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Abstract

Abstract

In the projectwaves and turbulence on wasyastal seabeds inducing vertical scalar transgasrpart

of the graduate school Baltic Transcoast, the mixing and transport mechanism of submarine groundwater
discharge int@water column of a Baltic Sea model iz@stigated. The experiments are condddn

the waterchannelof the chair of fluid mechanics at the University of Rostduk.adjustable artificial

seabed is placed in tohannel Furthermore, a wave generator will generate different intermediate water
waves for the experiment®hodamine & is pumpedtrough the artificial seabed asnodel for the
submarine groundwater dischargiethe measurementhe velocity field is capturedith the Particle

Image Velocimetry (PIV). Simultanedysthe concentration field of the Rhodamine 6G inflas i
captura with the Laser Induced FluorescertieehniqueLIF). In the experimentghe slope angle, the
artificial seabed and the waves are variated.

The transport and mixing behavior of the submarireugdwater discharge is described with the
Reynoldsflux model and the mixing length model. Furthermore, the mixing length model delivers

parameters which may be used for numerical simulations of a Baltic Sea model.
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List of symbols

Table 1-1: Greek letters

List of symbols

Symbol Name Description Sl unit
hs gamma specific flow property
Amplitude amplitude or maximum elongation m
omicron porosity of a porous medium %
< phase angle time dependent phase angle °
oh« stochastic function stochastic function for different
values
) alpha specific angle for geometries or °
others
A gamma boundaries for the concentration m
lines
# delta bottom boundary layer thickness m
£ Reynoldsflux Reynoldsflux for different scalars, mm/s*ug/|
lateral fluxes
i < elongation elongation of a péicle in a wave m
th eta count variables for different aspec
Ph theta specificangle for geometries or °
others
a constant of Karman constant in turbulent boundary
layer flows
)4 wavelength length of a mechanical wave m
H dynamic viscoiy dynamic viscosity of the fluid N*s/m?
h kinematic viscosity kinematicviscosity of the fluid m2/s
hm kinematic durability specific variable in the kinetic m2/s
theory of gases
h< turbulent eddy viscosity specific variable in the Boussirges m2/s
hypothesis for turbulent flows
K Xi variable for u, v, w, c m/s, pg/l
Z density density of a fluid or solid kg/m3
W, shear stress general shear stress in a fluid or Pa, N/m2
solid
w bottom stress shear stress of the fluid with the Pa, N/m2
bottom (for example the seabed)
v phase angle specific phase angle °
F chi fluctuation values value
specific
F psi random variable for different
aspects
(0} angular velocity change of the angular displaceme rad/s

during a time interval

Xl




Table 1-2: Latin letters

Symbol

NEIE]

Description

List of symbols

Sl unit

A surface surface area m?2
a axis axis of ellipsoid m
B,b variable count variables for different
parameters
C concentration concentration of theacer fluid ug/l
& heat capacity heat capacity of a fluid kg/m2 * K/s
D diffusion coefficient  specific diffusion coefficient m2/s
E energy energy level of molecules J
lD energy flux energy flux as light or general Jis
energy transfer
f frequency frequency ofasignal Hz
ol force conservative force in Reynolds N
equations
[ friction factor general friction factor for differen
parameters
I> friction factor wave friction factor for the
friction between the water waves
and the seabed
I variable specific transport variable variable
specific
g gravitational earth gravitational acceleration m/s2
acceleration
h heat transfer proportionality constant for the W/(mz*K)
coefficient flow of heat
|rr mass transfer proportionalty constant for the m/s
coefficient flow of mass
I intensity intensity of the light source or W/mz
fluorescence
L transport parameter  variable for different transport parameter
parameters specific
permeability permeability of a porous mediurr m2
wave numler wave number
hydraulic conductivity proportionality constant for the m/s
flow of water through a porous
medium
L mixing length mixing length for the tracer m
concentration
n mixing length mixing length of Prandtl m
n path mean free path between molecu m
in gases
4, . kinematic coefficient coefficient for different transport
eguations
m mass mass of a specific volume kg
O mass flux mass flux of a specific volume kg/s
1 ] spectral moment spectral moment dhe power
density function of waves
n, N variable count variables for different parameter
parameters specific

Xl




List of symbols

o matrix transformation matrix
P potential potential function for different
parameter
p pressure specific pressure Pa
PCB variable percentage of the concentration %
boundaries
pd variable probability diffusion
A heat flux flux of heat/energy per unit of W/m?
area and time
i cross correlation specific function of theross
function correlation
S thickness thickness of a @terial, probe or m
others
1R function spectral density function
u state state of molecules
SWH significant wave height of the third highest waves m
height in a spectrum
t time time of ameasurement or other S
processes
T wave period periad of a water wave S
t* variable time variable for the integration
U velocity velocity vector with components m/s
(u, v, w)
V volume volume of the fluid m?3
T volume flux volume flux of thefluid m?3/s
v(t) wave speed speed of the water wave m/s
T volume volume of solid substances m3
T volume percentage of voids m3
TVl parameter solid volume fraction
WD water depth depth of the water column m
WH wave height height of thewater waves m
X,y,Z coordinates cartesian coordinates
Table 1-3: Operators
Symbol Name Description
Delta difference between parameter
grad gradient gradient of parameters

XMl




List of symbols

Table 1-4: Indices

Symbol Name Degription
10 10%line concentration line the 10%
concentration line
C concentration concentration boundary line
horz horizontal indices for horizontal velocity
component
vert vertical indices for vertical velocity
component
i sum convention parametes of the sum
convention standing for 1, 2, 3
tot total for example, the total mass of
volume
X,y coordinates cartesian coordinates specific
mea measurement data frommeasurements
ph phase phase specific or orbital
specific values (for example
the \elocity)
ad additional additional mass flux or volume
flux

Table 1-5: Acronyms

Acronym Description

TKE turbulent kinetic energy

PIV particle image velocimetry

LIF laser induced fluorescence

CCD charge oupled device

LDA laser doppler anemometry

RMS root mean square

RANS Reynolds averaged Navi&tokes
equations

XV



Introduction

1 Introduction

Our environment is changimgore and morevery dayClimate changdas beerwf interestin different
research groups durirthe last decades. And it is known and discussed that the effects of this change
will influence the environment, the animals and also the human being signifigaetiybert 2006]In

the coastal zonethe sea level risfNerem et al. 2018has one of the greatest impacts.

In the graduate schoBlaltic Transcoast, the impact of the climate change osdakand interaction is
investigated on a nature reserve ethivas formerly used for agriculture. The Huittelmoor is a ebast

fen, which interacts with the Baltic Sea dra beeimvestigated over several ye@iidiegel et al. 2016]

The fen has been subjected to numerous rewetting procafieasng for a detailed analysis of the
environmental changeresulting from themFurthermore, the fluxes between the land and sea can be
investigated. Because of the erased coastal protection measures, the possibility of flooding rises. This
would in principal show which environmental effectsuld occur if the sa water rise lead to flooding
events elsewhere. On the other hand, the flow of submarine groundwater into the sea is of importance.
The impact of the submarine groundwater onto the environmergriioned byMoore 2010]and the

[I0C et al. 2004]With the submaringroundwater discharge (SGD) the delivery of nutrientsufolts,

water and other particles into the coastal environment is intensified. Handsidechanges of the
environment near the coast have a strong impact on the marine envirdBuertt et al. 2006]Leote

et al. 2008] [Moore 2010] [Burnett et al. 2001hnd [Robinson et al. 2007inentioned SGD aa

significant source of nutrients for the Baltic Sea.

The input of SGD into the coastal zone influences the local #achfaunabut the diffusion and
transport of these inputseanotfully understood. It is known that the bottom boundary layer of an
oceanic seabed is controlled by the tidal and wave motion of the upper lying water column. In the Baltic
Sea, the tidal m@ment is very low compared to the wave actibhus in this area the wave motion

will be the dominant factor for the occurrence of the bottom boundary layer and the turbulent motion

near the ground.

In this project, the mixing and transport processeshvhre relevarior thediffusion of the SGD imo

the watercolumn, are investigated within a laboratory experiment. In a whaanelat the chair of
fluid mechanics of the University of Rostq¢ke submarine groundwater discharge is simulated under
three different wave conditions, with two artificial seabedsfanddifferent slope angles. Furthermore,
the velocity and concentration fields are measured with a combined lasebdggd measuresmt
system. The particle image velocimetry (PIV) delivers the velocity field andaer induced
fluorescencdLIF) ddivers the concentration field of the trad@hodamine 6Gwhich simulates the
SGD input.
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1.1 Objective

The objectives of this projeds the development of an experimental setup, the measurement of the
velocity and concentration field under different aspecid the investigation of possible models and

parameters for a numerical simulation of a Baltic Sea model.

The experimental setupas tofacilitate a variable adjustment of different parameters which influence
the bottom boundary layer. The main parameseesthe wave action, the artificial seabed, the slope
angle and the inflow conditions. Hence, tlesting wave generator systeimas tobe optimized.
Furthermore, theonstruction of the ground has to be renewed suchhbaartificial seabed can be
charged,and the slope angle can be adjugiaitkly. Moreover, the inflowis controlled by different

pumps and the inflow arezn be varid by usingdifferent inflow elements.

Secondlythe measurement of the velocity and concentration fegkeldone undedifferent conditions

to estimatehe dependencies of the transport and mixing behavior. The laser and camera system with
controlling elenents already existl andwereused for the experiments. The measurement procedure
and the orientation of the field ofew wastested and optimized for this case.

Finally, different models and parameters for a possible numerical ocean simbkat®to ke calculated.
The focus lies on the Reynolflax model agmethod to interprethe turbulent transport and the mixing
length model of[Prandtl 1925]as a parameter for the numerical simulation. The postessing
algorithm and data managemergredeveloped and optimized.
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1.2 State of research
In the currentstate of research, no equivateroject is found with the same contexts and types of
measuremest Because of the interdisciplinary research topie, field of science in which possible

parallels are found differ strongly.

The flow field over and in porous mediae toa steady currd is well known. Thdéocus liesmostly on
the transition zone between t he paarbounslaryfeged i a |
flow. This zone is called Brinkman layer af{@rinkman 1949] [Beavers and Joseph 196¥#livers

one of the first investigations of this transition zone. They used aflawnelwhich was separated into

two zones. In the underlying zone, a e media was placed. In the overlying zone, a steady current
was generated. In the outflow ardae mass fluxes of both zones were measured. The results of their
investigations were that the boundary layer affects the mass flux strongly and that ticiaripdayer
depends strongly rothe porous materialfOchoaTapia 1995]defined mathematical models and
boundary conditions for the transition zone and comparedesults vith the data ofBeavers and
Joseph 1967]The main apect of their investigationsasthe momentum transport from the porous
media into the free stream. Further work on this topic was dopdmmi and Vafai 2001]They used

the mathematical models and boundary conditioff®dfioaTapia 199%and developed new solutions

for their models The result of their calculation shows, that tleoeity field is more influencetly the

type of the porous media th#me heat transfer in the transition zone.

Another laboratory experiment was condudigfHuettel et al. 1996]He investigatéthe advection of
particulde matter from the porous media into the open flow. He used a whadmnelwith 160l of
freshwater with a steady current of 10cm/s. Indi@nneldyed sediment waplaced in different zones.

Furthermore, the sediment movement andifffasion of the different sediments were monitored.

[Gupte and Adani 1997]used a miniature flowhannelwith a HeleShawcell of fiberglass material to
investigate the transition zone. They used#iserDopplervelocimetry to measure the velocity field in
this zone. They also mentioned that this area dependf/ranghe type of porous media.

With the development of thparticle image velocimetry, several working groups usadadificial
seabed with the same raftimn index of the overlying fluid to measure the complete flow field in and
above he bed[Goharzadeh et al. 2005kedglass spheres witharying diametes in a waterchannel
for their investigations. The dependerafytheboundary layer flow on thdiameter was significant for
their results. A further development thieir experiment was done [ivlorad and Khalili 2009] They
used a glses sphere bed with different diamet of the spheres. The result was the samith, the
transition and boundary layer zone thickness strongly depending on the mean diameter of the spheres.
Another kind of porous bed was developed and investidat¢games and Davis 20Qrachie et al.
2003] [Agelinchaab et al. 200&nd[Arthur et al. 2009] They used several vertical standing cylinders

3
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in a defined distance to build up a we#fined porosity of the seabed. Thajyused the same water
channeland continuously developed the respective experimgAtshur et al. 2009jsummarized the
investigations and gives an overview of the state of research. Furthermoomcheledhatthe flow

is blockedby the cylinders if thevolume fridion factoris higher tharD.22. [Carotenuto andMinale
2011]Jused aheometer taneasure velocity profiles above different porous méldiaycompared their
results to the models ¢OchoaTapia 1995]and proved their agtions for the tension jump in the
boundary layer[Keramaris and Pechlanidis 2015Jused a watechanneland a 2BPIV system to
measure the velocity profile above different types of grounds. They compared the vertical cylinder
experimentgrom [Arthur et al. 200910 a ground of grass and a granulated material. They showed that
the vertical cylinders disturb the flow significgntFurthermore, the longitudinal and vertical tudnce

intensity is influenced by the kind of porous media.

[Precht and Huettel 2003}vestigated the advective pore water exchandle sandy sediment under
wave action. The experiments wer@nductedwith sediment from thé&orth Sea in a wateshannel

Like in [Huettd et al. 1996] parts of the sediments were dyed with Rhodamine 6G to mark the oxygen
level in the sandy sediments. It was seen that the oxygen mixing interacts \gipedakeat which ripples

are built up Furthermore, the waves increase the exchandhkiidf between the sediments and the
overlying water column. A reason for this mbga pressure gradient, which occurs because of the
interactionbetweenthe oscillating boundary layer and tbeeation of theipple structure. Moreover,
[Huettel et al. 1996%hows that because of a pressure gradieid from the open flow is pushed into

the ripple structure.

The pore water exchangadathe velocity structures around ripple structures were also investigated in
field studies. There are numerous varying publications in the literature, of which only a few projects are
described here brieflyThe used sediment ifPrecht and Huettel 2003Vas collected during the
investigations ofRusch et al. 2000fear the Island of Sylt. In this study, core probese sampled
overthe course of gear to estimate the change of particulate organic mattereggect tahe outer
environment. One result was ththe specific natter concentratiomhangeswith the averaged flow
velocity. [Smyth 2002]Jconducted measurements witloastic doppler velocimetry at a pocket beach.
He investigated the influence of ripples and waves on the turbulent structures in the water column. He
found that the pples in this specific area show no significant influence on the turbulence. Another
invedigation with an acoustic doppler anemometer was dorjedike et al. 2003]In additionto the
velocity measurement an oxygeensorwas installed. Hence, the oxygeoncentration and the
turbulent dissipation rate were compared. With this analysisoncluded th&nowledge of the mixing

due to waves over a permeable seabedquired to understand the balance of the tahapechanism.
[Feddersen 20J2used acoustic doppler velocimetry to investigate turbulent effeetsa beach. He
installed 8 measurement statsimrthogondly to the beach in the shallow area. He concluded that in the

deeper surf zone, the development of the turbuleeause by friction effects with theseabed
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2 Physical background

In this chapter the fundamentals of the particle image velocimetry arasgreinduced fluorescence
technique are presented. Furthermore, éikperimental realization of thseubmarine groundwater
discharge is mentioned. Also, the ground propestiet ashe permeability are definedlhe used wave
theories are describedith respect to the experimerind the Reynoldaveraged NavieStokes
equations are giverl.he Reynolddlux model is defineddr the description of the transport phenomena.

2.1 Laser optical measurement techniques

According to[Nitsche and Brunn 200@&]aser optical measurement techniques are all techniques, which
use a light source with dgin intensity (for example a laser) and do not disturb the flow conditions. In the
projectfiWaves and turbulence on wavy coastal sdslixeducing vertical scalar transpbtthe particle
image velocimetry and the laser induced fluorescence technique armedmb

2.1.1 Particle image velocimetry (PIV)

Particle image velocimetry is one of the modern laser optical measurement techniques usechitis
different kinds of fluids. Furthermore, it is a field measurement technique due to the determination of a
completeflow field in two or three dimensions within one snapshot. FolloWhiigsche and Brunn

2004, PIV worksin two stages

At first, the imaging stage is elaborated. In this stdgeimagesare captureavhich ae needed for the
following stage. The methoitivolves taking double image$his includes two snapshots of the flow
field within a wdl-defined time stepgd. To make the flow field visible, additional particles are needed
in the flow. These particles undgrdifferent requirements. It is of importance that they follow the fluid
without any reaction time. Moreover, they should rebtow a natural dit or substantial dropn the
surrounding fluid. Furthermore, they must reflect the laser light addguatetand out from the
surrounding fluid. Because of these requirements and the multiple applications for PIV wihietya

of different fluids, a lot of different types of tracer particéesavailable. For the application in water
the synthetic materidV ESTOSINT ®has very good properties. These patrticles are mixedtlie
working fluid and illuminated by a high intensity liglourcesuch asa laser light which is normally
used in these applications. The laser ligisipieead out into a plaiwvhich illuminates a area within the
fluid flow. In this areathe tracer particles reflect this light. In a specific angle égtint of view, one

or more cameras capture the field. The number of cameras depends on the nuatherealvelocity
components. Fathe twodimensional two components PIV measurement only one camera is needed.
The light source and the camera are triggergeétter,suchthat the maximum illumination and the
image capturing come togethalowingthe maximum resolutioto beaccomplitied. The time interval
between the doublienagesis agustedto the main velocities in the flow field. The faster the flohe

shorter the time interval between the doubiages
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Figure 2-1: General PIV setup
The laser is guided into a fluid flow and spread with a cylindrical lensThe tracer particles are illuminated
within the laser light sheet. A camera takes pictures of the light sheet and the resulting gheyapedare
shown in this figure.

In the second stage, tireagesare analyzed. The algorithimbas& on an enhancecrosscorrelation
of the light intensitydiffusion | between theespectivedoubleimages The simple crossorrelation is
defined by

Y Gfe ‘Ooft J@ oft & Eq. @.1)

In the time nterval between the doubimages the particles in the fluid are moving. Hence, the light
intensitydiffusionin theimagechanges. Deito a higher resolutioof the vector fieldthe field of view

is subdivided into interrogation areas (IA). Theseal& correlatedf Rk reaclesits maximum This
maximum shows thathe statistical accordance is the best by a given displant. Hence, a
displacement vector is calculated for the defined IA in one dauoidges With this vector and the

defined time stepetween thémages the velocity vector is calculated with the following equations.
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The smaller the IAthe higher the resation of the flow field.Theminimum size of the IA depends on
the maximum number of particles within the 1A, the diameter op#réclesand the time between the
laser bursts. The crog®rrelation is a statistical algorithmhus,it is obvious that aninimumnumber
of particles has to be in the IA. If there &oe few, the correlation peaWkill notbe unique enough to
show the right displacement. On the other hand, if the IA iarge the smalscale velocity vectors
will notbedetectedresultirg in the flow field being averaged over a large aféds effect can be used

for a first orientatioron how the flow field is oriented, for example in wave experiments.

2.1.2 Laser induced fl uorescence (LIF)

The laser induced dbrescence technique is a labased measurement technique whichsubke
inducedfluorescenceof tracers.According to[Zare 2012]this technige is well known indifferent
disciplinesand was successfully used to make tracers visible. Examplpgafdical ussin chemistry
aregivenby [Guilbault 1990]

Basically, LIF works similar to PIV. A tracer istioduced iro the investigated fluid and a laser
illuminates the measurement area. Furthermore, a CCD camera is placed perpendicular to the light sheet
and takesmages of the illuminated flow area. Because of the similar structure, the PIV and LIF
measurement technigsiean be combined (se21.3. The difference between these measurement
techniques liegn the type of used phenomena. In Pive reflection of light on the tracer patds is

used. For LIEFthefluorescencef the tracer is of importance. Furthermore, the trdoesnot haveto

be mixed imo the fluid before the measuremeagit canalsobe mixedin during the measurement.

Thus, LIF is normally used timvestigate mixing mechanigwof fluids, for example ifMenzel 2010]

or [Walker 19817.

In this experimentLIF is usedby creating a planar laser light sh@galanar laser induced fluorescence
PLIF). The laser light source is the same asifePIV setup namely aNdYAG laser with a wavelength
of 532nm. The tracerRhodamin 6Gwhich is used in this experiment, is most fluorescent at this

wavelength The tracer igxcited and the fluorescent light is capturediwdt camera setup.
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Figure 2-2: Emission staes[Menzel 2010]
The excitation of molecules leads to different types of reactioitk fluorescencébeing onepossibility. The
reaction depends dmow longthe electron can hold the higher energy s&itelf the time exceesl10%, the
energyhy is emitted. The Stokeffuorescence is used for the LIF technique.

The excitation of florescent moleculissbase& on the change of stafof the outer electrofWalker
1987] This electrorjumps from the ground staBoto a higher energietS», state during the excitation
with the laser light with the enerd® "Q . The electron cannot hold this state and jumps back to the
stable ground stat®no or after a short residence time to the faisiglet(Sy) or triplet (T1)! state. From

this state, the molecule jumps back to the stable groundStasdtera longer residence timBuring

this processthe excess enerdg® Q orO  Q is discharged as light. The wavelength of this
light differs from the laser light which formerly dated the tracer. Hence, it is seen as fluorescence light.
For the LIF technigughe Stokesluorescence is used. This means that the electrons hold their higher
energetic state for $010’s until they jump back to the ground state. The emiitgd during this
process has a smaller wavelength than the lagdr For ths reasona bandpass filteis used in front

of the cameran orderto filter out every unnecessary wavelength. Moreover, it is easily possible to

combine the PIV and LIF meamment technigues in one setup.

1 Singlet or triplet states describe the status of the electron spin of a molecule, for further information see
fundamental works in theoretical physics, suciNaking [2009].
8
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2.1.3 Combination of PIV and LIF

The combination of the PIV and the PLIF measurement techaidelé/ers the possibility to measure

the velocity field and the concentration field of a meagareasimultaneously The advantageare
obvious With little effort, the measurement timehslved In this experimenthe camera setup includes

two cameras. The first one is used to capture the PIV images and the second one is used for the PLIF
images. Both cameras use the sdems Fa the second camera, a semilecting mirrorguidesthe

light toa bandpass filter and the following CCD. Because of the filter, only the fluorescence light reaches
the CCD of the second camera and the reflected light of the tracers for the PIV asthieinthe post
processing. The PIV cameragsnsitive to alwavelengtis of the light in the measurement, but the
reflections of the particles are more intense than the fluorescaradethathe postprocessing is not
affected by this light.

LASER

—— = LIF-Cam

= PIV-Cam

semi-reflecting
mirror

Figure 2-3: Combined PIV-PLIF setup
On the lefthandside of the figure, a wave channel with tracer particles in the fluid is shown. From the
tracers reach the channel. The grey particles reflect tlea dmser light and the other tracers fluoresce in
light due to being illuminated by theagm laser light. On the rightand side, the camera setup is placed. Thi
camera sees every wavelength of the experiment, while the LIF camera sees redyligie of the image.
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2.2 Submarine Groundwater Discharge (SGD)

In the coastal ecosystethe topic of submarine groundwater discharge (SGD) feagived more and
more attention during the last twenty yedkdoore 2010Jmentioned this in a review with reference to

a significant increasi published articles related to the topic of SGD. The definition of SGD is also
specified byfMoore 2010] ASGDincludes any and all flow of water on continental margins from the
seabed to the coastal oceawith scale lengths of meters to kilometers regardless of fluid composition
or driving force.[..] The definition of SGD does not include such processes aserdyydrothermal
circulation, deep fluid expulsion at convergent margins, and dedsitgn coldseeps on continental

s | o pAecordidgly, the term SGD describes freshwater flows into the bottom boundary layer as well

as mixed brackish water flows.

Based orthis definition the SGD has a strong impact on the ecosystereviaralery different aspds.

On the one hand, the directly transported nutrients from the fertilizer, pesticides and wastewater from
the landside hze a huge impact on the marine environment. On the bidued, the chemical reactigns
which occur in the sedimentsemselvesvhen vackish and freshwater zones are mixed and come in
contact with different reactantwill alsohave a high impact on the ecosystem. The importance of
nutrient input with SGD in th coastal zone was investigated by several scigrjtisiote et al. 2008]
studied the inflowof nitrogen, phosphorus and silicon intdegoon surrounded by intensely dse
algacultual land.[Slomp and van Cappellen 200#gntioned the SGD as a highly importamiise for
nutrients in the coastal zorn@urnett et al. 2001Hescribes the significance of the SGDaawutrient
source. There are a lot afea specific studiesn the impact of SGD on local ecosystesugh asn
[Beck et al. 2016][Burnett et al. 2006[Rapaglia et al. 2012]Robinson et al. 2007 [Taniguchi et

al. 206]. [Moore 2010]describesll of these studietnpacs of SGDin detail.

The amount of the submarine groundwater depends mainly on the hydraulic gradient from land to the
sea. This gradienlependson different factors, such asthe swell, the ground properties and the
hydrogeological processg®r example the development of rivers or precipitation. The ground consists
of different layers and aquifers. Hentee permeability and porosity of these structuresraportant

for the hydraulic gradient and as a consequendki®falso for the amount of SGD coming from the

land side. These factoagsocontrol the nutrient input into the SGD flux and chemical reactions within

the layers.

The submarine groundwater dmsrge consists of two main typeise terrestrial freshwat&8GD and

the seawater recirculation SGD. The first type includes every freshwater input flowing through aquifers
from the land into the sea. The second type consists of the water which idaemirau the permeable
ground on the sea side and the integfletween the sea and the land side. Folloj®adpinson et al.

2007] the SGD is divided into two more subtypes.HRigure 2-4 the different types of SGD are

illustrated.
10
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Wave setup

_
Groundwater flow

Intertidal zone

Figure 2-4: Categorization of submarine groundwater discharge followingRobinson et al. 2007]
The SGD is divided into the direct flow (4) and the redated seawater (1), (2) and (3). (2) is mixed with
water coming from the beach, (3) includes thewming wave water in the surf zone and (1) contains t
mixed water from the salt wedge zone.

The biggest part dhe SGD(nearly 95%)onsistf the recirculated seawaf&antos et al2008] This

leads to thalivision ofthis main type into subtypes. Figure2-4, the first three flows are part of the
recirculating seawater SGD. The first circulation is driven by density gradients along the path. It occurs
between freshwater flow of terrestrial SGD and the salt wedge in the ocean zone. The second circulation
is induced by the tide of the ocean. And the third circulation is driven by the wave setup.

The measurement of SGD is a big problem and still scientiirkin progress[Moore 2010]describes

the most commo and important measurement techniques to define the amount of outcoming SGD
fluxes. To detect an SGD fluthermal imaging is the most commorheique. For this, thermal images

are taken from satellites or drones. If a cold area is captured on thediéacthis is a possible cold
groundwater outflow. Electromagnetic techniques lead to a detection of pore water salinity near the
surface on theébeach side. When a low salinity is detected, this is a possible area of outflowing
freshwater. As a direct maaement method, spage meterare used. These boxes are plaicethe

area of outcoming SGD and the amoahfreshwater flowing into thm showsthe discharge in th
specific area. The disadvantage of this technique is that it only works in a sectierS@izis flowing

out. A more regional working technique is the tracer technigtleisotopesFurther information on

this technique can be fouma [Moore 2010] With thisit is possible to integratén¢ flux over alarge

area. Another common method is the modelling of groundwater flow and estimating the SGD fluxes. A

more detailed descriptida given by[Burnett et al. 2006]

11
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2.3 Ground properties

The properties of the seabéu the various regions of the Baltic Sdiffer in many aspects. Even in a
very small area in front of thelittelmoor the ground changes its shape and properties in different
directions. For the description of these chantes two most common properties atescribed here

exemplarily

2.3.1 Porosity
In general, the porosity is defined as thpercentage of voidsf a material. FollowingEngelhardt
1960]this definitionequatego the absolute porosity defined as the quotient of the percentage of voids

of a rock mass to the total volume.

Eq. 2.3)

In Eq. @.3) w isthe percentage of voids aadis the volume of solid substance.[Engelhardt 196Q]

the percentage of voids is divided into several subspaces. Heaadfective useable pore volume is
reducedby the occurrence of adhesive water. This water is bound onto the surrounded rock material
through adhesive foreeand cannot move. The ratio of the adhesive water to the percentage of voids
depends on the properties of the rock material. This includstépe of the grain material, bulk density

and diagenesis Thus, the space in which fluid is able to flow in@qus medids the result othe

difference of the percentage of voids and the adhesive water.

perc?ntage
r
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'».,.."~\ -"'-.~_..~~.
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".... "'s._.

B \ :
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adhesive"\';ater

clay silt sand gravel ston;s

Figure 2-5: Overview of the pore volume of diffeent materials after [Spektrum 2000]

2 fiDiagenesis comprises a broad spectrum of physicainichkand biological postiepositional processes by
which original sedimentary assemblages and their interstitial pore waters react in an attempt to reach textural and
geochemical equilibrium with their environménBUrley and Worden [2003}]
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In Figure 2-5, the different ratios of the pore vohes for different materialsare shown. Hencgthe
effective pore volume increases with the more grained materials like sand and gravel. On the qther hand
the adhesive water decreases to a minimum afl@eound 10% of the complete volume. Thus, the
percaatage of void and the effective porelumeare nearly at the same level in sandy materiss.

such the porosity delivers an important parameter fergtoperties of the seabed.

In different studies in the field of the analysis of flow fields over aitbimvporous media, the szalled
volume friction factor is named. The studiegAdelinchaab et al. 2006]Arthur et al. 2009][Alazmi
and Vafai 2001][Carotenuto and Minale 2011[Gupte and Advani 1997]Tachie et al. 2003and
others use this specific parameter for the categatian of the investigated porous material. The

definition of the solid volume fractiobéris the fdlowing:

w p i Eqg. 24)

Table 2-1: Overview of porosity parameters for different soil textures aftefKoch 2004]

Soil texture |Diameter Volume of void [Vol- %]
limits [mm]
Pure gravel 20 - 60 | ]
Sandy fine till '
_ 2.0-20 i
medium gravel -
Coarsesand| 0.67 2.0 |
Medium sand| 0.27 0.6
I
Fine sand 0.0671 0.2
[
Very fine sand| 0.017 0.02
L
Silty clay 0.0067 0.01
[
Silt 0.0027 0.006
I
Clay 0.0017 0.002
|
Effective Ineffective
porosity porosty 0 10 20 30 40 50 60 70 80 90 100

13
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In Table2-1, the different porosities for the most common soil textures are given. In beach areas with
sandy sedimentthe porosity range is between the values of coarse and very fine sand. Fordneeefe
area in frontof the Huttelmoay porosities between.86 and 041 have been measured at different

stationgSchade, personal communication]

232 $A0AUBO 1 Ax
The fl ow through a per meabl e mediAlem20013thisdavfisi n e d

valid for small Reynolds numbers.

0Z03N

|

Eq. 2.5

The flow w is definedby the permeabilityk multiplied with the surfacarea throughvhich thewater

flows divided by thekinematicviscosity. The second term of the equation consists of the pressure
difference between the start and the end point of the material divided by the thickness ofeitthidenc
percolation is linear to the hydraulic conductivatyd dependantthe material behaviour. For further

reading [Simmons 2008]jllustrates the investigations of Darcy in a detailed review

2.3.3 Permeability

The permeability of porous media is described as the possitilizyfluid going through a defined
thickness of this media. Hendhis parameter defines a resistance of a solid structure against a fluid
flow. Following [Bear 2013] the permeability of a porous medis calculated with the hydraulic

conductivity'Q, thedynamicviscosity 4 the density and the gravity acceleratié

e A
v Qﬁ Eq. 2.6)

The coefficient K can be determined experimdntat empiricaly. The experimental calculatiof this
parameter can be done with tdifferent methodsthe constant head method and the constant pressure

method.

14
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In the followingTable2-2, typical values for permeabilities of different porous raegtie given.

Table 2-2: Typical values of permeability for different types of pervious materials aftefBear 2013]

Permeability  Pervious SemiPervious Impervious

Unconsolidated Well sorted Well sortedsand Very fine sand, silt, loess,
sand andgravel gravel orsand andyravel loam

Unconsolidated Peat Layeredclay Unweatheredlay
clay andorganic

Consolidated Highly fracturedrocks Oil reservoirrocks Fresh Fresh Fresh

rocks sandstone limestone, granite
dolomite

K(cm?) 10® 10* 10° 10°% 107 10%® 10° 101 10% 10** 10 104 10%°

15
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2.4 Wave theory

Following [Demtrdder 2006]a fimechanicawave is a process, in which an oscillation propagates in
space from the place of its excitation, due to a coupling on an adjaceritatosgisystem. The
propagation speed depends on the strength afdhpling and on the mass of the oscillating systems
The ocean surface waves attype of mechanical waves. To describe the properties of such a wave, the
general parameters are givarthis chapter. Furthermore, the most common wave theories are specified.
Both the linear wave theory dfAiry 1845] and theStokes theory named aftgStokes 2009]are
described

2.4.1 General specification of mechanical waves

Mecharical wavesdescribea multitude of different wave types. ¢reneralthe wave type depends on
the propagation characteristics and the sort of transpedium. Examples arengitudinal wavs,
transverse waves, acoustic waves, waves in gases, surfaceawdwahes. All of these wavesan be

basically be described ltlge following sketch for a plain harmonic wave:

() v(t)

v

Figure 2-6: General exposure of a plain harmonic wave
A schematic overview afne period T of sire wave with itsamplitude , phase <andwave speed v(tas
elongation over tira t.

In this figure the xaxis shows the time and theayis the time dependent elongation. The most
important parameters of the wave are the amplijudine phasds © and the wave speed v(t)h&
length between two points of the same phase is called the waven@iith these parameters
characteristic factors are calculated. The frequency f is defined as the reciprocal of the period T.

Q Eq. .7)

p
~

The wave number k is defined as the period odi2ided by the wavelength.

16
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Q Eq. 2.8)

Analogouslyto the wave numbethe angular frequency aefined:

cu

w Eq. 2.9)

All these characteristic factors are combined in the definition of the wave spelee following

equation.

Eqg.
1 q

LO =, = -
Y Q = (210

With the charactéstic equation for the plain harmonic watee wave is completely describetth all

of its properties.

Eq.

—¢fo yzATQRT 0
(2.11)

These relationships are general terms of mechanical wawasler b describe ocean waveslditional

theoretical assumptions mustinade(seeOcean waves.
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2.4.2 Ocean waves

Ocean waves are a special type of mechanical waves. This type is a combination of transverse and
longitudinal wavesTo define the specific behavior of the ocean wave, a water particle in the water
column is considered. This particle is moved with water andas an idealizatiofollows an orbital

path. This wave orbital is shown kigure2-7 for a sire shaped wave.

Figure 2-7: Orbital path
The standard seshaped wave with the idealized orbital movement as ke pivbich is typical for a deepater
wave for different time stepstluring te period of 2 and the phase <.

On the lefthand side, thenovement of a semwave over a period of 2is plotted. On the righhand
side, the equivalent circular orbital path of the moving particle is drawn. The speed of the particle on its
orbital path is defiad as the orbital speed and shows how fast a partialeoves orthe orbital path

during a wae period.

In oceanographytypical ocean waves are categoritgthe typical shape of the orbital movement of
the water particles. The shape depends on theomiiednt velocity field of the wave, but the water
depth and thevavelengtheffect the movemenaf the water particles even more. Hertbe descriptios

of the typical shapes of the orbital movemarg distinguished bthe raio of the water depth Mo the
wavelengttre: Thus whenthe water becomes shallow, theod&tecomesmaller, because of tieenstant
wavelengthand the decreasing water depth. Hetloe shallow water zone stadgka ratio smaller than
0.05. On the other hand, the deegter zone is defined faleep water columns and longvelengtis,

so the rab is largerthan 0.5. InFigure2-8, the categorization of the zones epitted
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deep-water intermediate-water shallow-water
zone zone zone
WD/A > 0.5 0.05<WD/A<0.5 WD/A <0.05

Figure 2-8: Categorization of oceanwaves
From left toright, the development of typical ocean waves is shollre deepwaterzone startst a ratio of
WD/ larger than 0.5. The shallow zone starts at a ratio smaller than 0.05. Betweeththégermediate zone
is defined.

The three zones differ in the ggbe of the orbital path and the predominating velocity field. In the
deepwater the idealized orbitaf the water particles is circular. With decreasing water dépghorbital

is stretched to an ellipsoid. Thkallowerthe waterthe more the ellipsoid is flattenethis development

of t he p aleatsitactypiead \velocipyaamponents for thiave type. In the deepater zone

with circular orbital movement, the maximum horizontal and the maximum vertical velocity
componerg are equal along the water column. Furthermore, the velocity components decrease equally
with increasing distance from theater surface until the wave motion is negligible. In shallow waters
the physicschangs The orbital pathdevelopsinto a flat elipsoid. With this shapethe velocity
components change their behavior. The maximum horizontal velocity component is neaten than

the maximum vertical velocity component along éméirewater column. With increasing water depth,

the maximum velocitgomponents decrease. In contrast to the development of the components in the
deepwater zone, the velocity components i tshallowwater zonedo notdecrease equally. The
maximum horizontal velocity component decreases more slowly than the maximuml certiponent.

Thus, the horizontal velocity is still dominant near the ground. On the other hand, the vertical velocity
component vanishes almost completely. Hereehe shallowwater zonethe movement of the water
above the seabegbpears to benly inthehorizontal direction parallel to the ground. In the intermediate
zone between the described regions, a mix of botkldements occurs. The shape of the orbital path

is ellipsoid but less flat than in the shallevater zone. The development of theogily components

along the water column is not equal and corresponds to the development in the-glaadiowone.
Hence tle influence of the horizontal velocity component above the seabed is very strong, bat less
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than in the shallow zone. Furthermdiee vertical velocity component in the immediate vicinity of the

ground is not zero.

In summarythe influence of the horantal velocity component of the wave motion is very high in the
intermediate and shallow coastal zone. The wave movement has ahemgze seabed in these zones
in contrasto the deepvater zone. Thusn shallow aregsocean surface waves hathee man impact
onthe velocity field and the benthic boundary layer near the seabedea® surface waves.

The description of ocean sade waves is a complex probleRar this reasora lot of different wave
theories havdeendeveloped. For the deepater ne mostly two theories are common, but for the
shallower areaghe numbers of theories increase with the increasing complexihegiroblem][Le
Méhauté 1976pivesan overviewof the different wave theories and the specific aspects of them. In
[Ausschul3 fur Kistenschutzwerke 200@je mostly used theories are mentionedorder to decide
which theory is the best for a specific case, the URSEAlametr can be used.

. ®0 _ @07 _

Vi i : Eq. .12
! w0 w0
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2.4.3 Potential function as a basis for wave theories

Wave theories are important for the analysis of wave action in the oceans. All the cgnusexhl
theories have an analytical solution. Thus, it is obvious that a lot of assumptions are made. Following
[Graw 1995] the following simplifications are used for most wave theories:

The fluid is frictionless and incompressible

The surface tension is gigible

The pressure above the free surface is constant

The fluid is idealj.e. zeroviscosity

The waves are not influenced by atleater movements
The ground is horizontal and impermeable

The wavedoes not changés shape in transverse direction

The problen is considered only in 2D

=A =4 =4 =4 =4 4 4 -4 -9

The wave movementan be described laypotential flow

The potential theory presumegpatentialdifference between two points of a physical value in a space.
The difference between these points is descrilyed potential functin. This function is fitted to the
physical phenomena. The potential theory is based on the force field and the derivatisnhefoity

was made bjClausius 1885]

In fluid mechanicsthe potential theory postulates a frictionless and rotdt@nflow. This is a strong
simplification of the problem. Hencthe wave theorglwaysincludes errors. In the first step, thectar
guantities are replacday scalars, the potent&lFollowing [Malcherk 2010] the potentiaP and the
velocity are connecteda the gradient oP.

Y OQ ol Eq. .13
This potential is used in the continuity equatimich subsequentlyields the Laplace equation.

10
T3 L Eq. @.14)

0 10
w Tw
In additionto the velocity potentiala simplification for thepressure is needed to modify the
conservation of momentum. For thibie gravitational force is replaced by a potential. Hetloe

conservative force is describbg the following equation.
O TN 01 IA'T o) Eq. .15

This potential is completely knowaxcept forthe value of
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U Qa «a Eqg. @.16)

With equation2.13, 2.14, 2.15, and2.16, the potential theory for the calculation of water waves are

defined as following:

To0 10 10

o 1o Ta T Eq. 2.17)
T—G Qa a ﬂ I Eqg (2.18
o : “ g 2.

The wave theories, which are described in the following chapters, are all based@rdquations for

the conservation of mass (E8.17) and the conservation of momentum (Exj18)).
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2.4.4 AIRY theory

The linear wave theory or Airy wave theory nanaéir [Airy 1845] is one of the most important and
used wave the@s In oceanography, especially in the deeder zone, these equations are very
accurate. Hengehe theory isvery often used forinitial estimations. A detailed descriptiai the
derivations of the equations is not given in this wdrlat they can be found ifiSalmon 2018]or
[Malcherek 2010Q]

The AIRY theory is based on the potential thedflius the assumptions and simplifications from
chapter2.4.3alsoapply for AIRY wavesin additionto theseseveral assumptions ftre shape of the
waveareimportant. FollowindAusschuf fukKustenschutzwerke 2002he following assumptions are
used for the AIRY theory:

Symmetric wave profile (ideal sinusoidal surface)
Small amplitudesWH<<a-andWD>>WH)
Even ground

Ideal fluid (frictionless, incompressible, homogeus)

=A =4 =4 4 =

Air movement has nisnpact on the wave movement

Basd on these requirementshe equations for the AIRY theory are derivdéusschul® fir
Kistenschutzwerke 2002]ifferertiates between the three categories deegier, intermediatevater
and shallowwater. The deegvater zone and the shallemater zone are special casestvatdditional
assumptions whicfurthersimplify the equations. The general terms are used imthanmediate zone

and are given in the following overview.

The elongation of the water surface is defimeothe wave kight and the specific phase angle. 3

the general assumption for AIRY wavd@here is no difference between the separate zones.

@0
C

-0 AT O Eq. .19

The wave speed is defined as the ragbwveen thevavelength anthewave periodHence the general

equation for AIRY waves is as follows.

(@]
O

QL Q .
—20AZOO 2 OATEGO Eq. £.20)

<
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Furthermorethe wavelength is given as:
A A s e
1—2 YYOAITEwO Eq. @.21)

Thehorizontal comppent of theorbital velocity of a water particle in the water columgiigen as

6 3 I S ——— zAT 1O Eq. .22
And the verticatomponent as

. ®Oo OETEa »O . 6 EHR Eq. 223
© R <l T RETEMO g q. @

In additionto the orbital velocity[Bilisching 2002Herived the following equations to describe thesax
of the orbit of the water particlesith the horizontal axiso and the vertical axiso . The
coordinate z is defined from the ocean surface in positive directiardsthe sky.

A1 6% & woO

& 0z = Eq. 2.24)
OEISEz®O
OEISE & »o

& 0z = Eq. .25
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2.4.5 Stokes theory

A further development of the wave theory[phiry 1845, 1952 [reprint] from 1845is the theory of
[Stokes 2009}from 1847 The main difference between these two theories is [Btakes 2009]
consides the nonlinear terms. This important, because the linear theory is only valid for small
amgitudes and this conditioohangesvhen the waves travel in shallemater zones and change their
shape and behavior. Figure2-9, typical wave shapes are shown.

wave profiles

Pl
\/ \_/

linear theory: deep-water zone, small wave steepness

—
N~ —

Stokes theory: intermediate-water zone, large wave steepness

RN
N N

Cnoidale theory: shallow-water zone

/\

single wave theory

Figure 2-9: Wave shag comparison[Le Méhauté 1976]
Comparison of different typical wave shapes. In the first tbe/sinusoidal wavis shownwhich is assuntin
the linear theoryThe second rowhows avave witha largersteepnesasconsidered byStokes 2009] The third
row showsa very long wavewhich istypical in shallowwater regionsandwhich is calculated witlthe cnoidal
theory, because ttgtokes theory is not valid anymore. In the last rawgingle wavés shown which is another
extrene casdor the typical vave theories. This kind is typical for tsunamis.

Just as the theory ¢Airy 1845] the Stokegheory is based on the potential theory. Hermsery
assumption of the potential theory (s24.3 is also arequirement for the Stokes theofjhus, the
Laplaceequation, the Bernoulli equation and the boundary conditions at the ground and the surface of
the water column are equ8luch ast is obvious that this theory is also not exact, but for specificscase

it is more accurate than the linear wave theéryletailed derivation of the Stokes theory would be
beyond the scope of this wolGraw 1995]gives a short overview of the derivation and an overview

of thecasedor whichthis theory is useful. IfFenton 1979] a higher ordeStokes theory is derivedh

this thesisthe third order Stokes theory was used. In the folloywtimg general equations ofettheory

are given fronjAusschufd fur Kistenschutzvke 2002]
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The profile of the free surface of the water cossi$three terms and includes not the waeght, as

in the linear theory, but the amplitude A instead.

-0 JzAT®O
© Al amo ¢ Al @BwO AT ORo
T OET @» 0 5 Eq. 2.26)
Oy, P WAT OBOO o o
ot} “TOET®EO 5
The wave speed is described diofes:
Q. . .. ¢ AT @BnwO
= [0 Y e Eqg. @2
00 -OAT®0 Op JOETEH0 q. @27)

Hence, the wavelengtlwvhich is defined athe product of the wave speed ¢ and the peridd given

as
O .. pT Al OEWO
1 —"vOAI R Q T Eqg. .28
: B0 JOp Q) S PETE0 d. @.28)
Thehorizontalorbital velocity is giveras
o i Doz zAII.dEX ©0 zAT O
h V& T o
o. Al @QBd wO .. .
— z ——— z C Eqg. .29
T T TEETEwo A O8O a- @29
I, PP CAl GO zAT @Rd ®O zAT ®Bo
ot GET &0 ;
and the vertal orbital velocity is defined as
o Vo2 T ZOET‘QE: w0 CAT 166
AoV GETBO ®
. OEK&d wO .. .
0, 2 QE k8¢ : AT OKo Eq. 2.30)

T T eET®0
0. pp cAT GO
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PR OEl @O

:OE08¢ 00 zAl OO

26



Physical background

2.5 Turbulence

Turbulencesurroundsus every day. It is a keyword for every chaotic and fast fluctuating thing in our
lives, such aghe mwementof leaves in the wind or faghoving people in a crowded street. In fluid
mechanicsturbulent flow is characterized as chaotic motion with strong eddies and intense mixing.
Following [Kornev 2013] it is a threedimensional unsteady flow with chaotic trajectories of the fluid
particles, strongnixing and fluctuations arisindue tohigh Reynolds numbers. In this chap&ebrief
overviewof the general turbulence modeling assumptions is given, fiesbasics of averaging are
discussed. Secondly, the Reynelderaged NavieStokesequationsare decribed. Furthermore, the
mixing length model oPrandlis explainedFinally, the Reynolds flux model is described.

2.5.1 Averaging and fluctuation values
The description of turbulent effextequiresaveraging methoddue to strong fluctuating valuesh&

most important averaging methods are mentioned in the following section.

2.5.1.1 Time average

The time averaging defines an average of a stochastic function (for example U(x,t)) within a defined
time interval. For a stationary flow, this type of average leadantabstraction of the turbulent
fluctuations. In the instationary caseis also known that the choice thfetime intervalgl influences

the possibilityof losing information on the mean velocityFor thesereasons, it is recommended to
performan ensemle averagen a strong instationary flow field. The averaging over a time period is
useful to genfirst impression of the man flow in a field. The mathematical expressiothis workis

the bar over the averaged variable.

Yo ool E% Y ofy QY Eq. 2.31)

2.5.1.2 Ensemble average

Following [Fiedler, Prof. DrIng. H. E. 2003]the ensemble average is definedrasarithmetic mean
of alargenumberd of values of a stochastic functipr{x,t). These mean values are chosen a¢wdfit
times or at weldefined identical conditions of the fluid flow or the process. This type of anegrag
used for instationary flows or processes. The mathematical expresgiswork isdefinedby a caret

over the averaged variable.

[ [ oo ioég [ oo Eq. .32
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2.5.2 Reynolds-averaged Navier -Stokes equation (RANS)

The calculation and modelling of turbulent flows is still under investigation. The direct numerical
simulation (DNS) delivers the most exact solutions for the Ne&tekesequations, but this kind of
calculation needs the most paf computational effort. One method of modelling turbulent problems
involves making use dhe Reynoldswveraged NavieStokes Equations. These approximatitesd to
simulations whichmeedonly a small part of the computational power compared to B¢Sause of

this, RANS simulations are currently the most ukedchumerical simulationor turbulent flows

2.5.2.1 Assumptions and derivation of RANS
In a fully developed turbulent flow, the components of the velocity, the pressure and other scalars are

splitinto a mean value and an oscillating value of it.

6 o0 o
n nfn Eq. @33
etc.

These definitions ar@sertednto the NavietStokesequation
Yo Q ;i Eqg. (2.34)

and an ensemble averageonducted. The general assumptions and rules of averaging for this problem
are well described ifFiedler, Prof. DrIng. H. E. 2003][Spurk and Akselpr other fundamental text
books. The averaging leads to the RA&fbiations:

Ty

1Y
0 Tw

\ “g"Y T ’?’Y'?'Y
pT Ik, TT - Eq. 2.35)

BN R

In this equation, théermf "YTY X @ contairs the unknown shear stresses in the flow. Hence, for a

normalthreedimensionaflow 9 additional unknown valuexccur.

o 6 60 60
"YY 7 96 0 0O Eq. @.36)
06 0O O

These walues are the Reynolds stresses or turbulent apparent stigpses and Aksel] Due to
symmetrical reasonshis tensor can be reduced to 6 unknown values. Téiessses need closure

assumptions for thedescription.
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2.5.2.2 The closure problem and the Boussinesq approximation

The closure problem of the RANSuationshas beemnder investigation since the equatisas first
described For ths reason, a lot of closureadels have been developed. The modelgyemapedby

their complexity i.e.empirical or zero equations models, one equation model, two equation models and
others. The empirical modedse mostly basedon simplelinear assumptions with additional consgant
known from experiments. The more compl®o equation modelssuch ashe k3model, use two
differential equations, which are numerlgahodeled an@lsoincludeempiricalconstants. Thus, there

are a lot of different models, whigachhave their specific weaknesses and stresfgthdifferentflow

conditions.

Eachof these models rely on the approximatiorfBdussinesq 1877[This approximation expresses
the shear stresses through a turbulent eddy viscosity.

Tt 760 d—. 7 — Eq. 2.37)

With this assumption a new unknown variable, the turbulent eddy visegsitgurs. This is the variable

which is modelled withinhte closure models of the RANS equations.

2.5.3 Mixing length model

The mixing length model was developed[Byandtl 1925] His hypothesiteads b a simpladescription
of the turbulent eddy viscositst. The concept is based on the kinetic theorgades, in which the
kinematic durability is defined as follows

: &V Eq (2.39)

In this equationthe terman is the mean free path between the molecules ldnile speed of the
molecules[Prandtl 1925]transferred this relationship onto a fluid parcel in a flow and maitked
relationshipwith its specific properties which depend on the location in the flow. Hence, followilg
[Prandtl 1925]the following equation is determin@ugeneral applications
—aQr
) 8 0 — Eq. @.39

3 07 40 oy q. .39

The variables describes a specific property of the flow. The most comveosion usethe momentum

andleads to the followig equationknownas the 1Prandtimixing lengthhypothesis
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"y Eq. 2.40)

[9oJNO ) [9oJNO )
QaQa QaQa
[Fiedler, Prof. Dring. H. E. 200Bmention other properties which chadescribed by in Eq. .39),
for example scalar valasuch aghe temperature or the concentration. In the experimeittssimork,
the concentration field wameasuredand the associated mixing length was determiviedthe

following relationship:

T "60 "d Ya Eq. (2.41)

@ wl .y
QaQa

ole

e ¥
aQ G

This model is valid in plane shear laydfSedler, Prof. Dr-Ing. H. E. 2003mention that the theory is
most accurate iwall boundary layers. Hengdt is an essentialtheoretical point of view for the
experiments in this work.

2.5.4 Reynolds-flux model
The Reynoldd€lux model is described bjWwallis 1967]asac oncep't which fApostul ¢
mixing velocities in order to account for transport phenomena in @ldnene nsi on al flow m

transport processethe fluxes of mass, energy or scalar values are coesigéth [ . Within the

Reynoldsflux model the Reynolddluxes 3 'Y are modeled individually. Furthermore, turbulent
effects and mixing are regardg@/allis 1967]described théurbulentmixing in terms of a lateral mass
flux (. This flux leaves the main flow ithe direction of the wall. On the way to the wall boundary
layer, it shares its momentum, energy and compositiorerViftreactesthe wall, the flux is boured
back to the main flow.

With respect to the wall shear stge heat flux and mass transfer

Qi
T - ” Q)
P Eq. 2.42)
d "QYh

, Which aredefinedby making use othe friction factorfr, the heattransfer coefficienh andthemass
transfer coefficient hp, respectively[Wallis 1967] describs the Reynolddlux with the Reynolds

analogy as follows:
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Figure 2-10: Reynoldsflux model
The transversal velocity ddeaves the main flowowardsthe wall. At the wall, it is bounced backgaintowards
the main velocity.

To understand the Reynotflsx concept onecan imagine a transversal velocity Which leaves the
main flow U. [Wallis 1967]assumes thdtalf of the mean transversal flux is movingverdsthe wall
and the othehalf is bounced back from the wall. Idealizédth fluxes have the velocitydJsuch that
the followingrelationship betweebl, and the mass flul is given

- g" Y Eq. @44)

Comparing this relationship with ER.43 yields

N iy G QL
Y "QJY TS qQ Eq. @45

Thus, the frction factor f can bénterpretedas the ratio of the lateral fluctuating velocitythe main
stream velocity[Wallis 1967] mentiors, that the lux models in Eq.4.43 and Eg. 2.45) are the
simplest analytical models which account for transfer phenomena in convection. Furthfvadire
1967]refers to an alternative descriptiahich relies on the assumption of a probabiiifjusion pd of

the transverse velocity

31



Physical background
P L
nouaQo TTQ(M]TV Qu Eq. 2.46)

This expressio does not changthe relationshimivenin Eq. @.45), but, following [Wallis 1967], it

becomes more important in the context of net mass transfe
By consideringan additional mass flux through a permeable vilaét mixing process is changed
a "ou Eq. 2.47)

with 0 being the transverse velocity of the additional flwkjch leaveghe wall. This changes the
mixing process, which is controlled by the transverse velocitf the main stream. Hencéje
respective fluid velocities are superposed

U0+ Vad Uo' Vad U0+ Vad €, 1299
Vad Vad Vad

Figure 2-11: Reynoldsflux model with additional inflow condition
The transversal velocity ddeaves the main flowowardsthe wall. At the wallit is bounced backgaintowards

the main velocity.From the walls an additional inflow with the velocityo+-is assumed. The velocity
components interfere with each other due to superposition.

Following this assumption, it is obvious that the velotityards the walis the summation oy 0
and the velocity bom the wall asY 0 . Considering the Reynoldhix, it is provided by the

following two different fluxes:
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Eq. 2.49)

Similar to the assumptions for EQ.48), which usethe probabilitydiffusion of the velocityv, the
solution for the ingoing flux is

Yo .0
- ? Qw HT Eq. .49
and for the outgoing flux
‘ Yo .0
- ” 0 ” ? Q w HT Eq (250)

By substitutingUo and vvia Eq. (2.44) and Eq. (2.47), respectiviig final solutios for the ingoing

and outgoing Reynoldiuxes are

Eq. 2.51)

- a anti
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2.6 Mixing and transport mechanism s

2.6.1 Transport mechanism
The transport of a material or fluidnderliesthree different transport mechanisnibe diffusive

transport, the convective transport and thbulent transport.

The diffusive transport is driven by a strong gradient, for example in concentration or temperature.
Thereby a diffusive pressure is generated between the different potentiate, Hdlnx of the exchange

value is initiated. The exchga occurs within the Brownian motion of the molecules. The diffusive
transport occurs in resting and in flowing media. The most common equation is the diffusion equation

according to Fick.

_.
Os

[0 g2 Eq. €52

On the other hand, convective transport occurs only in moving media. The flux of the exchange value
depends on the change of the position of the particles iméldéum duringts movementHenceit is
obvious that theonvective transport in flow direction is much higher than the diffusive flux. Following

[Stierstadt 201Qtransport processes can be describac general linear tation:
0 0 Eqg. .53

The first factor is called the kinematic coefficient, which is proportional to the transport coefficients
such aghe diffusion coefficient D. The second factodescribes a specific variable of the effect which

is trangported.[Stierstadt 2010fnentiors, that the coefficients rely on measurements and experience.
Furthermore, the general equation is only valid for small gradientsaod . [Stierstadt 2010pives

an overview of the different transport equatiarigch are based dig. 2.53).
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Table 2-3: Overview of linear transport processes byStierstadt 2010]

Physical background
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The turbulent transport occursaddition to the diffusive and the convective transport due to turbulent

effects. Following[Kraume 2012] the turbulent transport is determindy the rebuilding and

dissociaibn of vortices. In turbulent flowghe main flow velocity is overldiby a fluctuating velocity

component. This velogitis bas&l on the occurrence of the vortices. The size of the vortices depends on

the space between the wadlsrroundingthe flow field and on the flow conditions. Compatto the

convective transport, the size of the vortices is maoper, than the mean free distanisetween the

molecules[Kraume 2012Jmentiors, that the turbulent transport can be described gsecial type of

the convective transpoduch that the same mathematical descriptian be usedPrandtlet al. 2012]

revealed a strong increa®f momentum, heat and massxfluue to turbulent fluctuations. The

description of the turbulent transpaglies ondifferent assumptions and solutior@®ne of the most

common descriptiagis the analogy ofBoussinesq 1871kee2.5.2.3.
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2.6.2 Mixing mechanisms

Mixing describes the connection of two or more different matedeluids into one homogeonus
material or fluid.[Kraume 2012]defines mixing as result of transport processes and ditision of
mass in a specific volume. Following the reksaof[Dimotakis 2005] the mixing of fluids takes place
in three different stages.

The first stage is the process of entrainmEntrainment éscribeghe inflow of a resting fluid it a
moving one whichs flowing overthe resting ongEllison and Turner 195%xplain this effect with
two examplesnamely with plumes and with jet¥hese examples are fully turbulent wahnearly
constant, nofturbulent main stream which fl@into a resting environment. Hence, in the transition
zone afully turbulent streanencountera completely resting fluid. Furthermore, it is observed that the
resting fluid is entrained with thertwlent flow.[Turner 1986jmentiors a dependacy of the inflowof

the restindluid into the turbulent zone. He described a proportional consatnainment cortant) for

the relation between these two zobased omass, momentum and lift. Duettte complexity of this
topic, detailed explanatianare waivedt this stageFurther informatiorcan be found irEllison and
Turner 1959][Turner 1986Jand othes.

The second stagef mixing is the disperien. This process includes the dispersion of single volume or
fluid elements into the surrounding environment. FollowWkKigume 2012]this phenomena is defined

completely within tle linear transport equations.

The last stage is the diffusion. This process relies on the molecular movement of particles and occurs in
in every case. In combination with the other stages, the surface between the different fluids is maximized

and the diffsion occurs much faster.
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2.7 Oceanic Boundary Layer

The bottom boundary layer in oceans is shaped by steady currents, wave action, tthegnoenies

and the shape of the ground its@lfiis work focuses orhe benthic boundary laygmichis described

first in this chapter. Secorntte effect of a stegcturrent on the boundary layer over a random permeable
bed is discussed. After thithe oscillating boundary layer is mentioned and at thethednfluence of

the shape ibriefly described.

2.7.1 The benthic boundary layer

The benthic boundary layer (BBL3 defined by[Boudreau and Jgrgensen 20@1 At h ale par t
marine environment that is directly influenced by the preseftiee interface between the bed atsd i

ove r | y i n dn thisdayes mastof the actionregardingorganisms and exchange processes takes
place. The environmesof the upper ground and the lower marine side converge in this zone. Thus, it

is a very mportant area not onhyith respect to fluid mechanics with friction and turbulebeeng at
theirmaximumin this areabutalso for organisms which live in the ground and above it. The exchange
processes between these bounded environments are undgiirsteatigation with respect to chemical
reactions, groundwater fluxes and mixing of heat, energy alhdatipns.

Following [Boudreau and Jgrgense€2001] the general benthic boundary layer is layered into 6

sublayers.

1 lul
interior
geostrophic flow

Ekman layer

logarithmic layer

viscous sublayer
diffusive sublayer

Brinkman layer
Darcy flow
Figure 2-12: Benthic boundary layer
A schematic sketcbf the benthic boundary laygBoudreau and Jargensen 206flit the BBLinto 6 sublayers
the interior geostrophic flow as the mean flow, the Ekman layer, the logarithmic sublayer, the viscous and the

diffusive sublayeralong with heDarcy flow within the pemeable ground and the Brinkman layettesnterface
between thennerDarcyflow and the outer flow of the water column

This profile is valid for a steady current above a seabed. The zone in which the most mixing and turbulent

transport of SGD occuis located directly in and above the permeable seabed.
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2.7.2 Boundary lay er above a permeable medium

The benthic boundary layer composition[Bbudreau and Jagrgensen 20@ pefinedfrom a global
point of view.Considering the boundary layer directly aboyeeneable medium lead the following
structure of the boundary layer.

Mean flow

> U

A
z Us X

v

Figure 2-13: Boundary layer above a permeable bed
Boundary layer development above a permeable medium following the experimémgslofchaab et al. 2006]
The experiments were conducted under a steady flow above the bed. It is shown that a slip gelocitysu
directly at the border between the bed and the freestream.

The profile, which is shown iRigure2-13, was first developed HBrinkman 1949] who developed a
partial differential equation to couple the known Darcygezand the free stream zone abibve

A|T5 %2) A %{ Eq. .54)
The following investigation of the flow in and above porous meiias to find a solution for the
apparent v [Bsnknmas 1949y TheOndrk af[Beavers and Jeph 1967]is one of the first
experimental studieis this field and the most citied in later work$ey used a watethannelwith a
steady current setup and measured the mass flux with different porous materials. Thefrésalt
experimentsvere, that the boundary layer has a great impact on this mass flukattide used mateali
has thdargestinfluence on the development of this boundary lag@choaTapia 1995Heveloped new
boundary conditions for this problem and compared ttethe experimental results fBeavers and
Joseph 1967]This boundary layer concept was improved/Alazmi and Vafai 2001][Tachie et al.
2003] [Agelinchaab et al. 200&nd[Arthur et al. 2009used the samexperimental setup and studied
different point of views. They used a porous ground built out of small pipes. Thesevaveed in
diameter and distance and so the porosity of the ground model was variable. The results of these
experimentaverethatthe thickness of the boundary layer above permeable materials depends on the
volume friction factor or rathesn the porosig.In all of these studies, the flow field relies on a steady
current conditionFollowing [Nielsen 1994]the waveinduced boundary layer is much thinner than the
boundary layer under a steady currdius thewaveinduced velocity field has a higher impact on the

underlying porous medium.
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2.7.3 Oscillating bottom boundary layer

The oscillating boundary oBtokes layer occurs at a boundaviich is subjected toscillating flow
conditions. These conditions are the mal case in wavedominated environments in the ocean.
Following [Nielsen 199], the general equation to define the thickness of a boundary layer isbgiven
thefollowing relation

19 7Y Eq.(2.55

where the period T and the eddy viscositare the dominating values. Th#luence of this kind of
boundary layecan beexplained with the following example. For a tidal flow with a period of, {2
thickness of the layer due to a constant valug iaf approximately sixtysix times thicker than that of
a wave with geriad of 10s. Hencgthe bottom boundary layers umdgave motion are always several
times thinner than the layers due to a constant flow field. fHuisis very importantfor sediment
transport]Nielsen 1994mentiors, that with a thinner boundary layéine shear stress at the ground is
higher. This may also affect the transporechanism directly above the ground due to sarbm
groundwater discharge.

A
z

tide induced
velocity

wave induced
velocity

Figure 2-14: Comparison of wave and tide induced velocity profile
The diagram shows a water column with depth Z. The wave éuduelocity profile shows a thinneoundary

layer at the bottom than the tide induced velocity profile. The main velocity is higher for the tides, but the

influence at the ground is much less.

The typical behavior of the velocity fields is showrrigure2-14. It is obvious that the maximum speed

of the tidal flow is much higher than the speed under the wavy environment. Considering the bottom

boundary layer, it is shown that the tidal bottom bountygr is much thicker. Hercthe maximum

speed near the bottom is musimallerthan the maximum speed of the wamduced velocity profile
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near the seabed. The peak in the velocity field for the sivedigced velocity islueto the velocity defect

which accurs because of the osdiitag behavior of the flow field.

2.7.4 Influence of the shape of the ground

The bottom boundary layes influenced by the type of flow above it (s2&.2and2.7.3 and the
specific properties of thgroundsuch aghe permeability (sesection2.3). Another important impact
factor is the shape of tlggound This shape is changed by the occurrence of plants or animals, but the
most important changes due to sediment trapsrt processes. This transpodn be separated into
different types. On the one hartere isthe pure suspended load whigdesup in the water column

and flows with the main stream. On the other handrehis thebed load. Th bed loaddescribed the
skidding, rolling and saltation of sediment particles. With this movement of the upper layer of the
seabed, erosion and depositioccur due to mass transport. This mass transpfign leads to the
development of ripples. Due the complexity of thistopic, only the influence of a typical oscillating
ripple structurewhich occurs in sandy sediment in shallow zonésbe discussed-urther information

can be found ifiKarow 2015] [Nielsen 1994][Allen 2001]and othes.

One typical oscillating ripple structure is a symmetric ripple which occurs in shallow waters. It is
characterizethy the fact that the length from crest to valley is identical on both sides of the ripple crest.
Thus, the Bucture is exaty symmetric. In the following-igure2-15, a schematic view of such a ripple

is given.

Figure 2-15. Symmetric orbital ripples
The symmetric orbital ripples are shown under a schemvatie. The distance between two ripptestds called
the ripple wavelength. During the floaver a ripple, a vortexs built up behind he crest. This phenomen
occursin both directionsinder wavyconditions Here only one direction is showfor simgification.
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Considering a stream above the ripple in horizontal direction, a vortex isibb#hind the ripple crest
due to a criticalalue of the ripple steepness. Under wathesse vortices alternate on both sides of the
ripple. [Dingler and Clifton]found out that the ripple wavelength of symmetric orbital ripplesarly
depends omo the orbital diameter of the predominating waegeriments based on this setup were

conducted and analyzég [Pedersa et al. 2004]
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3 Experimental setup

In this sectionthe experimentabetupis described in detail. Firsthe water channelis described.
Secondy, the elements which were used to transform the weatannelinto a wavechannelare
explained. After thisthe construction of thehanneffloor and its elementareillustrated. Finally, the
setup for the final measements is explained.

3.1 Water channel

The experiment is conducted in the watbannelof the chair of fluid mechanics at the University of
Rostock. Thischannelwas formely used for experiments with stratified fluids and constant flows. In
Figure3-1, the CAD Model of thehanneis shown.

! | . | i

Figure 3-1: Water channel
The waterchannelis situatedat the chair of fluid mechanie the University of Rostock. ffurther consist of
two additionalbasins of 6£m3 volume which are not shown in this figure.

The channelis built of stainless steel and has a length of &nd a width of 0.&. The ight of the
visible part of theChannelis 0.88m. The leight of the usable measurement areaeducedby the
synthetic ground to aeght of 0.78 m. The facility has two water tank systems for filling thannel
This design wasdevelopedor stratification experiments in eaft studies. In this workonly one basin
was used for mixing andliing water into the watechannel The tank has a filling capacity ofs4m3
of water. This water is pumpeudto the channelith a radial pump with a rxanum power of 54 kW
(Q =140m3/h, H-= 1422 m) and a constant filling volume is guaranteed withdditional weir section

between thehannelnd the water basins.

For the experiments on the mixing of groundwater dischalifferent reconstructionsna additional

installationswere requiredwhich are described in the following sections.

42



Experimental setup

3.2 Wave channel elements

For the investigation of the turbulent scalar transport above permeable seabeds, wave action is required.
The implementation of a wave generaitotthe waterchannelrequires different elements, which are

described in the following section.

3.2.1 Wave generator
In the wavechannela pistontype wave generator is installed. This generator consists of a linear axis,
which is moved with aservo motor combller. On this linear axisa plate with a size of

770mmx 650mmis mounted.

Figure 3-2: Wave generator
The piston type wave generator consists of a generator plate which is mounted on a lin€amoaagslitional
floating bearings are installed aither side d the linear axisto account for thestrong forces during the
movemeniPhoto by[Bestier 2015]

This application was developed pyeimbuch 2014]The piston type wave generatsusuallyused to
generate shallow and intermediate wave setups.pldte is moved and accelerates the whole water
column.This movement continues through tttennels a wave front. Then the generator plate moves
backwards untilt reacheghe turning point. From heréhe procedure starts agairhe acceleration of
the water colummuarantees movement of fluid particles dirégtabove the ground. This behavior is

a requirement for intermediate or shallow wave types.
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3.2.2 Wave absorber

In the experiments lot of energy is transferred from the wave generator into ther wathe endthis
waveenergy has to be remové@m the waterchannel The biggest problem in wave experiments is
that the wavesra reflected from solid surfaceBue to the fact that the measurements should be as
undisturbed as possillgs necessy to avoid these refleiins. The most common way to reduce these
effects is the installation of a wave absorber. In the veti@nnela wave absorber baten the research

of [Kaufmann 2015as installed. He compared two different implementati@sed on theoncept of
aslightly increasing beach.

Figure 3-3: Wave absorber
Two different wave absorber types were tedtagded on theoncept of alightly increasing beach. On the left
side a random filling of foam material was used. On the right, sig#ateabsorber system was used. The single
plates increase in size with every stigporderto generate the maximum absorption.

Both systems shasd good results rgardingthe absorption aality [Kaufmann 2015]Due to the more
defined compositionf the plate absorber, this type was chosen for the experiniémsbsorber will
be removed and installed several times between angle setup chamgksingit is necessary to
reproduce the exact behavior of the absorber in every new installatibe. investigations dBestier
2015]the mean wave absorption was determined Hyeta maximum 0f90%. The exact absorption

rate is influenced by the wave parameters.
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3.2.3 Control and triggering devices

The control of the wave generator system, the tracer pump system and the measurement applications are
triggered by several devices. The wave genemaosists othe linear axe6 EZ 3with a maximum

traverse path of 798 m. The poweunit is a servo engenEC86 with660W. This engine is controlled

by aniCU-EC servo controller. All these components are produdt the isel Germany AGThe

controller uses three types of control uné&scurrent controller, a speed controller and arelecation

controller. These units were tuned for the specific case that the elzdenelis filled to awater level

of 30cm. Furthermore, RCis integrated ito the controller. Hence, every action of the wave generator

is controlled by one device. Thategrated software applicatioRroNC is based on the PAL

programming language

3.2.4 Tracer pump system

In the experimentsa fluorescent tracer medium is pumped inte theasurement area. The tracer is
stored in a small basin underneath the watemnel The tracer feeding is realized with a parallel
connection of two different pumps. The first pump is a gerotor pump720%F from HNP
Mikrosysteme GmbHIhe second isn immersion pumgrom Barwig. Both are coupledia a three

way valve and are controlled saptely.

Water Channel

Floor Model

Control system
with
potentiometer

Three-way Lock valve

valve

Gerotor pump

[\

Tracer basin Laptop

Figure 3-4: Overview of the tracer pump configuration
The figure shows the elements of tin@cer pump cofiguration. The gerar pump is controlled by a control
system or gpotentiometer. Additioally, theimmersion pump is controlled manually. The pumps are coupled via
a threeway valvewhich also connects them tizge waterchannel
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The immersion pumpan realize a maximum flow raté 221/min at apressure difference df,4 bar

and is controllediia a laboatory power supply. Hence, the exact fluid quantity during the experiments
is measured with an additional experiment. The gerotor pump has a maximuncafh#dity of
288ml/min atapressure difference &0 bar. Furthermore, it has an eXdgaefined vdume flow rate,

such thatit is possibé to deliver an exact amount of tracer with this pump. With this conitejst
possibleto work withbothpumpsat the same time, twork each of thenseparately or even to change

the pump during the exgerent. Theinitial concept wago fill the reservoir underneath the permeable
mediaquickly with the immersion pump and then switch to the gerotor pump to facilitate an exact and
constant volume flux during the rest of the experiment. Due to volume rgdoeciteptsand the
reducedvolume flow rate of the gerotor pump, mainly the immersion pump was used findhe

experiments.
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3.3 Channel floor concept

3.3.1 Overview and requirements

The waterchannels extended byn additionafloor which consists of acryliclgss elemets. Thisfloor
was developeth previous studieto enable the use of sand for scour experiments. Thwssibuilt
like a basin in which the sand is trapped. The cornisepsplit into two sectiongn underlying section
which consist of strong blocksto support the upper structure and the upper section which cfsist
the wall and ground elements. These seceach includdéour elements along tlehannel All elements
are boledtogetherand the completBoor is fixed into thechannel

A circular plate is placediione of the middle elements (deigure 3-5). This plate idixed ontoball
bearings teenablea rotation of this plate ding and between experiments. The control of this part is
realized with a wire system lying underneath the upper paredfdbr. To support this systerdifferent
pulleys are insertedin the underlying section. For the new developmethis system is ndonger
needed. Furthermoréhe floor no longer needs to transparent such that a cheaper material can be
used

Figure 3-5: OId floor of the water channel
This CAD model of the &d floor of the waterchannelconsists of an upper and a lower part. The upper part
consists ofthe wall elements and thlewer part (transparent in the figure) makes up llogtom of the
measurement area. The lower paugmrtthe upper ones.

For the planned ave experimenishe last section of this oftbor is replaced with a newedrelopment.
To guarantee a smooth reconstruction, the wall elements and the strong cross struts are keibte Hence

space for the new elements is well defingldo, the connectin elementarenot changd.
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The newfloor of the experiment needs be apptablefor different porous ground models. Hentteg

following requirements for the new design were determined:

Table 3-1: Requirements for newfloor concept

Requirement Issue Concept L imits

Large floor area Flow field Big basin Width of thechannel
and length othe

floor element

Flexible angle Different measung Flexible hinge and Depth of the water

adjustment concepts angle column and
applications

Smooth overlap No production of Rubber material Connections

betweenchanneland random turbulence  coveringtheentire between different

porous media sectia ground materials

Plane outflow of tracer No plumes in the Different volume Inflow

fluid underneath the experiments reduction plates (see

measurement area 3.3.9

Connection between Coupling of thefloor  Similar connector and Dimensions of old
the new and the old elements composition of single  structure

section elements

Redudion of dynamic  Neglect errorglue to  Strong elements and  Space in thechannel

effects osdllations weights

The new floor designollowing the defined requirements above eTtonstructioris split into three
subassemblies. This breakdown is neatiggltofunctional and configuratiaireasons. The undging

part is the first element which msounted in thehannel The secondelement ighe upper panvhichis
placedon top of it. Once these partsave beerset and mounted, they will not change thmisitions

anymore. The last subassembly is the psroedia application basin (PMAB). The PRAvill support

the attachment of the changeable porous media samples and has a variable pitch mechanism. This setup
is independelhy fixated on the upper and lower segments of the construction. Herepossibleto

change the PMAB easily or to enlarfgectional elements of this part.

In Figure 3-6, the breakdown of the subassemblies is shown. The upper part is enlarged with a small

ground plate aacrossover between the old parts dmelnew ong The lower partonsistof two very
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strong lengthwise struts which connect the cross struts of ther fsavt.Another crossbar is mounted

onto these lengthwise connectors. This bar worlkssaabilizer for the PMAB.

PMAB

Figure 3-6: Subassemblies of the newWloor structure
The uppeimageshows the schematic plane view of the subassemblies. The orange part is the underlying lower
part. In the orange box on the left sitleés sections shown as a CAD model consigt of the two (yellow)
lengthwise struts, the two (green) crossbars and the (red) stabilizer bar. The black part shows the overlying upper
part. The black box on the right side shows a CAD model of this element. Every plaet blue boxelongs to
the PMAB whichis described in detail iB.3.2 The green boxaegpresenthe fixation mechanism for the PMAB
angle selection.

The PMAB is mounted in the frordirectly orto the lower section onto ¢hstabilizing bar (reth the
figure). At the backtwo screws fixate the systewia the crossbar (gredn the figurg. For the use of
different anglesthe specific angle blodk attached at the back
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3.3.2 Porous Media Application Basin (PMAB)

The PMABwasdevelopednainly for two functions On the one handor the support of the fixation of
different permeable ground models, and on the other fuarible realization of different angief the
measurement area. The realization le#se functions demands @ifént constructional efforts. The
developed concept s@ithe PMAB into three sections.

Figure 3-7: CAD model of the PMAB;; side view
The CAD model of the PMABnNstalled in the ground section. The blaelédr on the top is the rubber mat.
Underneath the mathe frame body is attached. In this framaereservoir plate is installedghownhereas
transparent in the middle).

The first setion is the rubber mat. IRigure 3-7, thisis the black colored frame on the top. This mat
works asa hinge for the complete PMAB. It is mounted with ten M10 scremtbeafront (righthand
side inFigure3-7) to guarantee adequate stability of the changeover betweeiffénerd sectionsin
additionto the screws, the rubber mat is fixed with special gieveral tests showed thaie best
working glue for this composition of materials is Sikaflex 2ZInce set, this oreomponent
polyurethane glue becomes an elastoméich works perfectly for this setuplence, the rubber mat
and the underlying frame body are irrevergiflued together.

The second section is the frame body. This partsistsof four bars which are screwed together. The
front and the backre positimedon the segments of the lower part of tle®r construction The outer
sections areariable in their respectiveositiors. The four parts are screwénbetherat the edges with
two M10 screwsach(seeFigure3-7). The otherl6 M10 screws fixate the reservoir plate.
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The third section of the PMAB is the reservoir plate. This plate is the ground of the PMAB and is

mounted in the lowest region of the frame body.

The reservoir plate is designeddnsurethat the tracer medium llected and able to flow into the
overlying porous media sectianthin a defined arear'he reservoir itself is 56@mlong, 470mmwide

and 5mm high. This yields a maximum filling volume 0f316l. In Figure 3-8, the two stes in the

plate are showrilhe inner parenclosed within the first step makestup reservoir. The plane above

the second step can be used for a plate which separates the porous media section and the reservoir. With
this, it is possble to define an outiw area underneath the porous media, for example a small cut in the
middle of the plane or one specific point.

Figure 3-8: Reservoir plate
The plate has two inner steps whiohke upthe reservoir. Theteps have adght of 5mm eachThe upper step
is used for different plates to manipulate the outflow of the reservoir underneath it. The plate has a sizerof 690
X 600mm.

The reservoir @teis 690mm longand 600nmwide. Thus, there is a differencé 60 mmbetween the
inner reservoirs on each side. This plamekes upghe bearing surface for the porous media section.
Twelve threaded holes are drilled inke surface area. Hence, theqas media model cdre screwed
onto the reservoir plan8ectbn 3.4 describes bw the model is modified tfit into these holes

In the main experimentthe ouflow out of the reservoiis modified with additional volumeeducing
plates. These plates are produced with g8bter (Ultimaker 2 with polylactide (PLA).
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The volumereducing platesveredeveloped to reduce the outflow area in the measuretentothe
limited field of view. Furthermorethe filling time of the reservoir underneath the porous omads

reduced significantlyThe concept of the voluraeducing plate was tested with diféert test frames.

Figure 3-9: Volume-reducing concepts
The different volumeeducing conceptare shownThe inlet into the frames Iscated in the middle of the free
square where the labeling is placed. This inflow is a circular pipe aviliameter ofl cm. a) is the first
configurationasin the measurements ¢Grof3 2018] b) is animproved verin of a), c)is aslit configuration,
d) is acavity array with increasing diameseawayfrom the source zone, & the improved volumeeducing
plate which is used in the main experiments.

The volumereducing platevhich wasfinally choser(seeFigure3-9, e) was designeslichthat the path

for the fluid from the source to the cavities is nearly the same. Experiments have shown that this
configuration enables avenoutflow of tracer fluid hrough the permeable ground modetsich were

used in the experimentFurther investigations and other points of views meguireother volume
reducing plates.
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Another aspect of the planned experiments is the investigation of different slopes. Tahealifferent
slopes an angle adjstment system was developed. The PMAB has a hinge due to the sorftes

of the rubber mat in the front. This flexibility offers a dynamic range of angle adjustrber@sto
fixation reasons, the back of the PMAB indées two threaded hold§no indination angle is desired

the PMAB is directly mountetb the last crossbar of the underlying section. In the other cases, different
angle adjustment blocks (AABs) are needed. In the experinteras different angle aggtments were
planned. Hence, tw&AB were producedor each angleThese are produced wittwo different
materials and assembljesespectively Four AABs are milled out of blocks of polyoxymethylene
(POM). The other twaonsist offour planes eactwhichwere cut out of acrylic glass usgialaser cutter
system andhenscrewed together to an AAB.

The shape of an AAB is-fike due tothe needed permanent fixation of the PMAB onto the crossbar. It
is screwedo the crossbaat the bottomandto the PMAB at the top The mounting is shown ithe

following Figure3-10.

Figure 3-10: Detailed view of the AAB
Detailed view of the AAB in the lighyellow color. The upper part contains a transfixation screw hole which
aligns with the threaded hole in the PMABkewise, tre lower section contains a threaded holetfer fixation
screw from the cross bar.
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3.4 Artif icial seabed

For the experimenian artificial seabed material was needed. Due to specific requirements e choi
of the right material was very complicated. On the one hames preferable to reproduce the general
properties of sand in a fixed bedn theother handa completely new investigation of a new material
was not possible. For ¢gereasos, a comprorise wasmadebetween the specific properties of sand

and the availabllw-costmaterials.

The easiest and cheapest way to firsidablemateial was the test of different foam mats. This kind

of material is produced by expanding synthetic materialsaialn[Beavers and Joseph 1968ed

such a metal foanof their investigation of the fluid flowver permeable media. Becausetal foams
aretypically usedin filter technologies, thir porosity isusuallyvery high (more than 95%). For this
reasonchoosingmetal foamover a synthetic materialould not haveanyadvantages. Hence, different
synthetic materials were tested concerning the porosity, permeability and flow field under a constant
flow. The porosiy and permeability measuremetask placeat theinstitute ofbiological scienceatthe
University of Rosbck. To determine the porosity, several probes of the synthetic materidloosied

and weighed and subsequeniiyed in an oven andeighed agairafterwards. Theveightdifference
delivers the solid part of the materiahdthus the porosity. For theetermination of the permeability,

an additional experimental setup was assembled.

Mariotte
device

wD
porous probe

Caollection tank

Figure 3-11: Congant head method
The probe in the chamber ssibjected ta constant pressure. This is guaranteed witthéte of the Mariotte
devicein the upper right sidéVater flowsthrough the porous probe and into tledlectiontank. The volume of
water is meased with time.
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With the device shown iRigure3-11, the timefor a specific volume of watéo flow into the ©llection
tankis measuredHence, thevolume V,thethickness of the probg the surface of the probe Ahe
measuredime t and he reight of the water columiVD lead to thdollowing expressiorfor the volume

flux;

AL

0zwo0zo a- 61

In additionto the investigatiomof the porosity and the permeability of the synthetic materials, the flow
field above them under a constant flow condition was measured aibrdoppleranemometer (LDA).

Because of the low impact of these measurements, the results are sihmpendix E

The two different permeable media which were chosen for the main experiments are identified with the
following specific parameters.

Table 3-2: Parameters of the porous materals

M aterial Hydraulic Permeability [m?] Porosity
(5¢m thickness) conductivity [cm/s]

10PPI blue 0.33 34.7E-10 0.98
45PR black 0.22 2,35E10 0.98
Sandy sediment NA (0.047 1.13) E-10 04
Huttelmoor [Schade,

personal

communication]

The materials show a verygh porosity, which is not comparable to sand @&:]). Because such
porous material are normally useth filter techniquesthe asped property isusuallya maximum
surface. For this reason, the porosity reaches a maxiwali. For the experimente permeability

is more important, becausige volume flux in and out of the material is of importance for the mixing
propertiesThe permeability of the chosen materials is related to sandy sediments which were found in

the measurd area Heiligensee Huttelmo(see Sectio2.3.3.

In the experimnt the artificial seabed plates were adhere@ 8ynthetic material plate. This plate
containsl2 cavities which ovespwith the thread holes in theservoir (se&.3.2. For the experiments

the two plates are screwed togetlseich thathe artificial seabed is fixed onto tfieor.
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3.5 Measurement concept

Now thatevery element in the watethannelhas been explained in dgéfahe measurement concept

itself is described. In the PIV/LIF measurement setting ,twameras and a laser are the main
components. The laser is a Nd:YAG (neodymidaped yttrium aluminium garnet) double pulse laser
system with a wavelength of 582n (green light). The cameras are tvizantecFlowsens&M with a

resolution of 1600x120pixels, a pixel size of A um and a maximum doubimagerate of 15Hz.

camera setup

triaxial traverse system

porous media section

Nd:YAG laser

Deflection mirror

Wave generator

Cylindrical
lens

<
q
H||I|

Wave absorber

Figure 3-12- Measurement setup
In the uppepat, the measurement setup is shofnam above with the camera setup and tifiexial traverse
systembehind thechannel In the lower partthe frontal view is shown with thieacer reservoir underneath the
channebnd allthedescribed elements withihéchanne] starting with the wave generatuorthe righthandside
and ending with the absorben the lefthandside.
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The timing and acquisition were done with thantec Flowmap 1508ystem with thé=lowmanager
software The amera setup is placed ofriaxial traverse systetvehind the wavehannel Furthermore,

this configurationenablesmovement in all directions. Hencthe measurement area is completely
variable. The laser beam is guided via a light guiding arm withaftemirrors through a ciyldrical

lens and is gead ouinto a light sheet from above thbannel This light sheet is guided into the water
column with a acrylic glass element. Thus, an undisturbed coupling into the water column is realized.

Theareaof the light sheet defindhe maximum measurement area.

On the right side of the wawhannel the waves are produced with the moving piston Fegpere3-12).
They move through the measurement area and are absorthe wave absorber gem. Underneath
the measurement arghe artificial sea bed (s€24), which is represented Iporous medias placed.
The fixation and construction of this part is describe8.$12 Thewater is filled into theMAB with
the pump system (s&x2.4, which is placed underneath the flalvannel Furthermore, the reservoir

of the tracer with a filling volume of Uis arranged next to the system.

During the experimentheindividual parts of the measurement concept are controlled separately. The
wave generation is started from a single odigr with specific software applications and program
codes.

Next, the PIN-LIF setup is controlled with a single computarich trigges the laser and the cameras.
The cavities are opened in a specific time intebzaled on the rate at which the images takenin
this setup, the PIV and Llifmagesare recorded simultanedusHene, the velocity and concentration

profiles aredeterminedvithin the same time step.

The last device which has to be started is the tracer pump system. In this isasentrolled with a
laboratory power supply. Hence, every experiment was run witeaime volume flux ofhe tracer

medium.
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4 Methods

In this chapterall relevant methods for the realized experiments are explained in detail. Athirst
equations and assumptions for the analysis of the wave datasets are given. Furthermore, the
deternination of the three wave scenarios is descrilfaaither the proeduresfor every main
measuremerdreexplained. In the last sectigrtke analysis othe results is discussed. This includes
thefirst calculationsn Dynamic Studi@nd the further proceig inMatlab.

4.1 Wave dataset analysis

Ocean waves are complex asg made up of a spectrum of individual wave tyBesause of this, it

is not possibléo determine one specific wave, described by wavelength, amplitude and speed, for the
experiments. Hege, the validation of the wavehannelexperimentrelies on specific requirements,
which are explained in the following section.

In the Baltic Transcoagiroject, anacoustic wave and current profilAWAC) was placed in the

intermediatevater zone in frot of the investigation area Heiligensee Huttelmoor.

Figure 4-1: Position of theacoustic wave andcurr ent profiler
The AWAC is placed in the intermediateater zone in front of the nature reserve Heiligenduttelmoor. The
water depth in this area is between 4 amd. The surrounding sediment is sandy, but the sediment transport is
categorized apw.

The position was chosen in this area because of the sufficient water depth and the low sediment transpor
Due to the water depth, the impact on the ship traffic aedtauristsat the beachs neglectable.
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Measurements of the ground structure shows that the sediment transport is vesyclowhatthe
sedimentation of the AWAC is logwoo. Several controldrives need to be adde the devicefor
maintenance and dastorage but with the explained boundary conditidhe required number dfiese

drivesis reduced to a minimum of four per year.

The AWAC delivers wave datasets day and nagfan interval ® 1800s. Thisacousticmeasurement
device uses four beams. Thest beam is directed ithe vertical direction and the other three are
arranged around at a tilt angle of 25°. With this orientatipthree orbital velocities at the surface and
the distaice to thewater surface are measuréwl.additionto these pammetersthe stream velocity in

the water column is measuredpredefined distances from the AWAGE€urthermore, the pressure is
measured directly at the devi®&ecause of theneasurement teaique the measured orbital velocities
are oriented in beam @iction. Thusit is necessary to transform the velocities and analyze them with
stochastic theorems. The transformaimdictated bythe geometric dimensions of the AWAEigure

4-2).

Beam 1
Beam 2

Beam 3 342077

d

Figure 4-2: Geometrical dimensions of the AWAC )
The figure shows the top view of the AWAC. The beams are oriented in a circlensitiyled of 120A. The
angle of the beams amouwsito 25°.

In the following equationshe vectorY Prepresersthe measumkvelocity, ¥the exacbrbital velocity

and®éthetransformation matrixThis yields the following equation for the orbital velocity of the wave
measured with thAWAC:

= Eq. @.1)

m- M- M
M- M- M
M- M- M
C-c- O
< <<
D¢ 3¢ 3¢
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C
|10~
x4

Eq. @.2)

<< <L
>« 3¢

The transformation matrix for this specific casmsed onthe orientation of the device and the

geometrical conditionyields

Tt O Esi AT O
¢ OEd zATi0 OEd zOEB1T AT O. Eqg. @.3)
OE«d zATiO OE«d zOET AT O
Furthermore, the opposite angle is used for the calculatimh, thathe angls are giverby
| wndJguJopud
Eq. @.4)

7 pendonlomnd

The above equations are used for every single sample and the resaltsraged over one burst. le th
measuremestone burst consisbf 1024 sample

After the calculation of therbital velocitiesat the surface with the above assumptions and equations,
the wave parameters near the ground are determinedheitiokes wave theorfsee chapte2.4.5.

The water depth igalculated with the mean of the wawaight measurements of the AWAC. The wave
period, amplitude and waveelght are determined withihe stochastic wave analis tools from
[Ausschul’ fur Kistenschutzwerke 200Phese toolsely on the power spectral densitynction S(f)

of the wave frequencies. THeadsto the assumption of a spectral moment whitsfollowing equation:

0 YQQO® Eq. 4.5)

This spectral momenit (with i =0, 1,2 ,..)is the bass for different specifigparametersFollowing
[Graw 1995] the significant wavéeight, which is defined aghe height of the maximum this of all

waves is also defined by

YOO @0 T D Eq. 4.6)

Another significantparameteiis the spectral wave period,,T This periodgives more weight téhe
lower wavefrequencieghan to the higler onesdue to the higherreergy level of the loer frequency

waves. For this reason, ité@mmonlyused in ocean scierce

60



Methods

C=| C:l

Eq. @.7)

The spectral wave period is the square root of the ratitespectraimoment oftheorder zero and the
spectral moment athe order two.Following [Zanke 2013] another spectral period without specific
weighting is defined as

5
Y 5 Eq. @.8)

In this work, the spectral wave periogb Was calculated from the AWAC measment datérom half
ayear in front of the Huttelmoor. Badon this dataset, the orbite¢locity Y one centimeter above

the ground was calculated with ttird order Sokes wave theornyhe orbitalvelocity isconnectedo

the phase angle of theave. This aspect is considered in the theory. According to this, the velocity
values for every phase angle were calculated and after til@ismaximumorbital velocity was
determined. Due to idealization, a maximum negativeevahd a maximum positive i@ occur. These

two values are defined by opposite phase anglthe horizontal direction. In the following figur¢éhe
distribution of the values dhis orbitalvelocity overhalf ayear is shown.

800 T T T T T T
| [ histogram orbitalvelocity, T02|

700

D
o
o

9]
(=]
o

300

frequency of distribution
3

200

100

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
velocity in m/s

Figure 4-3: Histogram of the orbital velocity
The histogram shows the calculated orbitalocity bagd on the spectral wave period2Tduring April until
October measured with an AWAC systéfhe frequency odlistributionis givenon the yaxis and the maxiom
velocity on the xaxis.
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In Figure 4-3, the frequency oflistribution of the calculatedrbital velocitiesare shown The slow
velocities occur more often than the faster ones. This@nmon distribution for the considerediomn

the area, water depth and normal weather situations in tHesoaltic Sea. In the waehannel only

one velocity and wave period candet up Because of ik it is impossible to reproduce such a whole
spectrum in the experimeniccordingto thetheory of sediment transport mecharssatescribed by
[Nielsen 1994] one important factor fodiffusion and transport is the orbitaklocity near the ground.
Because of tis, the orbitalvelocity was choseas one major factor for the choice of the wave. The other
major aspecis the wave periodastest measurements hasteown that the mixing and tiu#ff usionof

tracer particlesre connectetb the period of the waves.

In the experiments, three wave scenarios were investigated. The firsinonéoreproduce a calmer
scenario. For that reason, the orbitalocity hasto be very slow, so that it endg in theleft-mostside

of the histogram irFigure 4-3. Furthermore, the wave period has to be very srmmatlhthat small
velocities are connected with a small pdriMoreover, the wavedght should ke nearly the same for

all scenarios. On the other hand, the wave period canrsstiie be infinitelysmall due tohardware
limitations If the period is too small, the wave generator performs a kind of vibrationh \e#ds to

an undefined moveme of the water. For these reasons, a pesfddss than 2was chosen for the first
scenario The second scenarie® meant taeproduce a mean wave environment. Thus, a mean wave
period of 25 s and a mean orbitaklocity of 0.1 m/s of the field measaments were realized in the
wave channel The third scenariaims to reproduca stormy situation. For this, the fastest adjustable
orbital velocity was chosen. This Isnited by thechannelitself. If the speed is tohigh the forces
becomeoo strongand can damage thehannel Furthermore, the ground starts to oscillate if the forces
are too strong. Hencdhe following parameters were determined for the wave scenarios in the

experiments.

Table 4-1: Parameters of the wave scenarios

Scenario 1. Calm scenario 2. Meanscenario 3. Stormy scenario
Wave period 1.99s 2.52s 3.3s

Orbital velocity (max) 0.05m/s 0.1m/s 0.25m/s

Wave type intermediate intermediate intermediate
Ratio of Water depttio 0.09 0.05 0.07

wavelength
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4.2 Main measurement proc edures

The main measurements include 24 single PIVin&asurements in the same plane under different

conditions [Kandler 2018] developed the following figure to illustrate the main aspects of the

y T
. 1
| A A A 7
II S
[ o 3 7o

investigation:

45 ppi

10 ppi

calm

14° |

Figure 4-4: Overview of the measurements
The green plane includes 8 measurements with fine $eenario, the blue plane every measurement with the
mean wave scenario and the red the stormy sceffdmgolower groupcorrespond tthe measurements above
the 10PPI porous matatiand the upper patbrresponds tthe investigations above the 45PPIdiae The four
columns show the different slope angles during the measurement. The color coding is fixed for the following
sections.

The investigatiomomprisegwo different permedb seabeds with 12 measuremegdsh four different
slope angles and tteevave conditions. Every single experiment was conducted as follo¥isst, the
water basin was filled. Afterwarddhe fluorescertracer wasnixedwith the fresh water and thefihed
volume ofRhodamin 6Glissoledin two small water tanks. In the xtestep the Vestosintparticles
were mixed into the water basin. To realize the same tempecatui#ions the small water tanks with
the tracer solution were stored in the wédasin. At nextthe water was pumped from the water basin
into the wavechanne] until a water bight of 30cm over the ground model was reached. Afterwards
the wave generator was started. The produced waves have to develop fareatamperiod to seure
stable conditions. In the experimerdadime period of 1@ninutes was enough to reach this state. In the
next step, the measuremetitsnseleswerestarted.

The measurement startgfilling the tracer from the small tank into a small basin uneatimthe wave
channel At next the temperare of the tracer fluid was measured alwtumentd. Afterwardsthe
measurement was starteithin the PIV/LIF software. During the time delay until taser was fully
loaded, the tracer setup was prepafdce the laser beamappearedthe tracer pumpvas started
immediately,such thata maximum time delay of & between the starts of the two systeosurred

After nearly 6minutesthe second small traceank was filled into the tracer basin to secure dicoous
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flow of the tracer. During one maagment9 | of the Rhodamin 6Glissolution was pumped into the
measurement area with a volume flux dfX54l/s. One measuremeradk nearly 14minutes. With the
software a maximum of 6000 doublmagedor thePIV and 6000 singleanagedor the LIF wee taken

during one investigatioata frequency of .5 Hz.

For the following analysjs calibration of the PIV and the LIF setup was made before the experiments.
The PIV calibration was done with a calibratianget which was placed in the measuremessd.ar his

target has a defined array of points with a distancenmfirBbetween each point. With a snapshot of this

and the softward-lowManagerof Dantec Dynamicsthe PIV calibration was finished. The LIF
calibrdion relies on several snapshots with differeahcentration®f the used tracer solution. In
generalthe traces aremixed within 15minutes in the watechannel which isfilled with a constant

volume d 4.5 m3 during a constant flow, which is realizeith a 5.4 kW radial pump. Afterwardsa
shapshot is done for the specific concentration in the system. This procedure is done for at least eleven
steps. In this cas@ was importanthat two calibratiorcurves were calculatethe first one for low
corcentrations between 0 and g@/l and the second one for the region between 50 an@@60r his

was done because of the wide range of the concentration field on the one hand and because of the
sensitivityof the software on the other hand. The calibrettisteps are listed Appendix A Details of

the LIF calibration procedure are describe¢kiandler 2018]
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The data analysis was done within two steps. At finstimagesettings and calculations of the velocity

and concentration fieldre performed withiynamic StudioSecondly, the calculation and analysis of

thediffusionand turbulencés performedvia Matlab.

4.3.1 Image settings via Dynamic Studio

The first step in thanalysis is done with the softwabynamtc Studio 5.1 This program is specially

desigred for PIV and LIF investigations anesvalidatedtools for the analysis. The single steps for

every measurement in this investigation aséllows:

Subtraction othe
meanreduces the
background noise

Image balancing
leads to an equal
illumination

Adaptive PIV
generates the
velocity vector field

The rawpictures are captured as douiblages with
a defined time step in between. It is obvithet the
background is venbright, and the image seen
noisy. The left and right boundasaresubjected tc

vignetting such thathe edges are black.

To reduce the backgroutdightness, a mean imag
of the complete time series is calculated i
subtacted from every single image.

After the subtraction of the mean image, image
is less bright in the background and the particles
well defined. This is important for therass

correlation in a later step. Because of the une
illumination of the light sheet, due to the lon
distancehrough the water, a balancing is needet
The program calculates damagebalance for the
complete time series and uses this for evergge
to balance the light conditions.

After the balancing step, the image igualy

illuminated, and the particles are well definela.

addition, the outer boundaries are blacked ouh

this examplethe slope is blacked gubo. Now the

image is prpared for the correlation setup.

The adaptive PI\&etup works stepwise by stimg
with a large interrogation area and ending with

small one.
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With the adaptive algorithnthe smaliinterrogation
areas are validated with tHarge ones. For tha
reason, the final result is more accurate. In
boundary regiongparticles leavehe measuremer
area,such that the velocity vectors are normal
substituted in this area. Thalstituted vectors ar
colored green. In a final stefhis vector fieldis
masked again to reject inaccurate vectors at

boundares.

Furthermore, th&Vall Windowingfunction inDynamic Studiavas used to reduce the side effedtthe

boundary regiong-or every measuremethe following approacheseremade for the adaptive PIV:

Table 4-2: Overview of the speific parameters for the adaptive PIV setup

Parameter Approach
Grid Step Size 16x 16 pixels
Minimum Interrogation Area Size 32x 32 pixels
Maximum Interrogation Area Size 64 x 64 pixels
Peak Height Ratio 15

Neighborhood Validation
Minimum Normalization
Acceptance Limit
Particle DetectionLimit

Desired # ofparticles/IA

11x 11 vectors

0.1

1.0

5

10

The LIF calculation has no furthenagesetting steps. The calibratiomages were used to define the

calibration curve for the measurements. Thissisd in the LIF analysis sequence to calculate the amount

of tracer in the images. The final step includesraage Resamplingvhich reducethe resolution of

the LIF images to theesolution of the vector field from the PIV imagékis step is neededbause of

the posiprocessing which uses both fields on the same grid for the calculations.
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4.3.2 Diffusion analysis in Matlab

The diffusion analysis is based on the LHnalysis of themeasurements iDynamic Studio The
resampled LIF images were exportedcasnmaseparated values and loaded as single images into
Matlab. Each image is interpreted as pixel matrix with a size of 8% values. Due to masking in
Dynamt Studiq parts of the image are filled with zerésr examplethe left and the right part netne
boundaries and the bottom part which includes the sibfhe artificial seabed. These zeros are defined
as Not a Number (Nad)l to detect the bottom in the image. For thi€olumnwise logical request for
every row is done.

Analyze Image
P[m'nj bottom shape

Wector NLwith

n=1

m=1 .ﬂ

(res ) -

m=m+1

Write
NL{n) =m-1

F[m,n]=Man?

Figure 4-5: Program flow chart

The program flow chart of the analysis of the bottom shape starts wipixehenatrix P[m,n]. For every column
each row ixhecked for the occurrence of Nalsceevery columrhas been checkete line NL of the bottom
shape is defined.
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As mentioned in the program flow chart ($8gure4-5), the algorithm starts in the first column of the
pixel matrix of the image. In this column, the first rowcigecked for the oagrence ofa NaN value. In

this specific case, the first row equateghwbottom line of the image. Hence, the roumber is equal

to the distance from the bottom of the image. If the entry is NaN, then the row number for the specific
column is recordedh a new vector. After the scan of every column of the image, the new recorded

vectordenoteghe bottom line of the artificial seabed in the image.

In the next stepthe tracking of different concentration lines starts. The trackingitigoworks in the

same wayasthe detection of the bottom line. But in this case defined concentration values are searched.
In the experimenighe tracer concentration was 30@1, such thathe calibration was dongp to a
maximum of 26Qug/I. Initial testsshowed thathis maximum is not reached. With the algorittiour

concentration lines were tracked:

Table 4-3: Tracking lines of the spread analysis

Label Percentage Concentration[ug/l]
Boundary10 10 26

Boundary25 25 65

Boundary50 50 130

Boundary75 75 195

The tracking was done image wis&ence the result includes a time series of the defined concentration
lines for every measurement. Determinethe concentration area due to the bottom boundary, the
calculated bttom line for every image was subtracted from the concentration lines. Thesg wegel

used for the analysis of the tirdepenéntconcentration development.

The analysis of the time series was done on the base of the Fourier transformation. Before the
decomposition into the frequencies, the mean values of the concentration lieesleelated for every

time step. Hencean averaged concentration time series of the four concentration boundaries for each
measurement was enabled. Within the Fourier toamstion, the dominant frequencies were
determined. Basdon this, different lowpas filters enabled the investigation of the development of the

concentration boundary during the time series.

In additionto the described analysis steps, videos of theammation and the concentration lines were

creaed. Thereforea background conogration of 5ug/l was subtracted from every image.
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4.3.3 Turbulence analysis in Matlab

The analysis of turbulent mixing was done with the progkatiab R2017 After the calculaons in
Dynamic Studipthe final results were exported as cormseparated valueScsv) and afterwards
imported ifo Matlab. This data transfgerocesgyuarantees tha information idost The data is stored

as matrices in the following structure:

n;oor:rx .0 E , o o
||‘bh:] 8 I
I é8 E é i
Hd)m E . Eq. @.9)
O 8 .
] é E 1
u o Mm 8 L, o M U

The indexz-includes the velocity components u and w and the concentration c. Furthermoreicée ind
m and n define the maximum grid points #rard zdirection. The column includes the single time steps
t. In these experimentthe ranges of the incesare

Eq. 4.10)

These matrices build the base for further analysis dtepd,. the velocity and concentration fields were
sorted bytheir phase angles. This is nes&y because of the characteristics of the wd@ s 2018]
and[Kandler 2018}tested differenpartitionings of the phase anglesfind a good agreement between
accuracy (maximadlivision into 360 phase angieand statisticatequiremen{minimum divisioninto

4 phase angl¢go described the physical aspects as good as possible. Follows®ydhuirements
[Kandler 2018]enced up with adistributionof to 12 phase anglgseeFigure 4-6). Following this

division, the phase angles were calculated from the velocity field.

o ~ .~ U

o T . OAT =

0] Tt (0}
, , 0 Eq.
O Tgyd T - O0Al - puyml q
U T U T 0 (4.11)

0
o n « OAl - ocomJ
0] Tt 0
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110° 70°
145° 35°
w
170° 10°
Lo
u
190° 350°
215° 325°
250° 290°

Figure 4-6: Phase angle décomposition[Kandler 2018]
Thephase angles we distributed into 12 different phase regions. The section around 0° is equal to the main flow
direction of the fluid (in direction of the wave absorbdme orthogonal direction (90°¢orresponds to the
upwards lift in wavesurface direébn. The rang®f the phase regions depends on the number of elements in the
matrices

The calculation of the phase angles anddivesion leads to 12 phase matrices each for the velocity
components and the concentration field. Hence, it is securedéhphasalivision is equal for every
variable. The phase specific matricegnh,Whbh and g with H’Q  HQMQ8 NQ  consist of
5445x 6000 valuegach. Basdon these matricethe next calculation steps are defined.

4.3.3.1 Calculation of the Reynolds-flux

The Reynoldgluxes consist of the fluctuation values of the main flesee2.5.4. In the case of waves,

the fluctuation occurs in every phase. Because of that, the phase specific matrices (see above) are used
to define the fluctuations. The phase mean vedor<are built as arithmetic meaof every row in

the phase specific matgs. Thus, for every point of the vector fields phase averaged mean at@ues

calculated. At nexthe fluctuating values are calculated abe difference between the momentary

value and the phase averaged mean value.

, , q O Eq. @¢.12)
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Then the phase averaged vertical Reyndlds is given aghe ensemble average of the phase averaged
vertical velocity fluctuations multiplied by the phase averageatentration fluctuations. For the mean

vertical Reynolddlux, the arithmetianeanof the 12 phase averaged Reyndldses is calculated.

a O Eq. ¢.13)

.82

o a0 £
PG

4.3.3.2 Calculation of the mixing length
The mixing length is calculated following the assumptions f&B3 Hence, the mixing length is
defined as

Eq. @.14)

In additionto the phase averaged Reynelises@ «Qthe vertical gradients of the concentration ¢
and horizontal velocity u are needddhereforthe root mean square of the phase averaged velocity u

and conentration ¢ wasalculated
a0 P qa O Eq. @.15
pPCQ

With , o and)Q H'PM'@ 8 M'P ¢ every phase matrix is useddditionally, a horizontal
averaging was done. Therefor alignment of the image matrix is needed. Because of the different
slope agles of the measurements horizontal averagingcluding theslope would produce errors.
With the realignmenthe slope is foldddown and the image showslestributionof the cacentration

and velocityparallel to the groundn Figure4-7, an example ofKandler 2018]of a realignment is

shown.
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Figure 4-7: Realignment of image matrices
On the left sidethe image matrix of the Reynoldisix diffusionis shown. On the right sidthe realignment was
done. The single image points are shifted-glirectiondepending on the position tie slopeThereforethe
slope occursn thetop of theimage

In the next stegghe horizontal averaging is dor@wv-wise. Thus, a new column matrixbsilt asabase
for the calculation of the gradients. It is mentionext the appearing slope at the top of the image matrix
is negleged in the following calculations. The gradients are calculated with a forwHededice

guotient.

—a

Eq. 4.16)
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5 Results

In this section the results of the wave tank experiments are shown. Startinfpevahalysis of the
concentration boundary dewgiment.Ongoing with a detailed analysis of the Reyndldges. After
this the mixing length for the tracer concentration is investigated. At, tiet phase specific
Reynoldsfluxes and mixing length is showim the last part thevave friction facto, bottom dress and
turbulert kinetic energys analyzed.

5.1 Analysis of the concentration development

The LIF analysis delivers the concentration field of the trR¢®mdamin 6Gn every measurement. This
tracer represents the SGD, whftdws outof theseabedn the ocean. In sectigh3.2 the bases for the
following analysis are described. The calculated concentration lines of the 10%, 25%, 50% and 75%
concentratiorof the tracer are shown Figure5-1 for the measurementith mean wave scenario above

the 10PPI permeable bed with 0° slope angle.
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Figure 5-1: Comparison of mean spread behavior
The mean spread is defined by the four boundary concentriaéznof 10%, 25%650% and 75% in green, blue,
magenta and red. On theaxis the time steps are deposited. On tagig the disince of the boundary line from
the bottom of the measurement area is shown.

From thisFigure5-1 it is clearthat the lowest concentration line reaches the highest distance from the
bottom and the highest concentration line the lowest distance from the ground. Furthermore, an increase
of the bottom distance during the first 26@s noticeable. During ¢hexperiment the stadp and the

endup procesaswere observedt is clearthat in the beginning the bottom distances of the boundary

lines increase. Moreover, the bottom distance reagh a maximum until it starts to fluctuate around a
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constant valuéAt the time step of 726, the inflow ofRhodamin 6Gvas stopped. Thus, a light decrease

of the bottom distanamay occur in the endp process.

In the next step, a Fourier analysis & #ingle time series is done. The result shows which frequencies
aredominant in the single signals. In the followiRgure5-2 the amplitude spectrum of the 50%sdin
of the measurement with zedegreeslopeangle above thd0OPPImedium during the mean wave

scenario is shown.
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Figure 5-2: Amplitude spectrum of measurement with10PH and meanwave scenarig 50% boundary line
In this figure theemplitudespectrum is drawn over the occurring frequencies on {#ex This isaresult of the
fast Fouier transformation.

The Fourier analysis iRigure5-2 shows the main frequencies of the time signal. There are obviously
threedominanfpeaks in the analysis. The first one occurs neaHy.0rhis behavior includes a constant
component of the developmenttbe 50% boundary over time. The second peak represents exact the
wave frequency. Hence, the main fluctuation of the time signal is equal to the wave frequency. This
shows a direct influence of the wave to the mixing ottaeer fluid. The third peak is¢ double of the

wave frequency. In thAppendix BeachFourier analysis of\very measurement is printed. Summing

up, each Fourier analysis shows the same behavior as the exarriglereb-2. All are characterized
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by a peak near Bz for a constat component, a second peak at the particular wave frequency and a

third at the double of the wave frequency.

At next, the constant component will be estimated. For this p&ss filter is laid over the time signal.
Considering the frequency analysis|yotihe very low frequencies are observed. Hence, the increase of
the boundary line will be apparent.
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Figure 5-3: Low pass fitered signal of measurementith 10PPland meanwave scenaricat frequency Q02Hz
On the yaxis the distance of the particular line from the ground is shown. Ondkis ¥he single time steps are
printed. The signals are low pass filtered by a frequeh&02 Hz.

The low pass filtered signal fRigure 5-3 shows very clear the development of the single lines from
Figure5-1. In the first part of the time ses the bottom distance increase rapidlyiluatmaximum
value is reached around a time step of 208fter this the bottom distancstagnatesiear a constant
value. Estimating this value needs a further low pass filtering at a lower frequency.ntdastion, that
the value of the bottom distes decreases with filtering, but comparkigure5-1 andFigure5-3it is

obvious, that the strong fluctuation overly the mean development many times.
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Figure 5-4: Low pass filtered signal of measurementith 10PPland meanwave scenaricat frequency Q001Hz
On the yaxis the distance of the particular line from the ground is shown. Ondkis the single time steps are
printed. The signals are low pd#tered bya frequency of @01 Hz.

Regarding-igure5-4 the increasing of the different concentration linedesr. Furthermorea constant
distance can be estimated untdlight decreasin the end of the measurement. Bhepeof each line
increases with lower concentration. Henite 10% concentration line has the greatest slope and the
75% concentration line the lowest. Considering the boundary growth rate, whittulatea for each

concentration line with the followg equation

—a

r—‘ : [ r b Eqg. 6.1)

with C = 10%, 25%, 50% and 75%he variablg stand for the bottom distance of the respective
concentration lineComparing the different lines frofigure5-4 it is obvious, that each line reaches
the constanvalue at the same time point. For that reason, the boundary growth rate increase with the

lower concentration line

In the next step the different wascenarios are compared on the base of the single analysis steps from
above. The low pass filtering afraquency of M01Hz is done for every single concentration boundary
line of each measurement. Furthermore, O diffusion boundaries are plotted for the different wave
condition during the same slope angle adjustment.
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Figure 5-5: Comparison ofdiffusion during different wave eventsfor measurementswith 10PPland 0° slope angle
On the yaxis the distance from the bottom in mm is plotted over the single time steps eaxisdx green the
calm wave condition is shown, in blue the mean wave and in red the stormy scenario.

For the 0° slope angle adjustmé&iigure5-5 shows aliffusion of the 10% lines as expected. The calm
scenario increases slowly and the constant distance from the bottom is the lowest compared to the other
two scenarios. ®the other hand, in the stormy scenario tbigdm distance of the 10% line increases
fast and the maximum values are the greatest in this comparison. And the behavior of the mean condition
is classed in between the other two scenarios. With the varddtibie slope angle adjustment and the

groundproperties, thigxpectedrder is changing.
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Figure 5-6: Comparison of thediffusion analysis for the 10% line
On the lefthandside, alldiffusion lines of the 10% concdration boundary line of the experiments with the
10PPI porous media are shown and on the-hgind side the same for the 45PPI porous media. The scaling of
the y-axis is different between the left and the right side. Every spigtare includes thdiffusion for the three
wave scenarios calm, mean and stormy.
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In Figure 5-6 the diffusion of the 10% concentration boundary lirfes all measurements are shown.
On theleft-handside,the measurements with the 10PBrous media starting with zero slope angle on
top and ending with 14° slope angle at the bottom. Onighe-handside,the same is shown with
variation of the porousiedia of 45PPI. The right section is scaled down to a maxirmaxisyof 25mm,

becaus of the smallediffusioninto the water column.

Firstly, it isclearthat the maximundiffusioninto the water column of the tracer is much less during the
experiments with the 45PPI medium compared to the other. Furthermore, the order of the défezent w
scenarios is completely different to the experiments with the 10PPI media. This behavalsavas
observed byGrof3 2018] For this reason, the influence of the ground properties onto thedifigsion

is somehw significant.

Secondly, considering only the 10PPI measurements, the different slope angtgs ttieanrdein
which the diffusion of the tracer reaches the water colufonthe different wave scenarios. The zero
degree slope angle measurements showadl siiffusion for the calm scenario, a highéiffusion for

the mean scenario and the highestfierstormy scenarimto the water columrwith the change of the
slope angle, the mean wave scenario occurs to be the dominant scenario with thalifighiestnot

the water columifor 3°, 7° and 14°. Moreover, the bottom distance of the boundasijricreasesvith
increasing slope angle until 7°. In the case of 14° slope, the bottom disfatheeconcentration line
decreasednmediately. For 3° slopengle the stormy and calm scenario are showing nearly the same
behavior. In the other two caseg tstormy scenario has a higher ground distance fayxaheentration

line.

Thirdly, considering only the 45PPI measurements, the ordeediffusioninto the water columrof

the wave scenarios may changes randomly. Considering the order of the wav®scins obvious,

that every figure for the 45PPI medihowsdifferentbehaviors Furthermore, the order is different to

the pendant of the 10PPI mediaaserement. It is to mention, that the maximdiffusion distance for

the 45PPI measurements i§ inm and the difference between the wave scenarios is much less. For this
reason, a nearly constatitfusion for the different wave scenarios for the spedsfiape angle can be

estimated.
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5.2 Reynolds-flux development and dependencies

The Reynolddlux model consists of the averaged fluctuation values of the velocity and the
concentration. Hence, these fluxes can be estimated as indicator for the turbutenbiraxracer fluid

into a new environment (sesection2.5.4. In the analysis of the experiments a phase averaged
Reynoldsflux development was calculated for the 12 phases. In this chapter firstly a mean phase
averaged Reayldsflux mapis shown. At nexthe specific ReynoldBuxes forthemeasuremestabove

the 10PPI permeable sealsd shown. After this the dependence of the fluxes to the boundary growth
rate is analyzed.

The mean phase averaged Reyndligs for the 10PPI of the mean wave scenario 8rslope angle

measurement is shown in the followiRigure5-7.
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Figure 5-7: Mean phase averaged Reynoletux of 10PPI mean 0°
The color plot Bows the Reynoldflux in mm/s*ug/l. The y and xaxis displg the measurement area in mm.

The Reynolddlux-map marks the highest fluxes directly above the artificial seabed. This highlighted
area is very small compared to the whole water columnclé#s; that the gradient in vertical direction

is very strongthus the flux is decreasing near zero very quickly. Considering the horiddhialon

of the Reynolddlux, it can be estimated, that in the central area the fluxes are evenly distriboted. O
the left and right side may boundary effects will occurtit@rmore, in the upper right part of the map,

the spread of the flux occurs further into the water column. Hence, the turbulent transport takes place

more far away from the ground. In this arei@aches nearly 50% of the measurement area, thus nearly
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20% of the water column in this measurement. For the comparison of the single experiments of the
vertical development of the Reynolflaxes an additional averaxy is neededThe center of mass is
defined for discrete systems as sum of the single mass#pliadiby the position vector of the mass

points divided by the total mass.

ip — aip Eq. 6.2)

Considenng the Reynolddlux diffusion of a single measurement ($égure5-7), this mass term in this
equation is replaced by the Reyneftix. Thus, we obtain theenter of the phase averaged
Reynoldsflux diffusion asintegral Reynals-flux. But the spread of the low fluxes to the upper right
leads to a shift of the center of the integral Reynflldsto the right side of the Reynoldix-map (see
Figure5-7). For this reason, only the parts of the map,clvhivere higher than 50% of the maximum
value in each map are considered for the calculation of the center of theliRegmaldsflux (see
Figure5-8) for the definition of the central point for the averaging. Due to a smeptiesentation of

this point, the averaging is done froB¥ mm left and right beside the center thfe integral

Reynoldsflux.
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Figure 5-8: Scatter plot of centers for Reynoldsflux hotspots
In the scatter Ipt, thedistributionof the centers athe integral Reynoldfux in x direction and the centers of
the boundary areas indirection are compareddr every 24 measurements. The circles show the porosity of the
medium, thus the orange color defines theRBand the black cot the 10PPI. The color of the star in the middle
of the circle yields to the wave scenario. In which green is equal to calm, blue to mean and red t(sstormy
Figure4-4) . The cyan colored aa marks the inflow section. The magenta colored daeshows the f(x) = y.
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The distribution of thecenters of the integral Reynotiaxes shows, that the centers of the stormy
scenarios are oriented to the left side of the measurement area.rttaation, that the inflow section
underneath the porous media is located betweembd@nd 22%nm at the xaxis. Hence, the other
measurement@re distributed near the center of the inflow area. Especially the calm scenario

measurements are close to theteeline of 165mm and are rare distributed irdirection.

Because of this similarity, thategralphase averaged Reynolfligx and the calulated mean area of
the 10% concentration boundary are compared in the next figure.
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Figure 5-9: Comparison of theintegral Reynoldsflux mass and the mean boundary area
On the yaxis the sum of the phaaegeraged Reynoleftuxes is drawn on a logarithmic scale. Thexis includes
the boundary area Ingarithmicsale. The circles show the porosity of the medium, thus the orange color defines
the 45PPI and the black color the 10PPI. The color of therstae middle of the circle yields to the wave
scenario. In which green is equal to calm, blue to mean and staroy (seeFigure4-4).

In Figure5-9 it is shown, that in most cases the higmtegral Reynoldsfluxes goes with a bigger
concentration boundary area. Hence, a high flux dependslylitec huge concentration field.
Furthermore, the boundary areas andititegral Reynoldsfluxes of the 45PPI measurements are less
than the 10PPI measurements. Furthermore, the calm scestavos lesttegralReynoldsflux, than

the other scenariosloreover, two of the mean wave scenario measurements cause a huge concentration
boundary area.
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In Figure 5-10 all averaged Reynoledtuxes for the different measuremeaitove the 10PPI porous

medum are shown.

The 10PPI measuremts show mainly, that the stormy scenario has the highest fluxes near the ground,
followed by the mean scenario and at last the calm one. Furthermore, the decrease of the flux during the
stormy scenario is less compared to the othemtane scenarios. Hhee, a higher flux in the upper area

of the water column occurs. Moreover, the maximum values of the Reyfhotds decrease with the

higher slope angles. Considering the 7° slope angle measurements, the mean scenario shows a strong
dentnear the groundlhe reason for this is the occurrence of negative Rewfloixiss in the averaged

area. Following the behavior of the graph afterdiet the value at the ground may reach the maximum

of the stormy wave scenario in the measurementscélarchange of th order of magnitudes between

the wave conditions may occur. Considering the measurements of the 14° slope angle, this change is
obvious. The mean wave scenario shows the highest Reyfhintds and even the slowest decrease of

them alonghe water column.

Considering the differences between the measurements of the two porous mesdivious, that the
Reynoldsfluxes upon the 45PPI medium are much less, than over the 10PPI media. For this reason, the
Reynoldsfluxes for the 45PPI pous media are nehown in a detailed view here.
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Vertical Reynolds-flux of different wave conditions with 0° slope
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Vertical Reynclds-flux of different wave conditions with 3° slope
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Figure 5-10: comparison of averaged Reynold$luxes for the 10PPI measurements
In this figureall averaged Reynoleiuxes of the experiments withéhllOPPI porous madin are shown. Every
singleimageincludes thadiffusion for the three wave scenarios calm (green), mean (blue) and stormy (red).
Starting froma) with 0° slope angleb) 3° slope agle, c) 7° slope angland ending up witld) with 14° sbpe

angle.

Considering the spread of the fluxes into the water column, it is seen that the strongest decrease of the
fluxes occurs nearly in the same range between 18@manbottom distance. Theeead itself depends
on the wave scenario but comparthg left and the rightmageit is clearthat the spread behavior does

not change significantly. Especially the 14° slope angle measurements differ from this expectation. The

45PP| measurement in tliase show a stronger decrease down to zero in theuatig20 mm bottom

distance.

For the description of the development of the boundary area, a boundary growth rate is cétmdated

Eq. 5.1) This rate is defined as the difference quotient of tH# tBncentration boundary line over

time:

0 0 QD
oOU Ww ouv Q

Eq. 6.3)
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This equation delivers the gradients of the boundary growth which can be estimated in the single images
of Figure5-6. In this figure the lowpass filteredlevelopment of the 10% concentration boundary line

are plotted for the different porous medias and the wave scenarios.

The rate is due to the gradient between the minimum bottom distarneeaniricentration boundary line

to the maximum developmeintto the water column over time. A scatter plot of this boundary growth
rate over the averaged vertical Reyndldges is shown inFigure 5-11. Due to the minimum of
Reynddsflux and boundary growth rate in the 45PP| measurements, the following figure only includes
the parameters of the 10PPI measurements.

The scatter plot leads to the assumption, that an increasing Reflogldeads to an increasing
boundary growth rateéA line (red)can be estimateavhich shows the gradient of this relation between

these two parameters. Furthermore, the stormy scenarios in red color show high Riayxesdspart

from the 14° slope angle measurement. Moreover, the Boundary growih eatery case the calm
scenario shows the weakest rate. In the 0° measurements the rate increases with the stronger wave
scenario (calm<mean<stormy). In every other case, always the mean scenario shows the highest

boundary growth rate. This is almost cargble to the trends of the line plotsRigure5-6.

Y

=]

0 angle
3 angle
7 angle
14 angle

=]

Reynoldsflux [mm/s*ug/l]

0 | | 1 1 1 1 | |
0 0.002 0.004 0.0086 0.008 0.01 0.012 0.014 0.018

boundary growth rate

Figure 5-11: Scatter plot of the averaged Reynold$luxes of 1@PPI and the boundary growth rate
The figure shows the relatidretween the Reynoldtuxes on the »axis and the boundary growth rate on the y
axis. The shown measurements are done with the 10PPI porous medium. The red color indicates the stormy
scenario, the blue one the mean scenario and the green the calm wavie sthe shape of the points is standing
out the slope angle of the measurement. The circle corresponds to 0°, the triangle to 3°, the square to 7° and the
star correspond to 14° gle angle. With the red line the ratio between the Reysfaldes and tk boundary
growth rate is marked.
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5.3 Mixing length models

The mixing length model is an empirical model for the numerical simulation of turbulent effects in
boundary layers. Furthermoiiecan be used as model for the turbulent transport of a scalar tileeer,
the concentratio. The derivation and background information are giveseittion2.5.3 The model

consists of the following parameters:

D GO Eq. 6.4)
T 0] as 5;0@ -
TaT a

For this reason, the single parameters are considered firstly. Then the mixing length development for

eachmeasurement is explained.

5.3.1 Concentration gradients

The concentration gradients are calculated with the forward difference quotiediré@ttzon. Hence,

the development of the concentration gradient in vertical direction starting from the bottom isshown i
the following figure.
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Figure 5-12: Concentration gradients for different wave scenarios of the 10PPI medium
In the single figures-d the concentration gradientrigentioned on the-gxis over the bottom distance in mm at
the x-axis. In a) the 0° slope angle, in b) the 3° slope angle, in c) the 7° slope angle and in d) the 14° slope angle
is shown.
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Considering the concentratiadiiffusion of the tracer, it i€learthat the gradients show always the same
development (seBigure 5-12). Because of the inflow from the bottom, the highest concentration is
found nearest to the bottom area. Under the wave action, the concentration decreases with higher
distance to the bottom. Hence, the vertical gradientst e strong negative near the ground and
increase with the bottom distance until the concentratigriskas and the gradient becomes zero.
Because oflight background noise in thmages the concentration will not be zero and theretbe

gradient willalso never be zero. But it is obvioudHigure5-12, that it is close zero at a bottom distance

where the concentration of the tracer starts to vanish.

In the four figures &l in Figure5-12 the gradiats are smaller with the increasing slope angle. In the
case of 0° slope in a), the stormy scenario shows the strongest gradients. Furthermore, the decreasing of
the stormy scenaris smaller than for the other two scenarios. In b) the stormy scenaris she

lowest gradients near the bottom, but aftenrd bottom distance the development is equal to the other
two scenarios. Moreover, the calm and mean scenario shows the sawiertfebia the start at the
bottom until the decrease to a zero gradiene Thslope angle in figure ¢) shows almost the same
development of the concentration gradient for the calm and stormy scenario. But the stormy condition
is defined with a slighteratrease of the gradient with the bottom distance. Furthermore, the mean
scaenario shows the strongest gradients for this case. In the last figure, the 14° slope angle is plotted. In
this case are the concentration gradients very small compared to ththotherases in a), b) and c).

For this reason, the development of the gratéi for the different wave scenarios is almost the same.

The mean scenario may show the strongest concentration gradients in this case.

In summary, the development of the concditragradients over the bottom distance for the different
wave scenarios darslope angles of the 10PPI measurements show no significantly differences between

each other. Furthermore, the strength of the gradient decreases with the higher slope angle.
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5.3.2 Velocity fields

The calculation of the velocity gradients base omtleanphase averaged velocity fields. These fields
show different behavior under the wave scenarios with the two permeable sea beds.
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Figure 5-13: Comparison of the phase averaged velocitydidsfrom [Kandler 2018]
On the lefthand side, alphaseavemlmgedvelocity fieldsof the experiments with the 10PPI porous media are
shown and on the rigiitand side the same for the 45PPI porous media. Every single picture includes the
developmenfor the three wave scenarios calm (green), mean (blue) and stad)y $tarting fromhe upper
part with 0° slope angle and ending up with the bottom parts with 14° slope angle.
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At first, the left side of the comparison is consolidated. The 10PPI measurements show mainly an
increase of the phase averaged velocity figlth imcreasing distace to the ground for every scenario.
Furthermore, the calm and mean wave scenario show for the 3° slope angle and for the 0° slope angle
nearly the same behavior. In the case of 7° and 14° slope angle, the calm scenario profikdisvitrark

higher veloigty compared the profile of the mean scenario. Every profile is defined with a strong increase
of the velocity followed by a decrease until a slightly increase follow up. Especially in the stormy

scenarios of the 7° slope angle measmnthis behavior isbserved.

At second, the right side of the comparison is consolidated. The 45PPI measurements show mainly the
same behavior of the velocity profilesch ashe 10PPI measurements. In the 0° slope angle experiment,

the definition casef the wave scenarsds shown. The stormy scenario has much higher velocity values

as the mean scenario and the mean scenario has higher values than the calm one. With stronger slope
angles, this order changes. For 3° the mean and calm scenarios ayetimeagalme, but for® and 14°

the mean scenario velocity profile falls under the calm one.

At last the 10PPI and 45PPI measurements are comparedldaishat the velocity profiles of the

45PP| measurements differ near the seabed from the 10PPI ereants. In the cas# the 0° slope

angle, the stormy and the calm scenario start with B5X@m/s lower velocity at the bottom. The mean
scenario profile is nearly the same. For the 3° slope angle, the profiles of the 45PPI and the 10PPI
measurements aigentically. In thecase of 7° slope angle, the stormy scenarios show nearly the same
course. The velocity profiles of the calm and the mean scenario above the 45PPI seabed show the same
shift of 10mm/s dowrsuch asn the 0° slope angle comparison. e tast case of 14lope angle, this

shift occurs for the stormy and calm scenario of the 45PPI measurement. The mean scenario shows the

same course for both porous medias.
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5.3.3 Velocity gradients

The velocity gradients are built with the forward differempetient in zdiredion. Thus, they are
calculated similar to the concentration gradientseaftion5.3.1 Because of the high sensibility of the
gradients, the velocity fields asenooth by a moving average filter. This lsdd fewer fluctuations in

the velocity gradients. Furthermore, it is mentioned that because of the moving average filter the velocity
profiles are extrapolated to the maximum bottom distance ofrtBOThis disance is not captured by

the measurements \widifferent slope angle, because the field of view is not changed. Hence, the 14°
slope angle measurements include a maximum bottom distance between 60rend 70
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Figure 5-14: Velocity gradients for the mea wave scenario
In the figure the velocity gradients of the mean wave scenario are shown. Onxisetlye gradients in 1/s are
plotted over the bottom distance on thaxis in mm. The solitine illustrates the 0° slope angle, the dashed line
the 3° slpe, the dotted line the 7° slope and the dashed and dotted line the 14° slope.

The gradients of the mean wave scenario measuremdritguire 5-14 show very specific behavior in
the first 20mm of bottom distance. The profilesatefined by a steady gradient untilrgén followed
by a sharp edge and decreasing of the gradient. Only°tpeofiles show an increase after the sharp

edge. After the strong decrease, an increase to a steady value is reached.
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5.3.4 Mixing length

Basing onthe single parameters explained and described in the chapters above, the mixing length is

Results

calculated. Furthenore, a moving average filter is used to smooth these results.
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Figure 5-15: Comparison of the Mixing length

On the lefthand side, all averageuixing lengthof the experiments with the 10PPI porous media are shown and
on the righthand side the same for the 45PPI porous media. Every single picture includesetopmentor

the three wave scenarios calm (green), mean (blue) and stormy (red). Startingefugopeh part with 0° slope
angle and ending up with the bottom parts with 14° slope angle.
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At first, the left side of the comparison is consolidated. The 10PPI measuseshem mainly, an
increase of the mixing length with the bottom distance in theratm distance. After this they may

enter a constant value of the mixing length. The starting point differs with the conditiortdedirthat

the 14° slope angle maasments show a different development within the wave scenarios. For the
other thresslope angles the three wave scenarios may end up with the same mixing length. Furthermore,
the stormy scenario causes the highest mixing length directly above the sSHaibeshows a high

fluctuation of a tracer fragment in the boundary zone.

At second, lte right side of the comparison is consolidated. The 45 PPI measurements show mainly a
slightly increase of the mixing length with the bottom distance. Afte2%5@nm botom distance the
mixing length approximates to a constant value. This value difésvegen the wave scenarios for every
slope angle. Moreover, the stormy scenario shows the highest mixing length near to thetbogtom,

they show the same behavioriashe results for the 10PPI measurements.

At third, considering the difference betwedre tLOPPI and the 45PPI measurements for every slope
angle. In the case of 0° slope angle, the mixing length shows nearly the same behavior. The mean and
calm scenario st with a mixing length aroundrim and increase until 1226 mm far from the bottom.

The stormy scenarios starting arounchid and end up near Bm. In the case of 3° slope angle, the
45PPI measurements show smaller mixing lendtrthermore, the diffences between the different

wave scenarios for the 45PPI measurementstemagercompared to the 10PPI. In the case of the 7°
slope angle, the calm and mean wave scenarios show nearly the same development. The stormy event
over the 45PPI shows signifidganhigher mixing lengththan every other experiment. Moreover, it is

the only one Wich shows a decrease of the mixing length with higher bottom distance. In the case of
14° slope angle, the 45PPI measurement shows lower mixing length, but a verytamsipment

over the bottom distance. On the other hand, the 10PPI measuremantsgthdifferences between

the mixing lengths of the different wave scenarios in the farer distance from the ground.

In conclusion, the mixing length increase in everyecagh the bottom distance until a maximum is
reached. Furthermore, the 45PPI measergs showexpectediewer mixing lengtls. Moreover, the

stormy scenarios have the highest mixing length near the bottom.

In the next figure, the boundary growth rate gmelmixing length are considered. For this, the median

of each mixing length iplottedto each boundary growth rate. Hence, the effect of the boundary growth
on the mixing length is shown. Figure5-16the y-axis marks the boundary growth rate and treis

the mixing length. The color of the circle around every point defines the porosity. The color in this circle

stand for the wave scemarThe slope angle is not mentioned in this figure
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Figure 5-16: Scatter plot of the boundary growth rate over the mixing length
In this figure the boundary growth rate on thaxis and themixing lengthon the xaxis is shown. The circles
show the porosity of the medium, thile orange color defines the 45PPI and the black color the 10PPI. The
color of the star in the middle of the circle yields to the wave scenario. In which green is equal to etm, blu
mean and red to stornfgeeFigure4-4).

The scatter plot shows that most of the measurements tends to a mixing length between honand 20
Considering the stormy and mean scenarios, they show higher boundary growth rateslantisigal

lengths. On the other hand, the calm sceosutend tdargermixing lengtts and small boundary growth

rates. Furthermore, the 45PPI measurements have small growth rates and a small variability related to

the mixing length.

In conclusion, a direct proportionality between the mixing length and thiedaoy growth rate is not
seen. Furthermore, it can be estimated, that with a small boundary growth rate the mixing length tends
to increase. Moreover, with a higher permeability, thedian mixing length variability tends to

decrease.
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5.4 Phase specific Reynolds -Fluxes and Mixing length

In the aspect of phase depending analysis, the Reyfiokds and thenixing length are considered in

this chapter. In the formesectiors, the averagk time averaged values of the-pRase averaged
ensemblesvere considerk Due to the dependencies on the waves, it is necessary to investigate the

single phases more in detalil.

5.4.1 Phase specific Reynolds-fluxes

The time series of each measurement is sgilit 12 phase sections (Seigure4-6). For everyphase
section the Reynoldux maps were calculated and analyzed separdthbyfollowing figuresshowing

the phase averaged Reyneftisces for the measurement with the 10PPI porous medium under the mean
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Figure 5-17: Phase averaged Reynoldfux maps
The 12 Reynold$lux maps for the measurement with 10PPI porous media, mean wave scenario and 0° slope
angle.On thex-axis the width of the measurement area and on-thésythe heightithe area is marked in mm.
The left and the right boundary is defined as zero to neglect the boundary effects from the side flow into the
measurement area.

The Reynolddlux maps shar over the complete phase sections no significant differeimcéise
distribution into the vertical direction. The fliatea is located above the bottom over the complete
measurement areZhe maximum values araround 500nm/sz*ug/l and theminimum valuesare

around -300mm/s?*ug/l The phases near the horizontaientation ( a), g) ) show a smoother
distribution of the fluxes in the measurement area than the others. Furthermore, the peak values are
much less, and the fllarea is higher into the waterlomn. In the other phases, the fluxes are peakwise
near the gound with high positive fluxes and high negative ones.
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The averaged value of the single maps is calculated in the area of the maximum Ri&ynolds
occurrence (described §2). Themeanphase value is shown for the 12 phases in a polar diagram to
compare the behavior of the different wave conditions onto the phase specific RdlyxaslsThe
markers in the diagram do not show singkeasuremerqoints, thg only idertify the slope angle of the
shown measuremenh Figure5-18the phase mean values for the three wave scenarios over the 10PPI

porous media for the 0° slope angle are ptbtte

|-—=—0° 10PPIcalm —=—0° 10PPI mean —=—0° 10PPI storm|
90

120 60

180

Figure 5-18: Polar diagram of averaged phase specific Reynoletuxes
The green color shows the calm wave scenario, the blue the mean wave scenario and the red the stormy wave
scenario. The Markers do not show specific points. The phase sections are plajteal waleesThe light blue
circle in the middle of the diagrai® the zero line. This marks the occurrence of negative Reyfioldss.

The diagram shows the comparison between the three wave scenarios for the phase specific
Reynoldsfluxes. The stormycenario (red) causes the highest fluxes. The mean (blue) causes higher
fluxes than the calm (green) one. The mean and the calm scenario do not show significantly differences
between the phase sections. The mean one has the lowesb#itixeen 35° and 12@hase angle. The

calm one has the highest fluxes between 350° and 120° phase angle, hence it haseymiosdgflux

production compared to the mean scenario. Within the stormy scenario are almost constant between
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145° and 10° phasangle. In verticatlirection, between 10° and 145° phase angle, the fluxes decrease

strongly. Around 90° phase angle also negative fluxes occur.

The slope angle dependencies are showrignre 5-19 for the mean wave scenario over the 10PPI

porous mei.
—=—0° 10PPl mean 7° 10PPl mean
—+—3° 10PPIl mean ——14° 10PPl mean
90
195
120 18 60
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180 0

210 330
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Figure 5-19: Polar diagram of mean wave scenario for 10PPI under different slope angles
Themagentacolorwith circle markershows0° slope anglethedark magenta with triangle markers the 3° slope
argle, the light orange color with squared markers the 7° slope andlthe redvith star markershe 14° slope
angle Themarkers do not show specific poinf&he phase sections are plotted as equal valteslight blue
circle in the middle of the diagm is the zero line. This marks the occurrence of negative Reyfhotds.

The 0°, 3° and 7° phase specific Reyndldges show only slightly differences. & are almost

constant over the phases. The 3° and 7° measurements show higher maximum weéers Beand

120° phase angle than the 0° measurement. These three measurements do not show any negative fluxes.
The 14° measurement has strong fluctuatioteédoen the phase specific Reyneftisxes. The highest

fluxes occur between 35° and 145° phasglearBetween 145° and 275° also negative fluxes occur. In

the rest phase sections, the positive fluxes are low.
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5.4.2 Phase specific mixing length

Similar to section5.4.1 the phaseaveraged mixing length were calculated. The phaseaged
Reynoldsflux and the phase averaged velocity and concentration fields were usedaicthation. In

the next figure, the measurement with the mean wave scenario above the 10PPI seabed model with
0° slope angle is consideresljch asn section5.4.1
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Figure 5-20: Phase specific mixing lengths for measurement 10PPI, 0° slope angle and mean wave scenario
The 12 phase sections are shown in different colors (see legendie @axis the distance from the thom is
plotted.

In Figure5-20the phase specific mixing lengths of the 12 plsgstions for the measurement above the
10PPI porous media with 0° slope angle and the mean wave scenario arelsli®walearthat two
phasesections have significantly higher mixing lengtihhan the others. The orange colored phase
section 4 (7021109 is the vertical orientated phase in upwards direction. The grey scaledspbtse

is the opposite of it, thusie¢ downwards orientated phassction 10 (2502 290°). Moreover, the next

four phases with higher mixing lengths are sectid853 - °70°), 5(110°- 145°)and9 (215°- 250°)

and 11 (290% 325°). These four phassections lie next to the vertical ortated ones. Hence, the
vertical phase direction is obviously thee with the significantly highest mixing length. Furthermore,

it is seenhat the development ingirection is almost similar between the different phases. Firstly, the
mixing length increses until a maximum is reached and secondly it decreases until a constant value.

The two phassections with the highest mixing length dd sbow a constant value.
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In Figure5-21 the phase specific mixing length for all 24 measumeis are comparedo accomplish

an overview of this, the median of the phapedfic mixing lengths calculated.

T

fEmm @

4 H OO I o o o (=] =] o =]

phase angle section

o 1 1 1 1 1 |
0 20 40 60 80 100 120

Mixing length in mm

Figure 5-21: Median of phase specific mixing lengths for all measurements
The colors oflte circles show the wave scenario. In green the calm scenario, in blmedhescenario and in
red the stormy scenario. On theaxis the median mixing length is plotted. On thaxys the phase section is
shown: 1) 350°- 10° 2) 10°- 35° 3) 35°-70° 4) 70°-110° 5) 110°- 145°
6) 145°- 170° 7) 170°- 190° 8) 190°- 215° 9) 215°- 250° 10) 250°- 290°
11) 290°- 325°  12) 325°- 350°

It is shown, that obviouslyn the fourth and tenth phase section the highest mixing length occur.
Furthermore, théirst and seventh phase section have the smallest mixing length of all pbtisesse

The phases in between increase in direction to the maximum phases and decreases from these to the
minimum ones. Hence, the more vertical the phase section is orientatent gX0”) the higher is the

mixing length. Moreover, the maximum turbulér@nsport occurs in vertical direction.
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5.5 Bottom friction and turbulence

In this section, the wave friction factor is considered as a wave damping factor for the wave scenarios.

Furthermore, the bottom stress is calculated and the resulting turbuleti¢ kinergy is shown.

5.5.1 Bottom Friction factor
The bottom or wave friction factor idepending orthe bottom stress. Followinglonsson 1967]
[Corvaro et al. 2016]Le Roux 2003Jand other the relation is defined as follows:

z gz Qz"z%Y Eq. 6.5

In Eg. (5.5) the mean velocity U is calculated as the maximum averaged phase velocity. The bottom

stress results fromeneral assumption of tilearbottom velocity gradient multiplied with the dynamic

viscosity.
Qo
T = Eq. (5.6)
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Figure 5-22: Wave friction over bottom stress
On the yaxis the wave friction factor basing on the averaged bottom stress is shown. @xih#dabelonging
bottom stress is shown. The color of the circles stands for the porousnm#uis the orange color includes the
45PPI medium and the black color the 10PPI medium. The color of the star in the circles shows the wave scenario,
thus the green dor stand for the calm, the blue for the mean and the red for the stormy s¢seefigure4-4).
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In Figure5-22 the wave friction factor and the bottom stress are shdwa.calm scenarioshow two

bottom stress regimes, one for the 45PPI (orange) and one for the 10PPI medidifltlaes®. regimes

thewave friction differs slightly with respect to the different slope angles. The stormy scenarios show
one bottom stress regime for the 10RRdia with one exception with a negative stress due to a negative
gradient. The 45PPI media measurements of thmgtecenario show a wide range of bottom stresses

with the different slope angles. The mean scenario measurements show the same behaviairas
scenarios, but the wave friction factor differs more strongly and is in the most cases higher. Furthermore,

it is seen, that the 45PPI measurements leads to higher bottom stresses. But in the case of the mean wave
scenario, the wave friction facts strong even like two measurements of the stormy scenario with the
45PPI porous medium. These higher wave frictiactorsdue to strong decrease of the averaged

velocity in these cases.

In Figure 5-23 the wave friction factor ahthe Reynolddlux are compared. It is shown, that the

Reynoldsfluxes are not significantly influenced by the wave friction.
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Figure 5-23: Wave friction over Reynoldsflux
On the yaxis the wave frictiofiactor basing on the averaged bottom stress is shown. Orathig the belonging
Reynoldsflux is shown. The color of the circles stands for the porousumedhus the orange color includes the
45PPI medium and the blac&lor the 10PPI medium. The coloithe star in the circles shows the wave scenario,
thus the green color stand for the calm, the blue for the mean and the red for the stormy(seeRagioes-4).
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5.5.2 Turbulent Kinetic Energy (TKE)
The turbulentkinetic energy shows the averaged turbulgetocity fluctuation in the flow in all
directions. The energy is calculated with the following equation:

4+%§ O O Eq. 6.7)

In Figure5-24 the mean Reynoldstress is compared with the root mean squares of the median of the
phase specific turbulent kinetic energy.
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Figure 5-24: Reynolds-stress over turbulent kinetic energy
On the yaxis the Reynoldstress is shown in logarithmic scale. On thaxis the TKE is shown in logarithmic
scaling. The color of the circles stands for the porosity, thus the orange color marks the 45PRhchéuka
black color the 10PPi méd Moreover, the color of the star in the circle marks the wave scenario, thus the green
star standfor the calm scenario, the blue one for the mean scenario and the red one for the stormy(seenario
Figure4-4).

In Figure5-24 a linear dependency of the TKE and the Reynstdsss is shown. With higher TKE a

high Reynoldsstress occurs. Furthermore, the stormy scenarios showing the highest TKE, thus the
highest Reynoldstress. The meaand calm scenario are located in the same regime of TKE and
Reynoldsstress. Except for three measurements which show much Iaweletot kinetic energy levels

than the others. Moreover, most of the calm scenarios above the 10PPI seabed, showing Bigher TK

than the 45PPI measurements with the calm scenarios. Furthermore, the measurements above the 10PPI
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media showing mostly the sanf&KE value for each wave scenario but differ slightly in the Reyrolds

stress. Except for the mean wave scenario, here thediff€Es over a wide range.

In Figure5-25themedian of the phase specific turbulent kinetic enesgphown as polar diagram. It is
seen, that the stormy scenarios have the highest energy in every phase section. Furtherneae, the m
and calm scenario do not differ significantly from each other dts®Figure 5-24). Moreover, it is
obvious, that the horizontal phase sections cause the highest TKE. This behavior is for every
measurement the same (s&ependix F. In forward drection (0° phase), the TKE is less than in
backward direction (180° phase). This observation is almost the same for evescemagand slope
angle(see alsdrigure5-26, Appendix F.
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Figure 5-25: Phase specific TKE
In the polar diagram the median of the phase specific turbulent kinetic energy is plotted. The markers do not show
single measurement pddé) they only symbolize the slope angle of the measurement. The neshksdiagram
are the measurements above the 10PPI porous media section.
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For a more detailed view, the median of the phase specific TKE of the measuremetts WQRPI

porous mediand 0° slope angle are shown as polar pl&iguire5-26.

Figure 5-26: Phase specific TKE of 0%lope angle measurements
In the polar diagram the median of the phase specifialembkinetic energy is plotted. The markers do not show
single measurement points, they only symbolize the slope angle of the measurement.

This figure shows agaithat the horizontal phase sections cause the maximum turbulent kinetic energy
in the measements. Furthermore, the stormy scenario has much higher TKE than the other two
scenarios. In this case, the mean scenario has higher TKE than the calm one. Mtredaakward

direction (180° phase) shows higher turbulent kinetic than the forwaxdidir¢0° phase).
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