately 0.12 m, and the downstream water depth, dd , approximately 0.27 m. These
values were chosen to achieve a relative increase in flow depth which is the same as in the
field case considered in Chapter 2. The discharge Qi n was chosen such that the maximum
Froude number F r = 0.4, which is sufficiently low to minimize effects of surface distur-
bances, and that the Reynolds number Re = 3·104, which is sufficiently high to ensure that
the flow is fully turbulent.
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Figure 3.2: Sketch of the experimental configuration. a) Topview of the experimental set-up. The flume width B is
0.4 m, and the horizontal contraction has a maximum width D of 0.5B . The streamwise distance of the horizontal
contraction to the upstream edge of the slope LD is an experimental variable to control the magnitude of the
lateral velocity gradient at the slope. The length of the sloping section Ls is determined by the slope steepness
ib , which is an experimental variable as well. b) Side-view of the set-up. The water depth upstream of the slope
is given by du = 0.12 m, and the water depth downstream of the slope is given by dd = 0.27 m. The height of the
false bed zu is 0.15 m.
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Velocity and turbulence were measured using a Nortek Vectrino+ Acoustic Doppler Ve-
locimeter (ADV; Nortek AS, Rud, Norway). A sideward-looking probe was used to measure
close to the bed, at a height of 0.6 cm. Local interference of the probe with the flow at
the sampling location is avoided as velocities are measured at a horizontal distance of 5
cm away from the probe. To obtain a high quality signal, the flow was locally seeded with
tiny (≈ 30 µm) hydrogen bubbles generated by electrolysis using 0.1 mm platina wires.
The velocimeter was used with a sampling rate of 25 Hz, and the accuracy of the velocity
measurements is ±0.5%. For each experimental case velocities were measured at a large
number of positions in the domain. At each horizontal position, the velocimeter was de-
ployed at 5 different vertical positions; as close to the bed as possible (0.6 cm), 1.6 cm
above the bed, 2.6 cm above the bed, at half the water depth and 1 cm below the free sur-
face. At each measurement position a time series of the flow velocity of three minutes
was sampled to have statistically significant turbulence characteristics and to be able to
sufficiently average out the turbulence for determining the mean flow field.

3.2.2. EXPERIMENTAL CASES
By systematically varying the slope steepness and the distance from the obstruction to the
upstream edge of the slope, the influence of the upstream flow field on the flow field at the
slope was assessed. On beforehand we did not know for which cases, if any, vertical flow
separation would not occur. Therefore, a large number of different experiments were per-
formed. In Table 3.1 an overview of all experimental runs is given, each with their relevant
characteristics. This paper focuses on a select number of cases (indicated in Table 3.1 in
the rightmost column) that revealed the principal phenomena; the transition between a
vertically separating and an attaching flow state, and the scaling of the flow structure with
the relative increase in depth.

In almost all investigated cases with lateral non-uniformity, the flow stayed attached
to the slope whereas it separated from the slope for the laterally uniform case. This is a
feature that is not intuitively expected on beforehand. Vertical flow separation was clearly
observed after systematically moving the horizontal obstruction further upstream from
the edge of the slope. This supports the idea from Chapter 2 that the occurrence of the
phenomena depend on the magnitude of the lateral gradient in streamwise velocity. For
all cases investigated, changing the discharge did not have a significant impact on the
observed flow patterns. Provided the Froude number is lower than 1, the phenomena
scale well with the velocity.

The remainder of this study will highlight 4 of the cases presented in Table 3.1:

1. a plane bed mixing layer, which serves as a reference case (PB),

2. a horizontal mixing layer over a 1 in 2 slope that attaches to the slope (S2A),

3. a horizontal mixing layer over a 1 in 2 slope that detaches from the slope (S2D),

4. a horizontal mixing layer over a 1 in 4 slope that attaches to the slope (S4A).

Cases S2A and S2D demonstrate the influence of the upstream flow field on the occur-
rence of, respectively, vertical attachment and separation at the slope. Cases S2A and S4A
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No. Slope Case LD [m] Qi n [l/s] Vertical flow state Abbreviation
1 0 Plane bed - 11 - PB
2 1 in 2 (26.5◦) No obstruction - 22 Separation -
3 Obstruction 0 11 Attachment -
4 Obstruction 0.2 11 Attachment -
5 Obstruction 0.4 11 Attachment S2A
6 Obstruction 0.7 11 Separation S2D
7 1 in 4 (14◦) No obstruction - 22 Separation -
8 Obstruction 0 11 Attachment -
9 Obstruction 0.2 11 Attachment -

10 Obstruction 0.4 11 Attachment S4A
11 1 in 5 (11.3◦) No obstruction - 22 Separation -
12 No obstruction - 11 Separation -
13 Obstruction 0 11 Attachment -
14 Obstruction 0 5.5 Attachment -
15 Obstruction 0.2 11 Attachment -
16 Obstruction 0.2 5.5 Attachment -

Table 3.1: Overview of the different experimental runs that were performed in this study. In the remainder, the
focus is on a select number of cases indicated in bold: Case PB (Plane Bed mixing layer, reference), S2A (mixing
layer over a 1 in 2 slope that stays attached to the bed), S2D (mixing layer over a 1 in 2 slope that detaches from
the bed) and S4A (mixing layer over a 1 in 4 slope that stays attached to the bed).

demonstrate the effect of the slope steepness on the flow field in case of vertical attach-
ment. Although not presented in this thesis, the results of the other experiments are con-
sistent with, and show the same phenomena as, these 4 cases. The cases presented in this
chapter are representative cases for illustrating the phenomena.

3.2.3. FLOW DATA PROCESSING

Prior to analysis, the measured time-series were despiked following a two-step strategy:
first the data-spikes due to moments of low seeding in front of the velocimeter were de-
tected and replaced using a Hampel-filter (Pearson et al., 2016). These spikes tend to be
grouped in time (MacVicar and Best, 2013). The Hampel filter was applied in such a way
to discard observed velocities that are farther than ten standard deviations away from the
mean velocity. As a second step, data were despiked using the phase-space algorithm of
Goring and Nikora (2002). Despiking with this algorithm detects and replaces those data-
spikes that are randomly distributed.

After despiking the measured time-series, a Reynolds decomposition was applied to
the velocity signal as follows,

ui = ui +u′
i , (3.1)

where ui , with i = 1,2,3 are velocity components in x, y, z direction, respectively. The over-
bar denotes a time-average and the prime denotes the fluctuating component of a quan-
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tity. The time-averaged velocity is for instance defined as:

ui (x, y, z) = 1

T

∫T

0
ui (x, y, z, t ) dt , (3.2)

in which T is the total measuring time. Using equation 3.1 the Reynolds shear stress com-

ponents, defined as τ′i j =−ρu′
i u′

j , are straightforwardly calculated.

For a number of cases the mean vertical structure of the flow is rather uniform, mo-
tivating the consideration of time- and depth-averaged quantities. To this end, depth-
averaging of the mean velocities is performed component-wise, as follows:

Ui (x, y) = 1

d

∫η

z0

ui (x, y, z) dz, (3.3)

in which Ui , with i = 1,2, are the time- and depth-averaged velocity components in x and
y direction, respectively, z0 is the local bed level, η is the local water surface level, and
d = η−zb is the local water depth. To calculate the integral in Equation 3.3, velocities were
assumed zero at the bed and linearly interpolated up to the first measurement point (0.6
cm above the bed), and velocities at the surface level were assumed to have the same value
as at the first measurement position below the surface (1 cm below the surface).

For visualization purposes, time-averaged velocity data are projected onto a spatial
grid with interval lengths of ∆x = 0.025 m, ∆y = 0.0125 m and ∆z = 0.01 m. For the depth-
averaged mean flow fields the step sizes ∆x and ∆y of the horizontal grid are the same as
used for the time-averaged flow fields.

3.2.4. SCALING
Three different horizontal length scales play an important role in characterizing the flow
field. First, leeward of the obstruction a horizontal recirculation zone develops and pre-
vious studies have shown the dependency of the extent of the horizontal recirculation
zone on the width of the lateral expansion, D . Second, at the interface between the main
flow and the horizontal recirculation zone a mixing layer develops. According to Chu and
Babarutsi (1988) the development of the horizontal mixing layer can be scaled using a
length scale L f = d/c f , where c f is the bed friction coefficient. The bed friction coefficient
relates to the bed shear stress τb through τb = ρc f U 2. Third, in case the flow stays attached
to the bed the flow field at the slope depends on the relative increase in depth. This intro-
duces a horizontal length scale over which the increase in flow depth takes place, defined
as Ls = ib∆d , where ∆d is the increment of the flow depth at the slope. For the experimen-
tal conditions, the order of magnitude of the friction length scale L f ≈ O

(
101

)
m, whereas

the order of magnitude of the expansion width and the depth-scale are D ≈ Ls ≈ O
(
10−1

)
m. Therefore, the flow field in the area of interest is mainly dependent on the expansion
width and the bed slope, with a limited role of bed friction. In line with previous stud-
ies into laterally expanding flows and horizontal recirculation zones (Chu and Babarutsi,
1988; Babarutsi et al., 1989; Talstra, 2011), the x-coordinate is scaled with the expansion
width D . The trailing edge of the horizontal obstruction is defined as the origin (x/D = 0).

At the sloping section a different scaling is more appropriate. For a close analysis of the
dependency of the flow field on the slope steepness, the x-coordinate is scaled with the
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horizontal length of the slope, Ls . This scaling is only appropriate at the sloping section
itself; it has no physical meaning in the rest of the domain. As was shown in Chapter 1,
for horizontal shear flows that develop over a streamwise bed slope, the ratio ξ≈ δ/LH is
important. For the experiments that are treated in this chapter, LH = Ls . It will be shown
that the transition point between vertical flow attachment and vertical flow separation is
dependent on the mixing layer width, which corroborates the importance of ξ. For the ex-
periment performed in this chapter, the value of ξ is one order of magnitude smaller than
for the field case presented in Chapter 2, which implies that the influence of lateral shear
stress is more important for this case. It is explored in this chapter how this influences the
dynamics of a horizontal shear flow over a streamwise bed slope.

Given the dependency of the phenomena with the relative increase in depth, the ver-
tical z-coordinate is scaled with the upstream water depth du .

3.3. EXPERIMENTAL OBSERVATIONS
Contracting the flow horizontally led to suppression of vertical flow separation in nearly
all the cases investigated in this experimental set-up (see Table 3.1). In this section, the
observed flow fields from the selected experimental cases are presented. Firstly, the flow
fields of a vertically attaching (Case S2A) and separating (Case S2D) laterally non-uniform
flow are compared. Next, to demonstrate the influence of vertical separation on the hori-
zontal flow pattern, depth-averaged flow fields are presented and compared. Finally, bed
shear stress measurements are shown, which is motivated by the influence of flow attach-
ment or separation on the hydraulic loads on the slope. The differences in hydraulic load-
ing justify a further classification and a deeper analysis of the flow at the slope.

3.3.1. TIME-AVERAGED FLOW

The three-dimensional, time-averaged flow field of a horizontal mixing layer that stays
attached to the bed (Case S2A) is compared to that of a mixing layer that separates from
the bed (Case S2D). The latter was the only laterally non-uniform case where clear vertical
flow separation was observed. Figure 3.3 and Figure 3.4 show the flow field of Case S2A
(vertically attached flow) and Case S2D (vertically separated flow), respectively.

In both cases, the flow separates from the trailing edge of the obstruction with a large
horizontal recirculation zone in the lee of the obstruction, which has been observed for
similar configurations over a flat bed in previous experiments (Babarutsi et al., 1989; Tal-
stra, 2011). In the current configuration, which includes a slope, the extent of the hori-
zontal recirculation zone also depends on the vertical structure of the flow at the slope. A
strong convergence of the flow towards the high velocity side is observed when the flow
stays attached to the slope (S2A, Figure 3.3), whereas the flow strongly diverges when it
separates from the bed (S2D, Figure 3.4). For both cases, a horizontal mixing layer devel-
ops between the main flow and the recirculation zone (Brown and Roshko, 1974). Initially,
the horizontal mixing layer development of both cases is similar, but at the slope they
start to differ. It will be shown in Section 3.4.2 that there are strong similarities between
this mixing layer and the flat bed mixing layers observed in previous experiments of van
Prooijen and Uijttewaal (2002) and Talstra (2011). For both Cases S2A and S2D a sec-
ondary circulation (in the y z-plane) is observed, but of opposite sign. This behaviour is
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Figure 3.3: Interpolated three-dimensional, time-averaged flow field of a laterally non-uniform flow that stays

attached to the bed (Case S2A). The colour bar denotes the magnitude of the mean velocity
∣∣u∣∣=

√
u2

1 +u2
2 +u2

3.
The brown lines show the bathymetry in the flume, the bold black lines mark the horizontal obstruction and the
blue lines indicate the water level. The vertical axis is scaled using the upstream water depth du . The down-
stream end of the obstruction is chosen as the origin x/D = 0.
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Figure 3.4: Interpolated three-dimensional, time-averaged flow field of a laterally non-uniform flow that sepa-

rates from the bed (Case S2D). The colour bar denotes the magnitude of the mean velocity
∣∣u∣∣ =

√
u2

1 +u2
2 +u2

3
[m/s]. The brown lines show the bathymetry in the flume, the bold black lines mark the horizontal contraction
and the blue lines indicate the water level. The vertical axis is scaled using the upstream waterdepth du . The
downstream end of the obstruction is chosen as the origin x/D = 0.
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consistent across the investigated parameter range (see Table 3.1).
When the flow stays attached to the bed, the vertical structure of the flow is rather

uniform, as evidenced by Figure 3.3. This notion is further corroborated through Fig-
ure 3.5, where the streamwise velocity along a streamwise oriented cross-section (xz-
plane) through the high-velocity side of the mixing layer (y = 0.05 m) is shown. This figure
additionally shows that for the vertically separating case, the flow is mainly confined to the
upper part of the water column. This feature is further demonstrated for Case S2D in Fig-
ure 3.6, where the horizontal flow field in the top-layer of the water column (Figure 3.6a)
and the horizontal flow field near the bed (Figure 3.6b) are compared. The near-bed flow
differs significantly from the near-surface flow, the latter showing similarity to a plane bed
laterally expanding flow (Babarutsi et al., 1989). For case S2D, the general features of such
flows characterise the flow in the top part of the water column with a flow depth of ap-
proximately the upstream depth du .

For Case S2D, vertical flow separation was finally observed after systematically moving
the contraction further away from the upstream edge of the slope. For a certain distance,
an abrupt transition between the two flow states was observed; a very small change of
the position of the contraction caused the flow to transform from one state into the other.
Furthermore, it was observed that the flow over the slope changed from one state into
the other, without changing the position of the contraction, also showing that the transi-
tion is reversible. Although it is unclear what caused this change, it is additional evidence
(though, slightly circumstantial) that the transition between the flow states may be a bi-
furcation type of mechanism.

3.3.2. DEPTH-AVERAGED FLOW

As was shown in section 3.3.1, the vertical flow structure is rather uniform if the flow stays
attached to the bed, motivating analyses of the depth-averaged flow fields of Cases S2A
and S4A. The influence of the slope on the horizontal flow field is shown by comparing
the corresponding depth-averaged flow fields to those of the reference plane bed Case
(PB).

In Figure 3.7 the depth-averaged flow fields of Case PB (plane bed reference case, Fig-
ure 3.7a), Case S2A (slope 1 in 2, attached, Figure 3.7b), Case S4A (slope 1 in 4, attached,
Figure 3.7c) and Case S2D (slope 1 in 2, separation, Figure 3.7d) are shown. Although the
flow field of Case S2D is non-uniform over the vertical, the depth-averaged flow field of
this case is shown here as well for completeness.

The horizontal flow field observed at the plane bed reference case (Case PB) shows a
streamwise extent of the horizontal recirculation zone of approximately 8 times the ex-
pansion width D . The core of the recirculation zone is located at a distance 3.5-4 times
D from the detachment point. The velocity difference between the high-velocity side and
the low-velocity side reduces with streamwise distance, and the mixing layer centerline
position displaces towards the low velocity side. This is consistent with observations from
previous experiments of Babarutsi et al. (1989); Talstra (2011) and van Prooijen and Uijt-
tewaal (2002);

In both Case S2A (Figure 3.7b) and Case S4A (Figure 3.7c) the lateral extent of the re-
circulation zone is much larger than for Case PB. For these two cases the streamlines in
the conveying part of the flow converge, with a maximum just after the toe of the slope.
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Figure 3.5: Flow velocity along a streamwise oriented cross-section in the xz plane at lateral position y = 0.05 m;
plotted for Case S2A (a) and for Case S2D (b).
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Figure 3.6: Horizontal flow fields of Case S2D (vertical flow separation, slope 1 in 2). Magnitude of mean hori-

zontal velocity
∣∣uh

∣∣=
√

u2
1 +u2

2, and streamlines in a horizontal plane near (a) the surface and (b) near the bed.
The obstruction is located at a distance of 3.5D from the slope. The upstream and downstream edge of the slope
are indicated by the black dashed lines. The location of the contraction is plotted with solid black lines. The red
dots denote measurement locations.
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Figure 3.7: Interpolated mean depth-averaged horizontal flow fields for Cases PB (a), S2A (b), S4A (c) and S2D

(d). The colourbar denotes the magnitude of the mean depth-averaged horizontal velocity, |U | =
√

U 2
1 +U 2

2 ,

the solid black lines indicate the location of the horizontal contraction and the red dots mark the measurement
positions. In panels (b), (c) and (d) the position of the slope is indicated with black dashed lines.
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For both Case S2A and Case S4A the flow velocities at the toe of the slope are similar. This
raises the idea that the depth-averaged horizontal flow field of a mixing layer that stays at-
tached to the bed over a sloping section depends on the relative increase in depth, rather
than on the bed-slope ib . This will be further investigated in Section 3.4.2.

For Case S2D (Figure 3.7d) a horizontal recirculation zone is still recognized, but of
much smaller size than for Cases PB, S2A and S4A. The main flow diverges and thus the
velocity difference over the mixing layer reduces at the slope. Although for Case S2D the
vertical velocity profile is far from uniform (Figure 3.6), horizontal mixing layer behaviour
is still observed in the depth-averaged flow field.

3.3.3. BED SHEAR STRESS
The influence of flow attachment and - separation on the hydraulic load on the bed is as-
sessed by comparing the bed shear stresses for the selected cases. The bed shear stress
was not measured directly, but derived from the velocity observations. For a flow over a
horizontal bed, a good estimate of the bed shear stress is provided by the vertical compo-
nent of the observed Reynolds stress tensor, τxz , near the bed (Kim et al., 2000; Guan et al.,
2014).

For the sloping bed cases of this study, this approach is slightly adapted in that the
Reynolds stress tensor is multiplied first with the unit normal vector at the bed. The bed
shear stress τb is then derived as the magnitude of the tangential component of the re-
sulting stress vector. According to Biron et al. (2004), interference of the velocity signal
due to the wall is negligible at distances off the wall of more than approximately 10% of
the flow depth. Accordingly, at every horizontal measurement position we chose the ver-
tical sampling point closest to this optimal location to derive the bed shear stress. The
corresponding distances to the wall vary between 8% and 13% of the flow local depths
which, considering the above criterion, is an acceptable range.

Figure 3.8 shows calculated values of τb for all considered cases along a transect in the
high-velocity branch of the mixing layer (y = 0.075 m). Up until the upstream edge of the
slope, the bed shear stresses are similar for all cases. It is clear from Figure 3.8 that the flow
attachment at the bed slope leads to much larger bed shear stresses than flow separation
at the slope. The corresponding increase of the bed shear stress is, in case of vertical at-
tachment, furthermore dependent on the steepness of the slope; this is illustrated by case
S2A for which the magnitude of the occurring bed shear stress is significantly larger than
for case S4A. For case S2D the bed shear stress peaks at the downstream end of the slope,
which could indicate reattachment of the flow at that position.

Another consequence of the flow staying attached, is that there is (especially for the
steeper slopes) a strong curvature of the streamlines around the edge of the slope. There-
fore, one may expect the pressure to locally deviate from a hydrostatic pressure distribu-
tion, which changes the form drag exerted by the flow on the slope. This combination of
horizontal convergence and suppression of vertical flow separation has thus potentially
large consequences for the hydraulic loading. Therefore, it is important to fully under-
stand the conditions that determine the transition between a separating and attached flow
state. To this end, in the remainder of this paper, the dynamics of the different observed
flow states will be closely analysed and characterized.
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Figure 3.8: Bed shear stress for Cases PB (black), S2A (blue), S4A (red) and S2D (grey). The black dotted lines and
the annotations in the figure denote the respective locations of the bed slope in the domain for the sloping cases.

3.4. ANALYSIS AND CHARACTERIZATION OF THE FLOW
The observations from Section 3.3 demonstrate that there are two different flow states pos-
sible at the slope in the flume; 1) a combination of vertical flow attachment and horizontal
convergence, and 2) a combination of vertical flow separation and horizontal divergence.
In this section, these states are further analysed to understand key differences between
their associated dynamics. First, a conceptualization of the two different flow states is
given in section 3.4.1. Next, the horizontal mixing layer for both flow states is analysed.
Finally, the pressure field and total energy head are investigated.

3.4.1. FLOW STATES
Figure 3.9 shows a conceptual sketch of the respective flow states that were observed dur-
ing the experiment. The transition between the two flow states behaves as an unstable
bifurcation. For the sketched upstream flow condition, the flow may redistribute in two
different ways, as indicated by the red cross sections in the figure. When vertical flow sep-
aration is suppressed, the conveyance cross section elongates vertically and compresses
horizontally. The associated development of the horizontal mixing layer is closely anal-
ysed in Section 3.4.2. Due to the combination of vertical flow attachment and convergence
the deceleration of the flow in the high-velocity side of the mixing layer is less than what
would be the case if mass is conserved in the 2D-vertical plane. The presence of the slope
intensifies turbulence (Section 3.4.2). This may influence the growth of large turbulent
structures.

If the flow detaches from the bed, for a short streamwise distance the conveyance
cross-section remains more or less the same vertically while it expands horizontally (flow
state 2). At the interface between the conveying part of the cross section and the vertical
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Figure 3.9: Conceptual visualization of the two different observed flow structures in the flume experiment: (a) a
flow that stays attached to the bed and converges in the horizontal plane; (b) a flow that separates from the bed
and diverges in the horizontal plane. In both cases, the velocity averaged over the flume cross section reduces
proportionally to the increase in cross section, but in (a) the bulk of the flow (red cross section) is distributed
over the vertical whereas in (b) the bulk of the flow is distributed over the horizontal. The red line denotes the
interface between the main flow and the horizontal recirculation zone.

00000 -17x24_BNW.indd   8200000 -17x24_BNW.indd   82 05-05-20   09:2005-05-20   09:20



3.4. ANALYSIS AND CHARACTERIZATION OF THE FLOW

3

67

recirculation, energy dissipation is larger than at a smooth plane bed (Section 3.4.3); as a
result the streamwise extent of the horizontal recirculation zone is shorter. This behaviour
is analogous to a horizontal plane bed mixing layer over a rough(er) bed. Over the rela-
tively short distance of the slope, horizontal mixing layer behaviour was recognized for
Case S2D. As will be shown in Section 3.4.2 and Section 3.4.3, downstream of the slope the
mixing layer structure has largely disappeared due to the vertical mixing. For reasons yet
unclear, for this flow state the upstream flow conditions are no longer sufficient to sup-
press vertical flow separation at the slope.

3.4.2. HORIZONTAL MIXING LAYER DYNAMICS
In this section the horizontal mixing layer is analysed to assess the influence of the slope
on the mixing layer dynamics for the selected cases. First, the mean flow field is analysed;
self-similarity of the dynamics and differences in mixing layer development are shown.
Second, turbulence properties are shown for the selected cases.

MIXING LAYER DEVELOPMENT

We assess the self-similar behaviour of the mean flow field of the horizontal mixing layer.
A theoretical model for the development of a mixing layer at the interface of two uniform
flows without interference of the side walls was developed by van Prooijen and Uijtte-
waal (2002), assuming self-similarity of the lateral profiles of the depth-averaged stream-
wise velocity. Talstra (2011) has shown that the self-similar behaviour of the horizontal
mixing layer in the case of a lateral expansion compares well to the theoretical model of
Van Prooijen in the near field and the middle field (x/D < 4). The current experiment
combines a lateral expansion with a downstream increase in flow depth, and the distance
from the horizontal obstruction to the downstream edge of the slope in general falls within
the range of x/D < 4. We therefore analyse the current experiment whilst assuming self-
similarity of the streamwise flow velocity field, and fit the observed depth-averaged veloc-
ity to the proposed shape function of van Prooijen and Uijttewaal (2002):

U (x, y) =Uc (x)+ ∆U (x)

2
tanh

(
y − yc (x)

1
2δ(x)

)
. (3.4)

In here, U (x, y) is the depth-averaged streamwise velocity, Uc (x) is the velocity at the cen-
terline of the mixing layer, ∆U (x) is the velocity difference over the mixing layer, yc (x) is
the centerline position of the mixing layer and δ(x) is the mixing layer width. For Case
S2D, the velocity is averaged over the conveyance depth, which is the upper part of the
water column. For several cross-sections at streamwise positions x we fit the observed
streamwise velocity to the shape function of equation (3.4) using a nonlinear least squares
method. This yields (fitted) values of Uc , ∆U , yc and δ as a function of the streamwise
position x.

In figure 3.10 the measured lateral profiles of the streamwise velocity are collected. The
profile (eq. 3.4) fits the data quite well, and the mean relative error of the fit is for all cases
less than 5%. Most of the data collapse on a single hyperbolic tangent (black line), al-
though some scatter remains, mostly at the high-velocity side. This is partly attributed to
disturbances of the boundary layer due to the acceleration at the horizontal obstruction,

00000 -17x24_BNW.indd   8300000 -17x24_BNW.indd   83 05-05-20   09:2005-05-20   09:20



3

68 3. LABORATORY OBSERVATIONS: HORIZONTAL MIXING LAYER OVER A SLOPE

Figure 3.10: Lateral profiles of the measured mean depth-averaged streamwise velocities for Cases PB (black
markers), S2A (blue markers), S4A (red markers) and S2D (grey markers). The lateral y-coordinate is centered
on the centerline position yc and scaled with the mixing layer width δ. Velocity U is scaled with the velocity
difference between the high-velocity (Uhi ) and the low-velocity (Ul o ) side of the mixing layer.

and partly to small inaccuracies in the measurements. The collapse of the streamwise
velocities on a single curve supports self-similarity of the horizontal mixing layers.

Figure 3.11 shows lateral profiles of the streamwise velocity component, including the
fitted hyperbolic-tangent profile, at several streamwise positions in the domain. Further-
more, the modelled velocity profile for Case S4A is plotted. The velocity profiles of the
mixing layers of Cases S2A and S4A (flow attachment) start to differ considerably from the
plane bed reference case (PB, black) once they reach the slope. The main flow velocity
decreases slightly, but less then would be the case if there were no lateral redistribution,
for which velocities would decrease proportionally to the increase in flow depth. For Case
S2D, the velocity profile at the slope also deviates from the plane bed mixing layer. At the
start of the slope these differences are small, but they become larger towards the toe of the
slope. Downstream of the slope (x/D > 5) the mixing layer structure of the horizontal flow
field has almost disappeared. This deviation from the plane bed mixing layer is attributed
to a higher energy dissipation at the interface between the mixing layer and the vertical
recirculation zone, in a way analogous to the higher energy dissipation by bed friction for
a rougher plane bed. Downstream of the slope (x/D > 5) this argument is no longer valid
due to vertical mixing of streamwise momentum from the main flow.

Figure 3.11b shows the velocity profiles of Cases S2A and S4A at the slope scaled with
the slope length Ls . These profiles are largely overlapping, which supports the hypothesis
that the relative increase in flow depth is a key parameter in shaping the flow field at the
slope. In the following, we explain this dependency by considering the different length
scales of the problem, supported by the change in mixing layer characteristics ∆U , Uc , δ
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Figure 3.11: Mixing layer profiles as a function of streamwise distance. (a) Lateral profiles of the mean depth-
averaged streamwise velocity as a function of the streamwise position x/D . Both fitted profiles (solid lines) and
observed (round markers) are plotted for Cases PB (black), S2A (blue), S4A (red) and S2D (grey). The extent of
the slopes for Cases S2A, S2D and S4A, respectively, are indicated by the the arrows above panel (a). (b) Mean
depth-averaged lateral profiles of the streamwise velocity at the slope as a function of x/Ls for Cases S2A (slope
1 in 2, attached; blue) and S4A (slope 1 in 4, attached; red). The start of the slope is at x/Ls = 0 and the toe of the
slope at x/Ls = 1.
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Figure 3.12: (a) Velocity difference between the high- and low-velocity branch of the mixing layer; (b) lateral
position of the mixing layer centerline; (c) velocity at the centerline position of the mixing layer; (d) width of the
mixing layer, the bold dash-dotted lines denotes theoretical growth of the mixing layer using eq. 3.5 with α = 0.09
Uijttewaal and Booij (see 2000). The solid black lines indicate the respective positions of the slope for the sloping
cases.

and yc , as shown in figure 3.12.

For a plane bed mixing layer, the development of the velocity difference is a function of
the bed friction, which causes a deceleration of the high-velocity stream and an accelera-
tion of the low-velocity stream (Uijttewaal and Booij, 2000). As was mentioned before, the
friction length-scale L f is much larger than both the expansion width and the slope length.
Therefore, in the domain we are considering (0 < x/D < 6), the effect of bed-friction is
relatively small. Indeed, figure 3.12a shows that the respective velocity differences are ap-
proximately uniform over the domain, with the exception of Case S2D. Initially, the veloc-
ity difference slightly increases because of the development of the horizontal recirculation
zone. For the attached sloping cases, the velocity difference decreases over the distance of
the slope. For Cases S2A and S4A, the conveyance cross-section of the high-velocity side
becomes narrower for increasing flow depth, in order to satisfy mass conservation, while
the velocity difference remains constant. This is visible as a displacement of the mixing
layer center (yc ) towards the high-velocity side (figure 3.12b). This displacement is pro-
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portional to the increase in flow depth, explaining the scalability of the horizontal flow
field with the length-scale of the sloping section, Ls . A lateral pressure gradient is needed
to shift the center position of the mixing layer; as will be confirmed in Section 3.4.3. For
Case S2D yc evolves in the same way as for Case PB. At the upstream edge of the slope, yc

is larger than for Cases S2A and S4A since the mixing layer developed over a longer stream-
wise distance before it reaches the slope. Given the reduction in velocity difference over
the length of the slope, a larger change in yc might be expected. The limited change in yc

indicates that a large part of the reduction in velocity difference is due to vertical mixing
of streamwise momentum in the high-velocity stream.

Like the velocity difference, the velocity at the centerline position of the mixing layer is
approximately constant over the streamwise distance 0 < x/D < 5 (figure 3.12c), such that
we can expect the respective mixing layers to grow with a uniform rate. Figure 3.12d con-
firms that this is indeed the case, with the exception of Case S2D. Under the assumption
of self-similarity, growth of the mixing layer width is proportional to the relative velocity
difference (see van Prooijen and Uijttewaal, 2002):

dδ

dx
=α

∆U

Uc
. (3.5)

The observed growth of the respective mixing layers corresponds to that of a deep water
mixing layer, which is indicated in figure 3.12d, using α = 0.09 as reported in Uijttewaal
and Booij (2000). Figure 3.12d shows that the mixing layer growth is not significantly in-
fluenced by the presence of the slope. For Case S2D, after x/D ≈ 4, the mixing layer width
declines sharply, which is related both to influence of the side-wall of the flume and to the
fact that the mixing layer structure has more or less disappeared from x/D > 5 onwards
(figure 3.11). To eliminate the influence of the side-wall on mixing layer development,
and to further assess the relative importance of bed friction, further experiments can be
considered in a wider, shallower flume.

TURBULENCE PROPERTIES

Transverse profiles of the mean streamwise and spanwise turbulence kinetic energy (TKE)
in the mixing layer are shown in figure 3.13. For all cases and positions, streamwise TKE
is roughly a factor of 2 higher than the spanwise TKE. Generally, both streamwise and
spanwise TKE increase with streamwise distance, which indicates that not all turbulence
is generated locally but rather that (part of) it is advected from upstream. For the attached
sloping cases, S2A and S4A, turbulence intensities at the slope (x/D > 2) are larger than
for Cases PB and S2D. The presence of the slope intensifies turbulence, an effect that is
also recognized in the lateral profiles of the horizontal Reynolds shear stress (figure 3.14a),
which, for Cases S2A and S4A, are higher at the slope. Similarly to the TKE, the Reynolds
stress increases with the streamwise distance. The horizontal Reynolds stress is of the
same order of magnitude as the turbulence kinetic energy which indicates a significant
exchange of momentum over the mixing layer. This exchange is highest for Case S2A (blue
markers), indicating that the steepness of the slope plays an important role in lateral mo-
mentum exchange.

The intensification of the turbulence due to the slope may influence the mixing length

(lm), which can be estimated from the Reynolds stress, u′
1u′

2, as follows (see Uijttewaal
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Figure 3.13: Depth-averaged turbulent kinetic energy. (a) Lateral profiles of the streamwise turbulent kinetic

energy u′
1u′

1, scaled with the velocity difference ∆U 2; (b) Lateral profiles of the spanwise turbulent kinetic energy

u′
2u′

2, scaled with the velocity difference ∆U 2; for Cases PB (black), S2A (blue), S4A (red) and S2D (grey). For Case
S2D the mixing layer structure of the flow has disappeared after x/D ≈ 5, so turbulence properties are shown up
until this position.

Figure 3.14: Depth-averaged lateral turbulence characteristics. (a) Lateral profiles of the horizontal component

of the Reynolds stress, τx y = u′
1u′

2, scaled with the velocity difference ∆U 2; (b) Ratio between mixing length and

mixing layer width, (lm /δ)2 as a function of streamwise distance; for Cases PB (black), S2A (blue), S4A (red) and
S2D (grey). For Case S2D the mixing layer structure of the flow has disappeared after x/D ≈ 5, so turbulence
properties are shown up until this position.
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and Booij, 2000): (
lm

δ

)2

= −u′
1u′

2|max

∆U 2 . (3.6)

The right hand side of equation 3.6 is plotted in figure 3.14a for several streamwise posi-
tions. For Cases PB and S2D (lm/δ)2 has the order of 0.01, which is the same as the value
found by Uijttewaal and Booij (2000) for plane bed mixing layers. For Cases S2A and S4A
(lm/δ)2 is approximately twice as large. As can be seen in figure 3.14b, the mixing length
is largest for Case S2A, which implies that the steepness of the slope is an important pa-
rameter for horizontal mixing. The influence of the slope on the development of large
turbulent structures is evident, and the role of these structures in the lateral exchange of
momentum will therefore be the topic of Chapter 4.

The analyses in this section demonstrated that the dynamics of a mixing layer over a
streamwise sloping bed are self-similar. In the case of vertical flow separation, in the near-
field area that we have studied the behaviour of the mixing layer in the upper part of the
water column is very similar to that of a plane bed mixing layer. The differences between
the cases are interpreted as the result of additional energy dissipation at the interface of
the main flow and the vertical recirculation zone, analogously to higher energy dissipa-
tion due to a rougher bed. In the case of vertical flow attachment, a strong dependency
on the shape of the horizontal flow field with the increase in depth was found, which was
explained through mass conservation. The flow redistributes such that the conveyance
cross-section elongates in the vertical direction and compresses in the horizontal direc-
tion.

Analysis of the horizontal mixing layer dynamics provided insight in the differences in
flow conditions between the selected cases. However, analysis of the horizontal flow fields
does not reveal why the flow stays attached to the bed in some cases, whereas it separates
from the bed in others. Since boundary layer development is, in general terms, driven by
a balance between bed shear stress and pressure gradients, the next section will consider
the pressure fields of Cases S2A (slope 1 in 2, attached) and S2D (slope 1 in 2, separation)
to identify possible differences between an attached and a separating case.

3.4.3. PIEZOMETRIC HEAD AND TOTAL ENERGY HEAD
Boundary layer separation at the sloping bed is largely governed by the pressure gradient
in the main flow over the slope. The present experimental set-up did not measure these
gradients directly, however, the corresponding pressure fields can be reconstructed from
the respective momentum balances. In this section, first the methodology to reconstruct
the pressure field is discussed. Next, results of this operation are presented and discussed.
Finally, using the reconstructed pressure field the mean total energy head is derived and
presented.

PRESSURE FIELD RECONSTRUCTION

To derive the pressure field from the observed velocity measurements, consider the sta-
tionary Reynolds-averaged Navier-Stokes equations,

∂ui u j

∂x j
+
∂u′

i u′
j

∂x j
+ ∂P/ρ

∂xi
− ∂

∂x j
ν

(
∂ui

∂x j
+ ∂u j

∂xi

)
= f i , (3.7)
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where i , j = 1,2,3; P is the mean pressure (kg/ms2) in excess of the constant atmospheric
pressure; ρ is a constant density (fresh water, 1000 kg/m3); ν is the kinematic molecu-
lar viscosity (10−6 m2/s); and f is the the mean body force per unit mass accounting for
gravity (g = 9.81 m/s2). For convenience, the gravity body force is eliminated by incorpo-
rating it in the pressure gradient. This introduces the so-called piezometric head defined
by h = z +P/ρg . Physically, h is the height to which the mean pressure will rise a column
of fluid. Eliminating P and f in favour of h and neglecting the viscous terms, which is
allowed for the high Reynolds-numbers involved, equation 3.7 reduces to

∂ui u j

∂x j
+
∂u′

i u′
j

∂x j
+ g

∂h

∂xi
= 0. (3.8)

The first two terms of eq. (3.8), i.e. the divergence of the mean momentum flux, can be es-
timated from the measurements which leaves the piezometric level as an unknown field.
To compute it in a systematic way, a mesh consisting of tetrahedrons is constructed with
the velocity measurement locations as nodal points. On this mesh, a basis of linear in-
terpolation functions is defined to approximate the piezometric level by a, yet unknown,
interpolated field hI . The best approximation to hI is obtained by minimising, in a least
squares sense, the residual of Equation 3.8,

min
hI

∫

V

1

2

∥∥∥∥∥∥
∂ui u j

∂x j
+
∂u′

i u′
j

∂x j
+ g

∂hI

∂xi

∥∥∥∥∥∥

2

dV , (3.9)

where V denotes the fluid volume captured by the mesh, and ‖·‖ denotes a (quadratic)
L2-norm. Carrying out the minimization with respect to hI leads to a Poisson equation,

∂2hI

∂xi∂xi
=− 1

g

∂

∂xi


∂ui u j

∂x j
+
∂u′

i u′
j

∂x j


 . (3.10)

The right hand side of Equation (3.10) is computed directly from the measured velocity
field after which the solution for hI is obtained using the standard finite element method
(e.g. Labeur (2009)). We will refer to the computed piezometric level as h, omitting the
subscript I for brevity.

The piezometric head is determined with the same accuracy as the observed stress
tensor, up to an unknown constant. Since our main interest is the gradient of h, this con-
stant can be chosen arbitrarily. We therefore set h equal to zero at the surface in a transect
in the high-velocity stream of the mixing layer, at the upstream edge of the slope. This
position is indicated in Figure 3.15 using a black cross.

PIEZOMETRIC HEAD

Figure 3.15 shows the constructed fields of the piezometric head for Cases S2A and S2D.
For a straightforward comparison of these cases the upstream edge of the respective slopes
is taken as the origin x/D = 0. For Case S2A, h increases with almost 2 mm over the slope,
while for Case S2D a decrease of almost 2 mm is observed. This is attributed to differ-
ences in pressure recovery between an attached and a separated flow, respectively, which
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Figure 3.15: Mean piezometric head for Cases S2A (left) and S2D (right). (a)-(b) Horizontal x y plane near the
free surface. Black lines indicate the location of the slope, the red lines the location of the vertical xz cross-
section; (c)-(d) vertical xz plane in the high-velocity stream of the mixing layer; (e)-(f) vertical xz plane in the
low-velocity stream of the mixing layer. The streamwise coordinate is scaled with the width of the expansion D ,
vertical coordinate is scaled with the upstream depth du . The blue line in panels (c)-(f) is the free-surface level
at the inflow boundary, that is, du = 0.12 m. The black cross denotes the location of the (arbitrary) reference level
h = 0.
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is discussed further down. For both cases, the corresponding gradient of h, which is also
a measure of the free surface slope, is of the order of O(10−3). As a comparison, the free
surface slope caused by friction (i.e. the friction slope: i f = −c f U 2/g d) is of the order of
O(10−4) - as can be inferred from a one-dimensional depth-averaged momentum equa-
tion. In the region of the sloping bed, free-surface effects are therefore dominated by ad-
vective momentum transport gradients, rather than bed friction which plays a secondary
role here.

Figures 3.15a-b show a slight variation of the piezometric head in transverse direction
for both Case S2A and Case S2D. The near uniformity of h in the transverse direction is
consistent with the small horizontal curvature of the observed streamlines, which sup-
ports the validity of the computed pressure fields. The results furthermore support the
application of the shape function for the streamwise velocity field (Equation 3.4) as sug-
gested by van Prooijen and Uijttewaal (2002). Figures 3.15c-f show the variation of the
piezometric head in vertical direction. For both Case S2A and Case S2D this variation is
larger at the high-velocity side of the mixing layer than it is at the low-velocity side where
the vertical pressure distribution is almost hydrostatic (the piezometric head is vertically
uniform). The pressure distribtuion is therefore largely determined by the high-velocity
side.

Figure 3.16 shows the spatial variation of h in more detail for the high- and low-velocity
sides of the mixing layers - near the bed as well as near the surface - along horizontal lines
indicated in red in Figure 3.15. Starting from the upstream edge of the slope, h increases
with streamwise distance for Case S2A while it decreases for Case S2D, which once more
illustrates the difference in development of h between these cases.

Using Figures 3.15 and 3.16 , we now analyse the variation of the piezometric level over
the vertical in more detail. Vertical variability of h is largest upstream of the slope in the
high-velocity stream of the mixing layer. Near the bed h is higher than near the surface for
both cases. Values of h decrease towards the upstream edge of the slope. For Case S2A,
this decrease is largest. Near the surface, h increases with streamwise distance for Case
S2D whilst it is more or less constant for Case S2A. These observations motivate a further
analysis into the boundary layer dynamics in the vicinity of the slope to understand the
differences between a vertically attaching case and a separating case.

The variation of h in transverse direction (which is significantly smaller than the vari-
ability of h in longitudinal direction) is considered here using Figure 3.16. The observed
changes in centerline position (Figure 3.12) and attributed curvature of streamlines as ob-
served in the depth-averaged flow fields (Figure 3.7) involve a lateral pressure gradient.
Derived values of h confirm this for both Cases S2A and S2D. For Case S2A, h is higher at
the low-velocity side than the high-velocity side for -0.5 < x/D < 2, which is the sloping
region; outside of the sloping region transverse variation of h is reversed. For Case S2D, h
is higher at the high-velocity side than at the low-velocity side. The rate of change of h is
highly similar at both branches of the mixing layer for both cases.

MEAN TOTAL ENERGY HEAD

The mean total energy head, defined by H = h + 1
2 ui ui /g , is obtained from the recon-

structed piezometric head and the observed mean kinetic energy. As for the piezometric
level, this quantity can be determined up to a constant so that only the changes in H can
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Figure 3.16: Streamwise profiles of the piezometric head along the flume for Cases S2A (blue and grey-blue) and
S2D (grey and dark-red) The location of the streamwise profiles are indicated in Figure 3.15. Piezometric head is
plotted at the high-velocity side (solid lines) and the low-velocity side (dashed lines) near the free-surface (blue
and grey) and near the bed (grey-blue and dark-red). The abbreviations in the legend stand for High-velocity
side, Surface (HS); High-velocity side, Bed (HB); Low-velocity side, Surface (LS); Low-velocity side, Bed (LB). The
reference level was chosen such that HS for both cases starts at h = 0. The black dotted line is the friction slope
i f inferred from a one-dimensional depth-averaged momentum equation.
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Figure 3.17: Mean total energy head H = h + 1
2 ui ui /g for Cases S2A (left) and S2D (right). (a)-(b) Horizontal x y

plane near the free surface. Black lines indicate the location of the slope, the red lines the location of the vertical
xz cross-section; (c)-(d) vertical xz plane in the high-velocity side of the mixing layer; (e)-(f) vertical xz plane
in the low-velocity side of the mixing layer. Streamwise coordinate is scaled with the width of the expansion D ,
vertical coordinate is scaled with the upstream depth du . The blue line in panels (c)-(f) is the free-surface level
at the inflow boundary, that is, du = 0.12 m. The reference level for h is chosen such that h is zero at the start of
the slope in the high-velocity stream.
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be considered. For consistency, the same reference level as used for the piezometric level
h is adopted. Figure 3.17 shows the mean total energy head for Case S2A and Case S2D
using the same horizontal and vertical transects as used in Figure 3.15 for the piezometric
head.

Along the high-velocity side of the mixing layer (Figures 3.17a-b) the rate of change of
H is comparable for both cases, while downstream of the bed slope H rapidly decreases
for Case S2D and slightly decreases for Case S2A. Hence, Case S2A is less dissipative than
Case S2D. This explains the pressure recovery over the slope for Case S2A that is largely
absent for Case S2D.

For Case S2A, the high-velocity side of the mixing layer shows little variation of H over
the depth (Figure 3.17c), which further supports vertical uniformity of this case. For Case
S2D, the high-velocity side shows significant variation of H over the depth (Figure 3.17d).
This involves vertical mixing of streamwise momentum causing a decrease, in stream wise
direction, of H in the upper water column. The vertical mixing also contributes to the
observed reduction of the velocity difference over the horizontal mixing layer for Case
S2D (Figures 3.12a-b).

Along the low-velocity side (Figures 3.17e-f) both cases show an increase of H in stream-
wise direction which is due to lateral exchange of momentum across the mixing layer. This
also results in an increasing magnitude of the return current in the horizontal recirculation
zone.

The computed pressures and energy head levels are consistent with the outcome of
the previous analyses. However, they do not fully explain the observed suppression of
flow separation for steeper lateral gradients of the streamwise velocity.

3.5. DISCUSSION
In Broekema et al. (2018) a possible explanation for the suppression of vertical flow sep-
aration due to lateral non-uniformity was given, based on the horizontal convergence of
the flow over a sloping section. Due to the horizontal convergence the adverse pressure
gradient reduces, and vertical flow separation may be suppressed. For milder slopes, this
horizontal convergence of the flow has been observed in several experiments (MacVicar
and Rennie, 2012; MacVicar and Best, 2013; Chartrand et al., 2018) and in field situations
(MacVicar and Roy, 2007). For steeper slopes, like the field observations of Chapter 2
and the current experiment, the horizontal flow pattern relates to the suppression or oc-
curence of vertical flow separation. For shallow environmental flows, the mutual interac-
tion between the horizontal and vertical flow state was explained in Chapter 2 to be the
result of conservation of potential vorticity, which states that the vertical vorticity divided
by the flow depth is conserved along a streamline. If the convergence of the flow due to po-
tential vorticity conservation is sufficiently large, the adverse pressure gradient is reduced
and flow separation is suppressed.

In horizontal shear flows like jets, mixing layers and wakes, vorticity in the shear layer
is predominantly made up of the lateral gradient in streamwise velocity, ∂U /∂y ≈ ∆U /δ.
The transition from a vertically attached and horizontally converging flow state towards a
vertically separating and horizontally diverging flow state occured when the lateral gradi-
ent in streamwise velocity became less steep. This is in line with the reasoning of Broekema
et al. (2018). Although the analogy between the vertical stretching and horizontal com-
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pression of the conveyance cross-section with the vertical stretching of a single vortex is
still recognized in the observed flow field (section 3.4.1), it was shown in section 3.4.2 that
for the selected cases there are no significant differences in the development of the ve-
locity difference over the mixing layer (∆U ) and the mixing layer width (δ). Therefore, the
phenomena observed during this study can not be exclusively related to potential vorticity
conservation. This is related to the value of ξ= δ/LH , which is of the order of O(10−1). This
implies that lateral shear stress is an order of magnitude larger than advective momentum
flux, and thus losses due to turbulence are expected to be relatively large for this case.

The derived pressure from the velocity observations showed clear differences in stream-
wise development of the pressure between a separated and attached case. Although the
pressure varies over the width and depth of the flume, the streamwise pressure gradient
throughout the domain is highly uniform. Based on this observation, we hypothesize that
there is a difference between the global and the local behaviour of the flow. The overall
pressure gradient is linked to the bulk motion of the fluid, while it has a different impact
on the high- and low-velocity stream. The data does not conclusively prove or disprove
this hypothesis, and further analysis is required.

Another possible explanation for the transition between the two possible flow states
may originate from the unstable nature of the flow around the transition point. Analysis
of the flow fields showed that one of the key parameters in controlling the occurence of
vertical flow separation is the steepness of the lateral gradient of the streamwise velocity
at the upstream edge of the slope. Steeper gradients generally give rise to higher (locally
generated) turbulence intensity and instabilities. It was shown that the slope intensified
the turbulence, which could potentially induce a larger lateral exchange of momentum. As
a result, the horizontal recirculation zone grows larger, and through its growth compresses
the high-velocity branch of the mixing layer, implying that the vertical flow state is coupled
to the occurence of a horizontal recirculation zone. The transition between one flow state
and the other is then the result of a global instability of the flow that is possibly triggered
by the combination of steep lateral gradients and a disturbance in the bed topography.
The flow development phase was not studied in a detailed manner during the course of
this work, making the above hypothesis rather speculative.

A possible application of the present results (besides at the Eastern Scheldt), concerns
flow control. Although this was not the primary aim of this study, the fact that horizontal
convergence of the flow at a deepening can suppress vertical flow separation may serve as
an inspiration for new flow control strategies. Inducing flow separation in the horizontal
x y plane to suppress flow separation in the vertical seems counter intuitive. However, one
may for instance think of a deflection screen that gradually contracts the flow horizontally.
Guiding the flow through such a constriction before it enters a region of vertical expansion
(a deepening) may limit energy losses that would otherwise have occured.

3.6. CONCLUSIONS
Separation of flow and flow control methods have been the subject of decades of research,
and this study provides additional insight into the drivers of the associated phenomena.
This work demonstrates - for the first time - that vertical flow separation can be suppressed
by horizontally contracting a flow, even for steep slopes of up to 1 in 2 (±26◦). These find-
ings inspire further experimental and numerical studies into both the three-dimensional

00000 -17x24_BNW.indd   9600000 -17x24_BNW.indd   96 05-05-20   09:2005-05-20   09:20



3.6. CONCLUSIONS

3

81

character of the phenomena as well as their broader implications.
Two clearly distinct flow states were defined and characterized in this study; 1) a com-

bination of vertical flow attachment and horizontal convergence, and 2) a combination of
vertical flow separation and horizontal divergence. The character of the flow is inherently
three-dimensional, but the horizontal flow field is well described by a depth-averaged
framework in case the flow stays vertically attached. The conveyance cross-section is
elongated vertically in this case, and compressed in the horizontal plane. The horizon-
tal convergence of the flow at the slope is then a function of the increase in flow-depth. In
case of vertical flow separation, the conveyance cross-section of the flow is mainly con-
fined to the upper part of the water column. Horizontal mixing layer development in the
conveyance cross-section is analogous to the development of a plane bed mixing layer,
with added energy dissipation originating from the shear between the main flow and the
vertical recirculation zone. The combination of horizontal convergence and vertical at-
tachment of the flow was shown to lead to considerably higher bed shear stresses at the
slope compared to a separating flow, as well as to an amplification of horizontal turbu-
lence intensities.

The flow convergence in the horizontal plane can explain the suppression of flow sep-
aration in the vertical plane, although pressure fields computed from the obtained velocity
data do not decisively confirm this hypothesis. The present observations provide new in-
sight in the dynamics, and consequences, of three-dimensional flow separation, but the
parameter space is still too limited to conclusively determine the transition point between
the observed flow states. To this end, additional high-resolution experimental or numeri-
cal data and analyses are required. These may provide further insight in a.o. the pressure
distribution, the structure of the boundary layer, the role of bed-friction, and the initial
configuration of the flow field prior to the transition.

The results presented in this chapter served as an inspiration for the analytical work
that will be presented in Chapter 4, which further investigates the influence of a stream-
wise slope on the turbulence structure in horizontal shear flows. This analytical investiga-
tion will be performed for the flows discussed in both this chapter and Chapter 2. How the
results influence morphological development will be the topic of discussion in Chapter 5.
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4
LINEAR STABILITY ANALYSIS

This chapter concerns a further analysis of the impact of a streamwise downward directed
bed slope on the turbulence structure in horizontal shear flows. A relatively simple analyti-
cal tool is applied to gain insight into the principal mechanisms that play a role in these dy-
namics; linear stability analysis. Through the linearized system of perturbation equations
a qualitative assessment of the interaction between the presence of the slope, development
of the mean flow field and the turbulence structure is made. This chapter demonstrates
that the slope affects the turbulence structure both through a direct geometric forcing, and
indirectly due to changes to the mean flow field.

83
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4.1. INTRODUCTION
Horizontal shear flows are characterized by differences in streamwise velocity perpendic-
ular to the main direction of the flow, and thus by transverse gradients in streamwise ve-
locity. These velocity differences may for example result from the intersection of two dif-
ferent rivers (Constantinescu et al., 2011; Biron et al., 2002; Rhoads and Kenworthy, 1998),
transverse topographic differences (van Prooijen et al., 2005; Besio et al., 2012; Shiono and
Knight, 1991) or separation of the flow in the horizontal plane at a local blockage like head-
lands or hydraulic structures (Talstra, 2011; Jirka, 2001; Signell and Geyer, 1991).

A common feature in horizontal shear flows is the generation and growth of horizon-
tal coherent structures, which is driven by the transverse gradient in streamwise velocity
(Drazin and Reid, 1981). The turbulent motion results in momentum transfer from the
high-velocity side to the low-velocity side of the shear flow, resulting in a wider mixing
layer and a smaller velocity gradient. Numerous studies on the generation (e.g.(Socolofsky
and Jirka, 2004; Chen and Jirka, 1998; Moser and Rogers, 1993)) and development (van
Prooijen and Uijttewaal, 2002) of coherent structures in plane horizontal shear flows were
performed, because of their importance for lateral exchange of momentum and energy,
as well as constituents like sediment (Bryant et al., 2012; Wolanski et al., 1988; Rogers and
Moser, 1992). If the two horizontal dimensions significantly exceed the vertical dimen-
sion, the flow can be classified as shallow (Jirka, 2001). The origin, characteristics and
behaviour of the horizontal vortices are highly dependent on the relative shallowness of
the flow (Talstra, 2011; Uijttewaal, 2014; van Prooijen and Uijttewaal, 2002).

Environmental flows are often associated with a variable flow depth; examples include
(but are not limited to) compound channels or local scour holes. Such a locally varying
bathymetry may play an important role in both the genesis and development of coherent
structures in horizontal shear flows. The impact of a transverse bed slope on the stabil-
ity of the flow (Poulin and Flierl, 2005; Wan et al., 2015) and on exchange processes (van
Prooijen et al., 2005; Xie et al., 2013) has been studied extensively. However, the impact of
a streamwise bed variation has not yet been studied before. In this chapter, we assess the
influence of a streamwise bed slope on the stability of horizontal shear flows by means of a
linear stability analysis. Stability analyses have been carried out by multiple authors (van
Prooijen and Uijttewaal, 2002; Socolofsky and Jirka, 2004; Chen and Jirka, 1994, 1998; Chu
and Babarutsi, 1988). Similarly to these studies, the following analysis is aimed to classify
the generation and behaviour of predominantly two-dimensional coherent structures. As
will be further demonstrated in Chapter 5, the influence of horizontal coherent structures
on local erosion may be significant. Therefore, the present chapter aims to assess the in-
fluence of a streamwise downward slope on the production and dissipation of turbulence,
to understand the role of the coherent structures on the hydraulic load at the bed. The
stability equations that are used in these analyses are very similar to the ones used by (van
Prooijen and Uijttewaal, 2002), but differ on one crucial point; the inclusion of a variable
topography.

The presence of a streamwise slope may affect the stability of the flow in two ways; firstly
through the destabilizing influence originating simply from the geometry of the slope and
secondly through changes in the mean flow field at the slope. Both aspects are investi-
gated in this chapter. In Section 4.2, the governing equations for the stability problem
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including a variable bathymetry are derived. Next, the (numerical) solution procedure is
outlined. In Section 4.3 an assessment on the expected influence of a streamwise slope
on the stability of the flow is made. In Section 4.4 these hypotheses are validated by ap-
plying the stability analysis to the experimentally observed flow fields from Chapter 3. In
this experiment, the influence of a longitudinal linearly sloping bed on the streamwise
development of a horizontal mixing layer was invesigated. The mean flow fields that were
observed in this experiment (and presented in Chapter 3) serve as input for the linear sta-
bility analysis performed in this chapter. As a final step, in Section 4.5 the model is applied
to the observed flow fields in the field that were presented in Chapter 2. In Section 4.6 the
findings are further discussed.

4.2. GOVERNING EQUATIONS
Modelling of the development of horizontal coherent structures in a mixing layer at a slope
is done using a linear stability analysis. In this analysis, small perturbations are superim-
posed on a mean flow field. An advantage of using observed mean flow fields as the base
flow is that we can safely assume that the impact of coherent structures on the mean flow
is incorporated in the base flow (and thus, does not have to be explicitly modelled).

The resulting system of equations is linearized, an operation that yields a system of
equations describing the motion of the horizontal coherent structures. This system of
equations can be studied as a generalized eigenvalue problem, the solution of which are
the spatial or temporal growth rates of the perturbations. Using these, the streamwise
development of the total turbulence energy contained in the perturbations is computed.

The stability analysis is semi-analytical; only the final step, solving the generalized
eigenvalue problem, is performed numerically. Here, first the stability equations are de-
rived. The numerical solution procedure is outlined in section 4.4.

4.2.1. PERTURBATION EQUATIONS
In line with previous studies, the linear stability analysis is conducted for shallow open
channel flows with a horizontal length scale significantly larger than the water depth. The
governing equations that we define here are derived by applying a depth-averaging oper-
ation to the three-dimensional Navier-Stokes equations. The depth-averaged equations
are subsequently averaged over a time period that is short compared to the time-scale of
the large-scale perturbations but long enough to average out the small-scale motion. The
result of these two averaging operations are the following equations:

∂d

∂t
+ ∂ūd

∂x
+ ∂v̄d

∂y
= 0; (4.1)

∂ū

∂t
+ ū

∂ū

∂x
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∂ū

∂y
=−g
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∂x
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√
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(
∂2ū

∂x2 + ∂2ū

∂y2

)
; (4.2)
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∂x
+ v̄

∂v̄

∂y
=−g

∂h
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− c f v̄

d

√
ū2 + v̄2 +ν

(
∂2v̄

∂x2 + ∂2v̄

∂y2

)
; (4.3)

where d is the flow depth, c f is a bed-friction coefficient and ū, v̄ are the depth- and time-
averaged velocity components in the x− and y-directions, respectively, ν is the kinematic
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viscosity and h is the piezometric head defined by h = z + p/ρg with p the hydraulic
pressure in excess of the atmospheric pressure. The x− and y− directions are the hori-
zontal coordinates in longitudinal and transverse direction, respectively. Physically, h is
the height to which the mean pressure will rise a column of fluid. Thus, we can write
h = z+d +η, where we define η as local free surface fluctuations. We assume that Froude-
numbers are sufficiently low such that the free surface of the open channel can be ap-
proximated by a rigid lid (Ghidaoui and Kolyshkin, 1999), which implies that η= 0. Since
there are no temporal flow depth variations, this furthermore yields that ∂d/∂t = 0. Un-
der the rigid lid assumption pressure fluctuations are still allowed, but they do not lead to
free-surface level fluctuations.

The classical approach of linear stability analysis is followed, so a small perturbation
(u′, v ′,h′) is superimposed on a mean flow field that is supposed to be in equilibrium. As in
Section 2.4.1, it is assumed that the lateral velocity v̄ is much smaller than the streamwise
velocity ū, that is, v̄ � ū. The contribution of v̄ can however not be neglected a priori,
since observations from Chapter 2 and Chapter 3 have shown that the mean horizontal
flow field either converges or diverges at a streamwise bed slope. This is associated with
lateral velocities that are nonzero. The assumption that v̄ � ū is repeatedly used in the
following derivation. Taking v̄ into account differs from the classical approach, where a
parallel shear flow is used as input for the stability analysis. For the present analysis, the
total flow field is defined by:

u = ũ(x, y)+u′(x, y, t ), (4.4)

v = ṽ(x, y)+ v ′(x, y, t ), (4.5)

h = z(x, y)+d(x, y)+h′(x, y, t ), (4.6)

A spatially varying bathymetry is allowed, which is expressed as d = d(x, y). The component-
wise linearized equations for the perturbations are obtained by substituting equations 4.4-
4.6 into equations 4.1-4.3 and dropping higher order terms:

∂u′d
∂x

+ ∂v ′d
∂y

= 0; (4.7)

∂u′

∂t
+ ũ

∂u′

∂x
+u′ ∂ũ

∂x
+ ṽ

∂u′

∂y
+ v ′ ∂ũ

∂y
=−g

∂h′

∂x
− 2c f ũ

d
u′ +ν

(
∂2u′

∂x2 + ∂2u′

∂y2

)
; (4.8)

∂v ′

∂t
+ ũ

∂v ′

∂x
+u′ ∂ṽ

∂x
+ ṽ

∂v ′

∂y
+ v ′ ∂ṽ

∂y
=−g

∂h′

∂y
− c f ũ

d
v ′ +ν

(
∂2v ′

∂x2 + ∂2v ′

∂y2

)
. (4.9)

Here, we have used the fact that ṽ � ũ to linearize the bed friction term. A normal mode
solution of the form [u′, v ′,h′] = [û(y), v̂(y), ĥ(y)]exp[i (kx−ωt )] is applied, where k and ω

are the respective complex wave number and frequency of the disturbance. Substitution
of this normal mode solution into the perturbation equations yields the following system
of equations:

i kû + û

d

∂d

∂x
+ ∂v̂

∂y
+ v̂

d

∂d

∂y
= 0, (4.10)
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−iωû + i kũû + û
∂ũ

∂x
+ ṽ

∂û

∂y
+ v̂

∂ũ

∂y
=−i kg ĥ − 2c f ũ

d
û +ν

(
∂2û

∂y2 −k2û

)
, (4.11)

−iωv̂ + i kũv̂ + û
∂ṽ

∂x
+ ṽ

∂v̂

∂y
+ v̂

∂ṽ

∂y
=−g

∂ĥ

∂y
− c f ũ

d
v̂ +ν

(
∂2v̂

∂y2 −k2v̂

)
, (4.12)

Equations 4.10-4.12 are the linearized shallow-water perturbation equations, including
slope effects. The perturbation equations as defined above were derived under the as-
sumption of shallow flow, that is, the horizontal length scales of the flow configuration are
much larger than the vertical length scale. This assumption naturally limits the applica-
bility of the linear stability analysis because it is not satisfied by every perturbation. For
a given waterdepth d , we can derive the limiting condition for wavenumber k for which
perturbations may still be regarded as shallow:

k � 2π

d
. (4.13)

This condition will be used later to verify the validaty of applying the linear stability anal-
ysis to the experimental data of Chapter 3.

Before validating the linear stability analysis against the data from Chapter 3, we take
a brief pause and analyse the properties of the perturbation equations in Section 4.3. In
Section 4.4, Equations 4.33-4.34 will be applied to the observed flow fields as presented in
Chapter 3.

4.3. ANALYSIS OF THE PERTURBATION EQUATIONS
In this section we analyse the perturbation equations to assess the impact of a stream-
wise slope on the development of perturbations superimposed on the mean flow. Two
different analyses are presented here. In Section 4.3.1 the stability equations are non-
dimensionalized, to assess if there are any terms in the system of equations that can be
neglected a-priori and to reveal the primary dependencies of the flow problem we con-
sider. In Section 4.3.2, the energy contained in the large-scale perturbations is assessed,
with the idea that this analysis may reveal how the slope influences the growth and devel-
opment of the perturbations.

4.3.1. NONDIMENSIONAL ANALYSIS
To quantify the influence of streamwise slopes on the stability of the flow, equations 4.10-
4.12 are restated in nondimensional form. To this end a nondimensionalization is per-
formed using a horizontal length scale x, y ∼ L and a mean flow velocity scale ũ, ṽ ∼U in
the following way,

t = L

U
t�, x = Lx�, y = Ly�, û =U û�, v̂ =U v̂�, ũ =U ũ�,

ṽ =U ṽ�, ĥ = Lh�,d = Ld�,k = k�/L,ω=ω�U

L
;

(4.14)

where the star-notation indicates the dimensionless variable. The relevant velocity scale
for the imposed perturbations is the velocity difference between the mixing layer streams
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U = ∆U ; for the mean, longitudinal flow field the relevant velocity scale is the cross-
sectionally averaged streamwise flow velocity U = ua ; for the mean, transverse flow field
the relevant velocity scale is the transverse velocity component in the center of the mixing
layer U = vc . The length-scale L is decoupled in a similar fashion, that is, the governing
length scale in transverse and longitudinal direction are not necessarily the same. The
length scale in longitudinal direction is the length over which the flow depth increases,
L = LH . The length scale in transverse direction can be related to the velocity profile,
such that L = δ is the width of the horizontal mixing layer thickness, where δ is defined as
δ= U

Uy,max
, which is the ratio between the velocity difference and the maximum lateral ve-

locity gradient. The water depth is scaled with the mixing layer width such that d� = d/δ
is a measure of the relative shallowness of the mixing layer. The dimensionless system of
equations is then given by:

i k�û�+ δ

LH

û�

d�

∂d�

∂x�
+ vc

∆U

∂v̂�

∂y�
+ ua

∆U

v̂�

d�

∂d�

∂y�
= 0, (4.15)

−iω�û�+ ua

∆U
i k�ũ�û�+ ua

∆U

δ

LH
û� ∂ũ�

∂x�
+ vc

∆U
ṽ� ∂û�

∂y�
+ ua

∆U
v̂� ∂ũ�

∂y�
=

−i k� δ

∆U 2 g ĥ�−2S f ũ�û�+ 1

Re

(
∂2û�

∂y�2 −k�2û�

)
,

(4.16)

−iω�v̂�+ ua

∆U
i k�ũ�v̂�+ vc

∆U

δ

LH
û� ∂ṽ�

∂x�
+ vc

∆U
ṽ� ∂v̂�

∂y�
+ vc

∆U
v̂� ∂ṽ�

∂y�
=

− δ

∆U 2 g
∂ĥ�

∂y�
−S f ũ�v̂�+ 1

Re

(
∂2v̂�

∂y�2 −k�2v̂�

)
,

(4.17)

with the stability number S f and the Reynolds number Re defined by, respectively,

S f
def= c f δ

d

ua

∆U
(4.18)

Re
def= ∆Uδ

ν
. (4.19)

It was shown by Chen and Jirka (1997) that for flows where Re > 103 viscous effects can be
neglected, a condition that is assumed to be satisfied in the following. Furthermore, it is
assumed that there is no lateral topographic variability, that is, ∂d�/∂y� = 0. Furthermore,
we assumed that v � u, which implies that vc �∆U . Since we decoupled the horizontal
and vertical length scales, all terms concerning derivatives are of order unity, and thus we
can neglect terms that are factored with vc /∆U . Then, the system of Equations 4.15-4.17
becomes:

i k�û�+ δ

LH

û�

d�

∂d�

∂x�
= 0, (4.20)
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−iω�û�+ ua

∆U
i k�ũ�û�+ ua

∆U

δ

LH
û� ∂ũ�

∂x�
+ ua

∆U
v̂� ∂ũ�

∂y�
=

−i k� δ

∆U 2 g ĥ�−2S f ũ�û�,

(4.21)

−iω�v̂�+ ua

∆U
i k�ũ�v̂� =− δ

∆U 2 g
∂ĥ�

∂y�
−S f ũ�v̂�, (4.22)

To assess the influence of the streamwise variation of flow depth on the stability of the flow
problem, we eliminate the term i k�ũ�û� in Equation 4.21 using Equation 4.20, which
leads to,

−iωû�− δ

LH

ua

∆U
û� ib

d�
ũ�

︸ ︷︷ ︸
slope term 1

+ δ

LH

ua

∆U
û� ∂ũ�

∂x�
︸ ︷︷ ︸

slope term 2

+ ua

∆U
v̂� ∂ũ�

∂y�
=

−i k� δ

∆U 2 g ĥ�−2S f ũ�û�.

(4.23)

In Equation 4.23 we have substituted ∂d�/∂x� for ib . As indicated in Equation 4.23 the
influence of the streamwise bed slope manifests itself in two separate terms. Slope term
1 is the direct influence of the slope on the development of perturbations. This term in-
volves gradients of the flow depth and may physically be interpreted as vertical stretch-
ing/compression, proportional to the change in flow depth, of perturbations that are ad-
vected with the mean flow. Multiplication with the mean flow velocity ũ indicates this is
an advective process.

Slope term 2 involves gradients of the background mean streamwise flow field. The
physical interpretation of this term is less straightforward. It is noted that, although this
term was named "slope term 2" in Equation (4.23), deceleration is not uniquely related
to the presence of a sloping section. This term could be part of the perturbation equa-
tions without a variable bathymetry as well. In case a bed slope in streamwise direction is
present, the resulting flow field at the slope is a function of ib/d� as well. Thus, the vortex
stretching mechanism to which slope term 1 was related, influences stability of the system
on the scale of the mean flow field as well.

Interestingly, both slope term 1 and slope term 2 show, after nondimensionalization,
the dependence of the development of the perturbations on δ/LH and ua/∆U . This cor-
roborates the findings from Chapter 1, that this parameter is important for characterizing
the dynamics of horizontal shear flows over a streamwise topography.

The relative importance of terms 1 and 2 is not readily determined from Equation 4.23;
this depends on how (ib/d�)ũ� relates to ∂ũ�/∂x�. The nondimensional analysis con-
firmed that the presence of the slope contributes in two ways to the development of the
imposed perturbations. To further understand the principal physical mechanisms, in the
following section we assess the turbulence energy contained in the perturbations.

4.3.2. ENERGY CONSIDERATIONS
Here we further analyse the mechanisms of the growth of perturbations in the flow, and
the influence of a streamwise topography. It can be shown that the stability number S f as
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defined in Equation 4.18 is the ratio of the dissipation of energy of the large-scale trans-
verse motion by bed friction and the energy transfer from the mean flow to the pertur-
bations through the action of Reynolds stresses. The role of this parameter is demon-
strated by considering the equation for kinetic energy of the perturbations. This equation
is obtained from a long-term time-averaging operation performed on after summation of
Equation 4.8 multiplied with u′ and Equation 4.9 multiplied with v ′, whilst neglecting the
viscous terms:

∂k

∂t
+ ũ

∂k

∂x
+ ṽ

∂k

∂x
=−g

〈
u′ ∂h′

∂x
+ v ′ ∂h′

∂y

〉
−〈

u′v ′〉
(
∂ũ

∂y
+ ∂ṽ

∂x

)

−〈
u′2〉 ∂ũ

∂x
−〈

v ′2〉 ∂ṽ

∂y
− c f ũ

d

[
2
〈

u′2〉+〈
v ′2〉] ,

(4.24)

where k = 1
2

(〈
u′2〉+〈

v ′2〉) is the kinetic energy of the perturbations, and 〈..〉 denotes time-
averaging.

We now first consider the case when there is no streamwise bed slope and no lateral
velocity component, that is, ∂ũ/∂x ≈ 0, ∂ṽ/∂y ≈ 0 and ∂ṽ/∂x ≈ 0. The first term on the
righthand side of Equation 4.24 denotes redistribution of kinetic energy by velocity and
pressure fluctuations. In case of a flat bed, it can be shown by partial integration and
substitution of the continuity equation that this term is equal to g

(
∂u′h′/∂x +∂v ′h′/∂y

)
.

Thus, Equation 4.24 simplifies to:

∂k

∂t
+ ũ

∂k

∂x
=−g

〈
∂u′h′

∂x
+ ∂v ′h′

∂y

〉
−〈

u′v ′〉 ∂ũ

∂y
− c f ũ

d

[
2
〈

u′2〉+〈
v ′2〉] . (4.25)

In Equation 4.25, the term that accounts for the energy transfer from the mean flow to the
perturbations through the action of Reynolds stresses is:

Py =
〈

u′v ′〉 ∂ũ

∂y
. (4.26)

The dissipation term that describes the negative work of bed-friction against the large-
scale motion is:

D = c f ũ

d

[
2
〈

u′2〉+〈
v ′2〉] . (4.27)

The ratio between the two is given by the following expression:

D

Py
=

[
2
〈

u′2〉+〈
v ′2〉]

〈u′v ′〉
c f ũ

d∂ũ/∂y
. (4.28)

Substituting the definition of the mixing layer width into Equation 4.28 finally yields:

D

Py
=

[
2
〈

u′2〉+〈
v ′2〉]

〈u′v ′〉
c f δ

d

ũ

∆U
=

[
2
〈

u′2〉+〈
v ′2〉]

〈u′v ′〉 S f . (4.29)

As mentioned in Chu et al. (1991), the term
[
2
〈

u′2〉+〈
v ′2〉]/

〈
u′v ′〉 has an estimated value

of 10 in a fully developed shear flow, using
〈

u′2〉= 〈
v ′2〉 and

〈
u′v ′〉/

〈
u′2〉≈ 0.3. This leads
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to the well known stability limit of S f ≈ 0.1 (van Prooijen and Uijttewaal, 2002), which
implies that the flow is unstable if Py exceeds D with a factor 10.

We now consider the case that there is a streamwise bed slope. In Equation 4.24 addi-
tional production terms arise, that are related to the longitudinal variation in the topog-
raphy. For instance, the first term on the right hand side of Equation 4.24 contains an
additional term of −g

〈
u′h′〉 ib/d . The non-dimensional analysis has shown that a num-

ber of terms are relatively small given the assumption that v � u. Although these small
terms are needed to close the balance, to assess the first-order impact of a streamwise bed
slope on the development of the perturbations, these are neglected. Thus, Equation 4.24
becomes:

∂k

∂t
+ũ

∂k

∂x
=−g

〈
∂u′h′

∂x
+ ∂v ′h′

∂y

〉
−g

〈
u′h′〉 ib

d
−〈

u′v ′〉 ∂ũ

∂y
−〈

u′2〉 ∂ũ

∂x
−c f ũ

d

[
2
〈

u′2〉+〈
v ′2〉] ,

(4.30)
Compared to the flat bed case of Equation 4.25, additional production terms have ap-
peared in the equation that are related to the influence of the streamwise bed slope. These
are the longitudinal change in streamwise velocity, and the pressure term. The former ad-
ditional production term arises from the influence of the slope on the mean streamise
velocity field, and is defined as:

Px = 〈
u′2〉 ∂ũ

∂x
. (4.31)

The latter additional production term arises from the direct influence of the presence of
a streamwise slope. This result is consistent with the outcome of the nondimensional
analysis.

In the case of streamwise acceleration of the flow, the kinetic energy associated with
the perturbations will decrease, whereas in the case of streamwise deceleration of the flow
the energy will increase. Therefore, the slope may lead to an additional transfer of energy
from the mean flow towards the perturbations. The influence of the pressure term is less
straightforwardly determined. In the following, we will therefore focus on the influence of
∂ũ/∂x.

4.4. VALIDATION
In this section, the findings from Section 4.3 are validated against experimental data. We
apply the dimensional stability equations (Equations 4.33-4.34) as outlined in Section 4.2
to the measured flow fields presented in Chapter 3. The reader is referred to Chapter 3
for more background information concerning these flow fields. In this section, first the
methodology is explained. Next, the outcome of the analysis is compared to experimental
observations.

4.4.1. METHODOLOGY
The outcome of the linear stability analysis that will be compared to experimentally ob-
served quantities is the turbulence kinetic energy of the perturbations from the lateral ve-
locity component, v ′. The lateral velocity component was chosen, since this component is
thought to best capture the perturbations in a unidirectional flow. Furthermore, this com-
ponent is usually measured with higher quality (Uijttewaal and Jirka, 2003). The outcome
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of the linear stability analysis in our implementation is the growth rate of perturbations
as a function of their wave number in the centerline of the mixing layer. When given an
initial energy density spectrum of the fluctuating component v ′, its spatial development
can be determined using the computed growth rates. Ideally, we would therefore compare
this outcome to observed energy density spectra in the mixing layer centerline. However,
we did not measure the velocity exactly at the mixing layer centerline, but rather obtained
such quantities through interpolation and fitting. It was therefore deciced not to attempt
interpolation of the obtained energy density spectra, but rather to consider the integral
value (that is, the turbulence kinetic energy contained in the lateral velocity component)
as a better measure to compare to.

Here, we first present the steps that were used to derive the turbulence kinetic energy
in the centerline of the mixing layer from the observations. Second, the computational
methodology to derive the same quantitiy using the perturbation equations is outlined.

EXPERIMENTS

The Reynolds’ decomposed velocity signal is used to derive the time-mean turbulence
kinetic energy Ev v,m contained in the lateral velocity component (u2 = v):

Ev v,m = v ′2. (4.32)

This operation was performed at each x, y, z measurement position. Subsequently, at each
x, y position, the computed values of Ev v,m were averaged over the depth. We compare
measured and predicted Ev v in the mixing layer centerline. A computational x, y grid was
defined with step sizes ∆x = 0.025 m and ∆y = 0.0125 m. The time- and depth-averaged
observed velocity components ũ, ṽ are interpolated onto this grid. For each longitudinal
x position, the centerline position of the mixing layer is derived by fitting a hyperbolic
tangent to the interpolated streamwise velocity component, as outlined in Section 3.4.2.
For each derived centerline position, the four closest measurement locations are deter-
mined. The centerline turbulence kinetic energy is then computed as a weighted average
of the time- and depth-averaged measured turbulence kinetic energy at these four loca-
tions. The weights are chosen such that they are inversely proportional to the distance
away from the centerline position

Three experimental cases were used to assess the impact of a streamwise slope on the
turbulence structure of a horizontal shear flow; a plane bed horizontal mixing layer (Case
PB), a horizontal mixing layer over a 1 in 2 streamwise slope (Case S2A) and a horizontal
mixing layer over a 1 in 4 streamwise slope (Case S4A). In these cases, the vertical structure
of the flow is approximately uniform over the depth. Equation 4.13 provides an approxi-
mate limit for which the length scale of the perturbations is sufficiently large with respect
to the water depth. For the present experiment, this upper limit is found at a wave number
of k ≈ 60 rad/m. Hence, we say that the shallowness assumption holds for perturbations
with a wave number that is smaller than 30 rad/m. According to Michalke (1965), the
wavenumber of the most unstable mode relates to the mixing layer width and is close to
kmu � 0.445/(0.5δ). This means that (based on derived mixing layer widhts in Chapter 3)
directly downstream of the horizontal mixing layer origin, the wavenumber of the most
unstable mode is roughly 20 rad/m. The linear stability analysis is therefore applicable to
the experimental case, albeit only just.
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To compute the turbulence kinetic energy of the lateral velocity component with the linear
stability analysis, a number of steps are required. These are outlined here.

The starting point of this analysis are the observed mean flow fields for Cases PB, S2A
and S4A. The same computational grid that was used for processing the experimental
data is utilized here. At each longitudinal position, a hyperbolic tangent is fitted to the
time- and depth-averaged streamwise velocity, to ensure a proper representation of the
steepness of the lateral gradient associated with the mixing layer. Furthermore, the com-
putational grid is used to determine the longitudinal gradient of the streamwise velocity
component and the local water depth. These operations yield all the necessary input for
solving the stability problem given by Equations 4.10-4.12.

To solve the stability problem, a pseudo-spectral collocation method employing Cheby-
shev polynomials is used. Following the procedure as reported in Chen and Jirka (1994),
we employ a Chebyshev differentiation matrix D (see Appendix B for its definition) to
numerically compute derivatives in y-direction on a set of discrete collocation points.
Through a sensitivity analysis the optimal number of collocation points was determined.
This is further elaborated upon below.

In previous studies, through repeated substitution, the system of Equations 4.10-4.12
was reduced to a single ODE, which is resemblant to the Sommerfeldt-Orr equation (see,
for instance van Prooijen and Uijttewaal (2002)). In case of topographic variability, this
substitution procedure is far less straightforward and a much more tedious operation.
Hence, we solve the system of equations 4.15-4.17 as a whole. Leaving the equations in
system-form also means that there are no objections to leaving in the terms that were
shown to be relatively small in the dimensional analysis. For completeness in the calcula-
tion, it was therefore decided to leave them in. In matrix-notation, including the Cheby-
shev differentiation matrix, Equations 4.10-4.12 are rewritten as follows,

[
ωT + A1 +k A2 +k2 A3

]
û = 0, (4.33)

in which:

A1 =


νD2 −2(c f /d)ũ − ũx − ṽD −ũy 0

−∂ṽ/∂x νD2 − (c f /d)ũ − ṽD −∂ṽ/∂y −g D
(1/d)∂d/∂x D + (1/d)∂d/∂y 0


 ;

T =



i 0 0
0 i 0
0 0 0


 ; A2 =



−i ũ 0 −g i

0 −i ũ 0
i 0 0


 ; A3 =



−ν 0 0
0 −ν 0
0 0 0


 ; û =




û
v̂
ĥ


 .

(4.34)

Equations 4.33-4.34 are completed by a homogeneous Neumann boundary condition at
y =± 1

2 B for û and ĥ, and a homogeneous Dirichlet boundary condition at y =± 1
2 B for v̂ .

The system as outlined in Equations 4.33-4.34 is a generalized eigenvalue problem, which
can be solved by assuming a real value for ω and computing the corresponding eigenval-
ues k (spatial method) or by assuming a real value for k and computing the corresponding
eigenvalues ω (temporal method). Both methods are suitable, and results obtained with
both methods are transferable. Although the spatial method covers the underlying physics
slightly better (Michalke, 1965), for the present parameter-study the temporal method was
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Figure 4.1: Neutral stability curve in the (S f ,kr )-plane. This curve is constructed using a velocity profile that
is the same as in van Prooijen and Uijttewaal (2002) and Chen and Jirka (1998) to validate the accuracy of our
implementation. Computed values by van Prooijen and Uijttewaal (2002) are plotted as black crosses (VP2002).
Neutral stability curves are computed using our code for an increasing amount of collocation points N , showing
convergence of the results for N > 201.

chosen to solve the matrix system. Therefore, the wavenumber k exists of only a real part,
k = kr . The accuracy of the temporal approach compared to the spatial approach was
validated by van Prooijen and Uijttewaal (2002), further justifying its use.

The number of collocation points N chosen for numerically solving the eigenvalue
problem is N =201. A sensitivity analysis on the number of collocation points was per-
formed by comparing the results of the present implementation to that of van Prooijen
and Uijttewaal (2002). The results of this analysis are shown in Figure 4.1. Figure 4.1 ver-
ifies the accuracy of the present implementation. In this figure, neutral stability curves
are plotted for the case of van Prooijen and Uijttewaal (2002) using our implementation.
These show the stability number S f as a function of k = kr , and denote the limiting value
of S f for which the flow is stable (that is, ωi (k) = 0). Convergence of the results of our
implementation occurs for N > 201, which verifies the accuracy of the method.

Next, at each longitudinal position of the computational grid the temporal eigenvalue
problem of Equations 4.33-4.34 is solved; real values of k are assumed, yielding the cor-
responding eigenvalues ω as solution. The result of this procedure is at each longitudinal
position a curve of ωi , the temporal growth rate, as a function of k, the wavenumber of the
imposed perturbations. These curves are valid for the growth of perturbations in the cen-
terline of the mixing layer. To highlight the influence of a streamwise slope, first growth
curves are shown for a case with and withouth a streamwise slope in Section 4.4.2. The
present analysis makes use of the computed eigenvalues; an analysis of the correspond-
ing eigenvectors [û, v̂ , ĥ] are oustide of the scope of this chapter. These reflect the different
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modes that the perturbations can develop into, whereas our interest is in the total energy
contained in the perturbations.

The growth rates for the various wave numbers as a function of the local flow char-
acteristics do not predict the energy density of the wave numbers at each longitudinal
position. In order to find the energy density, the history of the development of the spec-
trum has to be taken into account. To determine the spatial development of the imposed
perturbations, the temporal growth rates are rewritten to spatial growth rates using a dis-
persion relation (Michalke, 1965). The energy density spectrum at a longitudinal position
x j+1 given an energy density spectrum at upstream longitudinal position x j is then nu-
merically computed using:

Ev̂ v̂ (k, x j+1, yc ) = Ev̂ v̂ (k, x j , yc )
∫x j+1

x j

exp

(
ωi (k)

ωr (k)
kx

)
dx. (4.35)

Here, subscripts i ,r denote the imaginary and real part of the temporal eigenvalues ω,
respectively. The longitudinal position is denoted by x j , where indices j denote the posi-
tion on the numerical grid. The initial energy density, E(k, x0) is chosen such that the total
energy content in the mixing layer centerline position at the inflow boundary matches
the observed total energy content. The initial energy density is assumed to be that of an
undisturbed open channel flow, that is, the energy is equal for all wavenumbers. The total
energy content along the mixing layer centerline is determined by integrating the energy
density over the various wavenumbers at each longitudinal position:

Ev v (x, yc ) =
∫∞

0
Ev̂ v̂ (k, x, yc )dk (4.36)

This output is compared to the actual observed turbulence kinetic energy of the lateral
velocity component.

4.4.2. RESULTS

SLOPE INFLUENCE

In Figure 4.2, the growth-rate ωi is plotted as a function of the wavenumber k. This
figure illustrates the influence of a streamwise topography on the growth of perturba-
tions. Only Cases S2A and PB have been included in this figure, Case S4A shows the same
trends in growth rate of the perturbations. The presence of a streamwise slope leads to
an enhanced maximum growth rate of perturbations with a slightly smaller correspond-
ing wave-number. Therefore, the presence of the slope may lead to a larger turbulence
length-scale, a feature that was already suggested in Chapter 3 (see Figure 3.14). In the
following, we consider the influence of the slope on the total turbulence energy of the
perturbations.

In Figure 4.3 the modelled and measured values of the turbulence kinetic energy of the
lateral velocity component are plotted for Cases PB, S2A and S4A. The streamwise slope for
both Cases S2A and S4A is located at x/D = 2. For Case PB computed Ev v agrees well with
measured Ev v up until a distance of x/D = 4. Linear stability analysis predicts a further
increase of energy in the fluctuations contrary to what is actually observed. A possible
explanation is non-linearity of the behaviour.
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Figure 4.2: Stability curves plotting the growth rate ωi as a function of k for Case S2A (solid lines) and Case PB
(dashed lines) at several streamwise positions in the domain. Note that for Case S2A the sloping section reaches
from x/D = 2 until x/D = 3.5.
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For Case S2A, linear stability analysis predicts the maximum energy Ev v reasonably
well. However, observations show a much steeper increase in energy between 1 < x/D < 3.
The location of the peak in energy content is measured at x/D = 3 and predicted at x/D
= 4. Initial development of Ev v is similar for Cases PB and S2A according to the stability
analysis. At the sloping section (2 < x/D < 4), the increase in Ev v is similar to the observed
increase in energy content for Case S2A. A possible explanation between the differences
between computed and observed values could be that the flow and turbulence upstream
of the slope are influenced by the presence of the slope. This upstream propagation of the
slope influence can not be taken into account in the linear stability analysis, since only
downstream development of the perturbations is computed.

For Case S4A, linear stability analysis predicts the observed energy Ev v well up until
a streamwise position of x/D ≈ 3.5. The model predicts an ongoing increase in Ev v that
is not supported by the observations. Furthermore, according to the model the peak en-
ergy is larger for Case S4A than for Case S2A, a feature that is also not found in the data.
Computed values of Ev v are more accurate for Case S4A than for Case S2A, which could
be explained by the increased nonlinearity for steeper slopes.

The initial development of Ev v is rather similar between the three cases, for both the
observed and computed values. Although the peak values of Ev v are clearly larger for the
sloping cases, no clear influence of the slope, like a sudden change in the development of
Ev v , is recognized. Therefore, in the next section we systematically investigate the impact
of both the direct (that is, the presence of ib in the system) as well as the indirect influence
of the slope (that is, changes to the mean flow field due to the slope) on the development
of Ev v .

PARAMETER STUDY

In the analysis presented in this section, first the streamwise slope term (∂d/∂x = ib in
Equation 4.34) was set to zero. Subsequently, the deceleration term (∂ũ/∂x in Equation 4.34)
was set to zero. These two cases were compared to the computation that did consider both
effects. For Case PB the bed slope ib is zero already, so for this case only the second addi-
tional computation was performed. The results of this analysis are shown in Figure 4.4 for
Case PB (Figure 4.4a), Case S2A (Figure 4.4b) and Case S4A (Figure 4.4). The blue lines in
panels (a)-(c) are the base case, and are the same as plotted in Figure 4.3.

For Case PB, setting ∂ũ/∂x = 0, leads to an increase of Ev v with respect to the base case.
For Case S2A, exactly the opposite behaviour is observed. This is explained by the pres-
ence of the streamwise acceleration term ∂ũ/∂x. As derived in Section 4.3.2, the stream-
wise derivative of the longitudinal velocity component is an extra source term for the en-
ergy contained in the perturbations. A positive ∂ũ/∂x (that is, streamwise acceleration)
will lead to a reduction of energy contained in the large-scale perturbations, whereas a
negative ∂ũ/∂x (that is, streamwise deceleration) will lead to an increase of energy con-
tained in the perturbations.

The longitudinal derivative of the streamwise velocity component is plotted for both
cases in Figure 4.5. As can be seen in Figure 4.5, for Case PB, ∂ũ/∂x is positive in the mixing
layer (where the perturbations originate), whereas for Cases S2A and S4A ∂ũ/∂x is positive
on the flat upstream part, and negative on the sloping section. It may seem counterintu-
itive that there is a longitudinal gradient in streamwise velocity at the centerline, given
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Figure 4.3: Depth-averaged turbulent kinetic energy of the lateral velocity component for Case PB (black), Case
S2A (blue) and Case S4A (red) in the center of the mixing layer for different streamwise positions x/D . Both
observed (solid lines) and modelled (dashed lines) are shown. For Cases S2A and S4A, the slope is located at
streamwise coordinate x/D = 2.
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Figure 4.4: Depth-averaged turbulence kinetic energy of the lateral velocity component for Case PB (a), Case S2A
(b) and Case S4A (c). In all panels the base case is plotted, and a situation where ∂ũ/∂x was set to zero, or where
the slope ib was set to zero. For Case PB, ib = 0 and thus only the deceleration term was set to zero to show the
influence of the deceleration for the reference case.

that the streamwise velocity along the centerline is more or less constant (see Figure 3.12).
However, the centerline is not a straight line in longitudinal direction, so although ∂uc /∂s,
with s the streamwise coordinate, may be approximately zero, this is not true for ∂ũ/∂x.

Artificially setting ib = 0 (black line, Figures 4.4b,c) yields a slight decrease of Ev v . The
change in ∂ũ/∂x at the slope is the dominant factor explaining large energy content Ev v

in the perturbations at the sloping section.
The streamwise production term involving the longitudinal derivative of the stream-

wise flow field is more important than the spanwise production term involving the trans-
verse derivative of the streamwise flow field. More research is needed into the exact driv-
ing mechanisms, but the results clearly underline the importance of the streamwise vari-
ability of the flow field on the intensity of the fluctuations.
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Figure 4.5: Streamwise derivative of the depth-averaged streamwise velocity field for cases PB (a), S2A (b) and
S4A (c). For Cases S2A and S4A, the slope is located at x/D =2. The red markers denote the derived mixing layer
centerline.
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4.5. FIELD CASE APPLICATION
Encouraged by good results with applying the model to the experimental case from Chap-
ter 3, we now apply the model to the field case from Chapter 2; the Eastern Scheldt storm
surge barrier. For this case, the value of δ/Lh was an order of magnitude larger than for
the experimental case. Therefore, with this analysis we can furthermore assess the influ-
ence of this parameter on the occurrence of the phenomena. The model is applied to the
interpolated observed flow fields at the Schaar inlet (see for instance Figure 2.6), using the
same methodology as described in Section 4.4.1. Based on bathymetric surveys, a mean
bed slope at the scour hole of 1 in 2 is applied, which is an upper limit.

Figure 4.6 shows the stability curves for the flow at the upstream end of the scour hole,
just after the edge of the bed protection (blue line), and at the downstream end of the scour
hole, just before the deepest point (red line). As with the experimental case, the maximum
growth rates are found at the centerline of the mixing layer. Although not shown here, as
for the laboratory case here the contribution of changes to the mean flow field is domi-
nant for the growth rates of the perturbations. Compared to the laboratory cases the flow
can be considered relatively stable, since only a growth of perturbations with a very small
wavenumber (k < 0.15 rad/m, corresponding to a length-scale of L ≈ 40 m) is observed.
Furthermore, the growth rates are roughly 2-3 orders of magnitude smaller. This is related
to the relatively large mixing layer width, plus smaller longitudinal changes of the stream-
wise velocity. The results show that the growth rate of perturbations increases towards
the deepest point of the scour hole, a feature that is consistent with the findings from this
chapter. Therefore, we feel confident to state that the evolution of the mean flow field at
the Eastern Scheldt storm surge barrier from the bed protection towards the deepest point
of the scour hole may lead to an enhanced growth of these instabilities. Interestingly, the
length scales of the perturbations that are most prone to enhanced growth correspond
more or less to distance in between two subsequent pillars of the barrier. Therefore, the
perturbations caused by the barrier itself may play a role in the ongoing development of
the scour hole, a feature that requires further research.
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Figure 4.6: Stability curves for the field case from Chapter 2 showing the growth rate ωi of the perturbations as
a function of the wavenumber k. Stability curves are shown for a location at the upstream end of the scour hole
slope (blue) and at the downstream end of the scour hole slope (red).

4.6. DISCUSSION AND CONCLUSIONS
In this study, relatively simple means and techniques were used to assess how the de-
velopment and growth of perturbations are influenced by the presence of a streamwise
topography variation. A linear stability analysis was performed to assess the principal
mechanisms that play a role in this problem. Given the non-linearity of the phenomena,
the analysis has some limitations. Nevertheless, computed turbulent kinetic energy of
the lateral velocity component matched quite well with observed values, and a number of
general trends were revealed.

The presence of a streamwise slope enhances the growth of perturbations, both through
a direct geometric forcing of the horizontal vortices (slope term 1 in Equation 4.23) and
through streamwise change of the longitudinal mean flow velocity (slope term 2 in Equa-
tion 4.23). The physical interpretation of slope term 1 is similar to the mechanism that
was discussed for assessing the mean flow field in Chapter 2; vertical vortex stretching. In
a 2D-horizontal situation, that is, the vertical integrity of the flow is maintained, vortic-
ity is stretched along its vertical axis as the flow depth increases. Angular momentum is
conserved, thus the angular velocity of the vortex should increase proportionally. The in-
creased rotational speed increases the shear between the vortex and the background flow,
subsequently inducing a larger turbulence intensity.

The physical interpretation of slope term 2 is less straightforward. Longitudinal changes
of the streamwise velocity at the centerline position were shown to be the major contrib-
utor to the total kinetic energy contained in the perturbations for the experimental case.
The longitudinal change in streamwise velocity is an extra production term in the energy
equation. It was shown that in case of acceleration of the flow, the turbulence energy in
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the perturbations is less, whereas in case of deceleration of the flow the opposite happens.
Future studies using either nonlinear analysis or numerical modelling may reveal fur-

ther insights into the principal mechanisms that were identified in this chapter. The linear
stability analysis did not exactly reproduce the measured turbulent kinetic energy due to
the inherent non-linearity of the problem. Nevertheless, it is a useful and simple tool that
revealed the principal dependencies that play a role in the development of the turbulence
structure for horizontal shear flows over a bed slope.

A clear difference between the growth rate of perturbations between the experimental
and field case was computed using linear stability analysis. These differences may be at-
tributed to the difference in ξ = δ/LH between the cases, although this can not be stated
with certainty.

The phenomena and interactions as discussed in this chapter may have significant
implications for, for instance, morphological development, as an additional positive feed-
back loop has been revealed; an increase in flow depth due to local erosion induces a
deceleration, which may lead to a larger growth of perturbations. The resulting bed shear
stress may subsequently lead to larger erosion; and so on. The impact of enhanced growth
of perturbations adds to the impact that a streamwise bed slope has on the mean flow
field, and the corresponding impact on the hydraulic loading. Both effects are discussed
in an integral manner in Chapters 5 and 6. Ultimately, it is dependent on the flow config-
uration if erosion is driven by the turbulence properties, by the mean flow properties, or
by a combination of both.
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5
MORPHOLOGICAL ASPECTS OF

HORIZONTAL SHEAR FLOWS OVER

ERODIBLE BEDS

This chapter investigates the implications of the fluid mechanical aspects of horizontal
shear flows over a streamwise varying bathymetry for morphological development of erodi-
ble beds.

First, a summary of relevant results from Chapters 2-4 is provided. Both the impact of a
streamwise downward directed bed slope on the mean flow field and the associated tur-
bulence characteristics are taken into account. This is substantiated with additional ex-
perimental observations. Moreover, it is shown how the knowledge applies to a number of
engineering examples, including the Eastern Scheldt storm surge barrier. Finally, the impli-
cations of these findings for numerical modelling of the phenomena is discussed.

105
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5.1. INTRODUCTION
In Chapters 2-4 fundamental fluid mechanical aspects of the behaviour of horizontal shear
flows over a streamwise varying bathymetry were studied. In Chapter 2 and Chapter 3 ob-
servations on prototype scale and on laboratory scale, respectively, were presented and
interpreted. Using idealized modelling the principal mechanisms that shape the mean
flow field were identified. In Chapter 4 the impact of a streamwise downward directed bed
slope on the turbulence characteristics of horizontal shear flows was identified through
idealized modelling.

The findings from Chapters 2-4 support that horizontal shear flows over a streamwise
varying bathymetry are characterized by the following features:

• A redistribution of the flow occurs at the location of the increase in flow depth, that
is, from the start of the slope. Either a horizontal convergence or divergence of the
flow takes place, which has been shown to be dependent on the increase in flow
depth.

• Due to the occurence of horizontal convergence of the flow at the slope, vertical flow
separation may be suppressed for slopes where flow separation is would occur for
horizontally uniform conditions. More specifically, two flow states were identified;
1) a combination of horizontal convergence and vertical flow attachment and 2) a
combination of horizontal divergence and vertical flow separation.

• In case of vertical flow attachment, the presence of a streamwise topography leads
to an intensification of turbulence. As a consequence, lateral mixing of mass and
momentum may be enhanced. The intensification of turbulence due to a sloping
section is dependent on the steepness of the slope; a larger slope has a more desta-
bilizing effect on the flow.

A streamwise bed slope influences the streamwise development of horizontal shear flows
and impacts the corresponding hydraulic loading on the bed. In the case of erodible beds,
these phenomena affect morphological development, which is discussed in this chap-
ter. As discussed in Chapter 1, the phenomena investigated in this thesis are advection-
dominated and most prominent at locations where there are sudden, local changes in the
flow depth over a relatively short streamwise distance. Such conditions are typically en-
countered in the field of fluid-structure-soil interaction. Therefore, this chapter focuses
on, but is not limited to, examples from this field. The applicability of the findings are of
course not limited to this field alone.

Flows around hydraulic structures often involve lateral velocity gradients due to local ob-
struction of the flow by the structure. Additionally, hydraulic structures locally block the
conveyance cross-section of the flow, which leads to the presence of horizontal shear
downstream of the constructions. The corresponding acceleration (and subsequent de-
celeration), and often increased turbulence levels, generally lead to removal of sediment
around the base of the structure; scour. Scour is henceforth defined as large-scale local
erosion, and it has potentially large consequences for the structural integrity of hydraulic
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Figure 5.1: Example of excessive scour around the piers of a bridge in the Dajia river in Taiwan. The bridge is
located just downstream of the Shigang dam, close to Taichung, in the Western part of the island. The scour
has completely exposed the bridge pier, which has been reinforced and extended for a number of times, and
exposed the foundation mattress (which was the latest reinforcement measure). At some locations, the flow has
undermined the concrete reinforcement beams. The bridge has been closed for heavy traffic, but is still used by
tourists for bike rides and walks. Photograph taken by the author.

structures (Hoffmans and Pilarczyk, 1995). An example of the consequences of excessive
scour is shown in Figure 5.1.

A distinction is made between local scour and edge scour. Local scour is erosion in
the direct vicinity of the hydraulic structure. To prevent local scour from undermining the
foundation of hydraulic structures, often a bed protection is applied. It is most economi-
cal to design the extent of the bed protection in a way to allow a certain amount of scour
to occur at the edge of the bed protection: edge scour. The acceptable amount of edge
scour is such that any geotechnical instability that may result from the scouring process
does not cause structural failure (for both the hydraulic structure as well as the bed pro-
tection). Therefore, adequate design of the bed protection not only requires fundamental
understanding of the interaction between the (turbulent) water motion and the erodible
bed in the vicinity of the structure (Bey et al., 2007; Hogg et al., 1997; Dargahi, 2003; Manes
and Brocchini, 2015), but also of the water motion downstream of the bed protection.

Formulations to calculate expected scour depth for a given situation are abundant (see
for example Hoffmans and Verheij (1997) or TRB (2011)). The majority of these formu-
lations are empirical, based on physical scale models (Sheppard et al., 2014), and often
the purpose of these experiments was to determine an equilibrium scour depth (Breusers
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et al., 1977). Temporal development of the scour hole was often considered unimpor-
tant (Termini and Sammartano, 2012). The majority of the studies investigating scour are
therefore limited to the formulation (empirical) equations to estimate the final equilib-
rium scour hole dimensions (Breusers et al., 1977; D’Agostino and Ferro, 2004; Lenzi et al.,
2002). Generally, they are only applicable on similar geometries and hydrodynamic condi-
tions as those investigated in the respective studies (Balachandar et al., 2000). Therefore,
their application to other situations may lead to inaccurate predictions of the scouring
process. Furthermore, this approach often lacks any real insight in the fundamental phe-
nomenology underlying the scour.

More advanced studies that do consider the underlying flow and its turbulence char-
acteristics either neglect temporal development of the scour hole (Guan et al., 2014) or
neglect scour occuring at larger distances (Dargahi, 1990; Melville, 1995; Rajkumar and
Dey, 2008). Measurements of flow and turbulence in the initial development phase of the
scour hole are furthermore complicated by the very rapid changes of the bed (Bey et al.,
2007; Hopfinger et al., 2004; Gaudio and Marion, 2003). Very few studies have explicitly
looked at the three-dimensional character of the flow and turbulence during scour.

In this chapter, morphological aspects of horizontal shear flows over a streamwise bed
slope are outlined. In Section 5.2 the expected influence of lateral non-uniformity on mor-
phological development is discussed, as well as how this applies to scouring phenomena.
The impact of the phenomena on morphological feedback loops is treated in this section
as well. In the field, relative shallowness of the flow phenomena is often important. In
Section 5.3 it is demonstrated experimentally that the flow phenomena as demonstrated
in Chapters 2-4 are consistent in a relatively shallow case. Subsequently, in Section 5.4,
the impact of the flow dynamics investigated in this thesis on morphological develop-
ment are demonstrated through a number of examples; one experimental example and
three field cases are shown. Finally, it is discussed in Section 5.5 what the findings imply
for numerical modelling of horizontal shear flows at a streamwise topography, including
morphological development.

5.2. THEORETICAL CONSIDERATIONS

5.2.1. MORPHOLOGICAL DEVELOPMENT OF ERODIBLE BEDS

It was shown that a combination of a streamwise bed slope and a horizontal shear flow
may induce a complex redistribution of the flow in the horizontal plane, which has also
consequences for the vertical structure of the flow. The horizontal convergence, as ob-
served in both a field and a laboratory setting, was shown to be dependent on the increase
in flow depth. The correspoding flow structure featuring high flow velocities and large lat-
eral gradients is likely to have an effect on the hydraulic loading on the bed. Through the
downward vertical velocities high streamwise momentum can be advected towards the
bed, leading to high bed shear stresses. This notion is substantiated by the experimental
observations from Chapter 2.

Laboratory observations showed that for a horizontally converging flow that stays at-
tached to the bed, the bed shear stress was far higher than for a similar flow over a flat bed.
For a horizontally diverging, vertically separated flow the bed shear stress is of the same
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order of magnitude as flow over a flat bed, with a peak around the reattachment point.
The combination of increasing convergence and corresponding high bed shear stress im-
plies the existence of a positive feedback mechanism, where initiation of erosion (by, for
instance, a jet) can be amplified by flow convergence as a result of the increase in flow
depth. Morphological equilibrium may still be reached, but for much larger depths com-
pared to horizontally uniform flows.

Besides an amplification of the bed shear stress resulting from the mean flow, it was
shown in Chapter 3 and Chapter 4 that the presence of a streamwise bathymetry amplifies
the turbulence intensity of horizontal coherent structures as well. Depending on the spe-
cific flow configuration, this may lead to the erosion being largest at the mixing layers of
horizontal shear flows; at least initially (Üsenti, 2019). This will be elaborated upon further
in Section 5.4.1. It will be inferred in Section 5.4.1 that the ratio δ/LH , which is a measure
of the ratio between advective momentum transport and lateral shear stress (Chapter 1),
is a good characterization for the way that the scour hole develops. The scour process
may be dominated by turbulence generated in the horizontal shear layers, or driven by
the overall horizontal convergence of the mean flow, or by a combination of both.

5.2.2. FEEDBACK LOOPS: TWO-DIMENSIONAL VS THREE-DIMENSIONAL

As mentioned in Chapter 1, the motivation for this research stems from excessive scour
hole development downstream of the Eastern Scheldt storm surge barrier. Continuous
monitoring of the bathymetry since construction has shown that locally water depths of
up to 60 meters occur, associated with roughly 40 meters of scour. Scour of this magnitude
was expected during the design phase, but the current ongoing development was not.

Based on mostly studies concerning scour in a 2D-vertical plane (e.g. Hoffmans and
Booij (1993); Guan et al. (2014)) the common perception was that as the scour progresses,
the flow velocity reduces proportional to the increase in flow depth; a simple reasoning
that follows from mass conservation. As a result, the hydraulic loading on the bed contin-
ues to decrease, until the equilibrium scour hole configuration is reached. In equilibrium,
the hydraulic loading exerted on the bed by the flow is no longer able to induce sediment
transport gradients, and as such, morphological change of the seabed is arrested. This
type of feedback loop, where an increase in flow depth leads to a reduced hydraulic load-
ing on the bed, occurs only in specific scour problems. The feedback mechanism that
leads to equilibrium of the scour configuration changes when three-dimensionality of the
phenomena becomes important.

The present study infers that, for horizontal shear flows, the flow velocity does not nec-
essarily decrease proportionally to the increase in flow depth. Depending on the upstream
flow conditions, or more specifically, the upstream lateral gradient in streamwise velocity,
the flow velocity and hydraulic loading are considerably larger than for horizontally uni-
form flow fields. Moreover, as the scour hole develops, horizontal flow convergence in
combination with vertical attachment may persist. Thus, a positive feedback loop is re-
vealed where the presence of the scour hole induces further development of the scour
hole. Obviously, this process will not continue forever. Either the depth or the slope steep-
ness of the scour hole will become such that the flow velocity will be smaller than the
sediment entrainment threshold, or flow will simply separate from the upstream slope.
However, the equilibrium depth in intrinsically three-dimensional situations may be sig-
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nificantly larger than the equilibrium depth in a flow that can be considered strictly 2D-
vertical. This is one of the key messages of this thesis.

5.3. SHALLOW HORIZONTAL SHEAR FLOWS
In addition to the experiments presented in Chapter 3, experiments were performed char-
acterized by a more realistic aspect ratio between the horizontal and vertical length scales,
that is, the relative shallowness of the flow. For the field case as presented in Chapter 2 this
was approximately H/L ≈ 1/30, whereas for the experimental case as presented in Chap-
ter 3 this was approximately H/L ≈ 1/4-1/2. Even though the aspect ratio between those
two cases was different, strong similarities in observed phenomena were observed. Never-
theless, to assess the impact of the flow phenomena as discussed in the previous chapters
on morphology with a larger degree of confidence, we first briefly show that the laboratory
findings are consistent for a shallower case as well. For a more detailed background, the
reader is referred to Appendix C. Here, we briefly describe the setting and show the key
results of this additional experimental programme.

The experimental work was conducted in a 20 m long, 3 m wide and 0.2 m deep glass-
sided flume. Lateral velocity gradients were generated by (partially) blocking the flow in
the inlet section of the flume. Different streams were separated by a splitter plate, in such
a way that the flow in the flume consisted of three separate streams. Both the width and
the flow rate of these streams could be controlled. Furthermore, like with the experiments
from Chapter 3, the steepness of the lateral gradient at the upstream edge could be varied
by allowing a longer development length of the mixing layer flow from the trailing edge of
the splitter plates. An upstream water depth du of 8 cm and a downstream water depth
dd of 16 cm was realized, such that a depth increase of a factor 2 was realized. This is in
the same order of magnitude as for Chapters 2 and 3. Velocity data were obtained with
Acoustic Doppler Velocimetry, ADV, and with surface Particle Image Velocimetry. With the
former technique the full three-dimensional velocity vector at a single point is obtained;
with the latter technique the horizontal velocity components at the free surface are ob-
tained in the full domain.

A typical flow field that was obtained with the experiments in the shallow water flume
is shown in Figure 5.2. This figure shows a clear convergence of the high-velocity streams,
coupled with a divergence and eventual return flow in the low-velocity stream, to supply
the necessary volume of water. For all configurations and cases investigated in the shallow
water flume, this behaviour was observed. This did not always coincide with suppression
of vertical flow separation in the centerline of the high-velocity stream, although in the
shear layers vertical flow separation was suppressed. For more detail and a full elabora-
tion of the results obtained in the shallow water experiment, the reader is referred to Ap-
pendix C and van de Zande (2018). The experiments serve as additional evidence that the
converging/diverging behaviour of horizontal shear flows at a streamwise bed slope oc-
curs regardless of the aspect ratio of the flow. These findings corroborate the ideas raised
in Chapters 2-4.
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Figure 5.2: Horizontal mean surface flow field from PIV measurements for a co-flowing wake. The colourbar

denotes the magnitude of the time-averaged horizontal velocity, |um | =
√

ū2 + v̄2, the black dotted lines indicate
the position of the slope, the red lines the position of the splitter plates.

5.4. EXAMPLES OF MORPHOLOGICAL DEVELOPMENT

In the Section 5.2 it was explained how lateral non-uniformity of the flow field may impact
morphological development. However, the considerations of the previous section are not
yet substantiated by evidence; they merely provide a theoretical overview of the morpho-
logical implications of the interaction between shallow horizontal shear flows and topo-
graphical variability. In this section, evidence is provided for these hypotheses. Through
a number of real-world examples it is demonstrated how the findings of this thesis may
explain the development of morphological features downstream of hydraulic structures.
These are related to the ratio between advective momentum transport and lateral shear
stress, a parameter introduced in Chapter 1 and given by δ/LH , with δ the width of the
shear layer and LH a relevant horizontal length scale. Using the knowledge on horizontal
shear flows over a streamwise bed slope gained in this thesis, we consider the following
examples. In Section 5.4.1 experimental observations of erosion under a plane horizontal
jet are presented. This flow configuration is characterized by a ratio of δ/LH ≈ O(10−1).
Section 5.4.2 presents observations of erosion downstream of the Eastern Scheldt storm
surge barrier, the case that motivated the research in this thesis. As mentioned in Chap-
ter 2, this flow configuration is characterized by a ratio of δ/LH ≈ O(1). In the last two
sections, it is shown how the knowledge gained in this thesis applies to two other cases;
Section 5.4.3 discusses erosion downstream of a culvert and Section 5.4.4 discusses ero-
sion downstream of the renewed sluices in the Afsluitdijk. In both of these cases, the phe-
nomena that were investigated in this thesis are important, but for the culvert case super-
criticality of the flow may play a role, whereas for the Afsluitdijk case density differences
may be important in shaping the flow field.
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Figure 5.3: Photo of the inlet section of the experiment. The inlet is divided into three compartments with thin
wooden beams. The side compartments are partially blocked with bricks to realize a lower flow velocity at the
sides of the domain than at the center of the domain. For the laterally uniform experiment these were removed.

5.4.1. SCOUR UNDER A HORIZONTAL JET
An additional experiment was performed in the framework of this thesis, with the aim to
corroborate the hypotheses concerning morphological implications of the interaction be-
tween horizontal shear flows and topographic variability in streamwise direction. In this
experiment, the development of scour under a plane horizontal jet was investigated. In
this section, we provide a brief overview of the methodology followed with this experi-
ment, list the most important results and relate those to the phenomena investigated in
Chapters 2-4.

METHODOLOGY

This section outlines the experimental methodology. First, the experimental setup is pre-
sented. Second, the experimental cases that will be discussed in this section are shown.
Third, the data acquisition and processing methodology are discussed.

Experimental Setup
The experiment was conducted in a 7 m long, 0.23 m deep and 1.2 m wide wooden flume.
The primary aim of this experiment was to demonstrate whether or not the presence of
lateral gradients would indeed cause significantly different scour depths compared to lat-
erally uniform flow conditions. Horizontal non-uniformity of the flow field was realized by
dividing the flume into three parts with thin wooden beams of 1 m long. At the side com-
partments, the flow was partially obstructed with bricks to ensure a larger discharge in
the compartment in the center. As a 2D-vertical reference case, also a test was performed
without obstruction in the side compartments. In the flume, a sandy test-section of 6 m
long and 0.1 m height was located, the first 2 m of which were covered by a bed protec-
tion. The bed protection consisted of steel plates with gravel (D50 ≈ 1 cm) glued on them.
Given the poor scalability of sediment, it was decided to use the sand available in the ex-
perimental facilities, which was silica M32 (D50 = 260 µm). This sand is relatively coarse,
which also had a practical reason; it was easier to ensure that this sediment would not
clog the recirculating pump system. The threshold velocity for which the sand becomes
mobile according to Shields is Ucr i t ≈ 0.2 m/s.
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To ensure straight inflow into the flume a honeycomb flow straightener was placed at
the inflow section. Furthermore, directly downstream of the honeycomb floating foam
boards were located to suppress surface waves. Downstream of the wooden beams the
flow could further develop over the bed protection for a distance of 1 m before reaching
the sandy test-section. Flow conditions were selected such that the maximum occurring
Froude number F r ≈ 0.45, to minimize free surface fluctuations, whilst ensuring that the
flow is sufficiently turbulent (Re ≈ 30,000). Furthermore, the flow conditions are selected
such that sand is mobilized, that is, u > ucr i t . Before testing, flow conditions were cali-
brated at the bed protection, upstream of the sandy section.

Experimental Cases
Two cases are presented; (i) a laterally uniform reference case (Case I), and (ii) a laterally
non-uniform case (Case II). For Case I, in all three compartments an inflow velocity of 0.48
m/s was established. For Case II, a flow velocity of 0.49 m/s in the center compartment
was established, which is more or less the same as for Case I. In the side compartments,
a flow velocity of 0.13 m/s was imposed, which is below the expected critical velocity for
erosion. Both tests were run for approximately 8 hours, during which continuous mea-
surements were performed.

Data Acquisition and Processing
Both hydrodynamic conditions and bathymetric changes were measured during the tests.
Bathymetric changes were measured using a laser profiler. The device was placed in a
small boat with a transparent bottom to measure under water. The boat was movable in
both the longitudinal and the transverse direction, such that the complete bathymetry in
the flume could be recorded during the test series. Initially, laser profiler measurements
were performed more frequently anticipating the more rapid bed changes in the begin-
ning of the experiment.

Flow velocity and turbulence properties were measured using ADV (Acoustic Doppler
Velocimetry). The advantage of using an ADV is that it measures the full three-dimensional
velocity time-series. A disadvantage is that it measures only at one location at a time. To
obtain a global three-dimensional overview of the flow field it was decided to measure
a transverse profile at two streamwise locations at a height of approximately 40% of the
undisturbed water column. The velocity measured at this height roughly corresponds to
the depth-averaged flow velocity. At the end of the experiment, velocities were measured
along a streamwise cross-section through the centerline of the flume, at different eleva-
tions above the bed. The scour development was much slower at this stage of the experi-
ment, thus no significant bed level changes occurred during the measurement interval.

The measured velocity data is processed in the same way as in Chapter 3. From the
applied Reynolds decomposition, the Reynolds shear stress components τi j are straight-
forwardly calculated. In the remainder of this section, the prime and bar are dropped for
notational convenience.

EXPERIMENTAL OBSERVATIONS

In this section experimental observations are presented. First, the final scour geometry,
as well as the scour development in time, are shown for both experimental cases. Next,
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Figure 5.4: Comparison of 2D-vertical scour (left) and 3D scour under a plane horizontal jet (right). The 2D-
vertical scour experiment was characterized by a flow field that was uniform over the width of the flume. In
the 3D scour experiment, the flow velocity in the center of the domain was equal to the flow velocity of the
2D-vertical experiment, whereas the flow velocity at the sides of the domain was such that no sediment was
mobilized. The erosion is deepest at the approximate location of the horizontal shear layers, and with streamwise
distance the location of deepest erosion moves towards the center of the flume. Photo’s taken from (Üsenti, 2019)

mean flow velocity characteristics are shown for both cases.

Scour Development
Figure 5.4 compares the scour geometry at the end of the test for both Case I (left panel)
and Case II (right panel). Rather than in the center of the domain (where the mean velocity
is largest), the erosion is largest slightly to the sides of the center of the domain (where
the turbulence intensity is largest). In downstream direction the erosion pits tend to the
center of the flume, although this could not be fully confirmed since the material of the
erodible layer was depleted before equilibrium was reached.

In Figure 5.5 the measured final scour geometry at the end of the experiment is shown
for both Case I (Figure 5.5a) and Case II (Figure 5.5b). For Case I, the scour depth is more
or less uniform over the width of the flume. In the left part of the flume when looking
in downstream direction (y > 0.6 m) the scour depth appears to be slightly larger than
in the right part of the flume when looking in downstream direction (y < 0.6 m). This
is attributed to a slight difference in flow velocity; the inlet pipe was not symmetrically
placed in the inflow section, which may have led to slightly higher flow velocities in the
upper part of the flume.

For Case II, the maximum scour depth is significantly larger than for Case I. Besides, in
this case there are two scour pits that have developed. Limited changes in bed level are ob-
served in the side compartments of the flume (indicated by the blue colour in Figure 5.5b).
Visual observations showed that for this case large heaps of sand were deposited on the
bed protection, a feature that was absent for Case I. This is related to vortical motions,
originating in the shear layers, that entrain sand and deposit it upstream.

Differences between Case I and Case II become even more striking when the time-
development of the maximum scour depth in streamwise direction is considered, which
is plotted in Figure 5.6. In this figure, the cross-sectionally averaged scour depth at the
streamwise position of maximum scour (solid lines) as well as the maximum scour depth
(dotted lines) are shown in this figure. For Case I these would be expected to coincide, but
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Figure 5.5: Final scour depth for Case I (a) and Case II (b). The colourmap denotes the bed elevation, where z =
0 is the initial bed level. For Case I bathymetry measurements were performed for 0.3 m < y < 0.9 m, for Case II
bathymetry measurements were perforemd for 0.1 m < y < 1.1 m.
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Figure 5.6: Time development of the scour hole for both Case I (blue) and Case II (red). Both the cross-sectionally
averaged mean scour depth zs (solid lines) and the maximum scour depth zs (dashed lines) are shown. Differ-
ences in observed scour depth are remarkable, given the significantly larger influx of energy for Case I.

slight inflow differences led to larger erosion in the left side of the domain. For Case II, the
maximum scour depth is more than twice the cross-sectionally averaged scour depth. Es-
pecially the initial scour rate of the maximum scour depth of Case II is significantly larger
than that of Case I. The rate of change of scour at the end of the measurement period (t ≈
8 hrs) is comparable between the two cases. In the remainder of this section, we relate
the observed differences in scour development between both cases to the observed flow
properties.

Time-Averaged Flow
Figure 5.7 shows the time-averaged streamwise flow velocity field along a transverse cross-
section at two different streamwise positions, x0 = 0 m (solid lines) and at x1 = 0.5 m
(dashed lines). The transects were measured at time t0 = 30 minutes (blue) and at time
t1 = 360 minutes (red). Figure 5.7a and Figure 5.7c show the location of the thin wooden
beams, and the (approximate) inflow conditions. The colourmap denotes the scour ge-
ometry at time t1.

For Case I, the flow velocity decreases in streamwise direction. Based on continuity,
one would expect a larger decrease in streamwise direction at time t1 than at time t0. This
is because the increase in flow depth in streamwise direction larger at t1 than at t0 (see
for instance Figure 5.6). However, at t1 the vertical structure of the flow is such that lower
in the water column velocities are significantly lower than higher up in the water column
(see Figure 5.8). Therefore, at the measurement position, which is higher up in the water
column, these differences are not visible. The flow at the sides of the domain is slightly
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higher than in the center, which may be related to the presence of the wooden beams;
these were left in during Case I.

For Case II, the flow velocity also decreases in streamwise direction. However, at time
t0, a more diverging character of the jet is observed (consistent with horizontal jet de-
velopment over a plane bed), whereas at time t1 a slight horizontal convergence is ob-
served. Apparently, during development of the scour hole, the diverging character of the
jet changes towards a converging character. Based on Figure 5.7d, the lateral gradient of
the streamwise velocity of the jet increases slightly with streamwise distance. As a result,
the decrease in centerline velocity for Case II is not as large as one would expect based on
continuity along a 2D-vertical streamwise cross-section in the centerline. In this case, this
feature is related to the convergence in the horizontal plane, since the vertical structure of
the flow is more or less uniform in the centerline for Case II (Figure 5.8).

The observations show that there are clear differences between the occurring scour
patterns for a horizontally uniform flow (that is, more or less 2D-vertical) and for a plane
horizontal jet. These differences can not be attributed to the observed mean flow velocity
fields; peak velocities are more or less the same, and the maximum scour depth for Case
II occurs at the locations of the shear layers, not at the centerline of the jet. Despite the
increase in flow depth at Case II, the flow velocities at the bed protection and the scour
hole are remarkably similar. In the next section, we further analyze these results.

ANALYSIS AND INTERPRETATION

Lateral shear stress
It was shown in Figure 5.7 that maximum scour depths for Case II were not correspond-
ing to the peak velocity in the domain. Rather, maximum scour depths were found at the
locations of the shear layers. In Figure 5.9 the lateral component of the Reynold stress,
τx y = −ρu′v ′, is plotted along the two cross-sections given in Figure 5.7. For Case I (Fig-
ure 5.9a), the magnitude of τx y is relatively small compared to that of Case II Figure 5.9b).
Downstream, the peak of the lateral shear stress tends towards the center of the jet at time
t1. This observation corroborates the notion that the jet converges in the horizontal plane
as the scour depth increases.

The differences in scour development between Case I and Case II may be linked to the
difference in lateral shear stress. However, a larger lateral shear does not necessarily imply
a larger hydraulic loading. To that end, we consider the bed shear stress in the next section.

Bed shear stress
For flat beds under a laterally uniform flow, the bed shear stress is often defined as the
vertical component of the Reynolds stress tensor, τxz . For laterally non-uniform flows,
it is more appropriate to multiply the Reynolds stress tensor with the unit normal of the
bottom. The bed shear stress is then the magnitude of the horizontal components of the
resulting vector (see Chapter 3). For a 2D-vertical case (Case I) this indeed results in τb =
τxz . For the full three-dimensional case (Case II) this operation yields, in case of a flat bed:

τb =
√
τ2

y z +τ2
xz (5.1)

The lateral shear stress only starts playing a role when the bed is sloping, either in x-
direction, y-direction, or both. We hypothesize here that the initial erosion pattern is
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Figure 5.7: Time-averaged flow velocity for Case I (a,b) and Case II (c,d) at t = 30 minutes (blue) and t = 360
minutes (red) for two streamwise positions x = 0 m (solid lines) and x = 0.5 m (dashed lines). The colourmap
denotes the bed elevation. Inflow conditions are schematized for both Cases I and II in (a) and (c).

Figure 5.8: Time averaged vertical profiles of streamwise velocity u in the centerline of the flume (y = 0.6 m) for
Case I (blue) and Case II (red).
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Figure 5.9: Lateral Reynolds shear stress τx y =−ρu′v ′ for Case I (a) and Case II (b). Plotted at both x = 0 m (solid
lines) and x = 0.5 m (dashed lines), at t = 0.5 hrs (blue) and at t = 6 hrs (red).

determined by the differences in lateral fluctuations at the bed. This implies that, if the
hydrodynamic conditions remain unaffected, during development of the scour hole the
influence of τx y on the bed shear stress increases, since the projection of the Reynolds
stress tensor on the bed then involves τx y .

Experimental observations from Chapter 3 inferred that an increase in flow depth in
streamwise direction enhances turbulence intensities in a horizontal shear layer. The
rapid initial growth of the scour hole for Case II, and the ongoing rate of scouring near
the end of the experiment, corroborate the idea that there is a positive feedback mecha-
nism where the presence of the scour enhances scour development in two ways; (i) the
centerline velocity remains high due to horizontal convergence, and (ii) the influence of
τx y increases with changing bed slopes through a destabilization of the flow and changes
in the projection of the total stress tensor on the bed.

In Figure 5.10, the derived bed shear stresses for both Case I and Case II in the cen-
terline of the flume after 8 hours of flow are plotted. Although there is little difference be-
tween both cases, it is noted that for Case II the scour depth is larger at this time-instant.
Furthermore, for Case II the bed shear stress was not derived in the deepest part of the
scour hole, but in the centerline of the flume; here, the contribution of lateral shear stress
to the bed shear stress is relatively low. The peak at x = 0.5 m may be explained by the
influence of τx y ; at this location, the jet is fully developed, that is, the shear layers on the
sides of the center compartment are in contact with each other.

CONCLUSIONS

Two experimental cases were presented in this section; (i) a horizontally uniform flow,
which served as a reference case, and (ii) a flow with high velocity in the flume center and
low velocity on the sides, a jet. Observations showed that for a horizontal jet, the scour
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Figure 5.10: Mean observed bed shear stress and near-bed velocities after 8 hours of flow and erosion. (a) Mea-
surement locations in the domain for Case I (blue) and Case II (red). Dotted profile denotes maximum scour
depth for Case II. (b) Derived bed shear stress magnitude in the flume centerline (y = 0.6 m)

development is more rapid, more severe, and more local compared to a horizontally uni-
form flow. For the horizontal jet, the maximum scour depth was not attributed to the
maximum flow velocity, but rather to the maximum horizontal shear. Although horizontal
shear does not necessarily imply a larger bed shear stress, it was inferred that the contri-
bution of the lateral shear stress and the instabilities generated in the shear layer become
relatively more important as the scour hole develops. This, in combination with horizon-
tal convergence of the jet and an intensification of turbulence intensities at the scour hole
supports the notion that in case of horizontal non-uniformity in the upstream flow field,
a positive feedback mechanism exists that enhances scour development.

Based on the differences in scour pattern between this experimental case and the East-
ern Scheldt storm surge barrier (see for example Figure 2.2), we hypothesize that the ratio
between advective momentum transport and lateral shear stress (δ/LH ) has an impact on
the expected scour development. For the present experimental case, δ/LH is an order of
magnitude larger than at the Eastern Scheldt, which implies to a larger influence of tur-
bulence. This value of δ/LH is of the same order of magnitude as for the experiments pre-
sented in Chapter 3. It was shown in Chapter 4 that for these flow conditions the growth
and development of perturbations is more important than for the field case at the Eastern
Scheldt. Although this does not directly relate to the level of turbulence, it be an indicator
that the principal mechanisms causing scour are different between the cases. Ultimately
more observations (either field, laboratory, or both) are needed to confirm this conjecture.

5.4.2. EASTERN SCHELDT STORM SURGE BARRIER

At the Eastern Scheldt storm surge barrier (Figure 5.11, ES-SSB), over the years significant
scour holes have developed downstream of the applied bed protection (see Chapter 1).
The scour at the ES-SSB can most likely be classified as clear water, edge scour; the barrier
effectively blocks sediment input, and the bed protection is geometrically closed, (e.g. no
sediment can be eroded from under the layers of rock). Locally, the scour holes can be up
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Figure 5.11: Aerial photo of the Eastern Scheldt storm surge barrier, looking from the seaside to the north-east.
The foamy structures at the water surface visualize contraction of the flow at the location of the scour holes. The
sharp observer may even recognize the large horizontal recirculation zone at the Roompot inlet (rightmost inlet
in the figure). Source: https://beeldbank.rws.nl.

to 60 m deep, which is associated with roughly 40 m of scour.
A computation using 2D-vertical formulations for the case of scour behind a sill with

bed protection (Hoffmans and Verheij, 1997) shows that the expected equilibrium scour
depth at the storm surge barrier is approximately 2.2 times the original water depth. The
current scour depth observed at the barrier is around 2.2 times the original water depth,
so, according to theory equilibrium should have been reached. However, continuous
monitoring of the situation has revealed that erosion is still ongoing. In this case, velocity
differences in the horizontal plane can not be neglected (see Chapter 2). Horizontal non-
uniformity of the flow is crucial in explaining the ongoing development of the scour holes
at the Eastern Scheldt storm surge barrier.

Field observations of the flow at the ES-SSB, shown in Chapter 2, revealed a jet-like
structure of the flow downstream of the barrier. During particular stages of the tide, the
flow was observed to contract towards the deepest part of the scour hole. This behaviour
is related to lateral non-uniformity of the flow upstream of the scour hole, and may result
in suppression of vertical flow separation. As a consequence, the highest flow velocities
were found directly above the scour hole, in combination with steep horizontal gradients
at the sides of the jet and high downward directed vertical velocities near the bed in the
center of the jet. This flow structure is likely to have a large impact on the ongoing scour
process.

The combination of vertical flow attachment and enhanced contraction results in ad-
vection of high streamwise momentum from the upper part of the water column towards
the bed. This may subsequently induce high bed shear stresses and thus significantly con-
tribute to sediment pick-up. It was shown in Chapter 3 that whether or not the flow stays
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attached makes a large difference for the occuring bed shear stress. This is a secondary
effect; while the bed shear stress is, compared to the other terms in the momentum equa-
tion, relatively small, it is the primary cause of the erosion. As a result, the erosion may
continue and lead to an even stronger horizontal convergence of the flow.

The enhanced contraction of the flow is proportional to the relative increase in depth,
thus the scour bathymetry itself is crucial in shaping this contracted flow structure. A
positive feedback mechanism is revealed where the scour may be self-amplifying. Lateral
velocity gradients lead to relatively high near-bed velocities in the scour hole via horizon-
tal flow contraction, which likely enhances erosion - causing an even stronger horizontal
contraction - and maintains the scouring potential. Therefore, taking into account the
three-dimensionality of the flow structure explains the larger growth of a scour hole than
what would be expected based on a two-dimensional vertical flow field.

Next to the mean flow field, the turbulence intensities are influenced by the increase in
flow depth as well. At the interface of the main flow and the horizontal recirculation zone
turbulence intensities will be high since large gradients in the streamwise flow velocity
field enhance development and growth of instabilities into large eddies. It was shown in
Chapter 4 that at the Schaar inlet only the large-scale perturbations may locally be am-
plified due to the presence of the slope, or in this case, the scour hole. The deepest point
of the scour hole at this location is therefore found in the center of the domain, where
velocities are highest and the contraction results into persistence of these high velocities
for increasing flow depths. This is different from the case treated in Section 5.4.1, where
the deepest point of the scour hole was found at the location of the shear layers. These
different erosion patterns imply that, although in both cases a positive feedback mecha-
nism exists that amplifies the scour development, the principal scour mechanism differs.
We hypothesize that in the experimental case the scour development is driven by the hori-
zontal shear and resulting turbulent fluctuations, whereas at the Eastern Scheldt the scour
is more driven by the horizontal contraction of the mean flow field and the resulting high
bed shear stress.

The above hypothesis is corroborated by the difference in δ/LH for both cases. The
value of δ/LH is an order of magnitude larger for the Eastern Scheldt, implying that the in-
fluence of turbulence compared to advective momentum transport is smaller than for the
experimental case. A scour hole structure with two erosion pits was, however, observed at
the Roompot inlet (see for example Figure 2.3). At this inlet, the ratio of δ/LH is lower than
at the Schaar inlet, though still an order of magnitude larger than for the experiments. The
scour at the Roompot inlet is therefore likely not driven by either turbulence or the mean
flow, but by a combination of the two.

Using the knowledge gained in this thesis, a potential solution to mitigate the scour
development is one step closer. Any possible mitigation strategy should either reduce
the lateral non-uniformity of the flow upstream of the scour hole such that horizontal
convergence at the scour hole does not occur anymore, or induce permanent vertical flow
separation such that hydraulic loading near the bed is reduced. This is further elaborated
upon in Section 6.1.
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Figure 5.12: Aerial photo of a culvert in the South of the Netherlands during the construction phase, that is, no
scour has taken place yet. The lower left area is the seaward side, the upper right area the landward side. Photo
courtesy of Van Oord.

5.4.3. CULVERT SCOUR
In the south of the Netherlands, the tidal motion in a previously closed off wetland area
was restored by reconnecting it to the sea by means of a culvert (Figure 5.12). A bed protec-
tion was applied downstream of the culvert, but nevertheless scour occured downstream
of the bed protection with such magnitude that the stability of the culvert was compro-
mised. Eventually, the bed protection was elongated and a block screen was placed in
front of the culvert, such that the flow dissipated enough of its energy. The scour that
occured after elongation of the bed protection was of acceptable magnitude and at a dis-
tance sufficiently far from the structure. One of the problems encountered by, was that the
observed spreading of the jet downstream of the culvert was far less than expected. As a re-
sult, the flow velocity at the edge of the original bed protection was higher than expected.
Moreover, the development of the scour hole was much more rapid than foreseen.

The area at the seaward side consisted of two 13 m long sheet pile guide walls at an
angle with respect to the main flow direction (see Figure 5.12). Between the guide walls
a bottom protection was applied. The bed protection was mildly sloping with a slope
steepness of 1:10. Part of the problems encounterd by Van Oord at this culvert, may be ex-
plained from the presence of that slope. As per the conservation of shallow water potential
vorticity, the jet is expected to converge in the horizontal plane, contrary to a divergence
in case of a flat bed. The concentrated, highly turbulent flow then reaches the sandy bed,
which starts to erode. A similar positive feedback mechanism as at the Eastern Scheldt
storm surge barrier may then lead to a much faster development of the scour. An addi-
tional influence that is at play here is the fact that the flow is, in some cases, supercritical.

Based on the ratio of δ/LH for this case, which is in the order of magnitude O(10−1),
one would expect an erosion pattern as described in Section 5.4.1. In fact, the experiment
described in that section was based on this particular case. However, field observations of
the scour development downstream of the culvert showed a scour geometry that consisted
of one scour hole in the center of the domain, instead of two scour holes at the location
of the shear layers of the jet. This could either be related to the fact that flow velocities
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in the field case are of such magnitude that the bed shear stress in the center of the jet
greatly surpasses the bed shear stress associated with the horizontal vortical motions, or
to supercritical flow conditions near the culvert.

In case of supercritical flow conditions, the flow may be more inclined to follow the
bed at the transition of the bed protection to the scour hole. Additional lab observations
have, for instance, shown that the flow may even stay attached at 1:2 slopes if the flow at
the edge of the slope is critical; the flow curves downwards and a surface roller leads to
high flow velocities along the bed. These observations were made for 2D-vertical flow. For
a three-dimensional situation, the extra degree of freedom may lead to mass conservation
being realized through a horizontal convergence instead of a surface roller. Then, a similar
feedback mechanism as at the Eastern Scheldt, where an increase in flow depth induces
a convergence and thus maintains high flow velocities and corresponding high bed shear
stress, may exist here as well. Additional research, where the parameter space is extended
to cover supercritical flow conditions as well, may reveal the existence of different feed-
back loops for these particular situations.

5.4.4. DISCHARGE SLUICES AT THE AFSLUITDIJK

The Afsluitdijk in the north of the Netherlands was constructed between 1927 and 1932, to
close off the Zuiderzee from the Waddensea. The Afsluitdijk is yet another icon of Dutch
hydraulic engineering, which at the time greatly advanced the use of mathematical mod-
els in hydraulic engineering. At present, the Afsluitdijk is under maintenance, and its de-
sign is being upgraded to be able to withstand more extreme flow conditions associated
with climate change. Amongst many other things, this involves a redesign of the Lorentz
sluices. The Lorentz sluices consist of shipping locks, and two sluice complexes to ex-
change water between the IJsselmeer and the Waddensea. The sluice complexes consist
of five adjoining gates each (see Figure 5.13).

During operation of the locks or sluices, or in case of failure of one of the gates, scour
holes may develop downstream of the applied bed protection at the sluices. The mecha-
nisms through which this process occurs are similar to those at the culvert as described
above, as well as at the Eastern Scheldt. Similarities to the latter depend on the num-
ber of sluicegates that are opened simultaneously; if multiple adjoining gates are open, a
turbulent wake with characteristics of grid turbulence develops downstream of the sluice
complex (Figure 5.13). Based on the aerial photos, it is expected that the ratio of δ/LH is in
the order of magnitude of O(10−1), which is comparable to the experimental cases. Hence,
under normal operational conditions, a scour geometry consisting of two scour holes at
the sides of the jet (as in Section 2.3.2) could reasonably be expected. Under extreme con-
ditions, the flow is likely supercritical and an erosion pattern comparable to that at the
culvert (Section 5.4.3) could develop.

However, an added difficulty at the Afsluitdijk is the presence of density differences.
As a result of the closure, the IJsselmeer is now a freshwater lake, whereas the Waddensea
is a saline water body. Depending on the relative importance of momentum advection of
the saline water, these density differences may for a large part determine the shape of the
flow field. These may manifest through buoyancy effects of the salt-water plume, but also
as baroclinic pressure gradients associated with local density differences. How these will
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Figure 5.13: Aerial photo of the sluices at the Afsluitdijk, showing flow through the sluices. The piers acts as a grid
in a similar fashion as at the Eastern Scheldt, though the amount of piers is significantly less at the Afsluitdijk.
Source: https://beeldbank.rijkswaterstaat.nl, Rijkswaterstaat.

impact the potential scour development is, as of yet, highly uncertain.

5.5. IMPLICATIONS FOR NUMERICAL MODELLING
In this study, the existence of two different mean flow states at a streamwise bed slope was
demonstrated, with clear differences in the hydraulic loading exerted at the bed. Further-
more, depending on the configuration of the flow, turbulence properties are influenced
by the presence of the slope as well. It was inferred in this chapter that erosion patterns
can be clearly distinct depending on the ratio between advective momentum transport
and lateral shear stress, in this thesis often expressed as δ/LH . The findings have implica-
tions for numerical modelling of cases where horizontal non-uniformity of the flow field
in combination with streamwise topographic variability may occur.

Numerical modelling can be a powerful tool in solving fluid dynamics problems. The con-
servation laws that describe the motion of water are inherently complex, and can only be
solved analytically for a select number of (simple) cases. Therefore, a wide array of numer-
ical techniques has been developed over the past decades that, in a stepwise manner, solve
discretized versions of the fluid flow conservation laws. The solution operations associ-
ated with such techniques lend themselves very well to be automated within computer
algorithms. Limitations in solving fluid dynamics problems are now shifted to computa-
tional power; simply discretizing the Navier-Stokes equations (Direct Numerical Simula-
tions, or DNS) is only possible for relatively low Reynolds numbers and simple configu-
rations, since the required computational power to solve all temporal and spatial scales
present in the flow is too much. Therefore, for numerically solving flows at the scale of en-
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gineering problems, simplifications must be made. Examples are, for instance, assuming
vertical uniformity, or not resolving the full spectrum of turbulence motion. For numerical
modelling on engineering scale, the latter is almost always applied; as opposed to DNS, in
Reynolds Averaged Navier-Stokes (RANS) models the mean flow field is solved explicitly,
whereas the influence of turbulence fluctuations is parameterized. With increasing com-
putational power, more often models are used that are in between RANS and DNS; these
explicitly solve only the large-scale turbulence motion whilst parameterizing the influence
of the smallest scales, often dubbed Large Eddy Simulation (LES).

Given the locality of the interaction between the horizontal and vertical structure of
the flow, that is, the length scale of the streamwise topography is often much smaller
than the size of the computational domain, it is not always cost-effective to run the full
model in 3D whilst (partially) resolving the turbulent motion. A possibility is to use a two-
dimensional horizontal model and, as a post-processing step, to run the model locally
in higher resolution, in three dimensions and including a turbulence model that resolves
the relevant length scales, like LES. A disadvantage of this method is, that if morpholog-
ical changes are expected to be significant the overall flow field may be influenced. This
would require a two-way coupling between the overall and the local model, where results
are coupled in correct temporal increments. The temporal resolution of the coupling de-
pends on the time-scale of both the local and the overall phenomena.

Another option for numerically modelling the phenomena in a time- and cost-effective
manner is to derive a parameterization that can be utilized in a two-dimensional horizon-
tal framework. This parameterization should function in such a way that, depending on
the upstream flow conditions and the local topography, the correct hydraulic loading due
to both the mean flow and turbulence is predicted. This parameterization could play a
role in making rapid assessments of the functionality of different design options before a
more detailed study is performed.

The choice of the relevant turbulence closure model may depend on the expected ra-
tio of δ/LH for the given situation, as it was inferred that for larger values of this parameter
erosional behaviour is driven by the mean flow properties. Over the parameter range of
δ/LH investigated in this thesis, the observed behaviour of the mean flow field was con-
sistent, even though the role of large-scale coherent structures was shown to differ (Chap-
ter 4). This remarkable feature has been mentioned before for flat bed cases by, amongst
others, van Prooijen and Uijttewaal (2002) and Dracos et al. (1992). From an engineering
point of view this is convenient for those cases where erosional behaviour is expected to
be mean-flow driven, since that would require only a parameterization of the flow state
on a sloping section. When this can not reasonably be expected, an additional parameter-
ization of the turbulence must be implemented.

In this thesis, mostly analytical methods were used to assess the principal mechanisms
that determine the flow field. For the more complex situations, like computing the flow de-
velopment at the scour holes in the Eastern Scheldt or calculating the growth rates of hor-
izontal coherent structures, the final solution step was implemented numerically. These
methods may form the basis of a rapid assessment tool, in which for instance a quick esti-
mate can be made concerning the expected morphological development, that is, the scour
hole geometry.
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5.6. CONCLUSIONS
In this chapter we discussed morphological aspects of horizontal shear flows over erodible
beds. The interaction between horizontal shear flows and the local topography may lead,
in some cases, to a hydraulic loading that is larger than expected based on 2D-vertical con-
siderations. As a result, positive morphological feedback loops may exist that can induce
severe local erosion phenomena, with sometimes large consequences.

It was demonstrated through a number of practical examples how the results of this
thesis apply to engineering cases. It is inferred that the ratio of the mixing layer width and
a governing length scale largely determines whether the erosion pattern is dominated by
the mean flow field or by the structure of the turbulence. The findings from this thesis
have implications for numerical modelling of the phenomena, specifically with respect to
the choice of modelling strategy. The results from this study may assist in determining the
optimal modelling strategy for a given situation based on δ/LH .
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In this chapter we will discuss in an integral way the mean three-dimensional flow field,
the turbulence characteristics, hydraulic loading on the bed and morphological implica-
tions associated with horizontal shear flows over a streamwise variying bathymetry, based
on the results of Chapters 2-5.

In Chapters 2-4 fundamental fluid mechanical aspects of horizontal shear flows over a
streamwise varying bathymetry were studied. In Chapter 2 and Chapter 3 observations on
prototype scale and on laboratory scale, respectively, were presented and analyzed. Us-
ing idealized modelling, the principal mechanisms that shape the mean flow field were
identified. In Chapter 4 the influence of streamwise bathymetric variability on the tur-
bulence structure of horizontal shear flows was studied. Using a relatively simple model,
the principal mechanisms that play a role in the turbulence characteristics of the flows of
interest were identified and validated against experimental data. In Chapter 5 morpho-
logical aspects of horizontal shear flows over erodible beds were discussed. These were
illustrated through a number of examples, that also served to demonstrate applicability of
the present study to different real-world cases.

6.1. SYNTHESIS
This thesis presented and analyzed fundamental fluid mechanical aspects of horizontal
shear flows over a streamwise varying bathymetry. A clear interaction between the hori-
zontal and vertical structure of the flow was found, with clear consequences for hydraulic
loading on the bed. The mean three-dimensional flow field on top of a slope is strongly
related to the upstream longitudinal flow field. A key-parameter that characterizes the be-
haviour of horizontal shear flows over a streamwise bed slope was derived in Chapter 1 as
the ratio of advective momentum transport and lateral shear stress; δ/LH , in which δ is the
shear layer width and LH a relevant horizontal length scale. The flows investigated in this
thesis (field case, Chapter 2 and laboratory case, Chapter 3) distinguished themselves on
the value of δ/LH . For the field case, δ/LH ≈ O(1), whereas for the laboratory case δ/LH ≈
O(10−1).

As a horizontal shear flow propagates over a streamwise increase in flow depth, a re-
distribution of mass, momentum and energy takes place that leads to either a horizontal
convergence or a horizontal divergence of the flow. Coupled to this convergence or di-
vergence, the vertical structure of the flow changes, which will be discussed further on.
The convergence of horizontal shear flows at a streamwise bed slope is dependent on
the increase in flow depth. A possible, intuitive explanation of this dependency follows
from considering shallow water potential vorticity conservation. This conservation law
states that for an inviscid flow without bed friction effects, vertical vorticity divided by the
depth, ωz /d , is constant along a streamline. For the flows considered in this thesis the
vertical vorticity is directly related to the lateral gradient in streamwise velocity through
ωz ≈ ∂u/∂y . This conservation law therefore relates both parameters of interest in the flow
configurations investigated in this thesis in a very simple, intuitive expression. Potential
vorticity was indeed conserved for the field case (Section 2.4.3). For the experimental case
(Section 3.4.2), it was not. The differences in conservation of potential vorticity between
both cases are related to a difference in the ratio δ/LH . For the laboratory case δ/LH is
an order of magnitude smaller than for the field case, thus the influence of turbulence is
more important in this configuration. Nevertheless, in both cases the flow field converges
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in the horizontal plane at the bed slope.

For both the field and the experimental case the observed mean behaviour of the shear
layer appears self-similar. From self-similarity of the horizontal shear flow it follows that
the development of the flow field for shallow horizontal shear flows is predominantly a
function of the bottom friction. Using this notion, horizontal convergence of the flow at a
bed slope is alternatively explained by considering that the length scale of the sloping sec-
tion is relatively small with respect to the friction length scale. Changes in the mean flow
field due to bed friction are therefore limited over the streamwise distance of the sloping
section. Given that the vertical integrity of the flow field is maintained, mass conservation
requires that the flow converges in the horizontal plane. Whether or not vertical integrity
of the flow is maintained, that is, whether or not the boundary layer separates from the
bed, depends on the lateral non-uniformity of the upstream flow field as well.

Corresponding to the horizontal convergence of the flow field is a suppression of verti-
cal flow separation. This interesting feature may be explained by a reduced deceleration of
the flow at the slope due to horizontal flow convergence. As a result, the adverse pressure
gradient is reduced and the boundary layer remains fuller. The flow is then able to follow
the bed contour for relatively steep slopes at which it would separate with 2D-vertical con-
ditions. If lateral uniformity of the streamwise flow field upstream of the slope reduces, the
flow configuration is more resemblant of this 2D-vertical condition, and boundary layer
separation occurs once more. Suppression of vertical flow separation occurred both on
field scale (Chapter 2) and on laboratory scale (Chapter 3), and thus appears to be inde-
pendent from the value of δ/LH .

A weaker upstream nonuniformity of the streamwise flow field theoretically induces
a smaller horizontal convergence of the flow. Thus, the reduction of the deceleration of
the flow at the slope is less, which implies that the adverse pressure gradient is larger. As a
result, the flow will detach from the bed. The occurence of vertical flow separation is there-
fore linked to horizontal divergence of the streamwise flow field. In case of vertical flow
separation, additional vertical mixing of mass, momentum and energy occurs, resulting
in the aforementioned horizontal spreading of the flow field. A vertically separating, hori-
zontally diverging flow state yields significantly larger energy head losses than a vertically
attaching, horizontally converging flow state. The dependency of suppression of vertical
flow separation on the steepness of the lateral gradient seems contradictory to the above
conjecture that suppression of vertical flow separation is independent from the value of
δ/LH . The transition between flow states, and the dependency of that on δ/LH , remains
open-ended in this thesis.

The presence of a streamwise downward directed bed slope influences the turbulence
structure of horizontal shear flows. In case of vertical attachment and horizontal con-
vergence of the flow, the presence of the streamwis bed slope intensifies turbulent fluctu-
ations. In case of vertical separation and horizontal divergence of the flow the opposite
happens, which is related to a suppression of turbulence production in the flow through
the divergence. The intensification of turbulence for horizontally converging flows origi-
nates from two different sources. Firstly, there is the direct effect of the slope on the de-
velopment of perturbations. This may be interpreted as the vertical stretching of vorticity
advected with the mean flow. Secondly, there is an indirect effect of the slope on the devel-
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opment of perturbations, which originates from the effect of the slope on the mean back-
ground flow field. Longitudinal changes in the mean streamwise flow velocity field act as
a source term in the turbulence kinetic energy balance, implying an additional transfer
of energy from the mean flow towards the perturbations. The indirect effect of the slope
was dominant over the direct effect of the slope. The enhanced growth of perturbations
depends on the ratio δ/LH ; for the laboratory case the growth rate of perturbations were
predicted to be significantly larger than at the field case. This feature may further explain
differences in conservation of potential vorticity between the cases, given the larger influ-
ence of turbulence for the experimental case. As there is no data on the development of
turbulence properties over the streamwise slope in the field case, this has yet to be con-
firmed.

In case of vertical flow attachment and horizontal flow convergence, the bed shear stress
along the slope is significantly larger than in case of vertical flow separation and horizon-
tal flow convergence. This has clear implications for morphological development. The
dependency of the horizontal flow convergence on the increase in flow depth, and the
corresponding high bed shear stresses, imply the existence of a positive feedback loop
that sustains or enhances morphological development. Enhanced turbulence intensities
in the shear layers during the development stage of the erosion add to the phenomena.
Depending on the ratio δ/LH , erosion may be related to the mean flow properties, to
the turbulence properties or to a combination of both. Two examples were shown that
support this conjecture; the development of large-scale local erosion downstream of the
Eastern Scheldt storm surge barrier (δ/LH ≈ O(1)) and erosion downstream of a plane
horizontal jet in a laboratory experiment (δ/LH ≈ O(10−1)). For the former, erosion was
largest at the center of the jet, where the velocity is highest; for the latter, largest erosion
was found at the location of the shear layers.

Although in this thesis clear dependencies were revealed, no qualitative predictor was
found that relates the (undisturbed) upstream flow conditions to the expected flow state
at the slope. We have no reason to assume that such a relationship does not exist, but
within the present scope of the work we were unable to find it. An expression that ex-
plicitly relates the structure of the horizontal flow field upstream of the slope to the flow
state at the slope is indispensable in parameterizing the flow state in numerical modelling.
There, this leaves room for future studies into the intrinsical three-dimensional behaviour
of horizontal shear flows over a streamwise topography.

RECOMMENDATIONS

Here, we discuss recommendations that follow from the present study for practitioners in-
volved in the design of bed protections around hydraulic structures. Given the inevitabil-
ity of the presence of lateral velocity gradients in the flow field downstream of a hydraulic
structure, we recommend that the streamwise extent of the bed protection is such that the
shear layers have become sufficiently wide at the downstream end of the protection. The
reason for this is twofold; firstly, if the shear layers are larger the relative velocity difference
has decreased and secondly, turbulence intensities have reduced. To ensure a good diver-
gence of the flow, it is recommended to limit the increase in flow depth over the extent of
the bed protection.
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Another possibility to ensure that the positive feedback mechanism as described in
Chapter 5 (that is, the presence of the scour hole increases scour development) does not
occur is to permanently trigger vertical flow separation by constructing a ledge at the edge
of the bed protection. However, the additional turbulence generated by such a sill may
also contribute to scour development or instabilities of the sand body. Ideally, the design
of the hydraulic structure must be such that it ensures a good distribution of the flow
by, for instance, a larger sill height in the center of the structure than at the sides. The
banks would then likely require protection against scour, but such a structure is more
easily maintained than a scour protection in the center of the domain.

The direct motivation of this study was the ongoing development of excessive scour
at the Eastern Scheldt storm surge barrier (Figure 6.1). This thesis may be considered as a
first step in identifying and understanding the phenomenology of the flow and turbulence
near the scour holes at the Eastern Scheldt. Based on the outcome of this study, ensuring
an equal distribution of the flow by changing the design of the structure would be recom-
mended here. Elongating the bed protection is not a viable option here, since that would
require complete backfilling of the already developed scour holes. Furthermore, given the
frequent occurrence of geotechnical instabilities adjacent to the scour holes, constructing
a sill at the edge of the bed protection is not recommended. Besides changing the layout
of the sills of the structure to ensure a more equally distributed inflow into the Eastern
Scheldt, flow field adaptations may also be realized by placing additional structures, like
groynes, near the barrier. Naturally, the impact of such adaptations should not lead to new
problems, or enhance existing ones, in the Eastern Scheldt basin as a whole and adjacent
to the barrier. For that reason, not only the local impact of mitigation measures should
be considered, that is, the impact of local changes on large-scale behaviour requires an
assessment as well.
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Figure 6.1: The Eastern Scheldt storm surge barrier; an impressive sight to behold. Photo taken by the author.
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6.2. OUTLOOK
The primary open end of this thesis is the formulation of an explicit expression concern-
ing the transition point between the flow states at a streamwise bed slope that were iden-
tified in this thesis. Here, various suggestions are given for further research to extend the
parameter space. This includes a number of more fundamental recommendations on ad-
ditional observations to extend the parameter space, on data acquisition techniques and
on the use of numerical modelling techniques. These are supplemented with application
perspectives. This thesis is ended with a general perspective on how to tackle (flow) prob-
lems.

ADDITIONAL OBSERVATIONS
Extending the parameter space with additional experimental studies is prioritized, since
extension of the parameter space ensures a broader applicability of the results. Labora-
tory experiments furthermore allow for systematically assessing the primary dependen-
cies of the phenomena in a controlled environment. Based on the observations presented
in Chapter 3 we expect that suppression of vertical flow separation may occur for even
steeper slopes than tested in the laboratory. Finding this critical slope is not only scien-
tifically interesting, but this process may shed further light on the existence of an explicit
relation between the horizontal and vertical flow field at the slope. Testing more (not only
steeper!) slope steepnesses is therefore recommended. Given the importance of the bed
surface roughness on the occurrence of boundary layer separation, it is further recom-
mended to analyse the influence of bottom friction on the relation between the horizontal
and vertical flow field. This could be either achieved by changing the aspect ratio of the
flow depth and the horizontal length scales of the flow, that is, the relative shallowness
of the flow (additional experiments were performed during the course of this thesis in a
shallow configuration, see Appendix C), or by changing the roughness of the bed material.
Additionally, the impact of shallowness (that is, limitations in vertical vortex stretching ex-
cept at the location of the slope) is important to consider in future work, since many field
cases are classified as shallow. Consistency of the findings in real-world engineering cases
may be demonstrated with additional field data.

Other possible extensions of the parameter space may include the effect of density
gradients and supercricital flow (like in, for instance, Section 5.4.3 and Section 5.4.4). To
start of with the first; many hydraulic structures, like shipping locks, are built between
fresh water and seawater. The phenomena studied in this thesis are potentially relevant
during normal operations or in case of failure of the locking system. For safety reasons, the
design of a bed protection near hydraulic structures is always based on failure during peak
load conditions. The flows corresponding to these conditions are usually supercritical.
Therefore, for design purposes understanding of both the impact of density differences
and supercritical conditions on the interaction between the three-dimensional flow field
and the (erodible) bed is desired.

A more detailed knowledge on the principal mechanisms involved with the develop-
ment of horizontal shear flows over a streamwise bed slope can be used in the design of
scour protection around hydraulic structures. Furthermore, the results may be used to
further define the boundary conditions that a potential mitigation strategy at the Eastern
Scheldt storm surge barrier should satisfy.
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DATA ACQUISITION TECHNIQUES
For a complete understanding of horizontal shear flows at a streamwise topography, it is
highly recommended to utilize alternative data collection techniques. We recommend
that, in follow-up experiments, the hydrodynamic pressure is directly measured using
pressure sensors. Additionally, hydraulic loading exerted on the bed may be quantified
by implementing strain gauges in the sloping section. Furthermore, to get a more detailed
image on the turbulence structure of the flow, we recommend doing measurements using
PIV. This technique may be applied on both the surface or a vertical cross-section in xz
direction. Given the intrinsic three-dimensionality of the phenomena, measurements us-
ing 3D-PIV would be the most ideal choice. An added benefit of PIV measurements is that
instantaneous instead of time-averaged spatial vorticity fields may be derived. The data
obtained with this measurement technique can further be utilized to validate both mean
flow and turbulent motions computed with (high-resolution) numerical modelling.

NUMERICAL MODELLING
Through (high-resolution) numerical modelling it should be possible to identify (and an-
alyze) the transition point between different flow states for a wide range of flow config-
urations. Numerical modelling can be the final step in deriving explicit expressions that
relate the horizontal and vertical flow field to eachother. We further recommend utilizing
numerical models to derive, and validate, parameterization techniques that capture the
impact of different flow states on hydraulic loading on the bed. These parameterizations
may be used in 2D-horizontal computational models. This would provide a quick manner
to assess the design of hydraulic structures in terms of their impact on the bed level. Con-
versely, such numerical tools may also be used to test flow field adaptations to mitigate
exisiting erosion problems related to the phenomena investigated in this thesis.

The idealized analytical models developed in this thesis could be incorporated in a
rapid assessment tool that can provide an estimation on the expected flow patterns and
corresponding erosion. Based on such an assessment, a practitioner could consider per-
forming a more detailed numerical analysis.

GENERAL PERSPECTIVE
Underlying a solution or mitigation strategy for flow problems should be a strong physical
basis. We therefore recommend a methodological approach in which the complexity of
a given flow problem is reduced until only its essence remains, for the following reasons.
Firstly, identifying the essence of a problem forces one to think of the primary behaviour
of the system. Second, in a system that is reduced in complexity it is per definition easier
(though, not to be confused with easy) to analyse the primary dependencies of the prob-
lem. Third, it is more straightforward to come up with ideas to further investigate those
primary dependencies using experimental, numerical or analytical methods. Finally, re-
sults from such an analysis, although often complex enough, are more straightforwardy
interpreted. From this level of understanding, the boundaries of what a solution should at
least accomplish are defined.
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A.1. VARIABLE TOPOGRAPHY IN x y -DIRECTION
At the Eastern Scheldt, the topography not only varies in x-direction but in y-direciton as
well. In equation (2.7), which is repeated here:

u
∂

∂x

(ω
d

)
+ v

∂

∂y

(ω
d

)
= 0, (A.1)

we have assumed that the second term is small w.r.t the first term on the argument that the
lateral velocities are much smaller than the streamwise velocities. However, when the bed
varies in n-direction as well, this does not necessarily have to be true. A scaling argument
shows the necessary conditions for which we can drop the second term in equation (2.7).
We choose velocity scales u, v ∼U ,V , length scales x, y ∼ Lx ,Ly where Lx is a length scale
for the streamwise direction and Ly a length scale for the side slope, a depth scale d ∼ H
and a vorticity scale ω ∼ U /δ, with δ the mixing layer width. Then, equation (2.7) scales
accordingly:

U 2

LxδH
+ UV

δLy H
= 0; (A.2)

which simplifies to:
U

Lx
+ V

Ly
= 0. (A.3)

This equation states that, given that V << U , that the second term is important only if
Lx << Ly . So, the length scale of the side slope (which is a measure of its steepness) should
be very small compared to the streamwise distance. We consider a streamwise distance of
approximately 300 m, and a representative distance for the side slope is approximately
300 m as well. The data shows that it is a reasonable assumption that V ≈ 0.1U for most of
the time, with extremes to V ≈ 0.25U . Therefore, the assumption that term 2 of the LHS of
equation (2.7) is small w.r.t. term 1 is fair, though care has to be taken.

A.2. MODEL DERIVATIONS

A.2.1. DERIVATION OF THE DEPTH-UNIFORMITY CRITERIUM
We assume that the free stream velocity (ũ) is a known function of the streamwise distance
s. With a known free stream velocity, the momentum balance across the thickness of the
boundary layer can be described using the Von Karman momentum integral equation (e.g.
Chang (1970)):

d

ds

(
ũ2θ

)= τb

ρ
− ũ

dũ

dx
δ∗, (A.4)

where θ is the thickness of the boundary layer accounting for momentum transport (mo-
mentum thickness) and δ∗ is the thickness of the boundary layer accounting for mass
transport (displacement thickness) as defined in Chang (1970).

In Equation (A.4), the term on the LHS represents the development of the amount of
momentum in the boundary layer. The increase or decrease of momentum in the bound-
ary layer is dependent on bed shear stress, which is the first term on the RHS, and the
pressure gradient, which is the second term on the RHS. Boundary layer separation along
the slope will occur if the amount of momentum in the boundary layer becomes zero. To
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Figure A.1: Sketch of the situation considered: at two different streamwise locations C0 and C1 with respective
depths d0 and d1, the transverse profile of the streamwise velocity is plotted for a laterally uniform case (blue)
and a laterally non-uniform case (red).

annihilate the momentum in the boundary layer, the pressure gradient along the slope,
which can be related to the streamwise change in free stream velocity, must exceed a crit-
ical value over a certain streamwise distance. By comparing the pressure gradient for a
laterally uniform and a laterally non-uniform flow, and relating that pressure gradient to a
bed slope, we derive an equation that relates lateral velocity differences to a steepening of
the slope for which vertical flow separation is expected.

Figure A.1 is an idealized sketch of the situation. At two different positions along the
streamwise direction (C0 and C1) a transverse cross-section over the domain width B is
considered (black dotted line). The lateral coordinates of the lower lateral boundary and
the upper lateral boundary are denoted by yL and yU respectively. Along cross-section
C0 the depth equals d0 and along cross-section C1 the water depth equals d1 > d0. We
assume that the depth increases linearly from d0 to d1, such that ∆d/∆s ≈ ib . At cross-
section C0 the streamwise velocity of the laterally non-uniform flow (red line) is known,
and thus the velocity difference over the profile, ∆ũ, and the vorticity, ω̃. In blue, the
cross-sectionally averaged flow velocity, ũa is shown. The flow velocity of the laterally
uniform case is chosen such that it equals the cross-sectionally averaged flow velocity of
the non-uniform flow.

We start by deriving the deceleration of the flow for the laterally uniform case. The
low Froude number values observed allow the use of the rigid lid assumption, such that
the flow velocity of the laterally uniform 2D-vertical case is a function of the water depth
(conservation of mass):

ũa(x) = ũa,0d0

d(x)
(A.5)
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For a linearly sloping bed the deceleration along the slope is now:

dũa(x)

ds
=− ũa,0d0

d(x)2 ib (A.6)

The deceleration is largest at x = 0, and since we are looking for a critical bed slope for
which the flow will separate, this value is used for estimating the deceleration:

dũa

dx
≈− ib

d0
ũa,0. (A.7)

This deceleration will be related to a critical bed slope, ib,c . Using the Von Karman mo-
mentum integral equation (Equation (A.4)) we define a critical deceleration, that is not
explicitly resolved, but which is assumed to be a function of the bed shear stress and the
(local) boundary layer characteristics:

dũa

dx

∣∣∣
cr i t

=φc (τb ,θ,δ∗); (A.8)

where φc is a critical value for the deceleration. Then, a critical bed slope for which the
flow separates for a lateral uniform flow is given by:

ib,c =−φc
d0

ũa,0
. (A.9)

The same can be done for a flow that is non-uniform in lateral direction. In this case,
we have to take into account that due to the conservation of potential vorticity there is
an additional acceleration at the high velocity side of the velocity profile (n = nU = 1

2 B)
sketched in Figure A.1. An expression for the velocity at the high-velocity side of the profile
is given by:

ũnU (x) = ũa(x)+ 1

2
∆ũ(x). (A.10)

In this expression, the velocity difference ∆ũ is given by:

∆ũ(x) = ω̃(x)B , (A.11)

where ω̃(x) is:

ω̃(x) = ω̃0
d(x)

d0
(A.12)

The derivative of the velocity at the high velocity side can now be evaluated:

dũnU

dx
=− ũa,0d0

d(x)2 ib +
1

2

∆ũ0

d0
ib . (A.13)

Again the value at x = 0 is considered, and following the same line of reasoning as with
the laterally uniform flow, the critical bed slope for the laterally non-uniform flow (i∗b,c ) is
expressed as:

i∗b,c =φc

(
∆ũ0

2d0
− ũa,0

d0

)−1

. (A.14)
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The critical bed slope for which the flow is expected to separate for a laterally uniform
flow can now be related to the critical bed slope for which flow separation is expected
to occur for a laterally non-uniform flow by dividing Equation (A.14) by Equation (A.9).
We do make the remark that, since we have not explicitly computed φc , this is accounted
for by introducing some (unknown) proportionality constant α. This analysis is mainly
performed to demonstrate that lateral non-uniformity in the flow may steepen the slope
for which vertical flow separation would be expected, which is finally expressed as:

i∗b,c

ib,c
∝

(
1−α

∆ũ0

2ũa,0

)−1

(A.15)

The above proportionality is interpreted as some reduction factor for the critical slope by
accounting for lateral nonuniformity in the streamwise velocity field.

A.2.2. DERIVATION OF THE SOLUTION FOR THE IDEALIZED MODEL APPLI-
CATION

This section shows the derivation of Equation (2.16) in Section 2.4.2 for an idealized bathymetry:
a linearly sloping bed (Equation 2.14). We prescribe a jet-type velocity profile at the inflow
boundary x = 0:

u(0, y) = uc exp

[
− y2

2σ2

]
, (A.16)

with the parameters defined in section 2.4.2. From this expression, the vorticity at the
inflow boundary is simply derived:

ω(0, y) = y

σ2 uc exp

[
− y2

2σ2

]
. (A.17)

Equation (2.10) now gives the vorticity at any location in the domain:

ω(x, y) = γ
y

σ2 uc exp

[
− y2

2σ2

]
, (A.18)

whereγ= d(x, y)/d(0, y) is the ratio of the depth at s with the depth at the inflow boundary.
The velocity is obtained by integration of the vorticity:

u(x, y) = γuc exp

[
− y2

2σ2

]
+C , (A.19)

where C is an integration constant that is solved by applying mass conservation over a
lateral transect. We apply the following integration rule:

∫∞

−∞
exp

[
− y2

2σ2

]
dy =�

2πσ. (A.20)

Although we are not integrating over an infinite domain, we have chosen the velocity pro-
file such that the lateral derivative of the velocity at the sides is approximately zero, making
the error very small. Then the analytical expression for the streamwise velocity is given by:

u(x, y) = γuc ·exp

[
− y2

2σ2

]
+�

2π ·ucσ
(
σ−1 −σ

)
B−1. (A.21)
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B.1. CHEBYSHEV DIFFERENTIATION

B.1.1. PSEUDO-SPECTRAL DIFFERENTIATION
To solve the stability problem as defined in Chapter 4, a pseudo-spectral method em-
ploying Chebyshev polynomials is used. In this appendix we describe the general Cheby-
shev polynomial method (see Boyd, 1989), and how the differentiation matrices using this
method are defined. The following description loosely follows (Weideman and Reddy,
2000).

Pseudo-spectral methods for solving differential equations are based on weighted in-
terpolants of the following form (Canuto et al., 1988):

f (x) ≈
N∑

n=1

α(x)

α(x j )
φ j (x) f j , (B.1)

with [x j ]N
j=1 are the interpolation nodes, α(x) is a weight function, f j = f (x j ) and [φ j (x)]N

j=1
are the set of interpolating functions that satisfy the Kronecker delta function such that
φ j (xk ) = δ j k . Associated with the interpolaten defined in eq. B.1 is a collocation deriva-
tive operator, defined as:

d

dx

(
f (x)

)≈
N∑

j=1

d

dx

[
α(x)

α(x j )
φ j (x)

]

x=xk

f j ,k = 1, ..., N (B.2)

The derivative operator is represented as a matrix D with entries:

Dk, j =
d

dx

[
α(x)

α(x j )
φ j (x)

]

x=xk

(B.3)

The numerical differentiation process may therefore be performed as the following matrix-
vector product:

d

dx
(�f ) = D ·�f , (B.4)

which converts a differential equation problem to a linear system. This discretization is
applied to the differential eigenvalue problem of Chapter 4, which is converted to a matrix
eigenvalue problem.

B.1.2. CHEBYSHEV POLYNOMIALS
Chebyshev polynomials are defined on the bound interval [−1 1], and their collocation
points are given by:

xk = cos

(
(k −1)π

N −1

)
,k = 1, ..., N (B.5)

Normal Chebyshev polynomials are given by:

Tn(x) = cos
(
n cos−1(y)

)
, (B.6)

and with weight function α(x) = 1 the interpolant is then:

pN−1(x) =
N∑

j=1
φ j (x) f j , (B.7)
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with

φ j (x) = (−1) j

c j

1−x2

(N −1)2

TN−1(x)

x −x j
. (B.8)

In here, c1 = cN = 2 and c2 = ... = cN−1 = 1. The differentiation matrix is given by (Canuto
et al., 1988):

D (1)
k, j =





ck (−1) j+k

c j (xk−x j ) j �= k

− 1
2

xk

(1−x2
k )

j = k �= 1, N

(2N−1)2+1
6 j = k = 1

− 2(N−1)2+1
6 j = k = 1

(B.9)

The superscript (1) denotes that this is the first order differentiation matrix. Higher order
differentiation is obtained by:

D(m) = (D (1))(m),m = 1,2, ... (B.10)

The chebyshev differentiation matrix as defined above is valid for a bounded domain be-
tween [−1 1]. The method can be applied to arbitrary bound domains defined by [−γ γ]
through a simple scaling operation, yielding:

xk,γ = γxk ,D (m)
γ = D (m)

γm (B.11)

A disadvantage of the collocation points xk as defined in eq. B.5 is that it creates the high-
est density of collocation points at the boundaries. A mapping is proposed by Boyd (1989)
that maps the bounded collocation points xk to an infite domain:

xk,inf =
λxk√
1−x2

k

. (B.12)

This set of grid points has the highest density of collocation points at the origin, which is
an advantage for shear flows, where the strongest velocity gradients occur near where the
grid is refined most.
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C.1. INTRODUCTION
In this appendix we present a short overview of experimental results concerning shallow
horizontal shear flows over a streamwise topography. The experiments were performed as
part of the Eastern Scheldt scour research programme (Section 1.1). These experiments
can be considered as an extension of the experiments discussed in Chapter 3.

In Chapter 2, observations of a horizontal shear flow over a streamwise topography
were given for a field situation. The flow in this case is characterized by δ/L >>1, and a
relative shallowness of H/L ≈ 1/30. The physical model discussed in Chapter 3 a horizon-
tal shear flow was generated with δ/L ≈O(1), and a relative shallowness of H/L ≈ 1/4−1/2.
To understand the impact of relative shallowness on the observed phenomena, a second
physical model was designed with a more realistic aspect ratio H/L ≈ 1/35.

The experimental lay-out was such that the influence of a streamwise topography on
the behaviour of a number of archetypal shallow horizontal shear flows could be inves-
tigated. Here, we present results of a two-sided shallow lateral expansion, a co-flowing
shallow jet, and a co-flowing shallow wake. Furthermore, the results of a reference case
without horizontal gradients in the streamwise velocity, but with a streamwise slope in
the bathymetry, are presented. In this appendix, first we discuss the methodology, includ-
ing the design of the experimental set-up, data acquisition and data processing methods,
and the case selection. Next, we present and make a brief characterization of the mean
flow fields of the selected cases.

The experiments presented in this appendix were performed by MSc-student Bart van
de Zande, en BSc-students Tors Kouwenhoven and Bob Bontje. The data-sets presented
here may be utilized for further analysis of shallow horizontal shear flows over a stream-
wise topography.

C.2. METHODOLOGY
Experiments were conducted with a primary aim of understanding the influence of a stream-
wise topography on the behaviour of shallow horizontal shear flows. The experiments de-
scribed in this appendix are intended to fill the gap between field observations (see Chap-
ter 2) and laboratory observations (see Chapter 3) of horizontal shear flows over a slope.
Here, the design of the experimental set-up, data acquisition methods and data processing
methods are presented.

C.2.1. EXPERIMENTAL SET-UP
The experimental work was conducted in a 20 m long, 3 m wide and 0.2 m deep glass-
sided flume (Figure C.1). The flume bottom was plated with white HPL, such that enough
contrast could be realized between the flume bottom and floating particles for PIV mea-
surements. The roughness of the HPL plating is comparable to that of the glass sidewalls.

Two key characteristics that should be present in the experiment are 1) a lateral gra-
dient of the streamwise velocity and 2) a slope in streamwise direction. Lateral velocity
gradients were generated by (partially) blocking the flow in the inlet section of the flume.
Different streams were separated by a splitter plate. The lay-out of the splitter splate was
such that the flume consisted of three separate streams, the width of which could be var-
ied. The streams on the sides of the flume could be completely blocked, whereas the mid-
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Figure C.1: Photo of the experimental set-up, looking in upstream direction from the downstream end of the
flume. The sloping section is clearly distinguished, as are the locally blocked sections of the flume. The blockage
was constructed in the flume to ensure lateral non-uniformity of the flow at the upstream edge of the slope.

dle stream could only be partially blocked. To control the steepness of the lateral gradient
at the upstream edge of the slope, the distance from the end of the splitter plates towards
the slope could be varied. The mixing layers that originate and develop downstream of
the end of the splitter splates then develop and grow over a certain streamwise distance,
reducing the steepness of the lateral gradients.

The sloping section was located at a distance of roughly 9 m from the inlet section of
the flume, to ensure a fully developed turbulent flow at the upstream edge of the slope.
Upstream of the slope, a false bed with a height of 8 cm was constructed. The upstream
water depth du is 8 cm, and the downstream water depth dd is 16 cm, such that a relative
depth increase of a factor 2 was realized, which is in the same order of magnitude as the
flows investigated in Chapters 2 and 3. The slope steepness was variable, and in the same
range as the previous cases. The discharge Qi n was chosen such that the maximum Froude
number in the flume is lower than 0.4, and that the Reynolds numer is sufficiently high to
ensure that the flow is fully turbulent.

C.2.2. DATA ACQUISITION
To identify the main flow patterns, two measurement techniques were applied; one qual-
itative method and one quantitative method. Qualitative flow data were obtained by in-
jecting coloured dye into the flow (see, for example, Figure 1.6).These injections helped
identifying the main flow patterns for different cases. Quantitative flow data were ob-
tained by using Particle Image Velocimetry, abbreviated as PIV.

PIV is a measurement technique in which a set of images that are collected at a con-
stant time-interval and from a fixed point of view are used to determine the displacement
of tracer particles in the water. During these experiments, surface-PIV was used, meaning
that only surface displacements were observed. In shallow flows, surface-PIV yields veloc-
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ity fields that are representative of the entire water layer, given that the vertical structure is
more or less uniform. This criterium is satisfied at the flat bed, but especially at the slope
the vertical structure of the flow may deviate from a uniform one. Using both dye injec-
tions and acoustic measurements, additional checks on the vertical structure of the flow
were performed; these are outside of the scope of this appendix. For more information,
see van de Zande (2018).

The PIV measurements were performed using a Samsung NX1 digital camera equipped
with a 16-50 mm OIS lens. The camera was mounted on a movable measurement frame,
and its vertical elevation was 2.56 m with respect to the flume bottom. The camera lens
was directed perpendicular to the flume bottom. The field of view of the camera cov-
ered the entire width of the flume, and a streamwise distance of 1.96 m. To measure flow
data in the entire flume, the measurement frame was moved in streamwise direction after
each measurement series. At each position, images were collected during a time frame
of 6 minutes to have statistically significant turbulence characteristics and to be able to
sufficiently average out the turbulence for determining the mean flow field. The camera
recorded with a resolution of 1920x1080 pixels at 120 frames per second.

Black polypropylene spheres with a diameter of 3 to 4 mm were used as tracer parti-
cles. The density of polypropylene is slightly smaller than the density of fresh water (946
kg/m3), so the particles do not sink and are advected with the surface velocity of the flow.
The particles were equally distributed over the width of the flume by a mechanical dis-
penser installed close to the inlet of the flume.

C.2.3. DATA PROCESSING

Images were extracted from the recorded videos using open-source software "Free Video
to JPG Converter" from Digital Wave Ltd. To determine the mean flow fields in a computa-
tionally efficient way, 10 frames per second were extracted from the original videos.

Pre-processing of the images was performed in 3 separate steps (see Figure C.2). First,
images were converted to grayscale to enhance the contrast of the black tracer particles
with the white flume bottom. Second, the contrast was further improved using the Image
Processing Toolbox from MATLAB. Third, the background was removed from the image by
subtracting the mean image from each separate image. The result of the pre-processing
operation, white dots an a black background, was used as input for the PIV-algorithm,
PIVlab.

PIVlab is an algorithm developed by Thielicke and Stamhuis (2014). This code was
used to determine the velocity vectors of consecutive images. The code used a multiple
pass discrete Fourier transform to accurately determine the displacement of tracer par-
ticles in an image pair. Two passes were included; the first pass size was set to 128x128
pixels in order to keep particle displacement smaller than one quarter of the interrogation
area. To obtain a higher resolution of the velocity field, a second pass with a size of 64x64
pixels was used. This resolution yields 50 data points in the transverse direction of the
flow, which is sufficient to accurately determine lateral gradients of the streamwise veloc-
ity. An object mask was defined per image-series to include the splitter plate and stagnant
zones in the case of a shallow lateral expansion.

Post-processing of the obtained velocity time-series included the filtering of outliers.
A first, rough filter was applied that removed horizontal velocities outside a pre-defined
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Figure C.2: Pre-processing sequence of the video-material. The leftmost panel shows the raw image as sub-
tracted from the video, the middle panel shows the image after converting to gray-scale (step 1) and increasing
the contrast (step 2), the right panel shows the image after subtraction of the mean image (step 3) on which the
PIV analysis is conducted.

interval. A second, more refined outlier detection method that was used is the normalised
median test (Westerweel and Scarano, 2005). Missing datapoints were replaced by two-
dimensional linear interpolation. The time-averaged flow field was computed by averag-
ing the time-series per datapoint over time according to:

ui (x, y) = 1

T

∫T

0
ui (x, y, t )dt , (C.1)

in which ui , with i = 1,2 are velocity components in x, y direction, respectively, T is the
total measuring time, and the overbar denotes a time-average. This operation yields a
time-averaged velocity field for each camera-position. These separate velocity fields are
merged together to obtain the mean flow in the entire domain; overlapping mean veloci-
ties are averaged in this operation.

C.2.4. EXPERIMENTAL CASES
Many different experimental runs have been performed (see, for instance, van de Zande
(2018)); here the focus is on four cases. Table C.1 lists the different cases and their char-
acteristics. In all cases, the velocity is the same in both side-streams, leading to an almost
horizontally symmetrical inflow. Due to slight asymmetries in the inflow, in case of high-
est flow velocities in the center of the domain, that is, a jet, the flow always bends towards
one side of the flume, a feature that was also observed in experiments of Kantoush and
Schleiss (2009).

For the selected cases, the width of the middle stream is 1.5 m, whereas the width of
both side-streams is 0.75 m. The splitter plate ends at a distance of 1 m upstream of the
edge of the slope, and the slope steepness is 1 in 4 (13 degrees). The discharge was set to
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Case Abbreviation umid [m/s] uside [m/s]
Uniform Flow (reference) UF 0.33 0.33
Two-sided lateral expansion SLE 0.375 0
Co-flowing jet SCJ 0.3 0.1
Co-flowing wake SCW 0.1 0.3

Table C.1: Overview of the different experimental cases and their characteristics that are considered in this ap-
pendix.

Qi n = 45 l/s, leading to the given velocities umid and uside, which denote the mean velocity
upstream of the end of the splitter plates in the middle branch and side branches, respec-
tively. For the reference case the discharge was Qi n = 80 l/s, which was the maximum
discharge that could be realized without overflowing the inlet basin.

C.3. RESULTS
Here, we present the mean flow fields of the surface flow for the selected cases. We will
show that in all cases, the flow tends to redistribute itself towards the faster flowing streams
at and downstream of the slope. This redistribution also takes places for the horizontally
uniform case; flow separates from the sidewalls of the flume and the main flow slightly
converges. These surprising phenomena were observed before in experiments by MacVicar
and Best (2013) for very mild slopes.

C.3.1. HORIZONTALLY UNIFORM FLOW

Figure C.3 shows the mean surface flow field for the horizontally uniform flow (Case UF)
derived from the PIV measurements. At the slope, the flow separates from the side-walls
of the flume, leading to a horizontal convergence of the flow. This behaviour has been
observed to occur for milder slopes in riffle-pools (MacVicar and Rennie, 2012; MacVicar
and Roy, 2007), and is thus also observed for steeper slopes. In the center of the flume,
vertical flow separation, that is, separation from the bed at the upstream side of the slope,
was observed.

The observed behaviour originates from the presence of the no-slip boundary (the
flume side-walls). The wall-boundary layer involves a velocity gradient between the wall
and the main flow. An adverse pressure gradient is necessary to realize the deceleration
due to an increase in flow depth. This pressure gradient has a larger impact on the smaller
near-wall velocities, and depending on the amount of turbulent mixing of streamwise mo-
mentum from the main flow into the boundary layer, may lead to flow reversal. Alterna-
tively, because of the presence of lateral velocity gradients, the observed behaviour may
also be related to conservation of shallow water potential vorticity. Further research into
the phenomena is necessary to verify whether or not this is the case.

An interesting (visual) observation is that the flow in the close vicinity of the shear layer
did not separate from the bed. This behaviour was observed for steeper slopes as well, and
is similar to the behaviour of the flows investigated in Chapter 3. This feature was observed
for all the other flows discussed in this Appendix as well; vertical flow attachment occurs
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Figure C.3: Horizontal mean surface flow field from PIV measurements for Case UF. The flow field is plotted until
the symmetry-axis y = 1.5 m. The colourbar denotes the magnitude of the time-averaged horizontal velocity,

|um | =
√

ū2
1 + ū2

2, the black dotted lines indicate the position of the slope.

in the shear layers.

C.3.2. TWO-SIDED LATERAL EXPANSION

Figure C.4 shows the mean surface flow field for the shallow two-sided lateral expansion
(Case SLE) derived from the PIV measurements. Downstream of the splitter plates, a large
horizontal recirculation zone (gyre) develops on both sides of the domain. At the location
of the slope, the flow clearly converges towards the center of the flume, leading to a growth
of the gyres. The main jet flow bends off towards the left side-wall of the flume, a feature
that is related to a slight asymmetry in the inflow conditions. As a result, one of the gyres
is significantly larger than the other.

As with Case UF, in the near vicinity of the shear layer the flow was observed to stay
attached to the bed. For this case, it was confirmed with ADV-measurements as well. De-
pending on the experimental lay-out, flow separation could be suppressed in the center
of the jet as well. In many cases, vertical flow separation did occur in the center of the jet,
whereas the flow stayed attached in the shear layers (see van de Zande (2018)).

C.3.3. CO-FLOWING JET

Figure C.5 shows the mean surface flow field for the shallow co-flowing jet (Case SCJ) de-
rived from the PIV measurements. Downstream of the splitter plates, the lateral difference
in streamwise velocity reduces with streamwise distance. At the slope, the flow converges
towards the center of the flume, similar to Case SLE. The flow separates from the side-
walls of the flume, and two large horizontal gyres develop. Although one of the two gyres
is suppressed in favour of the other, this effect is far less severe as with Case SLE. The
main jet flow does tend towards one side of the flume, but this apparent asymmetry is less
compared to absence of a co-flow.

The appearance of a counter-flow at the slope given initially positive velocities is very
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Figure C.4: Horizontal mean surface flow field from PIV measurements for case SLE. The colourbar denotes

the magnitude of the time-averaged horizontal velocity, |um | =
√

ū2
1 + ū2

2, the black dotted lines indicate the

position of the slope, the red lines the position of the splitter plates.

Figure C.5: Horizontal mean surface flow field from PIV measurements for case SCJ. The colourbar denotes the

magnitude of the time-averaged horizontal velocity, |um | =
√

ū2
1 + ū2

2, the black dotted lines indicate the position

of the slope, the red lines the position of the splitter plates.
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Figure C.6: Horizontal mean surface flow field from PIV measurements for case SCW. The colourbar denotes

the magnitude of the time-averaged horizontal velocity, |um | =
√

ū2
1 + ū2

2, the black dotted lines indicate the

position of the slope, the red lines the position of the splitter plates.

similar to the predictions made using the potential vorticity model from Chapter 2 (see
Figure 2.12). Here, the model was applied to a jet with an initial co-flow of uside = 1/2umid,
comparable to the experimental case. Over the distance of the slope, the velocity of the
co-flow changed sign, and the co-flow became a counter-flow. This is highly comparable
to the experimental observation.

C.3.4. CO-FLOWING WAKE
Figure C.6 shows the mean surface flow field for the shallow co-flowing wake (Case SCW)
derived from the PIV measurements. Downstream of the splitter plates, the lateral dif-
ference in streamwise velocity reduces with streamwise distance. At the slope, the flow
converges in the horizontal plane. Not towards the center of the flume, but towards the
center of the high-velocity streams at the sides of the flume. As a result, in the center of
the flume two large, counter-rotating gyres develop.

Consistently with the previous three cases (UF, SLE and SWJ) a redistribution in the
horizontal plane takes place such that the flow velocity in the high-velocity stream(s) re-
mains relatively high. To satisfy mass conservation, a return flow is induced in the flume,
and the size of the horizontal gyres can be significant. The reason why this convergence
occurs remains still unknown; the phenomena may be in some way related to, or de-
scribed by, conservation of shallow water potential vorticity. Further research is required
to unveil the relevant flow dynamics.

C.4. CONCLUSIONS AND DISCUSSION
The observations presented in section C.3 were intended to give a brief overview of the
main phenomenology of shallow horizontal shear flows over a streamwise topography.
Shared characteristics between the cases include:

• Convergence of flow in the high-velocity stream(s)
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• Vertical flow attachment in the shear layers

• Genesis of very large horizontal recirculation zones (gyres)

• Genesis and development of (quasi-) 2D-horizontal large-scale coherent structures

The convergence of flow in the high-velocity stream(s) is a feature that is consistent
with findings from Chapters 2 and 3. The experiments have shown that this convergence
is a common feature in shallow horizontal shear flows, and that this effect is quite strong.
Undocumented observations for a case where the streamwise slope was removed from the
flume (and thus, a vertical wall remained) showed the same horizontal convergence. This
is different from the experimental observation presented in Chapter 3, where for steeper
slopes at a certain point horizontal divergence of the flow was observed. This was related
to the occurence of vertical flow separation. The experiments in the shallow flume have
shown that there appear to be more degrees of freedom in the flow state. Further experi-
mental or numerical studies may shed additional light on these features.

The observations discussed in Chapters 2 and 3 showed a mutual interaction between
the horizontal and vertical flow state. As was mentioned in section C.3, vertical flow sep-
aration was always observed in the shear layer, but not always observed in the center of
the jet. The results of the shallow experiment point towards the importance of the shear
layer for whether or not flow separates from the bed. Additional research into mixing-layer
dynamics over a streamwise slope, with particular attention towards the behaviour of sin-
gular vortices, may shed more light on the observed behaviour, and connect the present
observations to those of Chapters 2 and 3. Attachment of the flow in the shear layers may
impact the hydraulic loading on the bed, and be of influence for, for example, morpholog-
ical development.

Another characteristic deserving of further attention is the presence of the large hori-
zontal recirculation zones; their presence is not necessary for the flow to converge at the
streamwise slope, but due to the flow convergence they either develop or grow larger when
compared to their size at a flat bottom. The interaction between the gyres and the large-
scale coherent structures, how it changes due to the presence of a bed slope and how that
influences exchange of mass, momentum, energy and suspended matter needs further
research as well.
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