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SUMMARY

“The use of pile groynes to reduce sediment exchaadpetween river and harbour”

Introduction

To reduce siltation in harbours located in riversmaterways in order to decrease the
high costs of dredging and maintenance of its Isasinneed of searching measures to
decrease the sediment exchange between river abdunarises.

Research

One of the measures to reduce the sediment exchiantgee use of pile groynes
structures located in the river stream, upstreanettirance of the harbour basin.

Due to the blocking of the groynes, the velocitéshe river will increase. Because of
this, the navigability along the river stream canaltered.

The objective of this research is to determinedfiect of the groyne at the interface
harbour-river and the mixing layer which develolmg the entrance.

Experiments

To analyze the effect of the groyne on the mixiagel dynamics, a schematized
physical model of a harbour basin was built intmotatory flume.

Different configurations of the pile groyne wererfpemed to devise the effect of
different geometries of the groyne.

In order to relate the exchange process to veladigyributions, Particle Tracking
Velocimetry measurements were performed to oblervelocity field at the water surface.

The analysis of data was approached on the exchaligl takes place via the mixing
layer and the primary gyre, that are formed at rilier-harbour interface and the harbour
basin, respectively.

On the basis of the experimental results can beledad that the best configurations to
reduce the entrainment of water and the velociadignt along the entrance are the groynes
located close to the upstream corner and with sgamétween piles lower than its width.

Numerical modelling

Several configurations of the groyne were simulaisthg state of the art of a 2D
numerical model, FinLab, in order to perform a camgbn between experiments and
simulations, providing an indication as to whateextthe exchange processes are properly
incorporated into this model.

A good estimation can be obtained for the caseowitroyne in relation with the basic
structures and turbulence properties of the mixiager at the interface river-harbour.
However, it was not possible to simulate the eftddhe groyne by increasing the roughness
coefficient at the groyne location.

For this reason, some recommendations for furtiugliess about that topic are given.

Vi

Scale physical model. Numerical results.

J.T. Castillo Rodriguez



“The use of pile groynes to reduce sediment exctiang

J.T. Castillo Rodriguez



“The use of pile groynes to reduce sediment exctiang

PREFACE.

The thesis on hand was written during an exchamggr@mme of ten months
between Delft University of Technology, The Netheds, and Universidad
Politécnica de Valencia, Spain.

In this Master Thesis an experimental study on d¢ffect of pile groyne
structures on sediment exchange has been descfibedvork has been carried out at
the Fluid Mechanics Laboratory at the Faculty ofilEEngineering, Delft University
of Technology.

The Thesis is supported by the Rijkswaterstaat tzased on a WINN project
(Water Innovation Programme).

| would like to thank the members of the graduatmymmittee for their
comments and suggestions. The work has been sspérlay Prof. dr. ir. H.J. de
Vriend, dr. ir. W.S.J. Uijttewaal, dr. ir. B.C. v&rooijen and ir. H. Havinga.

For their daily support, | would like to express gmnatitude to Wim Uijttewaal
for his continual help and advice with the experntaé model and the data analysis,
and Bram van Prooijen for giving frequent assistamdth the numerical model
FinLab. Prof. dr. ir. H. de Vriend and ir. H. Havinga apetefully acknowledged for
their comments on my project.

| would like to thank the members of the laboratofy Fluid Mechanics and,
specially, the students Victor Roels and Thomasebror their help during the
experiments.

Moreover, | wish to thank Prof. dr. ir. Juan F. i&rdez Bono, for being my
supervisor in Valencia, not only during the praetgeriod last summer, but during
this year as well.

Finally, special thanks to my family and friends, for theirderstanding and
endless support during this year abroad and dtinedpast six years.

Jessica T. Castillo Rodriguez

Delft,
Juny 2008

J.T. Castillo Rodriguez -1-



“The use of pile groynes to reduce sediment exctiang

ABSTRACT.

To reduce siltation in harbours located in rivers waterways in order to
decrease the high costs of dredging and mainter@ritebasins, a need of searching
measures to decrease the sediment exchange beiwereand harbour arises.

One of the measures to reduce the sediment exchsuige use of pile groynes
structures located in the river stream, upstreaetitrance of the harbour basin.

Due to the blocking of the groynes, the velocittd#sthe river will increase.
Because of this, the navigability along the rivieeam can be altered.

The objective of this research is to determine dffect of the groyne at the
interface harbour-river and the mixing layer whagvelops along the entrance.

To analyze the effect of the groyne on the mixengel dynamics, a schematized
physical model of a harbour basin was built intofatory flume.

Different configurations of the pile groyne werefpemed to devise the effect
of different geometries of the groyne.

In order to relate the exchange process to velodistributions, Particle
Tracking Velocimetry measurements were performedltain the velocity field at
the water surface.

The analysis of data was approached on the exchahigh takes place via the
mixing layer and the primary gyre, that are forna¢dhe river-harbour interface and
the harbour basin, respectively.

On the basis of the experimental results can becledad that the best
configurations to reduce the entrainment of watet the velocity gradient along the
entrance are the groynes located close to the agpstrcorner and with spacing
between piles lower than its width.

Several configurations of the groyne were simulatsithg state of the art of a
2D numerical model, FinLab, in order to performaamparison between experiments
and simulations, providing an indication as to wéeent the exchange processes are
properly incorporated into this model.

A good estimation can be obtained for the caseauitlyroyne in relation with
the basic structures and turbulence propertieseofrtixing layer at the interface river-
harbour. However, it was not possible to simuldie effect of the groyne by
increasing the roughness coefficient at the grdgoation.

For this reason, some recommendations for furthediess are given in this
thesis.

J.T. Castillo Rodriguez -2-
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Angle of the harbour entrance with respect tlirection.
Entrainment coefficient.

Mixing layer width.

Dissipation.

Relative velocity difference between river-watad harbour-water.

Eddy diffusivity.

Normalized parameter.
Dynamic viscosity.

Dynamic turbulent viscosity.
Kinematic viscosity.
Kinematic turbulent viscosity.
Turbulent Schmidt number.
Density of water.

Tide amplitude.

Harbour entrance area.

Width of the harbour entrance

Constants in modellegequation.

Constant in turbulence model.

Ambient suspended sediment concentration.
Bed friction coefficient.

Suspended sediment concentration.

Water depth.

Exchange coefficient / Entrainment factor.
Water depth.

Von Karman constant. /Turbulent kinetic energy.
Length of the harbour basin.

1D equation of motion.

Basin trapping efficiency.

Exchange flow rate.

Inflow rate through harbour entrance.
Outflow rate through harbour entrance.
Exchange flow from horizontal entrainment.
Tidal filling exchange flow rate.

Surface area of harbour basin.

Tidal period.

Horizontal residence time.

Velocity component in streamwise direction.
Critical velocity for sedimentation.

River flow velocity.

Average harbour basin velocity.

Fluctuating velocity in xdirection.
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T Mean velocity in xdirection.
% Velocity component in transverse direction.
U,V Depth-averaged streamwise and transverse ¥gloci
\% Harbour basin volume.
w Velocity component in vertical direction.
Ws  Sediment settling velocity.
X Longitudinal coordinate.
y Transverse coordinate.
Ye Transverse position of the centre of the mixengel.
z Vertical coordinate.
Symbols
Deviation of the mean value.
Subscripts
c Mixing layer centre.
r River.
h Harbour basin.
] Indices.
in Inflow rate.
out  Outflow rate.
std Standard Deviation.
Notation
1D One Dimensional.
2D Two Dimensional.
3D Three Dimensional.
ADV Acoustic Doppler Velocimeter.
CDW Current Deflecting Wall.
EMS Electromagnetic Sensor.
FEM Finite Elements Method.
KSM Methods to keep the sediment moving.
KSN Methods to keep sediment navigable.
KSO Methods to keep sediment out.
MHS Minimizing Harbour Siltation.
PTV Particle Tracking Velocimetry.
SWE Shallow Water Equations.
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CHAPTER 1.

INTRODUCTION.

1.1. General.

Siltation of harbour basins is one of the mostaseriproblems in commercial
and recreational harbours. High rates of siltati@y bring high costs of maintenance
dredging to sustain the accessibility of the harbéu most cases, it is required to
remove the sediment regularly. This task is noty dngh-priced; sediment can be
contaminated making it more difficult to find disgsd areas.

Many millions of cubic metres of mud are dredgedily from harbour
approaches, fairways and basins in order to safdquevigation.

Due to high dredging costs and environmental corszethere are compelling
reasons to seek to reduce dredging volumes by nsimighharbour siltation.

Therefore, a need exists of methods by which thdingnt transport into
harbours can be reduced. Different methods have bee&ied out during the last
decades, but nowadays there are new and promisatgons for reducing harbour
siltation.

This thesis project lays emphasis on the use efgribyne structures that modify
the flow pattern at harbour entrances to minimize sediment flux to the harbour
area.

1.1.1. Dredging costs and other problems.

Dredging volumes at many harbours from all over wwrld are expected to
increase due to continued economic growth andntrease in vessel draught.

Apart from dredging for shipping, which is the ma@ason for dredging, this
procedure is expected to be increasingly pressedpidylic interests, such as
environmental protection, water supply, drainage ffwod defence.

As a consequence, authorities pay a large panteafgihg costs, in combination
with port authorities. Total cost is composed oftcéor dredging activities, for
transport and, depending on the quality and quanfitsediments, for treatment and
disposal.

Generally, a large part of the dredged material banrelocated within the
system in suitable locations. For larger watergcaedion in water is often possible
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and for smaller waters, placement can occur ordfimn soils nearby. However, if
relocation is unfavourable or impossible due toimmmental or spatial reasons,
alternative options have to be employed such asflo#l use, treatment and confined
disposal.

Although only a relatively small part of the dredggediments is contaminated,
special provisions have to be prepared for thisenaltand they are only a temporal
solution for the problem. Occasionally, the amoahicontaminated sediments can
become significant.

In addition, the presence of pollutants in the barbwater contributes to the
deterioration of the water quality in the harbddome recreational marinas have had
to close down permanently as a result.

For this reason, dredging is necessary at botle laognmercial and small craft
harbours and its cost can threaten the financadiMy of both.

Four obvious themes are presenBthRNC, 2007)which lead to the need for a
development of different measures to reduce thérmed exchange to achieve a
solution to the problem.

- Firstly, industry is experiencing continued grovithvessel size, first tankers,
bulk carries and container ships. As a consequelsaper basin depths are required.

- Secondly, the consequences of gross over-deepamdgoffshore disposal
with respect to sediment starvation of coastalesystmust be considered.

- Next, ineffective dredging and disposal may be ofhehe greatest fixed
operating costs of a port authority. It has pnorio find better and sustainable
methods or solutions to reduce siltation proces§éseir basins.

- Finally, environmental legislation, coupled withviged definitions of “bio-
availability” of contaminants, further motivatesliave towards alternative approaches.

1.1.1.1. Examples.

The Ports of Haaften and 1Jzendoorn, in the RiveralWsee and
, are two of the several harbours in The Nethedamhich present siltation
problems.

River Waal is the main distributary branch of rivehine flowing to the central
Netherlands for about 80 km before joining the rikeuse near Woudrichem. It
connects the Rotterdam harbour with Germany. Ther rcarries 65% of the total
flow of the Rhine. The river Meuse rises in Fraaod flows through Belgium and the
Netherlands before draining into the North Sea witbtal length of 925 km.

shows annual dredging rates in some harbours aleeg Waal and
Meuse (taken fronBarneveld et al, 20Q7 The dredging costs of all marinas was
estimated at about 500 M€ in The Netherlands in200

However, not only The Netherlands presents serjoublems of harbour
siltation, other harbours from all over the worldow high dredging costs and
siltation problems as well. In the Port of Hambuiwe largest tidal port in Germany,
about 2.6 Mm of sediments are dredged annually, where mud septs 1 million
cubic meters of this amount.
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Port River Km Type Area Annual Dredging Rate
(ha) (m®lyear)
Lobith Bovenrijn 863 Recreative 12 3,000
IJzendoorn* Waal 908 51,5 29,000
Haaften* Waal 936 26 3,000
Pieterplas Maas 10 15 4,500
Belfeld Maas 100 Outer harbour 14 +11 18,000
Sambeek Maas 147 Outer harbour 14 +11 8,000
Heusden Maas 229| Industrial Harbouy 13,4 2,000
Amercentrale] Bergsche | 251 | Industrial Harbour 45 13,000
Maas

Table 1.1. Examples of dredging rates in The Né&hds.

48:55,16% N 521336112 E slev, 3 (s Alt ofo. £:1.74 km

Figure 1.1. Prt of aaften, River Waal. The Nelieds.

Ned er Betlwe
A

Figure 1.2. Port of IJzendoorn, River Waal. Thehéeiands.
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1.2. Aim of the present project.

Despitethe relevance for such practical applicationdglis known of the flow
in the harbour entrance to use tools to preditt®in of harbour basins.

In the present project the influence of the locatal a sheet of piles on the
velocity field at the entrance of a harbour is eksd by means of laboratory
experiments in a scaled model.

These experiments have provided a data set thrangth a numerical model
for the flow and transport in harbour entrancesheen tested.

The study objectives of this graduation project are
- To devise modifications of the characteristics loé system of piles, as a
measure to reduce the exchange between harbouivand
- To find out the effect of the application of pileogne structures in different
locations on the flow and siltation exchange.
- To establish what the accuracy of the numericalehiin this situation.

1.3. Approach in the present research-project.

Laboratory measurements were performed to study itifieence of the
geometry and location of a system of piles on st@hange between harbour and river.
These experiments were performed by means of aretfmed physical model of a
river with a harbour basin which was built in adedtory flume.

The scaled model was developed at the Fluid Mechababoratory of the
Department of Civil Engineering at Delft Universiy Technology.

The data gathered from the experiments were usestothe results of a
numerical model calle&inLab, which has been developed by R. J. Lal{&aculty
of Civil Engineering and Geosciences, Delft Univtgref Technology).

1.4. Report organisation.

The basic physical processes that govern siltatidrarbour basins are shown in
Chapter 2. An overview of mechanisms of exchangaatter and the development of
systems to reduce siltation exchange, their agpdics.and other aspects of the use of
pile groynes are given in this chapter.

Basic concepts of turbulence and mixing layers described in Chapter 3,
together with other theoretical questions relatét shallow water flows.

Chapter 4 summarizes the main characteristics efldboratory experiments.
The flow conditions, the equipment and the perforceaof the different series are
shown.

The data analysis and experimental results areisisd in Chapter 5.

The numerical simulations and the comparison betvwibe results of the data
analysis and the numerical model are included iap@dr 6.

Finally, Chapter 7 presents the conclusions anghnecendations of this project.
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CHAPTER 2.

THEORY. EXCHANGE AND HARBOUR SILTATION.

This chapter is subdivided in two sections. Figgneral considerations are
made in relation with exchange processes in harbasims and the flow along the
harbour entrance. Second, the different approatthesduce siltation exchange are
presented and the current measures to reduce eyethgrhorizontal entrainment are
described, including the use of pile groynes.

2.1. Introduction.

The exchange due to a steady flow in the riverldegsn studied extensively, but
the reduction of the exchange between harbour ed and the change induced in
the flow pattern at the entrance by the locatiopitefs upstream the harbour entrance
has not been studied widely.

In order to determine the siltation rate in a harbor develop a measure to
reduce harbour siltation, it is important to idéntthe processes that bring the
sediment into the harbour.

In general, suspended sediment is transporteddghrthe harbour entrance and
into the harbour by exchange, where relatively flmw velocities ensure its deposit.

The dominant exchange process depends on the wydeem. In lakes and
upstream stretches of rivers, horizontal entrainmenalmost always the most
important exchange mechanism. Tidal effects anditlecurrents generally do not
occur in these situations, but the latter can glaymportant role for marinas located
further downstream.

To study the flow characteristics at the entrarfca loarbour located in a stream
it is necessary to consider the main aspects ofloghdlows and their relevant
features.

2.2. Exchange processes in harbour basins.

In this section, the most significant aspects eelatvith exchange between
harbour and river are described.
There are three main processes that determine ethihiange of matter,
according td_.angendoen (1992
1) the velocity difference between the flow in theeriand the resulting gyre at
the harbour entrance,
2) a net flow through the entrance, and,
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3) a density-driven exchange flow.

Other mechanisms that produce exchange, like windshipping, are of minor
importance, according loangendoen (1992

The basic flow mechanisms are discussed in se@idri and some concepts
related with siltation theory are presented inisacR.2.2. Section 2.2.3 presents an
introduction of the flow behaviour at the entrarafea harbour basin adjacent to a
river stream.

2.2.1. Basic exchange mechanisms.

Basins are relatively quiescent, due to this charestic, they are susceptible to
siltation. Sediment-rich water enters the basin #uege sediments tend to settle due
to low basin flow velocities.

Consequently, basin water is exchanged with sedita€len waters outside the
basin through the harbour entrance.

Flow exchange mechanisms include horizontal entrait, tides and density
currents. Horizontal entrainment will be describadre extensively. The other two
processes will be briefly discussed below.

Accordingly with these different processes, the @it exchange, Q, between a
basin and surrounding waters is governed by a numbeotential exchange flow
mechanisms and it can be divided in the followiagrs: horizontal entrainment,Q
tidal filling Qt, salinity density currents £ temperature density currents;,@nd
sediment—induced density currents Q

a) Horizontal entrainment (mixing layer}.Q
Any harbour basin located along flowing water présexchange by horizontal

entrainment, denoted by.QMany harbours consist of semi-enclosed basins and
model geometries are shownkin

Figure 2.1 Single (a) and multiple-entrance (b) sentlosed harbour basins.
Adapted from Headland et al, 2007.

The geometry of the harbour entrance can preséfetatit configurations. The
mouth of the basin may be aligned with the rivebankment, as in , or
may have protruding breakwaters, protecting thedwarfrom waves.

Examples of the first configuration are the Poft§azendoorn and Haaften (The
Netherlands) as it is given in Chapter 1.
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The advantage of single-entrance basins is thgtdbenot have net flow, on the
contrary they are subject to three dimensional utton patterns for this
configuration (for instance, horizontal and veltieddies and layered density currents)
are present.

During the experiments in the laboratory, the geoynef the scale model
corresponds to the form sketched-in

The exchange flow by horizontal entrainment d@curs as iri The
strength of the mixing layer (level of turbulenég)governed by the upstream corner
geometry and downstream corner stagnation poidtgamerns the entrainment rate:

Qe=fe A Uy (2.1)

where A is the cross sectional area of the harbmuth and pis the river velocity
along the streamwise direction. The exchange coeffi £ depends on the harbour
mouth configuration and local flow patterns. Typicalues for § range from 0.01 to
0.03, depending on the angle of the downstreamecarhthe harbour basifBooij,
1986. Nevertheless, for unfavourable configurationsmfty be up to an order of
magnitude larger.

As it is shown in the river flow separates at the upstream corner of
the basin and forms a wake or turbulent mixing tayehich reaches the opposite
corner of the basin. A gyre is formed within theldour mouth by entrainment and
stagnation processes; the dividing stream lineeifedted into the basin because of
energy losses in the wake.

0 entrainment
B/\‘)/ wake

Flow Stagnation
separation point
Dividing "

streamline

Figure 2.2 Sketch of exchange flow.

This mechanism will be described widely in sectto? and Chapter 3.
b) Tidal filling Q.

The tidal filling exchange flow rate;Qan be computed from the tide amplitude
4, the basin area, S, and the tidal period T.ds@imed that the tidal filling exchange
flow rate follows the next expression:
Q=2 axSxT (2.2)

Tidal filling and entrainment flows cannot simplg Bdded to obtain the overall

exchange rate as the mixing layer will be adveatezithe harbour mouth during tidal
filling.
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c) Salinity @, temperature  and sediment—induced density currengs Q

Density current exchange can be very significarsame harbours and results
from gradients in salinity, water temperature atisent concentration.

Density currents can be generated by fresh (or yvaater releases in the basin
or as a result of density variations in the ambisater. The discharge of cooling
water within a harbour basin will have a dramaffea on the exchange flow rate. As
a rule of thumb, the exchange flow rate amountsiftbree to five times the cooling
water discharge.

Density currents are generated by horizontal presgmadients induced by
salinity, temperature or sediment concentratiordigrats. It should be noted that
vertical stratification of the ambient water incsea gravitational circulation, but does
not generate this circulation.

Gravitational circulation is important for sedimerdnsport because of the net
near-bed up-estuary net transport, where suspesddinent concentrations are
relatively high.

The previous mechanisms will influence the exchamgpending on the
characteristics of the surrounding ambient. Durih thesis, exchange flow by
horizontal entrainment will be considered, disrégag the other exchange processes.

2.2.2. Siltation equations.

2.2.2.1. Exchange of matter.

As a result of the roll-up of the wave-like distarices, fluid from the harbour
and the river is entrained into the mixing layer.

When the water in the shear layer flows againsdthenstream sidewall of the
harbour, part of it flows into the river and a pairit into the harbour.

Since water from the harbour is being transponted the river and river-water
is being transported into the harbour, exchangmatter will occur if the entrained
fluid contains solutes or constituents.

2.2.2.2. Siltation rate through a harbour entrance.

As it has been mentioned in the previous sectitinvs, exchange of matter
between a harbour and a river takes place thrdugimixing layer.

The rate of exchange, Q, between a basin and swirogy waters is governed by
a number of potential exchange flow processes. & lpescesses can be divided in:
horizontal entrainment Qtidal filling Q;, salinity density currents Qtemperature
density currents @ and sediment—induced density currenis Q

As it has been explained in Section 2.2, exchaydeobizontal entrainment will
be discussed in particular.

Harbour basin siltation rates can be computed bgnsief a zero-order method.

This method has a disadvantage, since the accuofattys approach decreases with
increasing basin size. It is based to a large éxtethe work byEysink (1989)
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The zero-order approach is based on the mass kalaguation for the
schematized harbour basin sketchediin

Ca

¢, = ambient concentration
¢, = harbour concentration
Q U, ¢, = initial concentration
Q =exchange flow rate

V = harbour volume

Ch S = harbour surface area
h = harbour depth

U,= river streamwise veloci

Figure 2.3 Schematic harbour basin.

This basin has a surface area S and deptire harbour volume amounts to:
V =Sxh (2.3)

The suspended sediment concentration averaged tbgeharbour volume is
denoted by ¢ The suspended sediment concentration in the amnbigter system is
denoted by £ which may vary with time but at another time scthlan, g, therefore,
it is treated as a constant.

The exchange flow rate between the river and thibdua basin is given by Q.
The harbour basin is assumed to be perfectly migdsmall tidal variations.

If now horizontal entrainment is considered, therizemtal exchange rate
between a harbour basin and an adjacent river eapproximated as follows:

Q. = f,[AL, (2.4)
where:
Q- = exchange flow from horizontal entrainment.
fe = exchange coefficient.
A = harbour entrance area.
U, = river velocity.

According with this formulae, for a harbour as aokehan exchange coefficient,
fe, can be established. This coefficient, depends on the geometry of the harbour
entrance.

For a downstream angle of 90 degrees, the exclargfécient is 0.03.

Once the exchange flow from horizontal entrainmsnknown, the following
simplified equation gives the siltation rate in trebour basin:

Siltation rate= px Qe X C4 (2.5)
wherep is the basin trapping efficiency,e@ the previous exchange rate of

water between the harbour basin and surroundingerwand g is the ambient
suspended sediment concentration outside the harbou
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2.2.3. Flow along the harbour entrance.

A flow along the entrance of a harbour generatesxa@hange of water between
harbour and river. The velocity difference betwdes flow in the river and the gyre
in the harbour entrance produces the generati@nmoixing layer which is present at
the transition from harbour to river.

The velocity difference along the entrance resfitisn the separation of the
flow in the river at the upstream corner of theboar entrance. Transport of matter
occurs from harbour to river and vice versa throthghmixing layer.

It can be assumed that the water velocity in therris constant outside the
mixing layer and the water velocity in the mixirayér is smaller than that of the river,
as a result, conservation of mass implies thasémarating streamline at the upstream
corner of the harbour entrance is directed into ttebour and reaches the
downstream sidewall of the harbour at the stagnatmint, inside the harbour basin,
as it is shown in Figure 2.2.

The streamline separates the part of the wateheohtixing layer which flows
into the river and the other part which flows ith@ harbour at the stagnation point,
near the downstream corner of the harbour entrance.

These amounts of river-water and harbour-waterrohete the location of the
stagnation point. A wider mixing layer, as a consage of a higher entrainment of
river-water and harbour-water, results in a locatb the stagnation point further into
the harbour.

In addition to the existence of a mixing layer gotme harbour entrance, a
circulation flow takes place in the harbour bassnam effect of the entrainment of
harbour water into the mixing layer and the supglyvater from the mixing layer to
the harbour at its downstream sidewall.

These two aspects (the mixing layer at the traorsitiom harbour to river and
the gyre in the harbour basin) are important fer tlansport of matter from the river
to the harbour and in the harbour itself. The metkisections describe these aspects.

2.2.3.1. The mixing layer.

As it was described previously, the flow in theeriseparates from the bank at
the upstream corner of the harbour entrance. A tlaasition then is present from the
flow in the river to the flow in the harbour nehetseparation point.

Because a system of two parallel streams with réiffeflow velocities is subject
to Kelvin-Helmholtz instability, wave-like disturbaes arise that grow in the
downstream direction and roll-up to become vortited form a mixing layer.

The width of the mixing layer increases as a resfilvortex pairing and the
growth of large coherent eddies.

It is found from experiments, séangendoen (1992}hat a plane mixing layer
between two uniform parallel streams spreads lipe@his corresponds to the theory
that the flow in the mixing layer approaches seatitarity after some distance
downstream of the separation point.

The mixing layer is the most relevant aspect rdlatgh exchange processes for
the present study. Hence, a more detailed thealet@scription of the mixing layer is
given in chapter 3, together with basic conceptsidifulence theory.
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2.2.3.2. Gyres within the harbour basin.

Several gyres and dead zones can be present ibaunaThe number of gyres
and their pattern depend greatly on the geomettiieoharbour basin and the entrance.

The first gyre present inside the harbour basitalelled Primary. Secondary
and more gyres occur in harbours with a length idthwratio L/B>2. A sketch is
shown in (adapted fromLangendoen(1992

On the contrary, for a length to width ratio frond @ 2 only one gyre is created
in the harbour.

The scale model used during the laboratory experisneill show a length to
width ratio lower than 2, as a consequence, onky gyre will be developed at the
harbour entrance, but other gyres will be presetiteaharbour owing to the lay-out of
the basin (the geometry of the scale model willlbscribed in Chapter 4).

In relation with the length of the gyre, it does hecome much larger than 1.5B
for harbours with a length to width ratio higheath2, L/B>2, and their entrances
perpendicular to the river axis.

The length of the primary gyre will be larger fartences oriented at an angle
less than 90 degrees with respect to the river, axid smaller for entrances oriented
at an angle larger than 90 degrees.

Figure 2.4 Definition sketch of gyres inside thettwar basin. Langendoen (1992).

According toLangendoen (1992}the width of the flow from the mixing layer
into the harbour is about 20 percent of the widtthe harbour. The flow increases in
width in the flow direction of the gyre. The watezlocity in the gyre is largest near
the downstream sidewall, and decreases in thedlozetion of the gyre.

A secondary flow exists at the gyre, as a consexpuenh the curved flow; the
strength of this secondary flow will depend on weger depth. The secondary current
consists of a flow towards the centre of the gyearrthe bottom, and a flow in the
opposite direction near the free surface.

The secondary current is crucial for the sedimeartsport in the harbour. Small
sediment particles will rotate towards the centré¢he gyre and deposit because the
low water velocities near the centre.
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Ug

Ug, max

Figure 2.5 Velocity profiles along the central axés square harbour.
Langendoen (1992).

The secondary current also transfers momentum &edefore it may be
important for the development of secondary gyrethénharbour.

This aspect may possibly account for the fact thaist depth-averaged
numerical models are not capable of predicting ise&ry gyres.

2.3. Methods to reduce exchange.

In this section, different methods to reduce hartsiltation will be described in
the first section. Second, two measures to redadanent exchange by horizontal
entrainment will be considered, together with aaregle of a case of study carried
out byVan Schijndel and Kranenburg (1998)he advantages and drawbacks of the
use of pile groyne systems to reduce siltation argke will be discussed in the last
section.

2.3.1. General.

Exchange processes have been studied during deaadethis has led to the
development of a number of measures to reducetigilfaranging from simple
methods based on research to complex measuresimyasicale modelling.

There are different methods to reduce the exchéeg@een a harbour and a
river. For instance, maintenance can be avoidedinimized by locating harbours in
naturally deep waters or by implementing measuvesninimising harbour siltation.
These measures are called MHS measures.

The simplest method to reduce harbour siltationld/de the construction of a
narrow entrance.

The use of only one of the entrances of the podtl&r measure to take into
account for minimizing siltation. Other possibilitwould be a change in the
orientation of the harbour entrance, because itbegh demonstrated the exchange
rate is lower when the entrance is situated witbedain angle with respect the
direction of the river. The last and the most réagption is the use of structures to
modify the behaviour of the mixing layer.

When it is not possible to modify the features loé tharbour entrance, the
application of structures is the most appropriatatsn.
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The aim of this project is the study of this redwmctby means of the use of a
pile array on the upstream side of the harbourlaent.

More complex measures are a current deflecting (@W) or a curved sill at
the harbour entrance.

2.3.2. Minimizing Harbour Siltation (MHS) approaches.

The subsequent sections describe the different unesdo reduce siltation
exchange. The different approaches to reduce amize harbour siltation are called
MHS. There are three basic categories to siltatigrimization in relation with MHS
approachegHeadland et al, 2007)

1. KSO: These methods keep sediment out.
2. KSM: Methods that keep sediment moving.
3. KSN: Methods to keep sediment navigable.

The first type of measures, KSO strategies, focoseminimizing penetration
by sediment laden waters that enter harbour basins.

In contrast, KSM strategies are centred on maximgizilow velocities in
guiescent areas to prevent sediment from settling.

KSN strategies take advantage of the ability opsho sail close to the low
density fluid mud often located at the bottom diain.

A distinction can be made between passive andeactigasures from the first
two categories. Some examples of passive measweasilamerged sills, flow training
structures, etc. which do not require energy orimgparts. Movable gates, locks and
flow augmentation are cases of active measures.

The first approach, KSO, can involve barriers, li&es or sills, as well as
entrance modifications and traps. Some examplethede measures are narrow
entrances, training structures, shallow entrarfoeszontal eddy reduction, gates and
curtains, pneumatic barriers or air curtains. Trhetss#tegies are generally best suited
to relatively calm basins where KSM are not possibl

The KSM approach can incorporate flow training ctuees (i.e., conventional
dikes, submerged dikes, sills) or flow augmentatlarthe field of flow augmentation
measures, there is a wide range of possibilitike, thannel realignment to take
advantage of higher velocity areas, channel digarsd redirect flow towards a low
velocity area, or application of scour and propekgs that increase flow velocities
mechanically.
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2.3.2.1. KSO & KSM semi-enclosed basins.

As it was given in (2.6), the basin sedimentatiorgoverned by the following
simplified equation:
Siltation rate= px Qe X C4
Basin sedimentation can be diminished by reducing of the previous three
parameters: the basin trapping efficiency, p, thehange rate Qor the ambient
suspended sediment concentration outside the hartaou
KSM measures can be used to reduce p and KSO nesdsureducing Q or.c

2.3.2.2. KSO by reducing through flow.

One example of KSO measures is the port of Breme@arman. The second
entrance of this harbour was closed to eliminagettinough-flow and sedimentation
was reduced.

2.3.2.3. KSM by reducing trapping efficiency, p.

Trapping efficiency is generally difficult to dease, but it can be achieved with
an increase in basin circulation.
It is possible to diminish p by means of reduction residence time

(i.e.,T, :é ), but normally only slightly, as computed Bysink (1989)

e

u2

1- 2

u

- U T ]
uC

WS
h

p=1-exp{

(2.6)
where:
W;s = sediment settling velocity.
h = basin water depth.
u = average basin velocity.
uc= critical velocity for sedimentation.
Th = horizontal residence time V{Q
V = basin volume.
Qe = discharge through harbour entrance.

The ratio of - is generally <<1, therefore the trapping efficigix determined
u

C

by the ratio of T to vertical residence timeTv(:WL).
S

When T, >4 T,, all of the sediment entering the harbour willtizped.

A reduction in p attends a reduction in the residetime T, however it can
only be reduced with an increase in Q or with auctidn in harbour volume, V.
Significant reductions infTare necessary to diminish trapping.

Unfortunately, an increase in Q will bring more iseeht to the basin, with the
exception of the case when other source fills #s@rbwith clear water.
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2.3.2.4. KSM by reducing suspended sediment conegion, c.

It is generally difficult to reduce,adue to this value is normally dictated by
regional scale processes and the suspended sediomentrations in the
surrounding area.

It is possible to reduce,dy preventing near bottom waters from entering a
harbour because high sediment concentrations arelfoear the bed. Sills and walls
are used as flow blocking structures.

One of the simplest and most cost-effective methafdseducing g at semi-
enclosed basins is by the sill which is a comporenéntrance flow optimization
(EFOS).

2.3.2.5. KSM by reducing horizontal entrainment ¥lo

As it was shown in Section 2.2, the horizontal exaie rate between a harbour
basin and an adjacent river can be approximatéollas/s:

Q.= f.[Al,

where:
Q. = exchange flow from horizontal entrainment.
fe = exchange coefficient.
A = harbour entrance area.
U, = river velocity.

From these expression,.@an be decreased by reducing either AcofThe
harbour entrance area, A, must be large enouglsdfe navigation, so this aspect
limits its reduction. Reducing fequires entrance geometry modifications desigied
lowering entrainment rate.

In order to satisfy this reduction, the upstrearmeo of the harbour entrance
can be modified by means of structures such adeaapiay groyne or a current
deflecting wall. These methods are described irfidhewing section.

2.3.3. Measures to reduce horizontal entrainmentdiwv.

As it was discussed previously, the horizontal exge rate between a harbour
basin and an adjacent river can be approximatéchas been stated in equation (2.4).
To reduce § geometry modifications of the entrance can readbwer entrainment
rate.

Sections 2.3.3.1 and 2.3.3.2 will explain two dif& measures: the current
deflecting wall (CDW) and the pile array groyne.eTlast measure will be studied
during the laboratory experiments.

2.3.3.1. Current Deflecting Wall (CDW).

A successful method to reduce horizontal entrairrfilew has been patented by
Dr. H. Christiansen and it is known as the curréetlecting wall (CDW) or, on
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grounds that more than only walls are involvedrarde flow optimization structures
(EFOS). With this measure, i significantly reduced.

An up-estuary corner modification is shownHigure 2.6

The objective of the CDW is to form river-directedirrents rather than
stagnation or basin-directed currents, so divertirgentrainment mixing layer away
from the entrances as showntHmure 2.6.

The CDW consists of three parts: a curved traimnad, a channel between the
training wall and the shoreline, and a sill sitethe down-estuary end of the wall.

The wall curvature acts to reduce the strengthhef mixing layer and flow
entrainment. Depending on the CDW design, the rgi¥atyer can be pushed into the
channel, in that way the stagnation point at thesstpary corner of the entrance is
eliminated.

nose profile
CDW . channel
2nd CDW - segment

Figure 2.6 Sketch of a current deflecting wall &@idW of Kohlfleet harbour.
(Winterwerp 2005).

The sill between the CDW and the shoreline, locatethe so-called “CDW
inlet”, acts to intercept the high concentratiofissespended sediment near the bed.
Consequently, the sediment concentratignectering the harbour is reduced.

In addition, the CDW facilitates all tidal fillingf the basin through the channel
that exists between the CDW and the shoreline,erathan through the harbour
entrance. Due to the presence of the sill, thenbiasonly filled with relatively clear
surface water.

CDW systems have near-and far-field effects. Sohtlkase properties are:

1. Reduction in silt input and retention by 40-50%.

2. Operate whenever there is a flow.

3. There is no transfer of deflected sediment int@eeljt basins where these are
present.

4. CDW does not present moving parts and it does aetlrmore maintenance
than other harbour walls.

5. Reduced input rate may permit bed sediments tolmmized by invertebrates
not able to cope with high rates of bed elevatioange.

Far-field:

1. Reduction on the impact and prolonged lifespanigpabkal sites and disposal
areas.
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As an example of this measure, a CDW with a lemdth50 m was constructed
near the entrance of the Kohlfleet harbour basicated seawards of the Parkhafen,
Hamburg, in 1991, with the purpose to minimize seht input to the basin. This
CDW is given in Figure 2.7.

Extensive hydraulic scale model tests were perfdratethe Franzius Institut in
Germany to establish the design of the CDW for llaisoour. The CDW confirmed its
value over the years reducing the dredged quasitiiie the Kohlfleet by
approximately 40% (for more details f@kristiansen and Winterwerp, 2005

2.3.3.2. Pile groyne structures.

The mixing layer strength can be reduced by lovwgetime velocity gradient
between the river and the harbour basin. For thipgse, a pile groyne can be
installed upstream a harbour entrance as it ismiaw

A pile groyne consists of an array of piles frone ttiverbank into the river
perpendicular to the flow, a little upstream of ti@bour mouth, as it is sketched in
Figure 2.7.

The sheet acts to smooth the transition in velob#yween the river and the
primary gyre at the harbour basin. It reduces ttusszflow velocity gradient; as a
result it reduces the strength of the mixing lagmd entrainment rates.

Harbour

DD RIVER
Groyne

Figure 2.7 Pile groyne located at the upstream eorof a harbour basin.

A further description of the characteristics ofepgroyne systems and their
features is given in Section 2.3.4.

2.3.3.3. Example of reducing siltation measures.Steel/la Bonne
Aventure marina”

In this subsection, a real case of the developmksiltation-reducing measures
for harbours situated along rivers is shown. A gtatl different methodologies was
performed for the marindt Steel/la Bonne Aventurdy Van Schijndel and
Kranenburg (1998) A sketch is given iri

This marina is located on the right bank of theeRiMeuse, near the city of
Roermond, The Netherlands. It has a length of aB060t m and a width of about
1,500 m, and its mouth is around 70 m wide anddeep.
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The river flow rate is controlled by rainfall insitcatchment area and a large
number of sluices along its course, and it diffeesween 10 and 3,000%m, with a
long-term average of 250%s. The local mean water depth is about 5 m. Thanme
load of fine sediments is estimated at about 566/kear.

The marina was separated from the river by a réoredield upstream of its
mouth and a training dam downstream; the field dent are both flooded during high
river flows.

The flow field in the marina is characterized bgranary eddy in its mouth and
a secondary, low-energy eddy in the remaining @fattie marina.

125 m

FiNsn

side view

river flow —u

groyne

induced circulation

Figure 2.8 Pian of the ‘'t Steel/la Bonne Aventugeima along Meuse River.
(Van Schijndel and Kranenburg, 1998).

The study was carried out in the Laboratory of &FlMechanics of the Delft
University of Technology, The Netherlands, in a gibgl scale model with an
undistorted length scale of 1:50. An undistortedlaiavas chosen because it properly
reproduces the vertical flow structures in the barbmouth.

The exchange flow rate between river and basin waasured with the use of
hot water as tracer.

A large number of siltation-reducing measures waraglied. Two aims were
establish to be verified from the experimental lssue.:

= Reduction of entrainment by a current deflectindl wad by a permeable pile
groyne, and
= Reduction of the cross section of the harbour en&dy a sill.
The reduction of the cross section of the entramae an option in this case,
because the cross section was oversized for ifppar i.e. access of yachts.
It was found by trial end error that the sill couétluce the induced entrainment
considerably, but its efficiency appeared strortgpendent on its specific layout.
The efficiency of the various measures was quawtithrough the exchange

Q.

coefficientfe measured in the model and a reduction faRodefined afk = —=,
e,0

where index O refers to the original configurati®he results are set in
Despite of the high percentage of reduction foeangable pile groyne together

with a curved sill (R=0.1), the final solution didt include the construction of a pile
groyne structure as it was difficult to get pernuasof the managing authorities to
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build a pile groyne in the river, as the authositreere afraid that this would affect the
capacity of the river.

For this reason, from the results obtained by thdys the construction of only a
curved sill and reduction of the harbour entranes vecommended.

Parameter g R
Original configuration 1.40° 1
Current deflecting walll 1:40° 0.8
Permeable pile groyne 819* 0.5
Straight sill 1.710° 0.7
Sill curved to shape of primary eddy 1a* 0.3
Permeable pile groyne + curved sill 36 0.1

Table 2.1 Efficiency of siltation reducing measui@¥d Steel/La Bonne Aventure Marina.

2.3.4. The use of pile groynes as a measure of reton.

2.3.4.1. Current applications.

Permeable pile groynes have been used widely istabangineering. They
have been built on the southern shores of the B8ka in large numbers for years.
Pile groynes act as a hydraulic roughness on thgstwore current. They reduce the
littoral current and the velocity differential beden the velocity seaward and in the
pile groyne fields is smaller than with impermeatpleynes.

Moreover, pile groynes are one of the most frequerged permeable groynes
for controlling the erosion of river banks. Pileognes have been used in river
engineering to reduce the flow velocity near theribanks and cause deposition of
sediment and bank stability. Sediment trap efficyeaf pile groynes depends on their
opening and flow and sediment conditions.

The idea of using pile groyne systems for redudiagbour siltation starts
from the last concept. In this case, the aim of skreicture is not blocking the
sediment transport along the river as it occurbank stabilisation; otherwise, the
objective is to modify the flow behaviour along tharbour entrance in order to
reduce the velocity gradient between river and darb

After several studies (see example in previousi@edtom the study oVan
Schijndel and Kranenburg, 1998t was found that a permeable pile groyne placed
upstream of the entrance can reduce the exchabgeastially.

Some model tests have shown that a permeable quiang can reduce bn
the order to 50%. In addition to this, combining thile groyne with a sill or a CDW
the exchange can be suppressed for the most part.

2.3.4.2. Advantages and drawbacks.

Despite of their great effect on the exchange rtie, use of pile groynes
requires more study to determine the most suitgklemetry for effectiveness on
siltation reduction.

Appropriate choice of shapes, dimensions and logatif piles is crucial, but
effectiveness of the groyne depends also on tiparmeability”, that is the distance
between piles.
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The main hydraulic disadvantage of impermeable mgeyis the effect of flow
separation at the groyne head, caused by the lgec&hthe flow, resulting in high
local velocities and scour. Therefore, special nditd® must be given to the toe
protection at the head of the groynes, where sesarering occurs. For this reason, a
system of piles as a permeable groyne is consideradoid this disadvantage.

Permeable groynes may be built of steel piles onfoeced concrete piles,
which are driven into the riverbed and the floodipl and they may consist of a
single pile row or of several rows. In additiondarrent and wave attack, horizontal
loads caused by floating debris must be considerdte design.

Steel groynes are constructed of vertical shegtgpilocated perpendicularly to
the river bank.

The main disadvantage of the use of permeable grmgtead of other measures
as CDW or sills is the effect of the pile groynetbe capacity of the river. It should
be taken into account to establish their charasttesi and layout in order to prevent
possible drawbacks for the navigation.

It should be noted that the groyne field have tocbastructed with limited
extent out from the river bank in order to impraxessel manoeuvrability around the
structure and entry into the basin.

2.4. Summary.

The aim of this chapter has been to introduce thé moncepts related with
harbour siltation and the different measures tlaat be applied to minimize the
exchange between river and harbour.

The second part has described several aspectaiiomewith methods to reduce
harbour siltation. During this section abbreviatidar MHS strategies have been used,
namely: keep sediment out (KSO), keep sediment mgo(KSM) and keep sediment
navigable (KSN).

It is necessary to understand the physics thatrgos#tation in harbours in
order to apply appropriate MHS strategies and dgvalmore extensive study on the
use of specific measures as a pile groyne structure

Semi-enclosed basins are common, especially aleegsr and for this reason
the study of different methods to reduce theiasin problems has been developed
during decades.

Pile groyne and CDW systems are the culminatiorepéated efforts to resolve
the conflict of interest between need for a widgante to admit vessels and need for
a limitation to reduce silt trapping.

However, these methods will be inapplicable wheasitb exchange is entirely
dominated by density.

Therefore, there is insufficient knowledge abouésth systems, and more
research must be carried out to improve their tesud find new methods.

The goal of this project is to perform new laborgtexperiments to determine
the effectiveness of pile groyne structures locaipdtream harbour basins and to
optimize its geometry to reduce the exchange ofnsent at the harbour mouth.
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CHAPTER 3.

TURBULENCE AND SHALLOW MIXING
LAYERS.

This chapter is divided in three sections. Thet fai@rt is a brief introduction
on turbulent flows. The second part deals with dasincepts about turbulence
models and coherent structures. Finally, an oveni® given of some basic and
generally accepted theories and concepts aboutoshalater flows. The concepts
presented in this chapter form the basis for tha daalysis. Sources for this chapter
are the lecture notes dfijttewaal (CT5312)and theses bywan Prooijen (2004),
Langendoen (1992nd other articles listed in the literature (seéeRences).

3.1. Introduction.

Most flows in nature are turbulent. Turbulent floean be found in rivers,
channels, seas, at the atmosphere, at the boulagaryof airplanes or cars, etc.

Turbulence can be generated at walls or boundafies channel, at mixing
layers and at other locations where the flow igudided as in wake flows or the
surroundings of piles and other structures.

gives some examples of turbulent flows as it isntio@ed in
Uijttewaal (2007).The first two plots show typical examples of wallbulence in the
banks and the bottom of a channel. Wake flows andnm layers are examples of
turbulent flows due to free turbulence generatedth® presence of structures or
obstacles in the stream.

____""‘-\., —PI —Pll E— _'.Il.
| —/ —
[ | l“.f'_'/r .-
-7 T s
2 —* - —
Channel flow Boundary layer Wake flow Mixing layer

Figure 3.1.Examples of turbulent flows.

A first classification of turbulence can be based e dimensionless
Reynolds number Re, defined as the ratio betweertiah and viscous forces of the
flow. More specifically the definition is
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Re=U—UL (3.1)
in which U (m/s) is a characteristic velocity, L ra characteristic length
associated with U and (m%s) the kinematic viscosity of the fluid. The kinatic
viscosity of water i’ = 0.01 cr/s.

The characteristic length-scale for a channel afthviw and depth h is the
hydraulic radius, R= w-h/P, where P is the wetted perimeter. For @@nahannel,
with a rectangular cross section, the wetted pednis given by P = (2h + w).

The flow is considered to be laminar when the \sggodominates the flow,
but if the Reynolds number is large (Re>4,000) tinencial forces will dominate.

Turbulent flows present complicated and chaotictuies, however they
should not be considered as a random flow. Turbdlews show organised motions
and consequently, it can be described statistiaaillly characteristic length and time
scales.

Concerning with statistical properties, a statignfeld will have statistical
properties independent of time. Otherwise, a homeges field will present
statistical turbulent properties independent ofcepaHowever, it is said that the
turbulent flow field is isotropic, it has no prefed direction. For this reason, many
theoretical turbulence studies are based on thethgpis of homogeneous isotropic
turbulence.

3.2. Basic concepts and turbulence modelling.

3.2.1. Navier-Stokes Equations.

During the following sections, the coordinate sgst@ill be (x, y, z) with x
the streamwise coordinate, y the transverse coat@iand z positive upward. The
velocity components will be (u, v, w).

For convenience, in this chapter, the coordinastesy will be denoted by; x
and the velocity components bywith i=1, 2, 3.

In order to describe the properties of turbulemceglocity field given by (u, v,
w) can be divided in two components: i.e., for sieeamwise component, the mean
motion will beu (the over-bar denotes a time average value) andlubtuating part
will be u'(defined asu —u).

In the following, the fluctuating parts will be daeted by an apostrophe and the
mean values will be denoted by an over-bar or by & it was suggested by
Osbourne Reynolds.

According with the previous concept, the instantarsevariables (for example
velocity components and pressure) will be deconghdeéo a mean value and a
fluctuating value, i.e.

u=u+yand p=p+p (3.2)

The continuity equation and the Navier-Stokes aqodbr incompressible flow
are given by
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a_p+a(,0ui) 0 (3.3)

ot 0X, |

opu) , Oput) __op . (oy 04 | (3.4)
ot ox, ox " (ox ox ) |

where (.) denotes derivation with respect {0 x

The Navier-Stokes equations consist of a continegyation and a momentum
equation. The Navier-Stokes equations describe conservatiorm@ementum. To
discuss these equations, it can be assumed thétithes incompressible. Note that
the term incompressible is used in the sense #wdity is independent of pressure,
but it can be dependent on temperature or condamtra

3.2.2. Reynold’'s Averaged Equations

Inserting equation (3.2) into the continuity eqoat(3.3) and the Navier-Stokes
equation (3.4) it is obtained thiene averageaontinuity equation and Navier-Stokes
equation

9p , o(pu) _ 4 (3.5)
ot 0X
a(,oﬁi) a(,Ol_,iIIj) __0p du a_li" T
-_“F 242 —ou' U] 3.6
o 0x; 0x +[ﬂ(6>g * 6),(} AU, 3.9

The termpu’; u'; is called theReynolds stress tensahich is symmetric and

contains nine components (normal stresses and sheases)edt represents
correlations between fluctuating velocities. It is an adidal term due to turbulence

and it is unknown. It is necessary a modeldQu’; to close the equation system in

equation 3.6.

This is called thelosure problemthe number of unknowns (ten: three velocity
components, pressure, six stresses) is larger thamuthber of equations (four: the
continuity equation and three components of the N&diekes equations).

3.2.3. Closure problem.

The equations can be closed by using the eddy visaasiyept or by solving a
transport equation for the Reynolds stresses.

3.2.3.1. Boussinesg assumption.

To approximate a solution Boussinesq introduced in 18 Whoulent-viscosity
hypothesis. IrDavidson (2003}his hypothesis is described.

The Reynolds stresses are linked to the velocity gradsatshe turbulent
viscosity: this relation is called the Boussinesq assumptioarerthe Reynolds stress
tensor in the time averaged Navier-Stokes equation (8.@pilaced by the turbulent
viscosity multiplied by the velocity gradients.
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An identification is made in the second term of (3.6)

ou v | ——r ou oy
o L oU_utu = AR 3.7
[”[aijraxj pu’ U, [(”+“)(a><,.+a>l<)' (3.7)
which gives
oui . du;
I. I.:— - _ - 3.8
o M(0X1+0>4J o9

where g4 = pu, and the dimension of, is nf/s.

3.2.3.2. Turbulent eddy viscosity concept.

As it was introduced previously, the eddy-viscosity conceptsists of the
assumption that the turbulent stresses are proportiotlaé tmean velocity gradients.
It represents the first step towards closure of the Bdgraveraged Navier-Stokes
equations.

A flow with a high turbulence viscosity has the capacity tndfer more
momentum than a flow with a lower value. Consequentlyrenexchange will take
place and the width of the mixing layer will be larger.

This is the case of a harbour basin adjacent to a tirears. In the region along
the harbour entrance a mixing layer develops in whicheathange of mass,
momentum and energy takes place.

3.2.4. Turbulencemodels

There are different levels of approximations involvdeew closing the equation
system in equation (3.6).

ALGEBRAIC MODELS: Algebraic model are based on theusginesq
assumptionAn algebraic equation is used to compute the turbulent sityc@alled
eddyviscosity. Models which are based on an eddy viscoséycallededdy viscosity
models.

ONE EQUATION. In these models a transport equation is ddiwea turbulent
guantity (usually the turbulent kinetic energy) and a sé¢orbulent quantity (usually
a turbulent length scale) is obtained from an algebraiceszmn. The turbulent
viscosity is calculated from Boussinesq assumption.

TWO EQUATION MODELS. These models fall into the dasf eddy
viscosity models. Two transport equations are derivieidiwdescribe transport of two
scalars, for example the turbulent kinetic energy (ki &s dissipation €). The
Reynolds stress tensor is then computed using an assamphich relates the
Reynolds stress tensor to the velocity gradients andddy @scosity. The latter is
obtained from the two transported scalars.
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REYNOLDS STRESS MODELS. Here a transport equationeisved for the
Reynolds tensor. One transport equation has to be dddettermining the length
scale of the turbulence. Usually an equation for thepdiien is used.

Above the different types of turbulence models havenbested in increasing
order of complexity, ability to model the turbulence, aodst in terms of
computational work.

3.2.5. Turbulence modelling in the present study.

The physical scaled model of the laboratory experimeiitde modelled by
means of a numerical model call&ihLab. FinLab is a three dimensional, non-
hydrostatic finite element model based on a tetrahedrai mbih is unstructured in
all three dimensiongrinLab was created by Robert Jan Labeur and is being furthe
developed at the TU Delft.

A simple model for channel flows is the Elder formulatiand it will be applied
in FinLab to carry out the numerical simulations. The Elder formuteaisagiven by:
U, =au.h (3.9)
where the typical velocity scale is the friction veloaityand the length is the

water depth, h. A complementary expression for the dapthaged eddy viscosity
is given by Yan Prooijen ,2004)

v, =0 th=p£0/c WCh (3.10)
whereU is the depth-averaged streamwise velocity (capital lettdrdenote
depth averaged values) and the param@teould be considered the dimensionless
eddy viscosity and it may range from approximately ®7about 0.3. The bed

friction coefficient is denoted by c

The eddy viscosity is considered at the numerical mivdel the expression as
follows:

v, = U, + B =y, + B¢ ULh (3.11)
whereuy, andp will vary depending on the case.
The advantage of this formulation is that relatively cogri#s can be used with
mesh sizes depending on the length scales of the nmanvihich are generally

larger than the water depth. The disadvantage is that therdgs of the horizontal
structures is not represented, especially in compticgg@metries.

3.3. Shallow mixing layers.

This section describes the basic concepts of shallowr vilmes, the main
characteristics of the mixing layer which is developethatharbour entrance and the
coherent structures present in the mixing laxer.
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3.3.1. Introduction to shallow water flows.

Mixing layers are found for example downstream of geoyips in rivers and at
confluences of natural streams. They occur at junctiohsrevtwo flows with
different velocities come together and, as it is the dithie project, at the entrance
of a harbour located in a river stream.

According to the characteristics of the physical modelduis the laboratory
experiments, this project is concerned with mixing layershiglow flows: so called
shallow mixing layers.

The domain of a shallow flow has two dimensions, namegy hbrizontal
dimension in flow-direction and a direction transverse toffthe, both significantly
larger than the third dimension (vertical dimension).

Shallow shear flows can be considered as a combinatibmootypes of flow,
according tovan Prooijen (2004)On one hand, they aane free shear flowand
on the other shallow shear flows are in the categoppeh-channel flows

Within the first category the flows are principally uniettional and yield a
transverse gradient in the streamwise velocity. Thematkése velocity profile for a
mixing layer is given iri

VvV Vv

15 = 3.2.b)

3.2.a) 3.2.¢)

Figure 3.2.a) Mixing layer flow (top view). b) Wall flow (sidéew).
c) Shallow mixing layer flowAdapted from van Prooijen (2004).

The mixing region between the high velocity side dnel low velocity side
becomes wider in downstream direction and the velocityigmadecreases due to the
transference of momentum from one side to other.vEhacity differences across the
mixing layer and its width are the main parameters to de¢fia mean velocity field.

With respect to the second category, a typical vertia#ilprof the streamwise
velocity for an open channel flow is sketched-in

A velocity gradient is created over the depth due to thslip condition at the

bottom, where the flow is slowed down. In these flowss iissumed that the water
depth is not exceeded the dominant horizontal lengtiles
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Depending on the flow parameters, one of the two previous will dominate
in a shallow water flow. In the category of shallow flowsijther the horizontal shear
nor the bottom turbulence can be neglected.

3.3.2. Theoretical description.

As it has been described in a previous section, a migyer develops at the
harbour entrance between a river and a harbour bakm.mixing layer forms a
transition between the stream and the harbour basin encboihsidered to be a typical
case of shear flows.

This paragraph describes the modelling of the developroéritvo-stream
shallow mixing layer over a horizontal bottom and thgdacoherent vortices in it as
presented byan Prooijen & Uijttewaal (2002b).

The modelling is divided in two stages. The first stagernitsss the evolution of
the mean base flow, which is modelled using a quasi 1dembased on self-
similarity. This model simulates some characteristic propgedig¢he development of
shallow mixing layers. These properties are a downstrdeenease of the velocity
difference across the mixing layer, a downstream reduatiothe growth of the
mixing layer width and a transverse displacement ofiihéng layer centre towards
the slow stream in downstream direction.

The second part gives a linear stability analysis whisds the modelled base
flow to predict the development of the large coherentices.

The study shows that in shallow-water mixing layers thaswrarse velocity
component is much smaller than the streamwise velooityponent. This implies that
the transverse free surface slope can be neglectednipacison with the longitudinal
free surface slope.

A set of two coupled 1D models can be used to destmibenteraction of the
contiguous flows over a horizontal bottom if the followingethrassumptions are
taken into account: The transverse mean velocities in baitigoous flows, the
transverse variation of the water depth and the trarswvarsations of the bed friction
coefficient are neglected.

These models for both flows are:

(3.12)

where M is the 1D equation of motion,; i$ the streamwise velocity component
in the fast or slow stream, D the water depth, g theitgtéonal acceleration and ¢
the bed friction coefficient.

shows a sketch of the mixing layer and the two stregistaissed in
this section.
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Uz UZ

Figure 3.3 Mxing layer developed between two streams.

The subsequent expression is used to obtain the lidrfrcoefficient for a
hydraulically smooth bottom, using the depth integratednd®®/on Karman
logarithmic profile:

1 _

= %(In(Re(\/a )+ 1) (3.13)

where k is the Von Karman constant, O.4'x’le:U°D is the local Reynolds
v

number, withU :%, v is the kinematic viscosity andis the bottom friction

coefficient.

In shallow mixing layers the streamwise velocitympmnent varies in the
transverse direction. Previous experimental reshfize shown that for shallow
mixing layers self-similarity of the transverse fieis found. Self-similarity implies
that the transverse profiles of the streamwiseoiglacan be described with a self-
similarity model. A profile function, of the formf @ hyperbolic tangent, can be used
to model the mean streamwise velocity field:

AU (9 tan Y=y (3.14)

=0

2

whered is defined as the mixing layer width andiy defined as the transverse

position of the centre of the mixing layer. The &@mulation of the streamwise
velocity field is reduced to a formulation that deds only on the downstream
position x. The mean flow field can be calculatgdneans of the evolution @fand
ycin downstream direction.

U(xy)=U,+

3.3.3. Mixing Layer Width.

The downstream evolution of the shallow-water nxlayer can be described
in terms of the evolution of the width of the sbaltwater mixing layer.

The most practical and simple expression for thengilayer width is the ratio

of the velocity differenceAU across the mixing layer to the maximum transverse
gradient of the mean streamwise velocity:
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5=_ AU (3.15)

u
ay max

The presence of a single length scale is a chaistateof self-preserving mixing
layers. The presence of two length scales, thervdaigth and the mixing layer width,
suggests that shallow mixing layers cannot haveptioperty of self-preservation.
Despite the presence of two length scales, expetsrigave showifUijttewaal and
Booij, 2000), that transverse distributions of the mean flow ammbulence
characteristics can be scaled with only a singhgtle scale (the width of the mixing
layer).

This result can be ascribed to the presence andndoinrole of the large
coherent vortices in shallow mixing layers, whialstjfies the description of the
evolution of the mixing layer by a single lengtfatec

These large coherent vortices generated by thesvease shear and with
dimension of the order of the mixing layer widthayplan important role in the
entrainment of mass and momentum and thereforkeirgtowth of the mixing layer
in downstream direction.

Consequently, the development of the mixing lageaffected by the presence
of the large coherent vortices.

In an unbounded self-preserving mixing layer, theagh of the mixing layer is
proportional to the relative velocity differencedama factor, which is called the
entrainment coefficientd:

do_ AU(X)
—_ a—
dx U,

Equation (3.16) can be integrated with respechéolongitudinal coordinate, X,

and substituting the development of the velociffedénce:

(3.16)

2c
d(x) :a/loi(l— ex;{——f XD+50 (3.17)
C H
The centre of the mixing layer shifts towards thmvsstream as a result of the
deceleration of the fast stream, acceleration@&tow stream and continuity.

represents the mixing layer width according toagiqun (3.17) for an
example of two streams with velocities40.30m/s, Y=0.10m/s and a water depth of
0.1 m. The initial width, is imposed by the thickness of the boundary lagedscan
be approximated to the water depth. The entrainroeefficient has an empirically
determined value af~0.085.

The value ofi, is given byj, =%, whereAU, is the velocity difference

C

between streams and 4 the velocity at the mixing layer centre.

J.T. Castillo Rodriguez -39-



“The use of pile groynes to reduce sediment exctiang Chapter 3. Theory. Turbulence.

The flow outside the mixing layer defines the me#ference over the mixing
layer, AU, =U,-U, and the mean velocity in the centre of the mixiager,
u =t
¢ 2

Development of the rixing laver width
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Figure 3.4. Width of a two-stream shallow mixingda

3.3.4. Coherent structures.

The development of the shallow mixing layer is pmthantly determined by
the velocity difference across the mixing layer énel growth of the large horizontal
vortices, which are present in this type of flow.

These large horizontal vortices dominate the twhultransports in the
transverse direction.

It can be assumed that velocity fluctuations ifiedé@nt directions are related and
this assumption has resulted in the concept oiajyatoherent, temporally evolving
vortical motions and they are usually caltexherent structures.

Coherent structures are organised motions thatkaeacteristic for turbulent
flow. The correlation between the different compuseof the velocity in a coherent
structure is what distinguishes them from the surding flow.

Large coherent vortices generated by the transarsar and with dimension of
the order of the mixing layer width play an impaittaole in the growth of the mixing
layer in downstream direction due to the entrainneémass and momentum.

To study these coherent vortices, their turbulemagperties have to be taken
into account. Vortices are turbulent structureshwdt variety of scales and are
generally characterised by randomness and 3D #ftions, which can be
characterised in a statistical sense.

Small-scale vortices, which characterise the finecsure of the turbulence, are
nearly isotropic and behave to a certain extemaadom motions.

In contrast to small-scale vortices, large-scaldic®s show coherent behaviour
because they retain their character while beingeidv over a large distance. These
vortices extract energy from the mean flow by meainmstability processes. These
vortices appear to have a life cycle that includé®rent steps: origin, development,
interactions with other structures and breakdown.
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Therefore, coherent structures show dynamic mstisith a life cycle. These
motions appear to be quasi-periodic and give nsguasi-periodic oscillations of an
instantaneous velocity signal.

Figure 3.5. Coherent vortices in a mixing layer esiment.

A velocity signal can be interpreted as a supetiposof fluctuations caused by
small-scale turbulence with time scales t and €flations caused by large coherent
vortices with time scales T (sée ).

Nevertheless, large coherent vortices are not giyfeleterministic. On one
hand, their characteristics (size, intensity anémngation) vary from one vortex to
another. On the other hand, coherent vortices agpemove randomly in space and
time in turbulent shear flows.

These properties are the reason that conventiomai-term averaging cannot
satisfactorily reveal the existence of coherentives and may not adequately explain
the contributions of the coherent vortices to theowgity fluctuations. Traditional
stochastic methods, experimental techniques oré¢tieal analysis are not capable of
completely revealing the characteristics of thad®eecent vortices.

2581 ~

Welocity iermis
]
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Figure 3.6. Time signal v-component from EMS messents during the experiments.
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3.4. Summary and conclusions.

In this chapter some basic concepts related wittlesh waters flows and the
processes that govern the flow patterns at theoadntrance have been described.

The first section has given a brief introductiontafbulent flows, to continue
with a description of the basic concepts and mgue&ons that govern turbulence in
the second section.

As it has been described in Section 3.2, the Relgnefjuations can be closed by
using the eddy viscosity concept. With the consitien of the Reynolds stresses the
closure problem arises, which can be solved, ifogyawith the viscous stresses in
laminar flows by using the eddy viscosity concept.

The closure problem shifts to the determinatioranfeffective eddy viscosity.
The eddy viscosity is the product of a typical légngnd velocity scale. Different
turbulence models can be used to determine thesessc

The third section has described the modelling efdbvelopment of two-stream
shallow mixing layer over a horizontal bottom art tbasic concepts of large
coherent vortices.

The concepts described above will be the basiseofiata analysis which will be

developed in Chapter 5. The conclusions of thiglystwill be drawn from this
theoretical background.

J.T. Castillo Rodriguez -42 -



“The use of pile groynes to reduce sediment exciang Chapter 4. Laboratory Experiments.

CHAPTER 4.

LABORATORY EXPERIMENTS.

The experiments were carried out between NovenmteDeecember 2007 in the
Laboratory for Fluid Mechanics of the Faculty oiCEngineering and Geosciences
of the Delft University of Technology.

This chapter deals with the description of the tabmry experiments which
were executed in this study.

In Sections 4.1 and 4.2 the experimental set-uleseribed, including the flume,
the flow conditions and the description of the motie Section 4.3 the measurement
techniques used during the experiments are prakefie main characteristics of the
experiments will be discussed in Section 4.4.

4.1. Introduction.

The aim of the laboratory experiments presentatligithesis is to determine the
effect of the geometry and the location of a systémpiles, upstream the entrance of a
harbour, on the exchange of mass between harbduaraadjacent river.

The influence of the characteristics of the systdnpiles on the velocity and
density fields at the entrance of a harbour has l@mined by using a physical
model.

Two goals were established during the experiments:

- Qualitatively, to increase our insight into theeeff of this structure on the

exchange.

- Quantitatively, to generate a data set with whicimarical models can be

tested for the flow in harbour entrances.

4.2. Experimental set-up.

4.2.1. Geometry of the flume.

The experiments were carried out in a facility spdc built for shallow-water
flow research, the so-called shallow water fluméjol is located at the Laboratory
for Fluid Mechanics.

A top view and a side view of the flume are drawrvii

The flume has a length of 20 m, a width of 3 m anldeight of 0.20 m. The
relatively large width of the flume ensures that flow is shallow without sidewall
effects.
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Figure 4.1 Shallow-water flume. Top and side view.

The facility has smooth glass sidewalls and a smdwmtrizontal glass bottom
which is positioned 1.80m above the floor.

The facility is connected to the circulation systefrthe laboratory. The flow is
generated by a constant water supply controlled imain valve. The water height can
be adapted by an adjustable sharp-crested weitelbed the end of the flume. At this
point, the water flows into a storage bin of thewglation system.

4.2.2. Flow conditions.

The facility was designed for experiments with dotllent and sub-critical flow,
as is the case in lowland rivers.

The flow has to satisfy two conditions. First, imder to establish a fully
turbulent flow, the Reynolds number condition ha®¢ accomplished. The Reynolds
number should be sufficiently large to keep thevftarbulent, larger than about 2,300.
Secondly, a subcritical flow is required in theiliac Moreover, in order to avoid
influences of surface disturbances on the flow, Rhmude number should be smaller
than 0.5.

After several qualitative experiments, a flow4df I/swas established to obtain a
minimum Reynolds number of 4,000 into the harboasif and a Froude number
lower than 0.3 in the main stream.

It should be noted that even under these conditioesonclusions drawn from
laboratory experiments cannot straightforwardlyapelied to full scale natural river
flows where Froude numbers are larger than 0.3rivar flows where Reynolds
numbers are orders of magnitude larger.

4.2.3. Description of the model.

A top view of the model is given in The two main parts of the model
are a harbour basin, where the entrance is 1.37 ide, wwhich is located
perpendicularly to the direction of the flow alotig river. The main stream is 1.2 m
wide.
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The perimeter of the harbour basin and the riginkhbaf the river are made of
concrete blocks. These blocks have a width of 30acih a height of 15 cm. The
bottom part is made of multiplex and the upper &t roughness layer of rocks.

THREZHOLT

PILE GROYNE o = CONCRETE BLOGKS
UPSTREAH
CORNER:

1

WHITE AREA

LEGEND

DISTANCES (cm) rm—
FILE GROYME ———
STOME BLOCKSE p—

Figure 4.2 Top view of the model.

The groyne is located upstream the harbour entrégemered line in Figure 4.2).
The steel piles are located at the right bank. toted length (L) increases towards the
main stream depending on the number of piles (d)tae space between them (s).
The distance between the groyne and the edge aipgkieam corner, delimited by
the beginning of the first block, is labelled d.

< =45 Lo

15

0 30
i

Figure 4.3 Details of embankment and the permepitdegroyne.

4.3. Measurement technigues.

Methods used to measure turbulence in water floavs e classified into two
categories:
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= Single point measurements.
= Flow visualisation techniques.

Single point measurement techniques are usefulhiraccurate determination
of velocity fluctuations at one or more measurenpanmts in order to acquire detailed
temporal information about turbulence properties.

Flow visualising techniques are effective in reuggalthe presence, dimensions
and structure of large 2D vortices.

During the experiments, both techniques were apgpNésualisations of large-
scale quasi-2D vortices are carried out by meanBaoficle Tracking Velocimetry
(PTV). Detailed information about turbulence prdjger is obtained with point
measurements from an Acoustic Doppler Velocimed®\() and an Electromagnetic
Sensor (EMS). The main advantages of the ADV andSHystems with respect to
the PTV measurements are:

= A higher spectral resolution.
= The ability to measure over the water depth.

4.3.1. ADV and EMS techniques.

Acoustic Doppler Velocimeter (ADV) is point-velogitcurrent meter with a
high precision, because they measure velocitigsnvé very small volume.

An ADV consists of a probe head connected by a steaylindrical electronics
housing. The probe head consists of a transmittangsducer in the centre and two or
three probes containing receiving transducers.

Velocities are measured within a sampling volumeated at a fixed distance
from the transmitting transducer, as illustrateéiimire 4.4

....... P Trmnsmit pulse

-—-p Receive pulse

Sampling volume

Figure 4.4 Detail of an ADV probe head.
The ADV requires the presence of small particled Htatter the acoustic waves.

In this experiment these particles were hydrogebblai of <100um generated
through electrolysis.

The EMS is generally applied for flow monitoringrpases in open channels
and fully or partially filled pipes.
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In many situations flow directions is subject togk variations and may even
reverse. For this reason, the four quadrant regpohghe EMS enables direction-
independent measurements.

Figure 4.5. EMS located at the river stream upstnghe harbour entrance.

4.3.2. Particle Tracking Velocimetry.

Particle Tracking Velocimetry (PTV) is a straightfard and powerful
measurement technique. The principle is basedamkitrg individual particles in the
flow. The velocity of a particle is determined Bcording its displacement during a
certain time interval.

In order to determine the velocity field, floatiqplypropylene beads with a
diameter of 2mm were distributed homogeneouslyhenntater surface.

A distributor was used to spread the beads homagesheon the water surface,
upstream the location of the pile groyne, so thatdffect of particles moving out of
vortex centres due to secondary circulation is cedu

As the particles are submerged for more than 96&y; are expected to follow
the surface velocity. A digital camera mounted obridge over the flume recorded
the positions of the particles. The camera, a KdgakL.0, has a resolution of 1008 x
1018 pixels with 256 grey levels and a maximum &aate of 30 Hz.

The duration of the measurement should be chosgntkat all important scales
are captured. A time length of 5 minutes is enotagbover all large scale structures
in the flow assuming that these are smaller th@nlehgth scale of the river width
which is 1.2 m.

Sequences of 5 minutes, with a frequency rate oHz0for each test, were
recorded to obtain images to be analyzed duringdttie processing. Measurements
are performed over a fixed area covering the harleotrance. A maximum part of
the mixing layer has to be captured: at leastitsepart needs to be covered.

This area has dimensions of 1.74m x 1.74m, whicoisidered to be sufficient

to record the mixing layer. The centre of the mearment area is located at X=5.99m
and Y=-0.15m (the description of the referenceaysis given in Section 5.1).
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In order to present a good contrasting backgroumdlife particles white foil
was attached to the glass bottom from below. Thelsl and the joints between plates
were painted. However, it was not possible to ebtitotally white surface for the

PTV area. The characteristics of the PTV post-msicg are described in more detail
in Section 4.5.

4.4. Description of the experiments.

4.4.1. General considerations.

Six different series of experiments were performed.
Series 1.Experiments with different location of theoyne upstream the
entrance,
Series 2. Experiments with a different number i
Series 3. Experiments with a different distanceveen piles,

Series 4. Experiments with a withdrawal from thebbar, changing the
location of the extraction point, and,

Series 5. Experiment with a narrow harbour entraand,
Series 6. Experiment with a different flow discharg

The main characteristics of each series will becdesd in the following
sections. The experiment in which the model isiedrrout without pile groyne
located upstream the entrance has been labelle® TedReference case.

illustrates the main characteristics of each expent. Three
parameters describe each case: firss, the number of piles; secortljs the distance
from the edge of the groyne to the edge of the emrands is the distance or gap
between piles. These parameters were drawn ind-ig3r

The length of the groyne can be obtained froamds as follows:

L=nO+(n-1)Cs (4.1)
wherel is the width of each pile (3 cm).

Series Test Case Piles| Location Space L
(n) “d” (cm) “s” (cm) (cm)
1 2 Reference case - - -
- 3 Groyne atd = 35 cm 7 35 3 39
4 Groyne atd =0 cm 7 0 3 39
5 Groyne atd =70 cm 7 70 3 39
2 6 6 piles 6 35 3 33
- 7 5 piles 5 35 3 27
3 8 s=4.5cm. 5 35 4.5 33
- 9 s=2cm 6 35 2 28
6 10 | Different flow discharge 7 35 3 39
4 11 | Ref. case + Withdrawal A - - - -
12 | Pile groyne + Withdrawal A 7 35 3 39
13 | Ref. case + Withdrawal B - - - -
14 | Pile groyne + Withdrawal B 7 35 3 39
5 15 | Narrow entrance 7 35 3 39

Table 4.1 Configuration properties of each experitne
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4.4.2. Parameters and points of measurement.

The table below shows which properties will be gsadl from the different
measurements with the discussed experimental setup.

The overview in this table merely presents the airwhat flow aspects were to
be measured. The analysis and the results will shibether the techniques are in fact
capable of measuring these flow properties.

PARAMETER EQUIPMENT
Flow discharge. Flow meter
Water heights. EMS
Mean flow Velocity profiles. ADV, EMS, PTV

Lateral displacement mixing PTV, ADV

layer

Mixing layer width PTV, ADV
Turbulent flow | Sizes coherent structures PTV, ADV

Time scales of coherent PTV, ADV

structures

Reynolds stresses ADV, EMS

Table 4.2 Parameters of measurement.

The flow discharge was 39.3 I/s and it was constaatl experiments.

Eight different EMS points were defined over thebmar basin and eleven
ADV points were established at the harbour entrambe PTV pictures are taken in
an area of 1.74m x 1.74m. The PTV area includesedbMS and ADV points as it is
shown in the sketch of Figure 4.6.

shows the measurement points for the ADV and El8penent at
the harbour area.
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Figure 4.6 Measurement points and PTV area.
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During the experiments for series 4, other poirgsentocated along the harbour
basin in order to obtain more results due to tfiemint behaviour of the gyres when
a withdrawal is extracted from the harbour.

A different line of three EMS measurement pointssvagfined upstream the
groyne to study the effect of the system at thenrsteam.

4.4.3. Series 1. Experiments with different locatio upstream the entrance.

This set of experiments consists of a group of feests. During these
experiments, three different locations for the gteyne were considered. The first
experiment represents the reference case of thisssa configuration without pile
groyne located upstream the model.

The distance from the groyne to the upstream coohéhe harbourd, is the
variable parameter in each test. According to dissanced, from the pile groyne to
the corner, there are four different experiments:

- Reference case. Case without groyne and it &l Test 2.

- Distance d = 0 cm. The groyne is located at ttigeeof the corner. This
experiment is labelled Test 4.

- Distance d = 35 cm. The groyne is located 35 pstream the corner. Test 3.

- Distance d = 70 cm. The groyne is located 70 pstream the corner. Test 5.

The number of piles and the space between them wenstant in each

experiment (7 piles and a gap of 3 cm} shows a sketch of the Series 1.
A ) )
f el ko
Vs & &Y
U [, ol hred
. 70 ‘:35 *
be 15 3 UPSTREAM
| ‘3\ CORMNER
| @g,/ |
(5,00 A
LEGEND A
|
Forometers *do’L"
EKETCH OF ZERIER 1. Tests 2-3. 7 Piles s=32cm L=32Fcm

Figure 4.7 Sketch of series 1.

4.4.4. Series 2. Experiments with different numbeof piles.

Two different geometries of the pile groyne weref@ened during this second
series. These tests were developed with the grimgated at a distance of 35 cm (as
in Test 3) from the upstream corner of the hartemrance.
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Consequently, these experiments will be comparet West 3, together with
the reference case without groyne (Test 2).

The characteristics of each experiment are sumethds follows:

-Test 6. Groyne with 6 piles (n=6 piles and s =3 cm

-Test 7. Groyne with 5 piles (n=5 piles and s =3.cm

presents the sketch for experiments Test 6 and7Tesm Series 2.

5:__[’2*’
-v—Et
UE ﬂil i -1
‘Tp{ I;l;:
? : ¥R Yo
SN .>_2-\.
2=
o o
| LEGEND
£ = Farameters “d,°L"
SKETCH OF SERIES 2 Tests 6-7, s=3cm

Figure 4.8 Sketch of series 2.

4.4.5. Series 3. Experiments with different distareebetween piles.

Two different geometries of the pile groyne werefgened during this series.
The groyne was located at a distance of 35 cmn&eries 2) from the upstream
corner of the harbour entrance. Therefore, theperarents will be compared with
Tests 6 and 7.

The characteristics of each experiment are sumathés follows:

-Test 8. Groyne with a distance of 4.5 cm betweats pwith a total number of
5 piles (n=5 piles and s =4.5 cm). This test wélldompared with Test 7 (n=5 piles).

-Test 9. Groyne with a narrow distance of 2 cm leetw piles, with a total
number of 6 piles (n=6 piles and s =2 cm). This W be compared with Test 6
(n=6 piles).

shows the sketch of Tests 8 and 9.

4.4.6. Series 4. Experiments with withdrawal fromhe harbour.

The purpose of this set of experiments is to idigiiie effect of the pile groyne
when a flow around 10% of the discharge is extchftem the harbour basin in order
to study the model when the harbour basin con&asteady current.

These tests were performed with the same geomstiiests 2 and 3, but with
the exception that a withdrawal is taken from taeblour basin.
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Figure 4.9 Sketch of series 3.

To accomplish this feature, one of the blocks eftlasin was removed to allow
the extraction of harbour water.

Four different cases were executed:

-Test 11. Reference case and withdrawal from tjtet part of the basin (theé"7
block of the basin was removed).

-Test 12. Pile groyne located at 35 cm from thdrepsn corner and seven piles.

-Test 13. Reference case and withdrawal from tfteplt of the basin (the™

block was removed).
-Test 14. Pile groyne located at 35

cm from the upstream corner and seven
piles.

Figure 4.10shows a picture of the
end of the harbour basin during Tests 11
and 12.

Figure 4.10 Picture of the extraction point
for series 4.

4.4.7. Series 5. Experiment with a narrow harbour etrance.

For Test 15, the model was modified to obtain aavarentrance in order to
study the effect of the pile groyne when the geoyneftthe harbour entrance varies.
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Two new concrete blocks were located at the modetetiuce the harbour
entrance from 1.37 m to 1.12 m. The new configarais drawn in

In this case, the configuration of the pile groymas the same than in Test 3,
with d=35 cm and n=7 piles.

4.4.8. Series 6. Experiment with a different flow dcharge.

During this experiment, a reduction of a 30 % ia flow discharge was set up
to detect the variations on the velocity field éocase with a lower flow in the main
stream.
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Figure 4.11 Sketch of series 5.

4.5. Data processing.

4.5.1. Reference system and cross sections.

The reference system is defined by (X,Y,Z) wheres Xositive in downstream
direction and represents the streamwise coordindteepresents the transverse
coordinate and it is positive from harbour to rivend Z represents the wall-normal
coordinate and it is zero at the bottom. Consedyethie velocity vector is denoted (u;
V; W).

The reference point for all locations is O (0, This point is located 5m
upstream the first corner of the harbour entra@msequently, the upstream corner
is located at (5,0).

The different locations of the groyne for seriearg defined by means of the
parameterd. For example, the pile groyne at Test 3 is loc&8Bdcm upstream the
harbour entrance. Consequentys 0.35 mand Y = 5-d = 4.65 m.
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All EMS and ADV measurement points are includedaigorresponding cross

section and longitudinal section. For instancet sslabelled in

, point A4

corresponds with cross section “B” and longitudisaction “G”. The PTV area
includes five of these sections (A, B, C, F and G).

In this chapter, different cross and longitudinatctoons will be taken into
account to establish the comparison between PTVAANJEMS measurements.
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Figure 4.12 Cross and longitudinal sections of nueasient points.

gives the coordinates of the longitudinal and sections within the
PTV area which will be used during the data analySther sections will be used to

describe results from ADV or EMS data.

SECTION TYPE COORDINATES (m) DESCRIPTION

“A” Cross- Xa=5.47 Near the upstream corner. Corresponds with
section points A2, Al and E2.

“B” Cross- Xp=5.98 Intermediate distance. Points A5, A4 and E4
section

“Cc” Cross- Xc=6.47 Downstream corner. Points A8, A7 and E6.
section

“G” Longitudinal Ye=0.22 Mixing layer. Line of ADV measurements.
Section. Points A1, A4 and A7.

“F" Longitudinal Y=-0.23 Line of EMS measurements. Points E2, E4 a
Section. E6.

Table 4.3 Coordinates of the cross sections usedg&® TV comparison

includes the coordinates of the different poingfired for the
harbour model. They are related with measuremeimtgpérom the EMS and ADV

equipment.
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4.5.2. Description of data processing.

This section deals with the procedure for data ggsing. The data analysis is
split into two parts for each series. One part slegith the velocimetry: finding
averaged velocity maps and the characteristicshefmixing layer. Another part
focuses on the study of turbulence properties bgma@f autocorrelation analysis and
Reynolds stresses.

In order to carry out these two parts of the ans)ygata from ADV, EMS and
PTV measurements has to be processed.

a) ADV and EMS data

Time signals, mean values and standard deviatimslzained from ADV and
EMS measurements to provide information of the eigjdfield. These measurements
will be used to establish the parts of the analygigch cannot be performed by PTV
data, due to the limitation of the PTV area oritieccuracy of this method to extract
results related with turbulence properties.

b) PTV data processing

The PTV scheme developed BKyadotaat the TU Delft has been used for the
data processing. Kadota made three Matlab scipitsiplement the data processing.
These scripts are used by some researchers in tdgdkaboratory of TU Delft.

These Matlab scripts combined with the Matlab Imsgmbox were employed
to process the data.

The PTV algorithm tracks individual particles incsassive images. A velocity
vector at each particle position is determined e liasis of finding the most likely
relations between the particle images of succedsavees.

The paths of thousands of particles can be detedrsimultaneously, such that
spatial information about the flow can be obtaimgith a high resolution.

This technique tracks the paths of individual pée8 and calculates the velocity,
resulting in an unstructured velocity vector mapisTmap is interpolated to a regular
grid of 41x41 mesh points using linear interpolatidnterpolation of the velocity
vectors yields a sequence of velocity vectors mdgpea structured grid.

In this study, an amount of 1,000 — 2,000 partiekesdetected at each time step.

Velocity fields from time series have been averagedrder to get a proper
view of the properties of the primary gyre presenthe harbour entrance and the
behaviour of the mixing layer at the harbour-riveerface.

Using this procedure, only information regarding thotion of the free surface
is obtained. Mean and standard deviation valuekhegilused to describe the mean
flow pattern.

The most important modules of the PTV algorithn are

=  Background filtering.

Each experiment has 3,000 frames from the cameoadiag. The frame rate of
recording was ten frames per second.
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The resulting single images serve as input forfitts¢ Matlab programme that
detects the particles on each frame. The first steygists of converting each frame to
a black and white image.

= Particle image localisation.

The detection of the particles is based on the idagathe particles are shown in
the image and they are significantly darker thangirrounding pixels.

This binarisation of the image should be done withh a level that a maximum
number of particles is captured in the image.

A complicating factor in this was that in all exjmeents the bottom of the model
was not completely white. By means of trial andoerran appropriate average
threshold level was chosen to make sure a maximumber of particles were
detected.

= Matching and prediction.

The estimated position of a particle is establisiieoh frame to frame. Store all
possible pairings within the defined maximum matghdistance are stored and the
position of a particle in a next frame is estimatByg means of spatial interpolation
with a weighting function based on the displacemehtneighbouring matched
particles.

= Mapping.

Determining the mean flow field consists in prireipf two steps. First a spatial
grid has to be constructed in the rectified imd&g®.every instantaneous velocity map,
a spatial interpolation of vectors has to be pentd. The result is a set of velocity
maps for all time steps in which all vectors ar&cpld on the nodes of the grid.

The second step is to make a time average ofedktinterpolated instantaneous
velocity maps to get one time-averaged velocity nTdys is done by calculating the
average flow vector for every grid point of all ¥& that appear on that grid point in
the instantaneous velocity maps.

= Post-processing.

Several Matlab programs, or scripts, were madeghable the data analysis and
all necessary processing steps.

The following figures represent some of the stepmied out by the PTV
algorithm to extract velocity vector fields frometloriginal pictures which were taken
during the experiments.

shows a frame of Test 2 (Reference Case) andaitsformation
after the background filtering. During the mappprgcess, the particles are detected
in consecutive frame to determine the velocity @ectwhich are plotted in figures
4.13.c and 4.13.d.
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a) Original picture and particles.
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¢) Unstructured velocity vector field. d) Sturetd velocity vector field.
Figure 4.13.a.PTV processing.

c) Autocorrelation analysis.

The current paragraph describes the theory and nelptesentation of the
autocorrelation analysis which will be carried autthe following sections of this
chapter.

The basic equation for autocorrelation functioteirms of discrete time reads:

_ 1 N-m ~iN-m
Rm—fm;(&)(xm% N;(x)(mm)

where R, represents the value of the autocorrelation foncdt the time delay,
X; represents the value of the signal x at time d, >an is the value of the signal x at
delayed time t+ m, N (sample size) is the approkiomaof N-m (the difference
between N-m and N is negligible in most cases),rand the delay value called lag.
Introducing x (mean of the entire time series xpigq 4.1-, the expression for
the Autocovariance is obtained:

(4.2)
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N-m
Autocovariance{TZ X — X Wm— X (4.3)
t=1

Autocovariance is one of the two major componentshe formulation of the
autocorrelation coefficient function for a giver lealue.

For an autocovariance analysis, a time series gatgpared to itself and the
main tool in the system is the lag. It is a quickthod of evaluating deviations
between the one unaltered time series and onésttegged.

In order to generate the autocovariance valueg ther two rules. The first rule
is that the data set should contain more than ¥ ptzEints. The second rule is that the
largest lag for the autocovariance calculation ngsequal to one quarter of the total
number of points in the data set.

In this thesis, an autocorrelation analysis isistifrom ADV and EMS data. In
both cases, the previous rules are fulfilled. Bsatacontains more than 50 data points
(1000 and 12000 points, respectively) and the krtze is exactly one quarter of the
number of data points for EMS results and it isdofor ADV.

The second factor for the autocorrelation coeffitior a given lag is called
variance and it is obtained by standardising Eq.#t8refore, it can be compared
directly to other standardised autocovariances.ékhation for variance is the sum of
the square terms of x) for each observation in the original time ssriéivided by N:

N-m _
Variance%Z & —x§ (4.4)
t=1

Following the previous concepts, the descriptiom the autocorrelation
coefficient for a given lag is basically the auteanance divided by the variance as
presented in:

3" (% =0 (%en = ¥

. autovariance <
Autocorrelation (R, )= : =L
variance Z(Xt _;()2

t=1

The autocorrelation coefficient values range betwek to —1, with +1 meaning
the time series compared are exact duplicatesalf ether, which also means the lag
value is equal to zero, and —1 meaning the timeseompared are mirror images of
each other.

Time series which have no relation to each otheegia null coefficient,
therefore likely to be random.

In order to analyse the autocorrelation coeffideand their respective lag
values it is possible to plot the autocorrelatioefticient against the lags. The plot is
called correlogram or autocorrelation function.

With this method, it is viable to identify the ratmship between different time
series of data.

In the case where two time series are comparehleyf do not have relationship
to each other, the autocorrelation function willoshan irregular pattern with
amplitude close to zero, except when the lag vawegual to zero. In contrast, when
the time series have a strong relationship, thetfon will present high coefficient
values and a regular pattern.

Visual examination of different autocorrelation €étions will be applied for
different EMS and ADV locations for each series.

(4.5)
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However, this method is very subjective to indiatlinterpretation. A person
with many years of experience will be able to makeore precise comparison than a
person who has less knowledge on this field of gigee

d) Reynolds stress components

As it has been explained in Chapter 3, a velocigydf (u, v, w) can be

decomposed into mean and fluctuating componertsu+ u' ; V= v+ V' ;W= W+ W.

The averaged velocities have been subtracted fhaministantaneous velocities
to give the fluctuating components of velocity: u’,and w'. Then, he Reynolds
stress can be defined as

-plu'w)

The magnitude of the Reynolds stress more oftenroagpes zero. The
Reynolds stress termiv' represents the effect of the fluctuating horiabivelocity
components on the mean motion.

It also shows the turbulence of the mean flow moseingmultiplied by density,
uVv' is the momentum exchange). The Reynolds stress i&ct the covariance
between the two horizontal velocities. This is defl in such a way thatv' is likely
to be negative whei@u/ dy is positive and vice versa.

It is expected that the compone{ut W'> will approach zero for points located at
the mixing layer and(u'v'} will approach zero in points of the river stream.

The average value of each component should beeobitier of 0.4 times the
product of Ygand \q at the points of measurement near the mixing layer

The Reynolds stresses can be considered as anifiedemf a different

downstream evolution of the large horizontal vasicfor different upstream
conditions, as the different configurations of gneyne.
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CHAPTER 5.

EXPERIMENTAL RESULTS. DATA ANALYSIS.

In this chapter it is considered whether a diffeeenin geometry and
configuration of the pile groyne imposed upstreanmasbour entrance results in
different mixing layer dynamics.

Several experiments were executed that differe¢ation of the array, number
of piles and other aspects like the gap betweess gihd the presence of a withdrawal
from the harbour basin.

Three series of experiments will be discussed:

-Section 5.1 develops the analysis of Series 1y wifferent locations of the
groyne upstream the entrance.

-Section 5.2 will describe Series 2, which consistswo experiments with
different number of piles.

-Section 5.3 presents the data analysis of Seri@gt two experiments with
different distance (gap) between piles.

Each section will be divided in two parts. Theffipgrt discusses the properties
of the mean flow. These properties are the veldtiffgrences along the mixing layer,
across the harbour entrance and the variatiorteeimixing layer width and its centre.

The second part considers turbulence properti¢seoflow. An autocorrelation
analysis is carried out from EMS and ADV resultsd asome aspects will be
considered in relation with Reynolds stresses.

5.1. Data analysis for Series 1.

In this section emphasis is put on differencesween the four experiments of
Series 1, in relation with downstream developmdnthe flow properties obtained
from PTV measurements and ADV-EMS measurements.

5.1.1. Mean flow.

5.1.1.1. Velocity field.

The velocity field will be characterised by two goomentsuy, is the streamwise
velocity component and it is defined positive fropstream to downstream along the
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river; v, is the transverse velocity component and it fsndd positive from harbour to
river (as it was considered ferandy coordinates in Chapter 4).

In order to obtain an overall view of the flow att at the harbour entrance, a
modified vector map of the mean velocity is plottedeach case iR

It shows the velocity vectors which represent thesfpattern along the harbour
entrance, obtained from PTV results for each expent of Series 1.

These vectors are plotted along cross sections(X&5.47m), “B” (X=5.98m).
and “C” (X=6.47m). Different points along the hadbentrance at Y=0m are drawn
(green vectors). Each velocity vector results frima combination of the average
values of the streamwise and the transverse compoBach vector is obtained from
(u2+V2)1/2.

A simplified sketch of the harbour model is drawn give an view of the
location of the groyne in each case (thick red)line

At Y=0.22m, these figures show a decrease of thecitg in all cases with the
groyne located upstream the entrance. Larger watecities are observed in these
points for Test 5 (groyne at d=70 cm).

It is found that velocities near the entrance shiiffierent magnitude in each
case. In Test 4 (groyne at d=0 cm), as in Test&y(e at 70 cm), the mean transverse
velocity component is larger than in the referecese near the upstream corner of the
entrance. However, Test 3 (groyne at d=35 cm) ptesauch larger mean transverse
velocities along this line near the downstream sidiae harbour basin.

A velocimetry comparison between ADV and PTV dath e discussed in the
next paragraph and after that, mean values ofttkarawise and transverse velocity
components will be analysed by means of laterafilpsoand other diagrams in
following subsections.

5.1.1.2. Velocimetry comparison ADV versus PTV.

Before ADV and PTV results can be discussed, ieisessary to compare the
ADV average velocities with the averaged valuemffTV measurements.

For all cases of Series 1, a direct comparison aslenbetween the average
velocities of the ADV and the gridded average vitles of the PTV.

Measurement points from longitudinal sections “G*(¥22m) and “H”
(Y=0.62m) can be compared with the PTV data. Tkelts are listed iri

Note that even though some ADV points are withia #rea captured by the
PTV camera, it can be possible that there is nbicgrit amount of particle data at
those points to calculate an average PTV veloditywell, ADV points at Y=0.62m
are not within the area, then they will be compavath PTV results at the last
coordinate with data (Y=0.57m).

For the reference case, at points along section (0.62m) the difference
between ADV and PTV results is close to 10%-15%fgant A2 varies from 31.47 to
36.20 cm/s), on average the relative differencesglsection “G” (Y=0.22m) are
larger. The highest deviation is found at point Aie first measurement point near
the upstream corner. It is clear that the deviatire greater for locations towards the
harbour entrance line and the upstream side.
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Figure 5.1.1. Series 1.Velocity vectors from PTYada
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For all cases with the groyne located at the madaifferent relation is found.
All points along section “H” (Y=0.62m) show highstreamwise velocities from
ADV results. Consequently, PTV values along theastr are lower than ADV values
with regard to the streamwise component.

All cases show a positive absolute differensedlong section “G” (Y=0.22m),
due to the presence of higher transverse velodtyponents from PTV data. It is
important to mention that Test 3 shows lawaluesalong the coordinate Y=0.22 m.

It is not strange that there are such clear diffees between the two
velocimetry methods, since deviations in both Etand downstream direction are to
be expected as a result of the particle paths.

A large difference between both techniques is alicator of 3D effects like
upwellings or secondary circulation along the ifaee river-harbour.

In conclusion, the difficulty in this comparisontisat different techniques detect
different parts of the flow. It is generally notsgato compare data from two different
experimental methods. PTV requires a more evenadprg to obtain a higher
accuracy.

Test 2 — Ref. Case. Test 4 — Grapecm.
POINT | Coordinates ADV  PTV POINT | Coordinates ADV PTV
A A

X(m)  Y(m) | VU2 )(cm/s) | (cm/s) X(m)  Y(m) | Vu?+v?)(cm/s) | (cm/s)
Al 5.47 0.22 5.33 18.28 12.9% Al 5.47 0.22 4.06 9.46) 5.39
A2 5.47 0.62 31.47 36.2D 4.73 A2 5.47 0.62] 35.72 28.92 -6.81
A4 5.98 0.22 10.01 18.9B 8.94 A4 5.98 0.22 4.76 8.72 3.96)
A5 5.98 0.62 31.06 36.6D 5.54 A5 5.98 0.62] 35.27 30.37 -4.9
A7 6.47 0.22 11.96 20.2¢4 8.28 A7 6.47 0.22 5.13 9.52 4.40
A8 6.47 0.62 29.20 36.3p 7.19 A8 6.47 0.62] 34.39 31.34 -3.04

Test 3 — Groyne d=35 cm. Test 5 — Groyne d=70 cm.
POINT | Coordinates ADV  PTV POINT | Coordinates | ADV  PTV
A A

X(m)  Y(m) | VU2 )(cm/s) | (cm/s) X(m)  Y(m) | Vu?+v?)(cm/s) | (cm/s)
Al 5.47 0.22 3.75 5.6( 1.85 Al 5.47 0.22 2.92 11.1 8.27
A2 5.47 0.62 35.48 2941 -6.0] A2 5.47 0.62] 34.36 30.91 -3.41
A4 5.98 0.22 6.85 7.54 0.71 A4 5.98 0.22 6.83 11.6 4.80
A5 5.98 0.62 3478 29.4p -53 A5 5.98 0.62] 33.43 31.1¢ -2.3
A7 6.47 0.22 7.57 8.01 0.45 A7 6.47 0.22 7.80 12.73 4.92
A8 6.47 0.62| 34.18 28.8p -5.30 A8 6.47 0.62] 32.73 31.5% -1.17

Table 5.1.1. Series 1. Comparison of flow velogitiem ADV and PTV.
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5.1.1.3. Streamwise velocity.

- Lateral profiles. Sections “A”and “B”.

In this paragraph, different lateral profiles alomgo cross sections “A”
(X=5.47m) and “B"(X=5.98m) are considered. Secti&i corresponds with points
El, E2, Al, A2 and A3; and Section “B” correspomdth points E3, E4, A4, A5 and
A6. These different measurement locations werewnran section 4.5 (Data
processing).

For each case, ADV values are plotted with a singgek and PTV results with
a solid line. From , it can be concluded that for Test 2 (Referencsela
there is a difference between ADV and PTV resuftsuad 6 cm/s along the river
stream that it can be attributed to the velocistribhution over the depth. The ADV is
located 5 cm above the bottom; hence, it is loc8tedh below the surface, and this
distance can be considered the origin of this djzancy.

These differences increase within the region ofrttbeing layer. At Y=0.22m,
ADV values remain from 12.95 cm/s (Al) to 8.28 crf®s), lower than the PTV
results as it was described in table 5.1.1.

PTV results show a stable mean streamwise veladdpg the mixing layer
(from 18.28 cm/s to 20.18 cm/s), but these valuasy wnotably for the ADV
measurements, increasing from the upstream caorteetdownstream sidewall of the
harbour (from 5.32 cm/s to 11.86 cm/s).

A clear decrease on the streamwise velocity is $een Figure 5.1.2 for all
experiments with groyne. The lateral profile in dbecases shows lower velocity
gradients and the profile moves towards the riveclear shift along the profile is
seen in these experiments due to the presenceoahiwing layers. Test 5 (groyne at
d=70 cm) presents higher PTV values than for teeakexperiments.

The gradient of the streamwise velocity along thess section is lower for
theses cases, and Test 4 (groyne at d=0 cm) diedswest value.

As it was discussed in the previous section, alVAReasurements are higher
than the PTV results at Y=0.57 m (last y-coordinaité data within the PTV area).

It means that the effect of the pile groyne suggestdecrease in surface
velocities near the harbour entrance and at ther iream, but ADV reveals an
increase of the mean streamwise velocity at ther biream at middle depth. These
results can be attributed to the fact that the mgoseduces the cross section of the
river stream, resulting in higher velocities at thaldle depth, but exerting a lower
effect on the surface motion.

presents the lateral profile in section “B” (X=8.9n). From
section “B”, Test 4 (groyne at d=0 cm) and TestgBoyne at d=35 cm) present
identity profiles, with lower values than Test Sdgne at d=70 cm) and a lower
velocity gradient.

In this section, the shift along the profile dudhe presence of two mixing layer
has disappeared in all cases. It can be slightyempated in Test 4 (groyne at d=0
cm).

From these lateral profiles, it can be conclude tha closer the groyne is
located to the entrance the more it has an effacthe reduction of the surface
velocities along the entrance.

J.T. Castillo Rodriguez -65-



“The use of pile groynes to reduce sediment exctiang

Chapter 5. Data Analysis.

Series 1. Cross Section "A" X=5.47m Mean u-component - PTVY and ADVY data
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Figure 5.1.2 Series 1. Lateral profile mean u-comgrd (cm/s). Section A. (X=5.47m).
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Figure 5.1.3. Series 1. Lateral profile mean u-comgnt (cm/s). Section B. (X=5.98m).
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- Standard deviation. Streamwise velocity.

shows the distribution of the standard deviationtfi@ streamwise
velocity from PTV results (this parameter will bentdtedusy).

The location of the groyne is sketched in eachrégw provide an idea of the
position of the array and the PTV area at the harkatrance. From these figures the
location of the highest values of the standard ate for the u-component can be
discussed.

It is feasible to associate the location of theingXayer with the points where
the standard deviation gives higher values. In @tzwe with this assumption, the
reference case reveals a clear area from the apstterner towards the downstream
side where ypresents values around 3-4 cm/s.

With regard to the other experiments, Test 4 (geoghd=0 cm) shows highw
values near the upstream corner, opposite to teitm of the array, and the green
area (points with g4values from 3 to 4 cm/s) moves towards the rivet ianloes not
reach the downstream side of the harbour entratigh. uqvalues around 5 cm/s are
revealed near the edge of the groyne.

However, comparing Test 3 (groyne at d=35 cm wlid previous results, the
highest ygvalues are located between the x-coordinates Safhan6.5 m at the river
stream, and it shows values around 7-8 cm/s.

Nevertheless, for Test 5 (groyne at d=70 cm) tlgh Istandard deviation points
are located at the river stream as in Test 4, Untiér from the harbour entrance, with
lower uyg values and it shows a regular behaviour alonthalbarea, except for a small
area with high yq values at the river stream.

From this stage, a clear change on the locatidheomixing layer is recognized,
which shifts towards the river stream due to thespnce of the groyne.

High uyg values are shown near the upstream corner focdghéguration with
the closest groyne, but this turbulent patterninsimished when the groyne is located
70 cm from the entrance.
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5.1.1.4.Transverse velocity.

- Lateral profiles.

This section shows the results of the mean trassveelocity from PTV and
ADV results along three different cross sectiods(X=5.47m), “B"(X=5.98m) and
“C"(X=6.47m).

As it was drawn in Figure 5.1.2., the ADV value® gotted with single
marks and the PTV results by means of a solid line.

From it is shown that in section “A’(X=5.47m) the mean
transverse velocity is positive at all points irsithe harbour basin (Y<Om) and the
differences between experiments appear at the hadmrance.

For Tests 2 and 5, the values remain close to &,cbut Test 3 shows the
highest values. It denotes that the effect of thayme is higher for Test 3 between
points A1 and A2.

In section “B”, Test 3 shows differences with resdpt® the reference case
with regard to PTV data, but they are more evidiestection “C"(X=6.47m).

For section “C”, Test 3 gives a steep profile thlafts from positive values at
the stream to -5 cm/s inside the harbour basimdicates that this configuration
produces a higher gradient for the transverse itgloear the downstream sidewall of
the harbour entrance than the other cases.

With respect to the ADV data, in the river stream\Avalues show negative
results for Test 3, however these values are pesitor Tests 4 and 5. This
characteristic is present in all the cross sectantsit can be attributed to the fact that
when the groyne is located at d=35 cm a shift dverdepth is produced and then the
mean transverse velocity is negative.

- Standard deviation. Transverse velocity.

represents the distribution of the standard dewiatior the
transverse velocityv{y) from PTV results. The location of the mixing layamnd its
extension can be analysed from the location ofHighest values of the standard
deviation as it was discussed for the streamwiitg.

Test 2 shows an area with values @f;around 3 cm/s along the harbour
entrance. This area shifts towards the harboumbaisihe downstream side of the
entrance. However, Test 4 (groyne at d=0 cm) ptedeigher values ofgynear the
upstream corner as it was shown for slreamwise component. In this case, these
values reach 3 cm/s and cover a larger area.

Comparing Test 3 (groyne at d=35 cm) with the prasicases, highy values
are obtained at the river stream, with values highan 4 cm/s. On the other hand,
Test 5 (groyne at d=70 cm) provides the same Higian of g than Test 4, but in
this case, there are no highyvalues near the upstream corner.

It can be concluded that the area with highwalues moves to the river stream,
as it was drawn forg4, and covers a wider area in front of the harbatragce than
for the reference case.
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5.1.1.5. Estimation of flow exchange through ther@ur entrance.

Two different longitudinal sections will be considd in this part: one is located
inside the harbour basin, “F’(Y=-0.23m), and theasw® section corresponds with the
harbour entrance line, “HE” (Y=0m).

In this part the lateral profile of the transveksdocity, v, along both sections
will be studied for the different experiments ofi®e 1. PTV results in these sections
are averaged and a polynomial function is adjustedhese mean values of the
transverse velocity. Mean values of the transveesecity from PTV data are defined
from X=5.12m to X=6.86m (width of the PTV area).

The polynomial function will have degree five totefathe profile of the mean
transverse velocity and the shape of the functibme polynomial satisfies the
following expression:

f(9=3.Cx

An estimation of inflow and outflow discharge aco®oth sections is
established from the integration of this function.

The polynomial function is integrated along theooxinate and over the depth,
taking into account the geometry of the harbourilhashich changes due to the
presence of the stone blocks (the left bank ackiéwe x-coordinate X=5.3 m and the
right bank begins at X=6.67 m).

A straightforward algorithm divides the interval(%.12, 6.86) in steps of 0.01
cm and calculates the average valu&>Jfin each step. The flow rate is the sum of all
these values times the length of each intervall(6rf).

A new x-axis is employed to determine the integiidde polynomial achieves
v=0 cm/s at X=X, and this point is defined ag=0 m. This value will be different for
each experiment.

According with these new axis,®is defined as the outflow rate from harbour
to river (result of the integration from the leftls of the PTV area), and,iQthe
inflow rate from river to harbour (fromgx=0 cm to the right side of the PTV area).
The flow rate is considered negative when it entgsthe harbour basin (&0 I/s).

The same methodology is applied to section “HE” Q.

shows the lateral profile of the mean transverdecity for Series
1 along section “F”, together with the mean EMSuesl at locations E2, E4 and E6.

The results of Q and Q: for all experiments are indicated in

and
Section F Section HE
Qn (I7s) | Quilfs) | Qn(lls) | Qou(lis)
Test 2 — Reference Case. -2.36 2.44 -2.93 0.86
Test 4 — Groyne at 0 cm. -2.06 2.16 -1.58 1.34
Test 3 — Groyne at 35 cm. -2.58 2.49 -1.30 2.44
Test 5 — Groyne at 70 cm. -1.39 2.04 -0.94 1.34

Table 5.1.2.a. Series 1. Inflow and outflow ratesSections “F” and “HE".
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The results of @ and Q: for all experiments shown in the previous table ar
transformed into percentages of reduction/incredsie respect the reference case in
Positive values denote an increase in the inflowutflow rates.

Section F Section HE
%Qn | NQu | % Qn % Qout
Test 4 — Groyne at 0 cm. -12.80 -11.44 -45.96 56.45
Test 3 — Groyne at 35 cm. 9.55 2.54 -55.67 184.59
Test 5 — Groyne at 70 cm. -41.11 -16.25 -68.02 56.07

Table 5.1.2.b. Series 1. Reduction rates of inflad outflow results. Sections “F” and “HE".
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Figure 5.1.7. Series 1. Lateral profile of meanovaponent at Section “F’(Y=-0.23m).
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Figure 5.1.8. Series 1. Inflow and outflow ratesSections “F” and “HE”.

From Figure 5.1.7 it is obtained that Test 5 (gt 70 cm) shows the lower
values of the mean transverse velocity at Sectio@dhsequently, the inflow and
outflow rates for Test 5 are lower than for theeotbases as it can be seen in Figure

5.1.8.
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From Figure 5.1.8, it can be seen that the referease presents similar inflow
and outflow rates at Section “F” (black and greyshaand it indicates that the
behaviour of the primary gyre in this case creategxchange across section “F” that
is almost symmetric at the surface.

The highest inflow rate is given in Test 3 (groyte35 cm) and it is due to the
fact that the mean transverse velocities near tvendtream sidewall are higher for
this configuration as it is observed in Figure B.(reen line).

However, Test 5 shows asymmetry between these aves.rThe effect of the
groyne in Section “F” is larger for Test 5 (groyae70 cm). For this case, the inflow
rate decreases significantly and consequentlyetisea higher unbalance betweepn Q
and Qu. The amount of water which is moving from harbtwriver is higher than
the amount of water which is entering the basinpeding with results at the surface.

It reveals that the groyne at d=70 cm causes ammasyric gyre which has
higher differences for the transverse velocity gl&ection “F”.

This asymmetry in the results reveals asymmetry tve depth to balance the
amount of water which is entering and leaving tagobur.

With respect to Section “HE”, the asymmetry is pipally present in Tests 2
and 3. For the reference case, the inflow ratesQmuch larger than &. However,
Test 3 (groyne at 35 cm) presents the same valuéhéooutflow rate, but a lower
inflow towards the harbour basin.

It can be concluded that the configuration with greyne at 70 cm presents
higher effects on the mean transverse velocitiestha related exchange across the
harbour entrance than the other cases. Larger tiedu@tes are obtained for this
configuration.

It is assumed that the accuracy of this methodtain the flow exchange is not
valid when the objective is to find the exact vatdiehe exchange.

It is known that the velocity profile over the deps not constant, and it is not
possible to establish a precise vertical profileduse of lack of data over the depth.
EMS results (located at 2/3 of the water depth)dose to PTV mean values, and
hence, the value at the surface has been used.

It should be noted that the flow exchange acrosshérbour entrance is more
complex due to the 3D eddies and the presenceeahtking layer. However, the aim
of this paragraph is to provide an estimation df ttate to compare differences
between experiments.
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5.1.1.6. Location and streamwise velocity at thatee of the mixing
layer.

To establish the main characteristics of the miXanger the estimation of the
centre location has been developed. The two ma@npeters to define the centre of
the mixing layer will be the y-coordinate, yand the streamwise velocity, u

The value of the streamwise velocity at the cenfréhe mixing layer will be
obtained as follows:

— uh + ur
u, =
2
where yis the streamwise velocity in the river andsithe streamwise velocity
in the gyre.
During this section, PTV data will be used to obt#ie previous parameters.
shows the four lateral profiles of the streamwiséocity at X=5.47m
(Section “A”) from the PTV analysis, together withe ADV values at locations
Y=0.22, 0.62 and 1.02 m. The ADV values are plotigagingle marks.

(5.1)

The values of the harbour velocity,, are defined by the PTV results at the
lower part of the profile. The river velocity,, us estimated from the difference
between the PTV and ADV data at Y=0.22 m. The \gladifference is applied to
obtain an estimated value ofat the river stream (PTV area does not reachivee r
stream further than Y=0.57m). From these resuliss ealculated as it was defined
before.

The red dash lines define the valuesaind y The width of the mixing layer is
obtained from the intersection of both horizoniak$ with the tangent line of the
lateral profile. The double arrow represents theimgi layer width,3. The y-
coordinate of the centre.,)is obtained from the intersection of and the velocity
profile.

summarizes the results of all experiments in thdigierent cross
sections (X=5.47m, 5.98m and 6.47m).

Mixing layer centre
CASE X(m) u(cm/s) d (cm) ¥ (cm)
Test 2 - Ref. Case 5.47 19.32 0.35 0.22
5.98 19.26 0.43 0.21
6.47 19.53 0.5 0.2
Test 4- Groyne at d=0 cm 5.4f 21.00 0.70 0.5
5.98 20.34 0.65 0.45
6.47 20.16 0.55 0.4
Test 3- Groyne at d=35 cm 5.4 20.02 0.50 0.47
5.98 19.36 0.6 0.45
6.47 18.75 0.6 0.38
Test 5- Groyne at d=70 cm 5.4f7 23.15 0.65 0.45
5.98 21.00 0.7 0.41
6.47 20.80 0.75 0.37

Table 5.1.3. Series 1. Characteristics of the ngXayer.

From the previous table several conclusions caxrbe/n. The most relevant
aspect is the presence of two mixing layers irgfleriments with a groyne upstream
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the harbour entrance. A small mixing layer is azddtom the edge of the groyne and
it overlaps with the mixing layer due to the traiosi between river and harbour. In
Figure 5.1.12, the clear variation along the ldtprafile which distinguishes the two

mixing layers for Tests 3, 4 and 5 is shown. Thiange along the lateral profile is
more obvious in Test 4 (groyne at d=0 ).

The width of the mixing layer in each case depemlsliverse characteristics.
First, the slope or gradient of the velocity pmféstablish widely the width of the
mixing layer. The width is lower for the cases ihigh the profile is steeper. Second,
the ADV values for all the experiments, except thoe reference case, are higher in
the river stream, and consequently, the estimdtedrawise velocity to determing u
is higher in these cases.

A clear increase of the mixing layer width is oly®el in downstream direction,
except for the case with the groyne at d=0 cm.s Tifference can be attributed to the
fact that the groyne is located too close to thddwar entrance and consequently, at
X=5.47m the high turbulence created by the groyesetbps a larger area where the
mixing layer follows a larger initial width.

The velocity gradient is relevant because it iatesl with turbulence production
and Reynolds stresses as it was defined in Ch8pt€onsequently, the experiment
with lower velocity gradient along the streamwisgloeity profile will reveal less
turbulence production, and as a result lower legéhrixing and exchange.

From this assumption, Test 4 presents the lowestignt due to the effect of
the second mixing layer in the lateral profile whicriginates a larger shift on the
slope than other cases.
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Figure 5.1.9. Series 1. Profile of mean u-compo@nt mixing layer width. Section A (X=5.47m).
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5.1.2. Turbulence properties.

5.1.2.1. Autocorrelation analysis.

The following section describes the autocorrelatioalysis, as it was explained
in Chapter 4, for the different groyne configurasoof Series 1.

The transverse velocity component will be discussethree different cases.
From EMS data, point E6 (X=6.47m, Y=-0.23m) is stadfor each experiment.
From ADV data, cross section “B” at X=5.98m (poindgl and A5) and the
longitudinal section “G” at Y=0.22m (points A1 aAd) have been considered.

a) EMS 6.

shows three different plots. The first two figurae the time
signals for each experiment from EMS data at p&@t The last figure shows the
autocorrelation functions from E6 data for eachegxpent.

For all experiments, time series in this EMS |amatiwere compared to
themselves, with a time delaywheret =At * n =0.01*n (s). The original time series
has a data set with 30,000 values (5 minutes afrdétg), but only 20,000 will be
used during the analysis.

Finally, a total of 5,000 different comparisons wemade for each point.
Consequently, there is a maximum lag of 50 secdrate/een the unaltered time
series and the lagged series n=5,000 (5,000-0.81is30e largest lag, % of the total
data set).

From the comparison of the four different autodatien functions it is clear
that the reference case (black line) shows higherogicity and high amplitude
values, i.e. it reaches a minimum of R=-0.5 foin@etdelay oft =6s. The time scales
are shorter for this case.

For Test 4 (groyne at d=0 cm), the autocorrelafiomctions shows a totally
different pattern which falls suddenly to R=0.6ala first time delays. Tests 3 and 5
recover the initial slope of the function and Teggroyne at d=70 cm) presents some
periodicity as in Test 2.

Time signals for Tests 2 and 5 (black and blueslimespectively) confirm this
periodicity for the transverse component at thisipo

These results symbolize that the pile groyne aitlon E6 loses effect when it is
located far from the harbour entrance.

c) Section B.

For this cross section, two ADV locations from tineer stream to the harbour
entrance are used: A4 (located at Y=0.22m) andlé¢ated in the centre of the river,
Y=0.62m). Both points are located in X=5.98 m.

Time series in these two ADV locations were comg@éarethemselves, with a
time delay oft =n- At, whereAt =0.05 s, because for the ADV measurements, the
original time series has a data set with 6,000e&l{r,500 values for Test 5) for a
period of 5 minutes.
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A total of 400 different lagged series were comgavéth the original time
series. Consequently, there is a maximum lag of 2fetween the unaltered time
series and the lagged series number 400 (AD6°20s is the largest lag).

gives the autocorrelation functions for points &éft line) and
A5 (pointed line).

As A5 is located at the river stream (Y=0.62m), thdocorrelation function
shows a fast decrease of the R values and theymeraund zero for the whole range,
which is characteristic of the river stream, where time scales are smaller than in
the mixing layer.

Point A4 presents longer time scales and some dieitip in Test 2 which
disappears for configurations with the groyne ndélae upstream corner, but
unexpectedly, for Test 5 (groyne at d=70 cm) adrigheriodicity is found with a time
interval between relative minimums of 10 s.

b) Section G.

For this longitudinal section, each figure show® tautocorrelation functions
which corresponds with ADV results at point A1 @bed near the upstream corner,
X=5.47m), and A7 (located near the downstream ¢pike6.47m). All these points
are located in Y=0.22 m.

In this section, the number of lagged series te@dmpared with each original
time series is the same than in Section “B' shows the autocorrelation
functions for all experiments.

As the autocorrelation function for point A7 showsere is a visible change of
amplitudes and phase distortions when the pilergray located upstream the harbour
entrance. For all experiments with groyne, the @ut@lation values oscillate around
lower rates and present longer time periods thameference case.

For point A1, no apparent differences are betweestsT2 and 4, but curves
from Tests 3 and 5 have a negative region implyhmg there are significant time
periods for which the lateral velocity has an opgoslirection. The presence of a
region of negative correlation is related with segrse continuity.
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Figure 5.1.11. Series 1. Autocorrelation functiéi3dV 4 (5.98, 0.22) and ADV 5 (5.98,0.62).
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Figure 5.1.12. Series 1. Autocorrelation functiét3V 1 (5.47,0.22) and ADV 7(6.47,0.22).
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5.1.2.2. Reynolds stresses.

In the present section some comparative resultsnateded of the Reynolds
stress compone(‘tﬂ'V'}, obtained from PTV data over the measurement areh

results of(u'v') and(u'w') for different locations from the ADV measurements.

In this paragraphu',v',w' are the fluctuating velocity components (in cm/s)
obtained from the velocity series.

Test 2 - PTV Ref. Case - Mean u’v’ {em2is2)

Test 4- d=0cm - Mean u’v” (cm2/s2)
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5.1.13. Series 1. Reynolds stréssv’) (cnf/s).

As it was defined in Section 4.E(1,|'v'> is negative along the harbour entrance

according to the location of the mixing layer asah be observed in Test 2 (reference
case) due to the gradient between the high stresenwalocities at the river stream
and the velocity within the primary gyre.

From Test 4 (d=0 cm) a displacement of the negataees is seen towards the
river stream and higher stresses are observed theaedge of the groyne. This
concentration is dissipated in Test 3 (d=35 cm) bigh stress are observed in
downstream direction.

The most significant results are obtained in Te§tl®7/0 cm), in this case the
Reynolds shear stress is lower than the rest otdises and it does not present the
high values at the entrance, because the edgeatetbfar from the corner.

It indicates that the effect of the groyne on tistribution of the stress along the
entrance is significant for all cases, but thertiistion is more uniform when the
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groyne is located far from the entrance and thé b@ncentration of positive stresses
related with high positive transverse velocitieamée corner is avoided.

Reynolds stresses from ADV measurements are ingdludé

lists the results o{u'v‘) taken from ADV measurements at points

along section G (Y=0.22m), together with the valu®s uy and vy for all
experiments.

Test 2 Test 4 Test 3 Test 5
Ref. Case Groyne at 0 cm Groyne at 35 cmm Grayii® cm
Line X(m) | <uv'> U gtd Vstd <U'V'>  Ugq Vsg | <U'V> Usid Vsig | <U'V'™> Ustd Vstd
Al| 5.47 -4.00 11.00 -4.00 9.00 -4.00 8.00 -3.00 6.00
G A4| 598 -6.00 14.00 -2.00 4.00 -3.00 9.00 -4.00 7.00
Y=0.22m | A7 6.47 -8.00 15.00 -1.00 4.00 -1.00 8.00 -2.00 5.00

Table 5.1.4. Series 1. Comparison. Reynolds stresand std. u and v-components (¢sf).

If these values are compared with the previous Piaps, lower stresses are
obtained from PTV measurements in all cases. Famele, in Test 5, ADV
measurements give values between -2 and “4sgnbut figure 5.1.13 remains in a
range from -1 to 1 cAE”.

From the previous table, it is possible to concltidd all values are around 0.4
times the product of g4 andvggat the points located along Y=0.22m as it can be
expected from locations within the mixing layer.

If values of yiq and g are compared with the Reynolds stress components f
Tests 3, the results show that the value is lolwant0.4 wq vsigat point A7. This
difference suggest that the flow pattern at thationn A7 changes due to the groyne
and it does not fulfil the conditions associatethi mixing layer.

The difference between PTV and ADV results withpeet to the Reynolds
stress component can be attributed to differemt ffonditions over the depth. Higher
stresses are obtained from ADV measurements caa#s.
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5.2. Data analysis for Series 2.

In this section, the analysis of the experimentSefies 2 is given. There are
two experiments in Series 2 and have the sameidocaf the groyne upstream the
entrance than Test 3 (d=35 cm). Test 6 (n=6 piees) Test 7 (n=5 piles) have
different number of piles with respect Test 3 (E$).

5.2.1. Mean flow.

The same considerations will be taken into accdontSeries 2 as it was
presented in section 5.1.

5.2.1.1. Velocity field.

shows theanodified vector map of the mean velocity in eacteca

The groyne is sketched for Tests 6 and 7 as in Jemtd the different lengths related
with the experiments are appreciable. At Y=0.22ndearease of the velocity in all
cases with groyne is seen.

The high transverse components along the harbotrare® in Test 3 are
reduced in Tests 6 and 7.

The velocimetry comparison between ADV and PTV datthe next paragraph
shows the numerical results for these experiments.

5.2.1.2. Velocimetry comparison ADV versus PTV.

The results are listed in For this series, all ADV measurements are
lower than PTV data for all cases. All points alasggction “H” (Y=0.62m) show
higher streamwise velocities from PTV results asait be expected from the typical
(logarithmic) vertical distribution of the velocity

After several verifications, it must be concludéattthe differences between
ADV and PTV noted for Series 1 (lower PTV valuestte river stream) are not a
consequence of a possible error during the PTV pastessing. Consequently, the
PTV results will be considered as they were defimetl now.

New experiments with configurations of Series ludtidoe carried out to obtain
new PTV data and evaluate the new results witlptheious analysis.

If values from ADV and PTV data for Tests 6 andré aompared with the
reference case, it is shown that lower velocitlea@ Y=0.22m are developed.

The ADV values are higher for Test 7 along the barkentrance, therefore this
aspect can reveal that a lower number of pileess éffective on the reduction of the
velocity along the entrance and it presents moneilaiities with respect to the
reference case.
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Figure 5.2.1. Series 2. Velocity vectors from Patad
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Test 2 — Ref. Case. Test 3 — n=7 piles
POINT | Coordinates ADV  PTV POINT | Coordinates | ADV  PTV
A A
X(m) | Y(m) |~NW?v?)(cm/s)| (cm/s) X(m) | Y(m) [ Vv )(emis) | (cmis)
Al 5.47 0.22 5.33 18.28 12.9% Al 5.47 0.22 3.75 5.60] 1.85
A2 5.47 0.62 3147 36.2p 4.73 A2 547 0.62| 3548 2941 -6.07
A4 5.98 0.22 10.01 1898  8.99 A4 598 0.22| 6.85 7.56 0.71
A5 5.98 0.62 31.06 36.6p 5.54 A5 598 0.62 34.78 2949 53
A7 6.47 0.22 1196 2024  8.29 A7 6.47 0.22| 7.57 8.01 0.45
A8 6.47 0.62 29.20 36.3p 7.15 A8 6.47 0.62| 34.18 2889 -5.30
Test 6 — n=6 piles Test 7— n=5 piles
POINT | Coordinates ADV  PTV POINT | Coordinates | ADV _ PTV
A A
X(m) | Y(m) [ Vu*v? )(cmis) | (cmis) X(m) | Y(m) [N+ )(emis) | (cmis)
Al 5.47 0.22] 3.08 11.71 8.63 Al 547 0.22| 458 10.3] 5.73
A2 5.47 0.62| 33.82 35.0¢ 1.27 A2 547 0.62| 32.48 37.21 4.7
A4 5.98 0.22] 547 11.08 5.6} A4 598 0.22| 6.21 1094 4.73
A5 5.98 0.62| 3346 34.0L 0.5§ A5 598 0.62 31.03 36.48 5.45
A7 6.47 0.22] 594 1226 6.32 A7 6.47 0.22 7.50 12.8§ 5.34
A8 6.47 0.62] 3321 3398 0.71 A8 6.47 0.62] 3145 35.40 3.95

Table 5.2.1. Series 2. Comparison of flow velogitiem ADV and PTV.

5.2.1.3. Streamwise velocity.

- Lateral profiles.

and show the lateral profiles of the streamwise vejotor
this series in sections A (X=5.47m) and B(X=5.98m).
Tests 6 and 7 present a higher velocity gradiemigaboth sections, but the shift
along the profile due to the presence of two mixagers is seen in Test 6 (blue line),
but it is not distinguished in Test 7 (magenta)line

- Standard deviation. Streamwise velocity.

From it can be concluded that a lower number of pileslifies the
location of the high standard deviation area towdhe river. In these new cases, the
area is wider than in Test 2, but it does not rahehdownstream side of the harbour
as in the reference case. For Test 7 (n=5), tlseas iapparent tendency towards the
downstream side, but it does not develop to thendtneam corner as in the reference
case.
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Figure 5.2.4. Series 2. Std. Deviation u-compofrem PTV data (cm/s).
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5.2.1.4. Transverse velocity.

- Lateral profiles.

Several aspects can be discussed fram > First, Tests 6 and 7 present
intermediate results along sections A and B, betvibe reference case and Test 3. It
means that the variations in the transverse veldectrease with the number of piles.

The second aspect concerns with the high valuesnddy ADV measurements
in Test 7 at the river stream.

From these results, it can be concluded that Tgsesents better conditions in
relation with the transverse component, becausk hgpgative values at the river
stream can imply a higher exchange into the harbasin.

In addition, an additional aspect is taken fromséh@rofiles. Test 3 provides
higher transverse velocities in Section “C” thansffe6 and 7. In this section,
experiments of Series 2 present lower values theanréference case. As a result,
lower inflow has to be expected for these cases tiea downstream side of the
harbour.

- Standard deviation. Transverse velocity.

presents the plots of the standard deviatignfer Series 2. It is
noted that with a lower number of piles the higlnstard deviation values of Test 3
disappear at the river stream, but it has to bechtitat Test 7 presents the same trend
towards the downstream side of the harbour basiheaseference case. This tendency
is less appreciable in Test 6.

Together with the results of the streamwise veypditcan be concluded that the
configuration of five piles is less effective th#ime other cases. Its effect on the
velocity gradient, and consequently, on the pradacterm is significant, but the
standard deviation results show that the mixingidagyoves towards the harbour basin
as in the reference case.
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Figure 5.2.5. Series 2. Mean v-component (cm/s).
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5.2.1.5. Estimation of flow exchange through ther@ur entrance.

shows the lateral profile of the mean transverdeoity for Series
2 along section “F”, together with the mean EMSueal at locations E2, E4 and EG6.
From these mean transverse velocities the inflodvaurtflow rates obtained as it
was described in Section 5.1.1.5 are obtained. el'kakies are listed in
The percentages of reduction/increase with resgiectreference case are given in
Positive values denote an increase in the inflowuflow rates as in
Series 1.

Series 2. Long. Section “F" ¥=_0.23m Mean v-component - PTV and EMS data

Welocity {cris)
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Figure 5.2.7. Series 2. Lateral profile of meanovaponent at Section “F’(Y=-0.23m).

Section F Section HE
Qn(I/s) | Quil/s) | Qn(l/s) | Qou(lls)
Test 2 — Reference Case. -2.36 2.44 -2.93 0.86
Test 3 — n=7 piles -2.58 2.49 -1.30 2.44
Test 6 — n=6 piles -1.35 1.85 -1.26 1.11
Test 7 — n=5 piles -1.26 1.96 -0.70 1.50

Table 5.2.2 a. Series 2. Inflow and outflow ratesskctions “F” and “HE”.

Section F Section HE
% Qn % Qu | % Qn % Qout
Test 3 — n=7 piles 9.55 2.54 -55.67 184.59
Test 6 — n=6 piles -42.66 -24.16 -57.15 28.71
Test 7 — n=5 piles -46.51 -19.41 -76.13 75.14

Table 5.2.2.b. Series 2. Reduction rates of infloa outflow results. Sections “F” and “HE".

From these results, a clear difference is obseheattveen tests 6 and 7, in
comparison with Test 3. High rates of reductionhie inflow values are observed for
Series 2. These percentages are higher for Test $eeation “F” and the values
obtained at Section “HE” present symmetric restdtsthis configuration which are
not present in other cases.

shows the inflow and outflow rates for Series @l sections “F”
and “HE” as it was explained for Series 1 in thevowus section.
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INFLOW - OUTFLOW ANALYSIS
PTV Results - Series 2 - Sections "F" and "HE"
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Figure 5.2.8. Series 2. Inflow and outflow ratesSections “F’ and “HE”.

From Figure 5.2.8 it can be observed that Tese8ants the lower rates than the
other cases, except for the value of the inflowossrsection “HE”, as it was describe
above.The results from Test 6 do not present hgymaetry between inflow and
outflow values as it can be seen in Test 3.

From these results, the configuration with six piigesents higher effects on the
mean transverse velocities and the related exchaoges the harbour entrance than
the other cases.

5.2.1.6. Location and streamwise velocity at thatce of the mixing
layer.

The same procedure described in Section 5.1.1i§ @pplied to obtain the
streamwise velocity at the mixing layer and itstiid

lists the values for Tests 6 and 7, together \whth reference case
and Test 3, to compare the new results.

Mixing layer centre
CASE X(m) u(cm/s) d (cm) ¥ (cm)
Test 2 - Ref. Case 5.4Y 19.32 0.35 0.22
5.98 19.26 0.43 0.21
6.47 19.53 0.5 0.2
Test 3 - n =7 piles 5.47 20.02 0.50 0.47
5.98 19.36 0.6 0.45
6.47 18.75 0.6 0.38
Test 6 - n =6 piles 5.47 18,85 0.55 0.4
5.98 18,18 0.55 0.38
6.47 18,91 0.52 0.38
Test 7 - n =5 piles 5.41 19,87 0.50 0.35
5.98 20,34 0.50 0.35
6.47 19,34 0.55 0.30

Table 5.2.3. Series 2. Characteristics of the mgayer.
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The values of the mixing layer width in these expents are close to the results
of Test 3. No variation is present along the harkentrance i5 values. However,
experiments of Series 2 present lower y-coordinatélse mixing layer centre.

It implies that the mixing layer has the same wiidthall cases with the groyne
at d =35 cm, but the centre moves towards the laf@sin when the number of piles
decrease.

presents the lateral profile of the streamwise ciglalong section
“A” for each experiment and the mixing layer widtBach double arrow represents
the mixing layer width for each case.

The most significant result from these figureshis tiniformity of the profile for
Test 7. In this case, the shift due to the preseficke second mixing layer is absent
and displays the same distribution given by theeresfce case but with a larger
mixing layer width.

From Tests 3 and 6 can be noted that the slopleedfirst part of the profile is
higher in Test 6. According with the relation betmethe velocity gradient and the
production term (see Chapter 3), Test 6 will rexa&igher term and consequently, it
will imply a higher development of eddy structuedsng the entrance.
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Figure 5.2.9. Series 2. Streamwise velocity prdfden PTV and mixing layer width. Section A (X=5r}7
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5.2.2. Turbulence properties.

5.2.2.1. Autocorrelation analysis.

shows the autocorrelation functions for the transe component
in location E6 (X=6.47m and Y=-0.23m) for Test 2a¢k line), Test 3 (green line),
Test 6 (blue line) and Test 7 (magenta line).

As it was discussed for Series 1, Test 3 does mesept the periodicity and time
scales of the reference case. However, from thdéigroations of Series 2 can be
established that the effect of the pile groyne elases for a low number of piles and
consequently the autocorrelation profile turns i periodic shape shown in Test 2.

From these results, it can be concluded that theltse obtained with six and

seven piles at this locations are similar, but wttenlength decreases significantly,
the behaviour in this point correspond with thdgrat of the reference case.

Series 2. Autocorrelation functions. EMS 6 -v-component

T T
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v \ Test & - n=6
Xl g}

04t

Test 7 -n=5

o 02F
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Figure 5.2.10. Series 2. Autocorrelation functi®&idS 6.

shows the autocorrelation functions from ADV measwents in
locations A4 (Y=0.22m) and A5(Y=0.62m).

presents the autocorrelation functions from ADV sgaments in
locations Al (X=5.47m) and A1(Y=6.47m).

From these points it is shown that Test 7 has lcaveplitudes in location A4
and longer time scales.

In comparison with Test 3 (n=7), both cases giveyér time lengths than Test 3
and as a results, it can be concluded that a lawbeu of piles generates larger time
scales along the harbour entrance.
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Test 2. Ref.Case - ADV 4 and ADY 5 -v-.component (crmis)
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Figure 5.2.11. Series 2. Autocorrelation functid3V 4 (5.98,0.22) and ADV 5 (5.98,0.62).
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Figure 5.2.12. Series 2. Autocorrelation functiéi3V 1 (5.47, 0.22) and ADV 7(6.47, 0.22).
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5.2.2.2. Reynolds stresses.

As it was discussed for Series 1, Reynolds shessssis are obtained for Tests 6
presents results of Tests 2 (upper-left

and 7 from PTV measurements
plot), 3, 6 and 7 (down-right plot).

A clear decrease on the Reynolds stress can beveldsa Test 6 and 7, in
comparison with the results of Test 3. Howeverjrals area of positive values is
observed in Test 7 that it can be attributed toltiveer effect of this configuration
which has a shorter length and consequently, insele present a weak tendency to
the distribution observed in the reference case.

Test 2 - PTV Ref. Case - Mean u'v’ (cm2i52)
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5.2.13. Series 2. Reynolds stréssv') (cnf/s).
lists the values of 44 and \yq for all experiments at points with
Y=0.22 m.
Test 2 Test 3 Test 6 Test 7
Ref. Case n=7 n=6 n=5
Line X(m) | <UV> UggVgg | SUV>  UggVeg | <SUV>  UggVeg | <UV>  Ugg Vs
Al | 547 | -4.00 11.00 -4.00 8.00 -1.46 4.42 -3.04 7.3B
G A4 | 598 | -6.00 14.00 -3.00 9.00 -1.57 4.63 -2.42 6.0p
v=0.22m| A7 | 6.47 | -8.00 15.00 -1.00 8.00 -0.88 3.66 -2.25 7.1B

Table 5.2.4. Series 2. Comparison. Reynolds stresand std. u and v-components {¢sf).
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The values ofu'v’) are around 0.4 times thesiwat the points located along

the mixing layer for the reference case.
This characteristic is present in other experimaattdocation Al (near the
upstream corner), but it differs in Tests 3 andn6which (u'v}) is lower than 0.4

times the value of fVsta
From these results it can be concluded that Testes the lowest values along

the entrance when ADV measurements are used foratiadysis, which are in
accordance with the results obtained from PTV data.

5.3. Data analysis for Series 3.

Finally, experiments of Series 3 are presentedhis section, the comparison
will not be carried out with the reference case.

For these configurations, Test 8 (n=5piles, s ==t will be compared with
Test 7 (n=5 piles, s =3 cm) and Test 9 (n=6piles? sm) will be compared with Test
6 (n=6 piles, s =3 cm). Consequently, it will bespible to observe differences
between tests with the same conditions (numbeile$ pnd location), except for the
aperture between piles.

Consequently, each stage of the analysis will besldped in pairs. The first
pair of experiments will show effects of using aden hole between piles and the
second, the effect of a narrow distance.

5.3.1. Mean flow.

5.3.1.1. Velocity field.

shows themodified vector map of the mean velocity for Test 8
The groyne is sketched for Test 8 with dotted redsl to represent the different gap
between piles. Its reference case (Test 7, s =Bcpiptted as well.
A clear decrease in the transverse velocity neaufistream corner is shown
with respect Test 7.
shows themodified vector map of the mean velocity for Test 9
In this case, the difference between tests is aotgptible from the vector maps. The
Velocimetry comparison follows this subsection.
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Figure 5.3.1.a. Series 3. s =4.5 cm. Velocity vectmom PTV data.
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5.3.1.2. Velocimetry comparison ADV versus PTV.

The results are listed in The first aspect to discuss it is the effect on
the river stream. From Test 8 it is seen that #leacities at Y=0.62 m are lower than
the case with s =3 cm.

On the other hand, Test 9 gives higher velocitieaathis line. It suggests that
a narrow gap between piles generates higher vidsat the river stream due to the
reduction of the cross sectional area near thé bighk where the groyne is located.

However, the effects along the mixing layer (Y=0rQ2are opposite. Test 8 (s
=4.5cm) shows higher values along the harbour ecgralt means that a larger
distance between piles creates higher velocitias the entrance.

As a consequence, these results show that theadecos the distance between
piles is an advantage to reduce the velocities ttearentrance but it presents the
drawback of the generation of higher velocitiethatriver stream

Test 7 — n=5 piles s=3cm Test 6 — n=69pde3cm
POINT | Coordinates ADV  PTV POINT | Coordinates ADV  PTV
A A
X(m)  Y(m) [~u*v?)cm/s)| (cmis) X(m)  Y(m) |N(u*+v?)(cmis) | (cmis)
Al 5.47 0.22 4.58 10.31 5.73 Al 5.47 0.22 3.08 11.71 8.63
A2 5.47 0.62 3248 3720 4.7 A2 547 0.62| 33.82 35.04 1.24
A4 5.98 0.22 6.21 10.94 4.73 A4 5.98 0.22 5.47 11.08 5.6]
A5 5.98 0.62 31.03 3648 5.45 A5 598 0.62| 33.46 34.01 0.5§
A7 6.47 0.22 750 1285 5.34 A7 6.47 022 5.94  12.2¢ 6.32
A8 6.47 0.62 3145 354p  3.95 A8 6.47 0.62] 3321 3398 0.71
Test 8 —n=5 s=4.5cm Test 9 — n=6 s=2cm
POINT [ Coordinates ADV__ PTV POINT [ Coordinates | ADV___ PTV
A A
X(m)  Y(m) [~u*v?)(cm/s)| (cmis) X(m)  Y(m) |N(u?+v?)(cmis) | (cmis)
Al 5.47 0.22( 380 1218 8.38 Al 547 0.22| 242 9.33 6.90
A2 5.47 0.62| 3234 346D 2.26 A2 547 0.62| 33.83 36.98 3.11
A4 5.98 022 6.49 1468 8.14 A4 598 0.22| 4.47 9.76 5.29
A5 5.98 0.62 3186 34.18B 2.32 A5 598 0.62| 3351 36.9 3.39
A7 6.47 0.22 817 1471 6.54 A7 6.47 022 551 11.9% 6.47
A8 6.47 0.62 31.39 34.18B 2.8( A8 6.47 0.62| 33.05 36.04 2.99

Table 5.3.1. Series 3. Comparison of flow velogitiem ADV and PTV.

5.3.1.3. Streamwise velocity.

- Lateral profiles.

and show the lateral profiles of the streamwise vejoa
sections A (X=5.47m) and B(X=5.98m).
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From the first figure a clear difference betweest$& (s =3) and Test 8 (s =4.5)
is shown. The larger gap presents the deviationgatbe profile for the presence of
two mixing layers. This aspect is not found witke trarrow gap.

It can be concluded that this shift along the peddippears for cases with a high
number of piles (as in Test 6) or with a wider amste between piles (due to the
increase of the total length of the array).

It is identified that the groyne does not creais #ifect when the length of the
groyne is equal to the width of the embankmentirta$est 7 (L=27m) and Test 9
(L=28m)).

Series 3. Cross Section "A" ¥=5.47m Mean u-component - PTV and ADY data
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Figure 5.3.2. Series 3. Lateral profile mean u-comgnt. Section A. (X=5.47m).

Series 3. Cross Section "B" X=5.98m Mean u-component - PTV and ADY data
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Figure 5.3.3. Series 3. Lateral profile mean u-comgnt. Section B. (X=5.98m).
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- Standard deviation. Streamwise velocity.

From a similar pattern between both cases (Test 7 ast ) is
found, but a higher trend towards the downstreamearaf the entrance is present for
the wider case.

It can be attributed to the fact that the flow g&sacross the piles in Test 8 with
a lower disturbance, and consequently, for thigectse flow follows similar paths
near the embankment than in the reference case.

From an area with highg4 values is found in Test 9 which can
be associated to a higher generation of eddy stestdue to the larger which
develops downstream the edge.

As it can be expected, this effect is a result bigher strength that the groyne is
producing against the flow.

5.3.1.4. Transverse velocity.

- Lateral profiles.

For this series, sections “A” and “C” are considerbecause no significant
results were found for the previous series frontiged.

From it is remarkable that Test 8 (s =4.5 cm) shows highest
differences with respect to the rest of experimemtds configuration presents the
highest velocity values at the downstream sidethadowest results at the upstream
part (section A), as a result, a higher asymmaetfgund.

No differences are found between Test 6 (n=6 pies) Test 9 (s =2 cm). For

this reason, there is no apparent effect on theiltliion of the mean transverse
velocity when the distance between piles is reduced
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Figure 5.3.4.a. Series 3. s=4.5 cm. Std. Deviatimomponent from PTV data (cm/s).
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Series 3. Cross Section "A” X=5.47¥m Mean v-component - PTY and ADV data
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Figure 5.3.5. Series 3. Mean v-component.

Sections A(X=5.47m), B(X=5.98m) and C(X=6.47m).

- Standard deviation. Transverse velocity.

and present the results of the standard deviation
Vsig fOr Series 3.
As it has been seen for the streamwise velocity hilgh area for the case with
the wider gap shifts towards the basin as it wadesoplated for the reference case
without groyne.

Together with the results of the streamwise veypditcan be considered that
the configuration with split piles is less effeetithan the other cases in relation with
the distribution of the mean and standard deviati@ines over the harbour entrance
area.
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5.3.1.5. Estimation of flow exchange through thet@ur entrance.

presents the lateral profile along Section “F” (¥:23m) of the

mean transverse velocities obtained from PTV date results of the inflow and

outflow rates are listed in

2and percentages of reduction are givendn

Series 3. Long. Section "F" ¥=-0.23m Mean v-component - PTV and EMS data
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Figure 5.3.7.Series 3. Lateral profile of mean v-component &ti8e “F"(Y=-0.23m).

Section F Section HE
Qn(lls) | Qul/s) | Qnllis) | Qu(l/s)
Test 7- n=5 s=3cm -1.26 1.96 -0.7(¢ 1.50
Test 8- n=5 s=4.5cm -1.57 1.64 -1.72 0.96
Test 6- n=6 s=3cm -1.35 1.85 -1.26 1.11
Test 9- n=6 s=2cm -1.22 1.54 -0.81 0.94

Table 5.3.2.a. Series 3. Inflow and outflow ratesskctions “F” and “HE”".
Section F Section HE
% Qn % Qout % Qhn % Quut
Test 7- n=5 s=3cm -46.51 -19.41L -76.13 75.14
Test 8- n=5 s=4.5cm -33.35 -32.6[L -41.27 11.26
Test 6- n=6 s=3cm -42.66 -24.16 -57.15 28.71
Test 9- n=6 s=2cm -48.49 -36.59 -72.26 9.57

Table 5.3.2.b. Series 3. Reduction rates of infloal outflow results. Sections “F” and “HE”".

From these results, a higher inflow rate is obt@imeboth sections in Test 8.
However, Test 9 gives lower inflow rates and lowetflow rates than Test 6.

The asymmetry in Test 7 is not present in Testd.tRis experiment, rates at
Section F show equal values of inflow and outfl@suits.

shows the inflow and outflow rates for Series @gl Sections “F”

and “HE”.
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INFLOW - OUTFLOW ANALYSIS
PTV Results - Series 3 - Sections "F" and "HE"
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Figure 5.3.8. Series 3. Inflow and outflow ratesSections “F” and “HE”.

From Figure 5.3.8 it can be drawn that Test 6 prissthe lowest rates than the
other cases, except for the value of the inflovossisection “HE”.

The results from Test 6 do not present high asymyme¢tween inflow and
outflow values as it can be seen in Test 7.

From these results, the configurations with sbepi(Tests 6 and 9) present
higher effects on the mean transverse velocitiestha related exchange across the
harbour entrance than the other cases.

The configuration with s =2cm is the best configiorato reduce the inflow and
outflow rates through the harbour entrance.

5.3.1.6. Location and streamwise velocity at tleaire of the mixing
layer.

lists the values for Tests 8 and 9, together withTests 6 and 7, to
compare the new results with the previous configoma of Series 2.

Mixing layer centre
CASE X(m) U. (cm/s) d (cm) e (cm)
Test 7 - n=5 s=3cm 5.4] 19.87 0.50 0.35
5.98 20.34 0.50 0.35
6.47 19.34 0.55 0.30
Test 8 - n=5 s=4.5cm 5.47 18.81 0.56 0.35
5.98 19.48 0.60 0.35
6.47 18.77 0.65 0.25
Test 6 - n=6 s=3cm 5.4] 18.85 0.55 0.4
5.98 18.18 0.55 0.38
6.47 18.91 0.52 0.38
Test 9 - n=6 s=2cm 5.4] 18.82 0.45 0.35
5.98 18.82 0.48 0.33
6.47 18.46 0.55 0.32

Table 5.3.3. Series 3. Characteristics of the ngjxayer.
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From the first pair of experiments, larger valuéshe mixing layer width are
obtained for s =4.5 cm. It can be attributed to ldrger length of the pile array.
However, the y-coordinate of the centre is simitegach section to Test 7.

However, Test 9 presents lower values of the mixarygr width in comparison
with Test 6. It implies that a narrow distance bedw piles produces a decrease of the
mixing layer width, but the y-coordinates are cldsethe harbour entrance. This
reduction in the y-coordinate can be attributethtofact that the edge of the array is
located near the embankment (L=28m instead of L=BBirest 6).

presents the lateral profile of the streamwise aiglalong section
“A” for each experiment and the mixing layer widtBach double arrow represents
the mixing layer width for each case.
The most significant result from these figurestie presence of two mixing
layers in Test 8. The shift along the lateral peofs present for this configuration.
However, from Test 9 is obtained that this effasagdpears for s =2 cm.

From these results can be concluded that the laigth of the pile array plays

an important rule in the velocity gradient of théreamwise velocity and,
consequently, on the production term.
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Figure 5.3.9. Series 3. Streamwise velocity prdfden PTV and mixing layer width. Section A (X=5%7
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5.3.2. Turbulence properties.

5.3.2.1. Autocorrelation analysis.

shows the autocorrelation functions for the transs component
in location E6 (X=6.47m and Y=-0.23m) for Test 7a@enta line), Test 8 (blue line),
Test 6 (cyan line) and Test 9 (red line).

If cases with five piles are compared (Tests 7 &pdno differences in time
scales and periodicity are found. However, Tests8=#.5cm) presents higher
amplitudes and the range through negative coroglatalues is larger than in Test 7.

From Test 9, it is significant that all correlatisalues are close to zero and
some periodicity which it is not present in TestThis aspect reveals that both
experiments of Series 3 are close to the referease without groyne. On one hand,
Test 8 has larger space between piles and thesnérgtes lower effect on the flow.
On the other hand, Test 9 presents a lower totadtthe and it implies a higher
proximity of the mixing layer into the harbour erice.

Series 3. Autocorrelation functions. EMS 6 -v-component

1 T T T T T T I

Test 7 - n=5 5=3cm

[ o8 ——Test 8- n=h s=4.5cm

M\ > ] Test & - n=F $=3cm
— 0k - e

——Test9- n=b s=2cm

_D_d | | 1 1 |
a ] 10 15 20 25 a0 id] 40 48 &0

Time delay {s)
Figure 5.3.10. Series 3. Autocorrelation functi@idS 6.

shows the autocorrelation functions from ADV measents in
locations A4 (Y=0.22m) and A5(Y=0.62m). presents the
autocorrelation functions from ADV measurementdacations Al (X=5.47m) and
A1(Y=6.47m).

From the first set of figures, it is clear the diffnce between Tests 7 and 8. Test
8 presents a clear time length of 12 seconds agld périodicity, which it is not
obtained with other cases.

From the second set, high similarity is found betwautocorrelation functions
Al and A7 in Test 8.

These results confirm that a space between pildsSofimes the width of each
pile gives similar results than the case withoricttire upstream the entrance.
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Figure 5.3.11. Series 3. Autocorrelation functiéx3V 4 (5.98, 0.22) and ADV 5 (5.98,0.62).
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Figure 5.3.12. Series 3. Autocorrelation functiéBV 1 (5.47, 0.22) and ADV 7(6.47, 0.22).
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5.3.2.2. Reynolds stresses.

presents results of Series 3, in comparison wéstg6 and 7.
The first figures compare the case with five pdéesl a wider distance between
piles (Test 8). From these results can be notedl ttie experiment of Series 3
presents higher stresses due to the larger distsateeen piles.

From figure 5.3.13.b. it can be observed that Be@® =2cm) shows an area of
high negative stresses at the upper-right cornéneoPTV area. These results are not
present in the other cases, but it can be attribistehe absence of results at the river
stream and therefore, it is possible that theseegahre present at other locations far
from the harbour entrance in downstream or upstrdaaction, but they cannot be
perceived by the camera.

Test § - s=4.50m - Mean 'y’ (em2is2)
Test 7-n=5 pilss - Mean u'y" (cm2is2) : : i : .

06

L]
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Himy iy

5.3.13.a. Series 3. Tests 7 and 8. Reynolds s{tésé) (cnf/s’).

Test 6 - n=6 piles - Mean vy (cm2is2)

Test9- s=2cm - Mean u'y" (em2/s2)
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5.3.13.b. Series 3. Tests 6 and 9. Reynolds sft¥s8) (cnf/s’).

If Tests 8 and 9 are compared, it is clear thatlostresses are obtained for
the experiment with the narrow space between piamsequently, these results
confirm that the configuration with s larger thame twidth of the piles does not
improve the effect of the groyne in relation wikte reduction of the production term.

lists the values of dgand g for all experiments at points with
Y=0.22 m.
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From the ADV measurements, lower values of the Rl stresses are
obtained for Test 8, which implies an opposite Itagucomparison with the previous
plots, where Test 7 appears to be a more suitallggtiration.

Test 7 Test 8 Test 6 Test 9
n=5 s=3cm n=5 s=4.5cm n=6 s=3cm n=6 s=2cm
Line X(mM) | <UV'>  UgqVad | <UV>  UggVsg | SUV>  UgqVad | <UV> | Ugy Vi
Al 5.47| -3.04 7.33 -2.04 6.16 -1.46 4.42 -1.63 3.8y
G A4 5.98( -2.42 6.00 -2.32 5.97 -1.57 4.63 -1.01 3.90
Y=0.22m| A7 6.47| -2.25 7.18 -1.60 5.91 -0.88 3.66 -2.12 6.8D

Table 5.3.4. Series 3.

Comparison. Reynolds stresand std. u and v-components (¢sf).

In relation to Test 9, the result at location A%hess with the high values
which have been observed in Figure 5.3.13.b.

J.T. Castillo Rodriguez

-116 -



“The use of pile groynes to reduce sediment exctiang Chapter 5. Data Analysis.

5.4. Summary Data Analysis.

From the data analysis of the previous three ses@gral conclusions can be drawn:

- The mean velocity field for all experiments doest poesent high
differences within the harbour basin. However, Sigant differences
were found along the harbour entrance in relatiath ihe velocity
gradient and the streamwise profile from differerdss sections at the
entrance. The resulting shift on the lateral peofile to the presence of
two mixing layers is more evident in cases wittgéanumber of piles
and higher proximity to the upstream corner.

- From the standard deviation analyses for both gla@omponents, it
has been observed that the high standard deviateanshifts towards the
river stream for cases with a longer groyne lengtid a proximal
location from the entrance. It was observed thatdbnfiguration with a
wider gap between piles does not improve the resiilthe regular case
(s =3cm).

- A decrease on the inflow and outflow rates throtlghharbour entrance
obtained from PTV data is shown for all cases wifoyne in
comparison with the reference case. Test 9 (s =2eepents the lowest
reduction rates for both values. Consequentlyaiit be concluded that a
narrow space between piles generates lower measveese velocities
along the harbour entrance and lower exchange. rates

- The experimental results indicate that the mixiagel centre is shifted
towards the river stream for all cases, but theiadien towards the
stream is more significant for Tests 4 and 3. Iplies that the groyne
located near the entrance is more effective thanaotiner cases with
lower lengths or other configurations.

- The different configurations for the groyne from ekperiments have
appreciable consequences on the downstream devehdmhthe mixing
layer width. The mixing layer width is two timesethvalue of the
reference case at X=5.47m for Test 4. This configan (groyne at d=0
cm) presents the wider mixing layer along the enteaand the furthest
y-coordinates from the harbour basin.

- Autocorrelation analyses of the transverse fludbuagt calculated from
EMS and ADV measurements for all experiments ofieSet, 2 and 3
show that Test 5 (groyne at d=70 cm) and Test=81(S cm) present the
most relevant differences with respect the othgreerents. For theses
experiments a high periodicity is found and theetisaales are reduced in
comparison with the reference case and other aandigns. For the rest
of the experiments, a shift to larger length-scaksalso visible in
autocorrelation distributions. The presence ofgi®yne acts as a large-
scale disturber, which pushes the present cohetemttures to larger
length-scales.
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- The Reynolds shear stresses are always higher en réffierence
experiment and the lower values are obtained frastsI6 and 9, which
are located 35 cm upstream the entrance, but tfesept different space
between piles (s). The Reynolds stresses can bsidevad as an
identifier of a different downstream evolution dfet large horizontal
vortices for different configurations of the groyne

Different results are obtained from the configuas of the groyne depending
on the aspect which is considered in each statfeeanalysis.

In general, a higher effect on the turbulence proge and the mean flow has
been observed for configurations located near figream corner and with a larger
number of piles. However, in some circumstances,ctinfigurations located further
from the entrance (Test 5) has presented simakults with respect the other cases,
but with the advantage of reducing the high disindes near the entrance.

In relation with the separation between piles, dsviound that a distance larger
than the width of each pile does not provide impwvesults. From the narrow
configuration can be concluded that the differenaleserved for this geometry are
favourable in relation with the inflow/outflow ratebut it does not give better results
for other stages of the analysis. However, it caratiributed to the reduced length
that this groyne presents. Similarities betweetstesth the same groyne length but
with different number of piles and space betweemtlinave been found.

To end this chapter, it is concluded that a growyite a spacing between piles
around 2/3 of the width and a total length of theet (L) according to Test 6, which
ranges from Y=0.06m to Y=0.39m (of a total riverditn of 1.20m), located at a
distance d~=L upstream the entrance seems to Heesieonfiguration to reduce the
exchange in the present model.

More research has to be developed to determinebéis¢ configuration for
groynes close to the entrance or further from @meonhich has been studied in this
thesis (d=35 cm) in order to establish the efféathanging the total length or the gap
between piles when the array is located in diffeparsitions.
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CHAPTER 0.

NUMERICAL MODELLING.

6.1. Introduction.

The harbour scale model of this study has beeropred to provide a data set in
order to verify the applicability of a two-dimensal (2D) numerical model for the
simulation of the velocity field developed downsime a groyne structure located near
the harbour entrance.

The aim of this section is to determine the acouraf the numerical model
FinLab on the resolution of mixing layer flows when a pyeyne is implemented in
the model.

FinLab is in principle a fully 3D numerical model for ttemputation of shallow
water flow and transport processes in rivers aratad waters created by R.J. Labeur at
Svasek Hydraulics and further developed at the BltD

In this study the 2D-mode is applied. The numeriizdis ofFinLab is the finite
element method.

6.2. Theoretical background.

6.2.1. Shallow Water Equations.

The Shallow Water Equations (SWE) result when siiyiph the Navier-Stokes
equations using the following assumptidiseugdenhil, 1994jor large scale motion:
inviscid and hydrostatic flow of an incompressibiemogeneous fluid whose vertical
extent is small compared to the horizontal sizéhefdomain.

In fact, the equations are integrated over theldapt, therefore, the resulting

flow description is two-dimensional. The derivatiogiven below is based on
Vreugdenhil (1994).
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6.2.1.1. Three-dimensional shallow-water equations

Navier-Stokes equations

The Navier-Stokes equations were introduced in @a@B and describe
conservation of mass and momentum (see eq. 3.3.4hd

opu)  Olpun) _ op . (o 0u} (6.1)
ot ox. 0% o ox ) |

]
The equation of continuity was described as welll & will be used in the
following paragraphs.
9 9pu) _y, 6.2)
ot ox

Surface and bottom boundary conditions.

In order to obtain solutions of the differentialuatjons it is necessary to establish
boundary conditions. For the derivation of the SWiSt of all the conditions at the free
water surface and at the solid bottom are set.

The kinematic conditions say that water particlels mot cross either boundary.
For the solid bottom, this means that tleemal velocity component must vanish:

ua—zb+va—z"—w=0 atz=2g (6.3)
ox oy
where z is the bottom level, measured from some horizamt@rence level.
At the free surface, the surface may be movingtdsifi Then theelative normal

velocity must vanish:

a—Zh+ua—z"+va—z‘—wzo atz=z (6.4)
ot ox ay

where z is the surface level measured from the same hutaroeference level.

Secondly, dynamic boundary conditions deals witk fbrces acting at the

boundaries. At the bottom it is assumed that teeous fluid “sticks” to the bottom, i.e.
u=v=0 (6.5)

which is called therfo-slip” condition

At the free surface, continuity of stresses is asi1) i.e. the stresses in the fluid
just below the free surface are assumed to bedfme &s those in the air just above.
This means that surface tension is not taken iob@ant. For pressure, it is found that
p=p. where pis the atmospheric pressure.

Boundary-layer form.

The equations (6.1) and (6.2) can be simplifiedhlite assumptions on the scales
from the previous paragraph and the consideratibnthe hydrostatic pressure
distribution

%9=-pg (6.6)
z
By integrating from the free surface using boundamdition:
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Z,
p=g[pdz+ g (6.7)
Density can be assumed to be constant over thé,dgping the special case:
P=p9(z-3)* R (6.8)

From the last equation, the pressure gradient8.8) €an be determined, e.g.

ap 0z, 0p  dp
P9 . 6.9
a7 P95 TG Bt (6.9)
Collecting all results so far, the momentum equmabiecomes: (6.10)
ou, 9w+l % ,9 , 00, 100 101, 0%, o1,
a X( )+ (uv)+ A S R T P ok pax oy 0
ﬂ+—(u)+—(\/2)+—(VV\)+ g—+ g(% g)a'o 1a_pa 1{62’ ary aryq -0

ot oy poy pax aya
This set, together with the equatlon (6.2), isezhthe” 3D shallow water equatioris

6.2.1.2. Two-dimensional shallow-water equations.

The final step towards the 2D-SWE involves integratof the horizontal
momentum equations and the continuity equation tdverdepth. If the water depth is
denoted by h=z z, the result of the integration over the depth is:

(6.11)
9z,  gi op_1_ 0 0 _
—(hU)+—(hUZ)+—(hU\)+ gh_ax+2Q Ix _Brbx 3 x( hI) _ay( h]) =0
9+l 9 9z, ,9hop 1 9 .\ 0 o
(hv)+ (hU\)+ (h\?)+ gay 20 3y QT ax( hT) ay( h])=0

Together with (6.2) these equations form 2@ shallow-water equationsThe
lateral stresses include viscous friction, turbtifention and differential advection:

“f{‘( ax) Ui ui+(u-u)(y- Wi d (6.11.b)

6.2.2. Finite elements.

The numerical modefFinLab is a finite-element method (FEM). This method is
very flexible for the representation of complicatgelometries. FEM is a method of
spatial discretization and it can be chosen anyauktor integrating in time.

In the FEM, the region is divided into a numberbakic elements of triangular,

but irregular, shape. The unknowhs u, v are approximated by piecewise smooth
functions on each element, i.e. in any point (xjtyis possible to interpolate linearly
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between the values at the nodes (the corners dfigmgle). In this way, the unknowns
are defined in the entire region by a sum of piesewontinuous functions.

a(x v, t)=Z g(hg(% Y (6.12)

The fieldsu, v are similarly interpolated, using the same int&apon functions
but different coefficients. The functions is precisely determined by the following
requirements:

- @; is defined in the entire region.
- @jislinear in each element.
- @jislinnode I, and O in all other nodes.

Figure 6.1 Example of piecewise linear interpolatfonction.
(Vreugdenhil, 1994)

Then, the equations to be solved are multiplieavbighting functions y{x,y) and
integrated over the area.

6.3. Model description.

In the following sections, experimental data is paned with the results of the
2D numerical modelfFinLab. The velocity components are discretized in spasiag
triangles.

FinLab uses continuous piecewise linear interpolation fions for the pressure
and discontinuous piecewise linear functions fervhlocity vector.

The Elder formulation is used to model turbulendgéhvboundary conditions
derived from conventional wall functions. In thelléaving subsections, the main
parameters of the numerical model are described.

To make a good comparison possible, the numerioaleinshould use the same
conditions than the scale model.

6.3.1. Geometry.

The computation domain starts five metres upstré@nharbour entrance and
represents the geometry of the harbour model fl@ahgoint to the end of the flume.

The same coordinate system used for the labora&xpgriments and the data
analysis (see Section 4.5) is employed. Conseguyetié domain of the numerical
model ranges from X=0m (beginning of the river @@ to X=10m (threshold of the
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model) and Y=-1.8m (harbour basin right side) to1¥2m (left bank of the river
stream).

The origin of the Y-axis is located at the righinkeof the river stream. The
reference point O (0,0) is located 5 metres upstréee harbour entrance. Consequently,
the upstream corner has coordinates (5,0).

The coordinate Z=0m is located at the water deptbllestablished as one of the
boundary conditions downstream the harbour entrance

The water depth is 0.14m, as a result, the bottolociated at Z=-0.14 ni.
shows the geometry considered in FinLab.

6.3.2. Spatial discretization.

The size of a spatial calculation step is a compgenbetween the minimum
required mesh size with which the harbour modellmameproduced and the maximum
number of mesh points to make the computation iéasi

The domain was discretized with a structured gfid&365 triangular cells, in
which the mesh size is equal to approximately tfadf water depth. In the area of
interest, the harbour entrance, the resolutiomdseased to approximately 1/5 of the
water depth.

With this resolution, the coherent structures laipan the water depth can be
resolved. presents the numerical grid with the area of thbdwar entrance
where the resolution was increased.

6.3.3. Time step.

The temporal step size is related to the time sufallee process being examined,
i.e. the coherent structures in the mixing layeeen the river and the harbour. The
Courant number based on the velocity was set tooappately 3 resulting in a time
stept = 0.5s.

6.3.4. Simulation period.

The simulation period is determined by the timeessary to obtain a dynamic
equilibrium situation.

A period of 2500 s (5000 time steps) is establisioeget a time range with stable
results (from step 4000 to 5000).

With this time period, the model needs betweenh®urs to develop a simulation.

6.3.5. Boundary and flow conditions.

Some boundary conditions are required to modelhidour. The different
boundaries in the problem are showri-ip
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Figure 6.2.a. Geometry of the harbour model vidthLab.
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MODEL FinLah - Geometry and Boundary conditions.
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Figure 6.2.b. Boundary conditions and cells of tlagbour model with=inLab.
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These boundary conditions are the wall at thelaftk of the river stream, the
geometry of the harbour basin and the surface lewdth is set at the downstream end

whereas the flow discharge is prescribed at tHevinboundary.
The flow conditions are chosen in accordance wattperiment Test 2
(Reference Case) to establish the same state imdlel as in the experiments, before

the implementation of the groyne.

6.3.6. Parameters of the numerical model.

- Bottom friction

The bottom friction can be defined by differentgraeters. For this model, the
Chezy roughness coefficient C {fs) is used. This coefficient increases with cleinn
size and it follows the expression:

16
C:Rl
n

wheren is the Manning’s roughness factor (8Anand R is the hydraulic radius (m).
In general, C varies from 30*fis (small rough channels) to 90"ffs (large
smooth channels). The following values of the Cheayghness coefficient were

established for the numerical model.

Material n h(m) R(m) C(m*s)
Glass 0.01 0.14 0.1097 69
Stone 0.029 0.14 0.1097 24

Table 6.1. Chezy coefficients.

shows the previous values of the bottom frictibtha harbour model.

MODEL -Bottom friction- Case "a"

Slass C=69 River

= Stones C=24

= i e e
= : S
-0.5
-1 Harbour basin
155
ol : 2 ] g 2 : ] 5
3.5 4 4.5 =) 5.8 =1 5.5 i F=)
=im)

Figure 6.3. Distribution of Chezy coefficientshimLab.

The bottom friction will be modified at the locatiof the groyne to include the
effect of the groyne on the numerical modelling.
- Eddy viscosity

An assumption is made that the Reynolds stressegedated to the velocity
gradients of the flow by a viscosity analogousht® molecular viscosity, i.e. a turbulent
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or eddy viscosity. While the molecular viscosityasproperty of the fluid, the eddy
viscosity is a property of the flow.

FinLab presents the simplest model for channel flows Blier formulation. This
formulation uses a depth-averaged eddy viscagityiven by the following expression
(taken fromvan Prooijen, 2004

v, =0 th=p£0/c WCh (6.13)
in which h is the water depth) is the depth-averaged streamwise velocity and the
parametery could be considered the dimensionless eddy vigcasid it may range
from approximately 0.07 to about 0.3. The Chezyffadent is related with the bed
friction coefficient by means of the following exssion (also included in Appendix D):

c= % (6.14)
Cf

From Table 6.1., the results of the bed frictioefticient for both materials (glass
and stones) are 0.0022 and 0.017, respectively.

The eddy viscosity is considered at the numericatleh from the expression as
follows:

v, = U, + B =y, + B¢ ULh (6.15)
wherey, andp will vary depending on the case.
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6.4. Numerical results.

6.4.1. Previous considerations.

As FinLab obtains the depth-averaged velocity field, PTV Hsstrom Test 2
(Reference case) and Test 6 (groyne case) have t@msformed into averaged values
over the depth: gives the description of this transformation imtepth-
averaged values.

Before the comparison between the numerical model #he laboratory
experiment with groyne, the definition of the reflece case in the numerical model has
to be accomplished.

Several parameters of the numerical model werebreadid to get a good
agreement between the reference experimenEandb.

The model case with the same conditions as Testl bavlabelledCase “0”. In
Several combinations (Case “a” to Case “f’) weraf@ened to achieve the best
example to get the reference cas€iimLab. The model case with the implementation of
the groyne will be labelle@ase 1

6.4.2. Case 0. Reference case.

In the following, the streamwise and transverse mmments of the velocity from
the numerical results will be symbolized by U andiVaddition, PTV results from the
reference experiment (Test 2) after the transfaonanto depth-averaged values will
also be denoted by U and V.

6.4.2.1. First case — Case “a”.

For the first numerical simulation, the followingnrameters were established.

Case Q(ls) C (Yf/s) Vo (MP/S) B
“Q” 39.3 24/ 69 10° 0.1
Table 6.2. Parameters FinLab. Case “a”.

The magnitude ob, has been chosen one order lower than the secondbftehe
equation 6.15. As:ds 0.0022, andUmeanis equal to 33.2 cm/s at the river stream for
Test 2 (see Appendix C), the second term resulz 210 m?/s. Consequentlyy, is
defined as 1.0° m?/s.

In order to adjust the numerical model with theerefice case of the experiments,
several aspects are taken into account:

- The lateral profile of the mean streamwise vejoalong the harbour entrance.

- The distribution of the standard deviation of ttensverse velocity, M

Ref. Case. Exp. | FinLab Case “a”
Umea{y=0.59m) 33.2 27.15
Table 6.3. Results of \di,(cm/s) at the river stream for Case “a”.

As it can be observed in ; the value of the mean streamwise velocity at
the river stream (Y=0.59m) is lower for the numatimodel.
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From these results it was concluded that the vafutae flow discharge taken
from the experiments does not correspond with thecities given by PTV data (it
would correspond with a higher inflow) and consetlye the numerical model gives
lower velocities than the reference case.

After several verifications, it was concluded ttiad velocities given by the PTV
algorithm correspond with the real velocity valfiesn the experiments. For this reason,
this incongruity can be attributed to an error twe flow meter during the laboratory
experiments, and, as a result, the flow conditigiisbe modelled with a different value
of the discharge which will be determined by congmar with the results from the
experiment (PTV).

Fortunately, this change does not affect the previdata analysis (Chapter 5)
because the value of the flow discharge was condtaing all the experiments and was
not used during the data processing.

6.4.2.2. Change inflow boundary condition — Casés,“‘c” and “d”.

Several cases with different values of the flowcd&ge were analysed. In these
combinations, the rest of parameters remain equdldse “a”, except for the flow
discharge.

Case Q(lls) C ("fis) | v, (mPs) B

“p” 42 24169 10° 0.1
“c” 45 24 /69 10° 0.1
“d” 48 24 /69 10° 0.1

Table 6.4. Parameters FinLab. Cases “b”, “c” and *d

represents the lateral profiles of the mean stwaaenvelocity at
section “A”(X=5.47m) for Cases “a”, “b”, “c” and “dtogether with the PTV results of
Test 2.

COMPARISOH - Lat. Profile - Mean U-component (cm/s)
Cross Section "A" (X=5.47)

45 T T
— 40 ——PT Ref Case
—+— MODEL Case "

Y

N

35+ —8—MODEL Case "
'A —&— MODEL Casge "
—e—MODEL Case "

x

oo oW

U (crs)

¥ {rm)

Figure 6.4.a Lateral profile of mean U-componemct®n A (X=5.47m).
Cases Ha!!, “b”, HC” and Hd”.
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From the profiles ofigure 6.4.ait can be identified that the gradient of the U-
component along the cross section is similar focases. The profile diverges at the
river stream, providing a higher river velocityancordance with the inflow value. Case
“d” reaches the value of the PTV results at themistream in comparison with the
experiment (black line).

As it is listed in , Case “d” presents the same mean streamwise tyeloci
at the river stream than the experiment, with dlow condition of 48 I/s.

Ref. Case. Exp.| Case “a” | Case “b” | Case “c” | Case “d”
33.2 27.15 29.20 31.25 33.29
Table 6.5. Results of \day(cm/s) at the river stream for Cases “a”, “b”, “c’and “d”.

All cases present the same velocities within théodar basin (from Y=-0.5 to
Y=0m) and they fit in with the PTV profile.

presents the distribution of the standard deviatib the transverse
velocity (Vs at the same cross section. From these plotsnitbearemarked that the
peak is higher for the case with the largest flascldarge.

However, no effect is observed in the position luk tpeak because all cases
present the same y-coordinate which is close tonY£Barbour entrance line). This
location corresponds with the apex of the entraftice vertex of the corner where it
starts the transition between river and harbour).

For this reason, it can be concluded that the wfldoes not influence the
distribution of iy in space, but the values within the harbour basinhigher for cases
with larger inflow and consequently, they deviateni the PTV profile (black line).

COMPARISOH - Lat. Profile - Std. V-component {cm/s)
Crogs Section "A" (X=5.47)
4 T T T T T T

—— T Ref Case
35+ ——MODEL Case "a" 4
—&— MODEL Case "b"
A 3l —&— MODEL Case "¢"
—&— MODEL Casze "d"

Y

%

1

Vad (crmis)
P
[ T
1

_;
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T

Figure 6.4.b Lateral profile of Std V-componentctism A (X=5.47m).
Cases “a”, “b”, “c” and “d ".
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From the previous results it can be concluded timatinflow condition for Case
“d” (48 I/s) will be defined as the reference flokgcharge irFinLab.

In order to search improvements for this combimgttevo changes in the viscosity
parameters were performed to analyse the variatiotie numerical results.

6.4.2.3. Changing the eddy viscosity - Cases “etldfi.

To determine the effect of the viscosity parameterthe numerical results, two
new cases were performed wkmLab. These cases have the same inflow condition as
Case “d”.

Case “e” presents a higher value f@fthe dimensionless eddy viscosity, dbase
“f” shows a highew,.

Case Q(lls) C ("f/s) | vo(m?s) B
“a” 48 24/ 69 n0° 0.15
uf 48 24 /69 1.10* 0.10

Table 6.6. Parameters FinLab Cases “e” and “f".

The same considerations are applied with these dases to determine the
variations in the numerical results.

Ref. Case. Exp.| Case “d” | Case “e” | Case “f”
33.2 33.29 33.27 33.2
Table 6.7. Results of l,(cm/s) at the river stream for Cases “d”, “e” and™

As it is listed in the previous table, the considien of the mean river velocity
does not provide any interesting difference betwesmes because the mean value of the
river stream velocity remains constant for all camakions.

However, if the lateral profile of the mean U-compat is considered, sée
, in that case, a deviation in Case “f” (magemnte)lis presented within the harbour
basin (Y=-1.2m).

From Vsig decreases for Case “e” (green line) within thebbar
basin and consequently, it provides a better r@s@tcordance with the experiment.

In contrast, g is null for all points along cross section X=5.4ifmCase “f”. In
this case the initiation of the coherent structisesippressed by the high viscosity.

The results of Cases “d” and “e” present the rigtegnitude of the viscosity
equation (first term one order lower than the sdcemm, see equation 6.15) to obtain
reasonable results.

From the new value ¢, a better agreement between the reference expdramne the
model is achieved, but it has not been possibl®kiain an improved accordance
between model and experiment in relation with thg distribution, which is shifted 10
cm towards the harbour basin with respect to PTaults. A possible improvement
could lie in the roughening of the slopes. Rougslepes will shift the mixing layer
towards the river.
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6.4.2.4. Validation turbulence properties.

Case “e” will be defined as the Case “0” of the uwical model, the model case
which reproduces the flow conditions of the refeeaxperiment without groyne.

The average flow conditions of the reference expent are accomplished by this
case, but the turbulence properties have not besigsed until now.

In this paragraph, the Reynolds shear sttess and the autocorrelation functions
for the reference experiment are compared witmtbdel Case “0”.

shows the distribution of the Reynolds shear stes'over the PTV
area and the results of the numerical model foeCas

The left figure corresponds with the distributioi o'v' for the laboratory
experiment. A region with negative values covers tarbour entrance, which are
characteristics of the mixing layer area due toghadient of the streamwise velocity
from river to harbour.

This region is also present in the model resultswith a narrower width and it
develops in downstream direction towards the rsteeam instead of being developed
towards the basin.

The downstream side of the entrance presents logltiiye values of the shear
stress for the experiment which are not presenthén model case. The region is
concentrated near the downstream corner in FinLab.

gives the autocorrelation functions at locatio®s &1, A4, A5 and A7
for both cases: experiment and model.

The left figure presents the autocorrelation furtdi from the experimental results.
There is a clear difference between the time salé®e river stream (A5, magenta line)
and at the harbour basin (E6, blue line). The tgoales increase going downstream
with a value of 12 seconds at location EB6.

However, the numerical model presents the samecautdation functions for all
cases, and the results do not depend on the laaattihe point. The development of the
coherent structures is not represented.

As a result, all these points present the same soades and it implies that the

model is not modelling properly the differenceswestn the mixing layer and the river
stream which are characteristic of different flagimes.
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6.4.3. Case 1. Groyne.

Once the reference simulation has been set upmiblementation of the effect of
the groyne on the model has to be carried out.tRigr purpose, a variation on the
roughness coefficient will be applied to simuldte groyne upstream the entrance.

A different roughness coefficient will be estabéshby considering the loss of
energy produced at the river stream due to thes.pilee same methodology which is
applied in other models (Delft 3D, HEC-RAS, etm)implement the effect of piers is
used. The assumption of this new Chezy coefficerd finding its proper value are
described in ) After the considerations given in Appendix D,aue of C=1
m"?sis defined for the new model case.

6.4.3.1. Model case with Chezy C=1.

The low roughness coefficient is established inaaray of cells between the
points (4.65, 0.06) and (4.65, 0.39), the samedinates where the groyne was defined
at the experiment (Test 6). This model case islletheCase “1” and it has the same
conditions as Case “0".

Case Q(lls) C (Mfis) | vo(m?ls) B
“1” 48 1/24/69 10° 0.15
Table 6.8. Parameters FinLab Case “1".

At this point, both experiments (reference and gejywill be compared with the
model cases “0” and “1".
shows the lateral profile of the mean streamwislecity for these
four cases. As it is shown in this figure and flisia table 6.9, the model case “1”
presents higher velocities at the river stream esngequence of the change of the flow
direction at the location of the new roughness.

Ref. Case. Exp. | Groyne Case Exqd Case “0” Case “1" C=1
33.2 32.58 33.27 40.93
Table 6.9. Results of ldan(cm/s) at the river stream for Cases “0” and “1” drexperiments.

This increase on the river velocities is shownr iy (figure E.1) where the
colormaps of the mean U-component are given. The toughness blocks the flow at
the river stream and it follows going round the ified cells.

The high bottom friction reduces the velocitiesméree edge of the groyne in a
similar manner as it was observed in the experimebtt lower values of the
streamwise velocity are observed along the harkatrance for the model, which are
much lower than in the experiment.

Moreover, a closer look in Figure 6.8.a from resolt Case “1” (cyan line) shows
a peak on the mean streamwise velocity at Y=0 nis fibak is also shown in figure E.1
and it corresponds with the flow which is divertadbugh the right side of the modified
cells (the groyne starts at Y=0.06m and the flopasates opposite the array towards
the river stream and the embankment, respectivéhis deviation is not present at the
laboratory experiment because the flow passes ghrole piles, but in the numerical
model, the cells form a continuous line.
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COMPARISOH - Lat. Profile - Mean U-component {cmi's)
Cross Section "A" (X=5.47)
45 T T T T T T

—— PT% Ref Case
— 40t .

—— PTV Groyne
35 H — MODEL Case D 2

A MODEL Grayre C=1

<

x

Aar

L formes)

Figure 6.8.a Lateral profile of Mean U-componergcon A (X=5.47m).
Cases “0” and “1"(C=1).

COMPARISON - Lat. Profile - Std. YV-component (cmis)
Crogs Section "A" (X=5.47)

E 4 T T T T T T
U ——PT¥ Ref Case
/gx E 35 ——FTv Grayne -
'A MODEL Cagel
1L MODEL Groyne C=1 i
28k .
£
@ D .
7
=
1.5+ | .
1+ / ]
W‘Mﬁm‘f.
D r _ i s L ! S
-145 -1 05 a 045 1

¥ {m)

Figure 6.8.b Lateral profile of Std V-componenect®n A (X=5.47m).
Cases “0” and “C=1".

J.T. Castillo Rodriguez - 138 -



“The use of pile groynes to reduce sediment exadiang Chapter 6. Numerical Modelling.

From figure 6.8.a, other differences with respiet éxperiment with groyne (red
line) can be found.

The slope is steeper for the numerical model. Tipe@ment presents a gradual
change from river velocity to harbour velocity, buts not the case for the model, in
which the mean streamwise velocity drops signifiiamear Y=0.5 m.

Moreover, the variation on the PTV profile (redelimt Y=0.3m) due to the
presence of two mixing layers (one due to the eddbe groyne and other owing to the
interface river-harbour) is not found at the model.

In the distributions of the standard deviation of Yheomponent are
plotted. The experiment with groyne (Test 6, reak)idoes not differ much from the
reference experiment (black line), however a clesiuction of {4 is found. From
Appendix E (figures E.3 and E.4), it can be obsertteat Case “1” does not show
deviation values over the whole model area.

It means that this simulation offers constant rssinl the time and consequently,
no fluctuation of the flow regime is obtained. Asesult, no production term and no
turbulence are found.

A clear example is found if in which the Reynolds shear stress for
Test 6 and Case “1” is plotted. The numerical mafieds zero values over the whole
area, except for a small area near the upstreaneicor

The comparison of the time signals from Cases ‘04 a1” explains why the
results of the model dhow the previous behaviour.

From ) the right plot presents the time signal at lawai A1, A4 and
A7 (Y=0.22m) for the case with the modified rougbseipstream the harbour entrance.
The fluctuation of these signals is insignificatite( vertical axis ranges from 0.055 to
0.07 m/s). On the other hand, the left figure digplthe signals of the same points and
it is present a clear fluctuation which varies fréri8 to 0.24 m/s.

In conclusion, Case “1” is not valid for the purposf this thesis and the

comparison with the experiment is not feasible ttu¢he absence of turbulence and
only conclusions regarding the average flow fiedd e drawn.
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Figure 6.10 Time signal of U-component at points A4 and A7.
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6.4.3.2. Effect of the high roughness.

As it was stated in the previous paragraph, theification of the roughness to
C=1 m’Yswas not successful and here a variation of thiarpater is established to
search for improved results of the numerical siroita

For this purpose, the Chezy coefficient is varied @=2 and 5 s,
respectively, to observe the differences with Gasg.

From a clear decrease of the mean river velocity caolserved
for cases C=2 (cyan-stared line) and C=5 (cyaredrtine). As expected the mean
streamwise velocity decreases at the river stream td the lower effect of the
roughness in case C=5, and it fits with the modedeC'0”(green line).

However, a higher similarity is found between C&€2 and the experiment
with groyne (red line), in which the profile follevthe same tendency of the
experiment and it presents the variation resultétite presence of two mixing layers.

COMPARISOH - Lat. Profile - Mean U-component (Cmfsh
Cross Section A (X=5.47)
T T

45

T
PT Ref. Case
A0 PTw Groyne =
- FODEL Case O

FODEL Groyne C=1
35 MODEL Groyne C=2 S .
FMODEL Groyne C=5 A )

30 -

25 -

20

W fmis)

Figure 6.11 Lateral profile of mean U-component/&mnSection “A” (X=5.47m).
Cases C=1, 2 and.5

From the comparison of the different time signals €ases with C=1, 2 and 5
mY?/s in (Appendix E) and the colormaps given fn some
remarks can be made.

A clear tendency to a constant value is observdtarfirst two cases in figure
E.5. As a result, Case C=2 presents the same éecasuthe previous model simulation
in spite of the improved results with respect ttreaanmwise velocity profile discussed
above. However, the signal for Case C=5 displag9tttern shown in figure 6.10 for
Case “0” and the absence of fluctuation is avoidbed if figure E.6 is considered, the
result obtained from the modified roughness C=%scmpproximately the same as the
case without groyne. It indicates that this magtetdior the roughness coefficient is
not suitable to represent the blocking effect duihé groyne.
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6.5. Summary.

From the simulations carried out in this chapterftilowing conclusions can be
drawn:

Good agreement was found between the experimentstren model for the
reference case without groyne. After several modiions, like the flow discharge
and the dimensionless viscosity coefficient, sintiles are found between both cases
with respect the mean flow field and the Reynolusas stress distribution.

However, a better study of the reference model baseo be performed to find
viable modifications in the programme to improve tiresent results.

An example would be the reduction of the high vitles produced near the
downstream corner of the harbour entrance.

The case with the groyne was not simulated prop&tyveral reasons could be
possible. The parameterization of the groyne by imereased roughness (and
subsequently an increased eddy viscosity) is nptogpiate. Another reason could be
the lack of artificial disturbances to start up toderent structures.

As it is shown in Van Prooijen (2004), these disturces are required in mixing
layers. In case of the groyne, the mixing layewider, leading to a less strong
enhancement of disturbances. Apparently, the sapjmg effect of the viscosity is
stronger than the enhancement of the disturbanceisebshear. A similar effect was
observed by increasing the viscosity. In that cabe, suppressing effect also
dominated.

In conclusion, the model especially needs improverne simulate the dynamic
behaviour of the flow. Some recommendations arergin the next chapter.
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CHAPTER 7.

CONCLUSIONS AND RECOMMENDATIONS.

In this chapter the main conclusions are writtewr@and recommendations are
given on the continuation of this project.

From the results of the experiments and the numlerrnodel, several
conclusions are drawn in Section 7.1 and recomniemdaare done in Section 7.2.

7.1. Conclusions.

The results of the thesis suggest that data asalfrem the laboratory
experiments, in combination with numerical modgjjican be a powerful tool with
which to gain insight into the effect of the groyoe the exchange process and the
consequences of its location. The geometry basdtieoscale harbour model gave a
good agreement between the modelled referenceacas¢he experiment. However,
no agreement was found for the case with groynetaltlee high viscosity developed
by the different bottom friction established at gteyne location.

7.1.1. Experiments.

As it was explained in section 5.4, different réswre obtained from the
configurations of the groyne. In general, a higatect on the turbulence properties
and the mean flow field has been observed for gonditions located near the
upstream corner and with a larger number of piles.

A discrepancy between the flow discharge given tmy ftow meter and the
velocities obtained from the PTV and ADV measuretsavas found during the data
analysis. As the flow discharge was constant foegberiments, this parameter was
not relevant during the analysis, but it had tonbedified during the set up of the
numerical model in order to obtain the same flaidfi(see Chapter 6, section 6.4).

The configuration located further from the entrarf@est 5) has presented
similar results with respect other cases, but whth advantage of reducing the high
disturbances near the harbour entrance. For thiigtmation, the changes in the flow
direction and the high disturbances are createftdar the entrance.

A larger distance between piles does not improwe rdsults during the
analysis.
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Similarities between tests with the same groyngtlebut with different number
of piles and distances between them have been fdlmsequently, the total length
has to be considered as a crucial parameter afofigguration of the groyne.

According to the conclusions drawn from the datalysis, it can be concluded
that the alternative with a distance between mleaind 2/3 of the width and a total
length of the sheet (L) which ranges from Y=0.0@énY+0.39m (of a total river width
of 1.20m), located at a distance d~=L upstreamethm@ance seems to be the best
configuration to reduce the exchange in the motelied in the present project.

7.1.2. Numerical model.

Numerical simulations were carried out for the refee case and for the case
with an upstream groyne. The results of the refsresimulation were, after a
calibration process, fairly well. The mean flow atm turbulence intensities were
reproduced. However the dynamic development oktldies in the mixing layer was
poorly simulated. The time scale of the eddiesrditiincrease as followed from the
autocorrelation functions.

The poor simulation of the eddy development hadinftuence on the
simulation of the case with the upstream groyne Wider mixing layer did result in
a flow without eddies. Apparently, the damping effef the viscous term dominated
over the production due to the shear.

7.2. Recommendations.

The recommendations are focused on the continuafiéhe study of groyne
structures and its implementation in numerical n®¢® gain insight in its behaviour.
Recommendations are made in the area of improvidgvarying the experiments and
the calibration of the model to represent the geoyn

7.2.1. Experiments.

- Groyne configuration and harbour geometry.

The geometry of the piles (width, shape) and theodwr basin (area and
location of the entrance) were established in acwaiihe location of the pile sheet
was established upstream of the corner at a destsingilar to the total length of the
array as a general case (d=35cm), and other coafigns were established from this
stage.

To find out how the groyne could be improved a daerlpboratory experiment
could be carried out and modelled numerically, inioh the flow pattern is not as
complex as in this case. A possible proposal cbalthe modelling of a river without
harbour basin to study the effect of the groyn¢herriver stream.

- Measurement techniques.

Using an acoustic technique as the ADV, velocityasugements were taken at
different locations over the depth in points A1 &wJ but data was not valid in many
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cases due to the low correlation of the signalsadidition, this possibility was

introduced in the laboratory experiments afterdbmpletion of the first series and it
was not possible to establish the vertical pradiiehe mixing layer for the reference
case. Different measurement points over the vémioald provide information about

the effect on the flow over the depth.

As the PTV area did not cover the river streamyas not possible to compare
the ADV measurements near the left wall of therrsteeam with the PTV data. The
current PTV area was chosen according to the nowstenient dimensions to obtain a
good resolution. In order to capture a larger atemuse of two cameras would be an
option, but specific attention would be necessaryfixt the cameras in the correct
orientation. The location of the camera in a highant with a different configuration
would be another alternative.

- Data processing

It is recommended to control the number of parsigger frame and the light
intensity to allow reliable Particle Tracking Velowtry. The background images
were not totally white due to the strips betweentgd of the flume. A white
background is recommended to obtain high-qualityulte from the PTV post-
processing.

7.2.2. Numerical model.

- Groyne parameterization.

The assumption established to implement the graynée numerical model
was based on a change on the bottom friction. Bssumption is based on the
relation between the roughness and the energyvissh is produced due to the
presence of the groyne at the river stream.

The increase of the bottom friction also leadsrtarerease in eddy viscosity
at the groyne. On the one hand this seems cothecturbulence created downstream
of the groyne leads to a higher eddy viscosity. t@& other hand, in reality the
turbulence might grow to large coherent structuiEse groyne initiates coherent
structures. This last effect is not taken into actdoy the higher eddy viscosity. The
higher eddy viscosity even dampens existing fluobna. For this reason, it is
strongly recommended to reconsider the parametenzaf the groyne on both
effects.

- Eddy development.

One of the main conclusions of the numerical situtes was that the eddy
development was not reproduced properly. This eaimiproved in different ways.

A possibility is to introduce artificial perturbatis, see e.g. Van Prooijen
(2003). In this way the coherent structures aggéied. Another, but not replacing,
possible way is to reconsider the eddy viscositglehoOther closure models, like the
Smagorinsky- or le-models could be applied.
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Appendix A.

Coordinates Measurement Points.

“AX” is the point of the harbour model which compesids with the same location
than the measurement point “ADV Xx”.

“Ex” is the point of the harbour model which copesds with the same location
than the measurement point “EMS x".

“Ux” is the point of the harbour model which copesds with the same location
than the measurement point located upstream teegyplyne “EMS Ux".

Table A.1. Coordinates of measurement points.

NAME POINT X Y L. C. DESCRIPTION
SECT. SECT.

Al ADV 1 | 5.47 0.22 “‘G” “A” Mixing layer.

A2 ADV 2 | 5.47 0.62 “H” “A” Intermediate stream line.

A3 ADV 3 | 5.47 1.02 ‘" “A” Stream line near the left bank thfe river.
A4 ADV 4 | 5.98 0.22 “‘G” “B” Mixing layer.

A5 ADV 5 | 5,98 0.62 “H” “B” Intermediate stream line.

A6 ADV 6 | 5.98 1.02 ‘" “B” Stream line near the left banktbie river.
A7 ADV 7 | 6.47 0.22 “‘G” “C” Mixing layer.

A8 ADV 8 | 6.47 0.62 “H” “C” Intermediate stream line.

A9 ADV 9 | 6.47 1.02 ‘" “c” Stream line near the left banktbg river.

A10 ADV 10| 6.78 0.62 “‘G” “D” Intermediate stream line.

All ADV 11| 6.78 1.02 ‘" “D” Stream line near the left banktbie river.
E1l EMS1 | 547| -1.35 “‘E” “A” Primary gyre. Inside the harbobasin.
E2 EMS2 | 547| -0.23 “F “A” Primary gyre. Near the entrance.

E3 EMS3 | 598| -1.35 ‘E” “‘B” Primary gyre. Inside the harbduasin.

E4 EMS4 | 598| -0.23 “F “‘B” Primary gyre. Near the entrance.

E5 EMS5 | 647| -1.35 ‘E” “‘c” Primary gyre. Inside the harbdasin.

E6 EMS6 | 6.47| -0.23 “F “‘c” Primary gyre. Near the entrance.

E7 EMS7 |6.78| -1.35 ‘E” ‘D" Stagnation point between gyres.

E8 EMS 8 | 6.78 -0.85 - “D” End of the block which divides eiv
harbour.

E9 EMS 9 | 7.98 -1.35 New location for series 4. Harbourihas

E10 EMS 10| 7.98 -0.85 New location for series 4.

E11 EMS 11| 9.14 -0.85 New location for series 4.

E12 EMS 12| 9.14 -0.85 New location for series 4. End ofbasin.
Ul EMS U1| 3.82 0.35 Upstream the pile groyne.

U2 EMS U2| 3.82 0.55 Upstream the pile groyne.

U3 EMS U3| 3.82 0.95 Upstream the pile groyne.
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Appendix B.

Data Analysis. Tables - Reynolds shear stresses.

The present appendix includes the tables whichthistReynolds stressés'v'} and

(u'w') obtained from ADV measurements.

These values are obtained at points located indectB” and “G”.

* Line “B”. Points A4, A5 and A6. Cross section loeditat X=5.98 m.
These points are placed from Y=0.22 m to Y=1.02 m.

* Line “G". Points A1, A4 and A7. Longitudinal seatialong the harbour
entrance in which Y=0.22 m.

shows the Reynolds shear stress valugsv') and (u'w’) for the
previous points along the mixing layer and theastreiver for each experiment.

Test 2 Test 4 Test 3 Test 5
Ref. Case Groyne at 0 cm Groyne at 35 ¢m Grayn® cm
Line X(m) | <u'v> <uw'> | <uv> <uw'> <u'v>  <u'w'> | <u'v> <u'w'>
Al 5.47 -4.00 1.00 -4.00 -1.00 -4.00 -1.0 -3.00 -1.90
G A4 | 5.98 -6.00 -0.02 -2.00 -0.42 -3.00 -1.0 -4.00 -0.50
Y=0.22m| A7 6.47 -8.00 0.09 -1.00 -0.17 -1.00 -1.0 -2.00 0.15
Test 2 Test 4 Test 3 Test 5
Ref. Case Groyne at 0 cm Groyne at 35 ¢m Grayii® cm
Line Y(m) <u'v'>  <u'w'> <u'v'>  <u'w'> <u'v'>  <u'w'> <u'v'> <u'w'>
A4 | 0.22 -6.00 -0.02 -2.00 -0.42 -3.00 -1.0¢ -4.00 -0.50
B A5 [ 0.62 0.43 -3.00 0.42 -2.00 1.00 -3.00 0.3p
X=5.98m| A6| 1.02| -0.12 1.00 -0.03 1.00 -0.25 0.31 -0.24 0.47

Table B.1. Series 1. Reynolds shear stresses nd/uav’ from ADV data (cAfs).

For the case with groyne at d=0 cm (Test(d),v'} becomes lower at points A4
and A7. The highest difference is shown at loca#ian where(u'v'} changes from -8

cnt/s” in Test 2 to -1 cffs’in this case. For Test 8u'w') becomes lower at the river
(point A6) than in Tests 2 and 4.
Test 5 presents some variations of the Reynoldss(ﬂn'v'} and it reaches higher

values at location A4, differing from the previaeesses. This characteristic only appears
in the reference case.

gives the Reynolds shear stress valugsVv') and (u'w’) for each
experiment of Series 2 and Series 3. Other statislues are presented in Appendix B.
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Appendix.

From this table, Test 6 presents the lowest vabfethe Reynolds shear stress
along both lines. From this results, it can be deduhat this configuration gives lower
production term along line G (Y=0.22m) in termssbkar stress values.

If the Reynolds stresses given by the previoustabé considered, no important
differences are shown between Tests 7 and 8 , hewdest 6 presents lower values
near the downstream side of the entrance (A7) hisdrésult can be attributed to the
lower length of the groyne in Test 9.

Test 7 Test 8 Test 6 Test 9
n=5 s=3cm n=5 s=4.5cm n=6 s=3cm n=6 s=2cn
Line X(m) <u'v'> <u'w'> <u'v'> <u'w'> <u'v'>  <u'w' > [ <u'v> | <u'w'>
Al 5.47 -3.04 -0.57 -2.04 -0.80 -1.46 -0.5%5 -1.63 -0.4f
G A4 5.98 -2.42 -0.90 -2.32 -0.45 -1.57 0.04 -1.01 -0.4p
Y=0.22m A7 6.47| -2.25 -0.82 -1.60 -0.26 -0.88 0.21 -2.12 -0.5p
Test 7 Test 8 Test 6 Test 9
n=5 s=3cm n=5 s=4.5cm n=6 s=3cm n=6 s=2cn]
Line Y(m) [ <uv> <u'w> | <uv> <u'w> <U'V>  <uw' > [ <uv> | <u'w'>
A4 0.22 -2.42 -0.90 -2.32 -0.45 -1.57 0.09 -1.01 -0.4p
B A5 0.62 -0.37 0.86 -0.71 1.03 -0.81 1.17 -0.80 1.42
X=5.98m A6 1.02| -0.22 0.62 -0.11 0.71 -0.18 0.44 -0.19 -0.0p

Table B.2. Series 2 and 3. Reynolds shear stressesnd u'w’ from ADV data (cAts?).
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Appendix C.

PTV depth-averaged transformation.

In order to establish the depth-averaged velocdy the PTV results the
logarithmic law for the vertical distribution isecs

Nezu and Nakagawa (1998)scuss that the logarithmic law is inherentlyidval
only in the wall region. However, in practical aigptions it is still commonly assumed
that the logarithmic law describes the velocitytrilisition over the entire depth of
uniform, steady open-channel flows.

The velocity distribution can be described by thgakithmic law:
u=>n%) (C.1)
k 7

wherek denotes the Von Karman constant (equal to 0.21he depthu is the
streamwise velocity at level z and is the friction velocity.

The friction velocity is given by =,[c, U (Van Prooijen, 2004)whereU is

the time-averaged streamwise velocity over the ldeptd ¢ is the bed friction
coefficient.

The bed friction coefficient ;cfor turbulent flows over a smooth bottom is
determined by the relatioWén Prooijen , 2004)

1 1
F_E[ln(Re\/Eﬁ 1]

(C.2)

in which Re denotes the depth-based Reynolds nyngbdegn by Rezﬂ,
v
where U is the time-averaged streamwise velocity @ns the kinematic viscosity,
equal to 16 m%s. The parametez, in equation (C.1) is given gy :% , in which k

is the Nikuradse coefficient.

From Manning's equation for mean velocity in uniforflows (taken from
Gonzalez et. al, 199@ccording to Chen, 1991), the Manning’s roughrfassor n
(s/m*® and k can be related as

K, 35 - Ke\e
n=—=2—[1=
Jg 162 3d (C.3)

where K, depends on the unit system and values ofsed. It results in 1 for
metric units ifn is read from the values given in Chow'’s tables.
In that case, n and kre related as

n=0.0391k°

(C.4)
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For the present studw,is equal to 0.01 at the river stream (glass) amedults in
0.00028.

From PTV measurements of Test 2, if Y=0.59m is abergid (last Y-coordinate
with data within the PTV area) thepy results 36.5 cm/s at the surface.

The purpose is to determine the averaged velocityevaver the depth to obtain a
ratio between the surface velocity (PTV) and theayed velocity.

A first estimation of 30 cm/s for the averaged eélpis established to define the
Reynolds number and the bed friction coefficient.

After several iterations to determine the corregarithmic profile, it was found
that the ratio between the average and the suvioeity, @, is equal to 0.91.

Data | Uprv(m/s) h(m) v(cm’s) n ks(m) UpTy (M/S)
0.332 0.14 0.01 0.01 0.00028 0.36%
Last iteration Uprv(mM/s) Re ¢
0.332 46480 0.0022
Results Uptv (M/S) Zmean(M) ®=Upny/ Upty
0.33 0.058 0.91

Table C.1. Flow parameters from PTV data in Test 2.
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Figure C.1. Streamwise velocity profile from reswf Test 2.

Consequently, the PTV results from Test 2 were foansed with this ratio to
compare FinLab outcomes with the laboratory expantme
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Appendix D.

Numerical Model. Chezy coefficient to implement thgroyne.

The flow resistance due to a groyne can be estimfted the effect of the
blocking of the flow by its piles. The Chezy roughseoefficient will be modified at
the location of the pile groyne according to theef of that blocking.

The Chezy coefficient is related with the bed fdnticoefficient by means of the
following expression:

c= % (D.1)
Cf
If the bed friction coefficient can be related wilie energy loss coefficient for a row of
piles, ¢, ,, by the following expression:

h
C; = QOss—uEIA_X (D2)

with h the water depth andlx the size of the cell.

For a row of piles perpendicular to the U-directiti;e energy loss coefficient
perpendicular to the flow is given by:

2
N [C, [d_
CIos,s—u = - = Aot (DS)
20y Ay
in which

Awt  is the total cross section aregl(AAy)

Aer IS the effective wet cross sectional areai(@inus the area blocked by piles).
Cob is the drag coefficient of a pile

doile  Is the diameter of a pile (in the case of a cical shape)

N is the number of piles.

The drag coefficient, & is a function of the shape of an object, orieatato
flow, grouping and boundary conditions.

Drag coefficients are used to estimate the foree tduthe water moving around
the piers, the separation of the flow and the tegpuivake that develops downstream. D
rag coefficients for bridge piers have been derifredn experimental data (Lindsey,
1938) for various cylindrical shapes.

The following table, taken frotHEC_RAS Reference Manual (200&)pws some
typical drag coefficients that can be used forgier

Pier shape Drag coefficient &£
Circular pier 1
Elongated piers with semicircular ends 1.33
Square nose piers 2

Table D.1. Typical drag coefficients for variougipshapes
For the case being, a value of the drag coeffid@ynéqual to 2.00 is established.
From the flow conditions of the experiments, wittotal depthh equal to 0.14m, the
previous parameters are:
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h2
Aw = hEW+7 (D.4)
Ablocked = l DN Dh_ Ab (D5)
Parameter Value
Atot 0.1358 M
Ap 0.0081 M
Ablocked 0.0213 M
Aett 0.1145 m
Co 2.00
dpile (I) 0.03m
N 6 piles
Closs-u 1.9
Table D.2. Typical drag coefficients for variougmpshapes.
M= & plies
L= 23 cm |=s i
-+ I‘=—l-'3 —l—l—
L |
4
;
w="=30 1
Hh
] == DIZETANCES ==
“W.IOEFTH —
- FILE GAMMYE - EFFECTIVE WET CROZE ZECT, AREA

Figure D.1. Sketch wet cross sectional area angigeadistribution.

Consequently, with an average mesh size of appwteimn2 cm, the Chezy
coefficient results in:

C= \/ 9ax :\/9'81[0'02:0.86m%/s (D.6)

Cyiossh 1.900.14

u-loss

Finally, a value of 1 fi¥s will be considered for the model case with geyn

The bottom friction coefficient will be modified ia number of selected cells at
the same location than the piles. The case witlgtbgne 35 cm upstream the entrance
will be modelled, in which the piles are locateanfr points (4.65, 0.06) to (4.65, 0.39).
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Appendix E.

Numerical Model. Figures.
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Figure E.1. Colormaps. Mean U-component (cm/s). RISdIts Tests 2 and 6, MODEL Cases “0” and “1” (Cx
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PTV - Ref. Caze - Colormap - Mean V-component (cm/s)

PTV - Groyme Cage - Colormap - Mean V-component (cmis)
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Figure E.2. Colormaps. Mean V-component (cm/s). FEBIts Tests 2 and 6, MODEL Cases “0” and “1” (Ckx
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PTV - Ref. Case - Colormap - Std. U-component (cm/s) PTV - Groyne Case - Colormap - Std. U-component {cm/s)
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Figure E.3. Colormaps. Std U-component (cm/s). RBdlts Tests 2 and 6, MODEL Cases “0” and “1” (Cr1
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PTV - Ref. Case - Colormap - Std. V-component (cm/s)
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Figure E.4. Colormaps. Std V-component (cm/s). REBUIts Tests 2 and 6, MODEL Cases “0” and “1” (Cr1
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MODEL - Case 1. C=1 - Time signal - Streamwise velocity (m/s)
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Figure E.5. Time signals of U-component (cm/s). NBDBase “1"C=1 (top), C=2(middle)
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and C=5(bottom).
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MODEL - Case 0. Ho groyne. - Colormap - Mean U-component (Cmis)
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Figure E.6. Colormaps. Mean U-component (cm/s). Q[T ase “0” and Cases “C=1",
“C=2"and “C=5".
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