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Abstract

The main objective of this master thesis was to explore the possibilities of a 2D- coarse
grid hydromorphodynamic model in terms of computing time, resolution and quality of
results.Due to computing time limitations, most of large scale and long term simulations
of river are still done in 1D. Buthe problems arising from neglecting therizontal
distribution of flow and sediment transptiat sometimesanchallenge reliability ofLlD
models One strategy to reduce the computamgl still having the advantage of horizontal
distribution of resultss to use a coarsgrid 2D Model.

Two sets of coarse grids with resolutions 20m and 40m edge sizes were used to compute
21 years hydranomphological changes 50km reach of riveOder. The open source
simulation programs Telemac2D and Sisyphe wesedto perform hydrodynamic and
sediment transport computationshe quality of the 2D model is supposed to be
demonstrated via a comparisonhuibeasured data amdth existing 1D model resultsf

the same Oder reacfihe study showed a significant decrease in computing time by
reducing of gridresolution and employingarallel computation techniques. It was shown

that an increase of 9% in numbesf elements doubled the computing time. Tésults

(total load discharge artokd evolution) were used to calibrate the model. The total load
discharges have shown good compromise with the measurements. However the bed
evolutions wereshowing at some rémns erosionrather than sedimentation as
measurements
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1.l ntroducti on

1.1 Motivation & Objectives

Numerical modring of fluvial flow, sediment transport and morphological evolution began
in the 1%0s. Numerous mathematical models have been developed and are ipregides
use. Due tahe advancemenin performance of @amputers and interest in the subject from
science and engineering, there habeen significant developmenfrom comparatively
simpler one tnensional (1D) models in 195@s two dimensional model@D) since 1980s
and three dimensional (3D) models recenMyimerical hydremorphological modéing of
river systems havbecome basitools for engineering planninglesign andassessmerntf
water resource€ao & Carling,2002)

1D modelsare still accepted adequate for many applications such as modelling long river
reaches with relatively long simulationm#. Nevertheless the problems arising from
neglecting thehorizontal distribution of flow and sediment transp@dmetimes leads to
issueghat could challenge reliability dfD modeb eesults

Theoretically it ispossible to run long 2D model using a coagdd. Still the computational

time would be much higher than for a corresponding 1D model. However, due to high
performance of computers and parallel computation techniques large scale and long term
simulationsareincreasingly madgossible with 2D models.

The main objective of this master thesis is to show the possibilitiescofirsegrid 2D
hydro-morphodynamic modeh terms of computing time, resolution and quality of results.
The quality of the 2D modekisupposed to be demonstrated via a comparison with an
existing 1D model. The application area is a 50 km Ie@aghof river Ocer, starting at the
Warthe confluence and up to the village of Hohensadie®.computation is supposed to be
performed for timeperiod of 21 years and the significant hydro and morphological vasiable
such as water siace levels, flow discharge angklocity, bed evolutions andediment
transport rate will be compared to the resafta 1D Hec6 model.

The Open source modellingfsware Telema@D and Sisyphe are used to perform hydro and
morphodynamic computations respectively. Additionallyerman Federal Waterways
Engineering andResearchinstitute (BAVY, where this study has been carried out have years
of experience in usingelemac& Sisyphe. The simulation is done usirtge hydrological
and sedimentologal dateof years 1973 t4993.



1.2 Why a coarseqgrid sediment transport
model

1D sediment transport models are widely being used to predict the long term morphological
changes in rivers of relatively straigtarm. Depending on the purpose of a morphological
simulation, most of 1D modeglprovideto some extensufficient information. But fo cases

such as sedimentation afresevoir, sediment flushing of aeservoir, phne distribution of
evolution around pier of bridge and simileases 1D sediment transport models can no
longer provide us with sufficre and detailed information. Hen2® models should besed

but with cost of relatively large p#grocessing and compational efforts. In addition,
morphologcal changesccurs in relatively long period of time, which means models should
be simulated over longer time which in terms required high computer capauitiesiemory

even if computation is performed in paehll

More specifically forromplex taskasin BAW projects, the existing morphodynamic models
have to be modifiedThis is easily possible if the program source code is open or belongs to
BAW. Furthermore this needs developments for the used programlchds always been of

the objectiveso reduce the number of used models to focus on the expertise. Therefore
guestion for BAW s, if or under which circumstances it would be possible t@ (@
instead ofa 1D model.

One weltknown strategy for longerm simulation is the reduction of the grid resolution.

Mesh resolution is defined as number of nodes or elements representing the surfdadyof a

area @omair). The resolution depends on the accuracy intended fromirthdation and the

efforts one allocate ta modelin terms of computation time, resolution and quatifythe

results The resolution quality is set accorditggour expectatiofrom our simulation, if very

detailed information from a part of domain ideinded; the finer is the mesh, the better
resolution of the result we obtain. As the computer power is advancing, engineers and
numerical modellers are trying to track more details of their simulaBioarsegrid model

could significantly reduce the eftsrto be allocated on a 2D modBUt conversely itould

directly be translated into a less accurate simulation reésydin one should compromise the
intended resultds accuracy and the computat
resolution.Although2D coarsegrid model certainly dominates 1D in terms providing more

and detailedi nf or ma tchatlengingta prdvide a representative coarse mesh of
domai nés surWiatcle geaoamed rmesh itds hard to r
featuressuch as dunes, ripplesnd bars which playsnportantrole in particular in sediment
transportcomputation Moreover diring computation, the accuraeyd quality of the result

could be significantlyaffected by errors that would occur due tothe interpolation of

variables



2. Physapprabachesii me n
transport

2.1 General sedimenttransport concepts

Transport of sediment is one of the most complex fluvial processes. It saisastype two
phase flow namely fluids (river flow) and solids (sediment grains). Generally there are three
mode of solid transport as wash load, suspended load and bed heachost common and
often important modeof sediment transport aled load anduspended loaddoth bed load

and suspended load influence the bed building pro¢&4stcelo H.Garcia2007)

The particles in wash load are very fisech asclays, silt or sometimes sand with small
settling velocity. Wash load materials often origisatem bank erosion or hill slope which

are contributing to runoff. Wash load grains are kept in suspension by turbulence and
chemical forces whiclcould remain in colloidalphaseforever. In bed load transport,
particles movement occurs in form of rollingliding or saltating over each other, but they
remain near the bed. This differentiates it from the suspended load in which particles are
carried ino the water column by fluid turbulences. The driving force for movement of
particle in all cases is theayity. In the case of suspended load, the suspended particles are
transported within the water body and the gravity force causing the momentum for fluid flow
whereas in the case of bed load the gravity is acting via drag as shownfigutke2.1
(Einstein, 1952(Van Rijn, 1948

N

SALTATING

e 0 N\

Figure 2.1Bed load sediment grain movement modes



The grains on the bed have a finite weight (in fluid) and a certain friction force is acting on its
sides in contact with adjacent grains. Therefore in order tordmeght into motion by the

fl ow, s heaeing atsthe specifis gralh on the flow boundary is required to dominate
a critiogal value U

.I.

- 2.1
© ¥ p

The ratio . is called relative flow intensity. The grailygng over the uppermost layer of the

flow boundary can be detached and transported by flow (in the direction of flow x).In other
words, when the value of shear stress just exceeds the critical value for incipient motion, the
particles will be rolling or liding or both in continuous contact with the bed. The grains
det achment i s odnd the ttamspor © fongdudinalodfstantk is due to flow
velocity. (Yalin & Silva, 2001)

(Yalin & Silva, 2001) mentioned in their monograph on fluvial proceset if .

is smaller than a certain vall@* d4ay (< @ < @), then the grains are transported by
deterministic jump$, in the neighbourhood of the beds & z ) as shaiwvrin figure 2.2.
According to (Van Rijn, 1984), for increasing value of Iskear velocity, the particles will
be moving along the bed by more or less regular jumps which are called saltation.

I f+1 Q | ax @k theh Sbme othe transported grains diffuse by turbulemt® the
remaining flowregion 0 < )zwhike sone others are still transported in the form of bed
load, i.e. withink< z < U. The transport of grains
paths Ris referred to as suspended load. The particles velocity in suspersemue the fall

Wi

t

velocity. Thismeans t he wupward turbulence forces dom

(Yalin & Silva, 2001)
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Figure 2.2.Diagram ofbed load and suspended load travel p@iburce:Yalin & Silva, 2001



(Bagnold, 1966) who has an approach of energy balancemeddanical equilibriunndefines

the bed load transport as that in which the successive contact of particles with the bed is
strictly limited by the action of gravity. He defines the suspended load as such that the excess
weight of particles is supported wle by a random succession of impulses exerted by
turbulent eddies.

(Einstein, 1950however includes probabilistic parameter into the issue and his definition of
bed load transport is the transport of sediment particles in a thin layer of 2 particleedsame
thick just above the bed by sliding, rolling and sometimes making jumps of few particle
diameters in the longitudinal direction. According to Einstein, the suspension of bed load
particle in this thin bed load layer is impossible, because the mixiagaturbulence is so

small that cannot influence the sediment particles. Furthermore, he assumes that the average
distance travelled by any bed load patrticle in this bed load layEd(stimes diameter of
particlesregardless of floveondition, transpdrrate and bed materials composition.

2.2 Sediment transport characteristic
parameters

The sediment particles carriéd fluvial systems range from big particles such as boulders,
gravel to sad, down to very fine particledassified as silt or clay. The trgportof very fine
particles occurs as wash load or even in colloidal suspension in which electrocheroesl fo
play a predomima role (Van Rijn, 1984. But hydraulics of fluvial systems is more
concerned about particles of size ranging from 0.06mmOmn2 particles size; shape,
specific gravity and fall velocity are the most significant properties of sediments.

Sediment size is more often assessed using sieve analysis in which a numbers of
representative sediment samples are analysdds result aoscalled grairi size distribution

of sediment particles is determined. The cumulative (grain sim@g shows in its ordinate

how manypercent(by weight) of the total sample is finer than a diametef dhe abscissa.

A grainsize curve of RivefDderis shown irfigure 2.3.

There are several different representations of the grain size distribution such as:
1 The customary engineering representatigrk(®0 versus Log(D)) or semilog
scale
1 Sedimentological representation XP00 versu$ ) andsedimentological scale
which is defined as:

P 5y 2.2
& H.quc;o

1 Linear scale (Px100 versus D)
1 Log scale (Px100 versus log (D))

For the purpose of statiss, the logscale provides aconsistent characterization of
distribution. In addition,useful statistics concerning the sediment in questiond be
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extracted from plot of ise distribution HF) versus size densitP(F). (Garcia, 2007)
(Parker,1992)

For any percentage of size the grain sizé-, denotes the size such thaj af the samples
composed of grains finer thaoarticular size which in terms of equivalent diameter is given
by:

0 ¢ 2.3

Important information is extracted from such a cureed, which is representing the mean
diameter of particles corresponding to 50 % finer than the whole sample. Some other fractiles
such as g, s, tss, d7s, Gss, Gss, Gho are often used in hydraulics for characterizing bed load
sedimentsSkin roughnes d bed and some other parameters suoyradation of distribution
function is expressed by the following relation:

Q 2.4
! Q
And the sorting coefficient is defined as:
. Q 2.5
Y a

Grain size distribution is usually discretised to several size classes in@mkermine the
mean graindiameter for each class. The purpose of this discretization is to assign several
mean grain size diameter with a fixed percgattor sedimentransport modellf a grain size
distribution is divided into n intervals bounded by n+1 grain sizeshe discretised forms
represented as:

p 2,
w -w oy 0
C
D o 2.8

And the overall mean grain size diameter is calculated as:
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Figure 2.3 Bed materiacomposition and grain size distribution@f-km 615.0664.0]

The second important parametetated to sediment grains is the shape fa@bape factor

of sediments affect the fall velocity sediments. Therare different ways to define shape
factor. (Zingg, 1935) proposed a method to characterise the shape of an irregular particle in
terms ofthe length a, b and c of major, intermediand minor axes respectiveAccording

the equation of shapfactor, a sphericalediment graimas SF=1.

6
YO —. 2.10

The third significant parameter is the sfieayravity of sediment and it idefined as ration of
sedi ment grtao ndded=intgy tof Jjwater |

M 2.11

M



Sediment density basid¢aldepends on the type of rocks that gexliment originates and
hence its specific gravity alstepend mostly on the characteristics of rocks such as density.
For most natural streams wi pibtakgruaa2.685z sedi men

And the fourth major parameter of sediments is the fall velocity. The fall velocity depends
mainly on grainsize, specific gravity, shape and the dynamic viscosity of the fhatling

under the action ajravity, particle will reach a constant terminal velocity once the drag force
equals the submerged weight of the partic{fEngelund & Hansen, 1967)

2.3 Fluid mechanics for sediment transport

As mentionedn section 2.1when the shear stress on bed load is dominating a critical value,
the grains initiate the motion. Due to theight of water, the flow exerts tangential force

per unit bed arealsoknown asb e d s h e a whicls ih casesos steatly uniform flow
expressed as:

-l- ” "Q"O"Y 2 . 12
Assumption:

Wide channel hence B/H >> 1, sB;, = H. Figure 2.4 represents the diagram béd shear
stress distribution as well as flow velocity in a steady state uniformdtowlition. Theshear
velocity term is defined with the help of boundary shear stress as:

2.13

N

éz r

Both boundary shear stress and shwdwmcity can be translated as measure of flow intensity
which entrains transport of sediment particles. Size of sediment particles on the bed
determines the surface roughness, if we ignore the roughness induced by bed forms such as
ripples, dunes, megdures, antidunes and bars. Nevertheldbs bed roughness affects the

flow velocity distribution as well as its sediment transport capakitgase of steadflow,

the distribution of bed shear stress is distributed linearly as shown ifigtine 2.4 and
representedy:

g 2.14
42 4 P 5
And the velocity distribution is given as:
O p.. & 2.15
-— =0 E+— '
0. Q «a

The equation above is valid for thin layer above the bed z{H2<This fact is established
experimentally with numerous experiments performed®ghlichting 1979; Nez& Rodi
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1986). The above equations are only valid for steady flow, but in nature such condition is
hardly met, for instance in alluvial channels, migratioof dunes downstream with
alternations in their size and shape causeods

Water surface
.

_— N
-

Flow
T H
Z
Lw..r...n Tb 1

Figure 2.4:Definition diagram for operhannel flow over a sediment bgdource:Garcia,
2007)

The second more realistic distribution of flow velocities is by logaritforim (Yalin, 200J).

[P S 2.16
TQC( 66 (0]
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In the above equation, the roughnéssction Bsis as function oReynobls number R = u*
ki g which can be estimated from the experi me
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The relationship of average velocityis determined from the following empirical equation.

O p. . a o, P, . Q 2.17
. T—QG snarcphtpi o] T—Qa ETID (popﬁ
U y .

2.4 Incipient motion & the Shields diagram

The mean velocity determined above was for long time a determining factor for sediment
motion initiation. The concept of critical velocity was based on this mean velocity. This
empirical critical velocity was varying as function of grain size and wateghdeater on the

idea of considering the dynamics equilibrium on most exposed sediment particles emerged.

As shown infigure 2.6, thedrag force is generated as result of difference in hydrostatic
pressure caused by skin friction acting on the surfaceagi.g

10



Figure 2.6. Free body diagram of forces (drag force, lift force and grain weigat)rce:
Engelund & Hansen, 1967)

0 oPryvo 2.19
The drag coefficient is dependentRaynoldsnumberand grain form. Recalling the friction
velocity

)| =

. 2.20

Combing these two equations gives us:

0% H YOt Q 2.21

From this equation it iseen that drag force is proportional to shear stress.

The second force acting on the grain is the lifting f¢fGg This force is created due to the
difference of pressure up and down part of a grain as shofiguire 2.7. This fact can be
observed bythe concavity of flow as described by (Engelu&dHansen, 1967). Grain
experiences an underpressure on its top and an overpressure in the bottom. From dimensional
reasons the centrifugal fort@ balance this pressure differeru@n be written as:

0. . 2.22

O U 6. FTY"Q o 0. Q
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S0 0 tQ 2.23

Figure 2.7: Hydrostatic pressure distribution around the gréBource: Engelund &
Hansen,1967)

The counter force to keep the gr&iom lifting is the immersed weight of the grain and can
represent as:

The mobility of the grains depends on these three forces namely drag force, lifting force and

the immersed weight of thgrain. Theratio between exerted force and stabilizing forces is
called dimensionless form of bed shetiesg .

TQ T 0Y Q 2.25
r r Q i pQ I pQ i pQQ

The grains starthe motion if the value off exceeds a certain tidal valueqc, which this
critical valle issaid to beas function of grains Reynolds number.

— @ Q6.Tt @ 'Q‘I 2.26
The viscous sub layer thicknedss calculated as:

¥
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(Shields, 1936) determined the relationship by measuring bed load transport for various
values o—— at least twice as large dsand he extrapolated tbe point of vanishing bed

load
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Figure 2.8:Shields diagranfor initiation of motion(source Vanoni1964)

Shields diagram could be divided into thmeagions namely hydraulically smooth region,
transitional region and hydraulically rough region. The regions division is made based on
viscous subayer thickness.

Table 2.1: Shields diagramgions according to the viscous dager thickness

Regions in Grains Reynolds Thinness of laminar boundary Wr v u
Shields number (Re*) layer
curve
Region 1 Re* <3.63 ~5 d< 31U hydr aul
Region 2  3.63 ~5<R&<68.0~70 0/3<d<60 transition 0.032~0.033
Region 3 Rer > 70~500 Compl etely rc 0.06

Shields did notperform the experiment for very fine materials Re< 2, he estimated the
portion of diagram for region 1. According $hields

When Re < T 2.28
——ge®

1.00.
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This region however is of minor importance since the smooth condition rarely found in river
systemsin the hydraulically rough region the critical shear stredsi p ‘Qis seen to be
independent of Reynolds numiserd is generally taken as 0.06owkversome considering

it lower than 0.06 as Meyer Peter Muller suggests a value of QBHi2lds 1936)(Simons

& Sentirk 1992)Engelund& Hansen, 1967)

2.5 Sediment transportformulas

In the light of the most importangarameters drivinghe sediment movement discussed
above, several bed load and suspended load transport concepts has emerged since the early
work of (Duboys, 1879)Basically there are two or rather three schools of thought about
sediment transport namely:

1 The energy equilibrium or mechanical approach ebg.Bagnold)

1 Probabilistic approachy (e.g.Einstein)

9 Critical shear stresge.g. MPM)
Most of the formulashathave been developexdiginate from the abovmentioned
fundamental approaches.

2.5.1 Bed Load Transport

Generallythe amount of bed load transported by a large, deep river is about 5 to 25 percent of
the suspended load (SimonsSeriirk, 1992). The reason why it immportant to know the

bed load discharge despite its relatively minor quantity is the importance of bed liad as
affects stability of channelhe grain roughness, form roughness and some other factors are
as result of bed load mobility. In general tlage of sediment transport is influenced by the
following parameters

R QAT B AQ 2.29

The variables in the function 2.29 could be categorized hmeegeneral parts. The firgs
boundary shear stress whichtérms is &unction offlow conditions.The second belongs to
sediment particle parameteaiad the third is the fluid characteristics which is more or less
constantThe first \ariable is the bed shear stregsich is the shear force per unit area of the
bedthatis exerted by the fluid forcelhe grain diameter (d) and the density of graig) (
indicate how heavy a grain is that should influence the transport rate. The fluid depsity (
governs the forces ammlc cel erati on in the fluid (e.g as
sediment transport iair which has very low densignd higher densitin wate)). Viscosity

(m describes the fluid resistance to deformation. Finally the gravity acceleration (g)
influences the movement of both sediment particles and fl(Nddcock, 2004f Simons &
Sentirk, 1992)

Most of thebed load transporformulae were developed using flume experimamser
steadyflow conditions. They show rapid variation of the bed load trarmsptes as function
of mean flow intensity. On the other hand, experiments were conducted on specific grain

14



size, shape and grading. Therefore, in order to choose theapmsipriateformulae for a
certaincondition, oneshould make sure that the conalits meet more or less the criteria set
for formula development.

1 Meyer-Peter and Miiller formula (M-PM)

In 1948, they performed experiments using uniform coarse sand and gravel and proposed the
following formula:

Fowtr ot 2.30
Where

ot 2.31
[ p’ @

S S 2.32
O pnC$

N N 2.33
O pGCh

Repl aci ng t k*andyg4ntothe squatidn 2.8D*givel the equation for calculation
of bed loadransport.

T T 2.34

M-PM assumed the initiation of motion from the Shields diagram to be 0.047 as:
t  m@iTQ Dz 2.35

Meyer-Peter and Niller assumption to develop their formweas basically energy slope
characteristic such that a given portion of energy is used to drive sediment tramsport a
remaining for liquid motion(Sentirk & Simons, 1992) summarize the usability off as

such that MPM formula gives satisfactory estireatof sediment transport when applied to
stable water courses. They further mentioned thd&N¥shows large discrepancies between

the measured and calculated values when the slope of channel is exceeding 0.001. Moreover
the discrepancies may arise wheredido calculate finer material, since it was initially
developedor coarse bed materials channé&entirk & Simons, 1992)
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9 Einstein Bed load Equation

(Einstein, 19421950) presented a different concept for bed load transport calculation. He
avoided usig critical condition ér motion initiation, since it idifficult to define. He
considered turbulent flow fluctuation for bed load transport rather than average forces exerted
on sediment particles as Bagn@dconsideration. Einstein introduced the cquicef
probability which relates instantaneous hydrodynamic lift forces to the submerged weight of
particle.He further assumed thtterate of deposition must equal the rate of erosion.

n Q n Q 2.36
Oo0QO Q o0oT Q

The erodbility of a particle depends on availability of particle and the flow condition.

_on 2.37
5 Qo

Based on his assumptions, Einstein presented the functional relatibaskgen two
dimensionless quantities (bed load discharge and shear stress) as follows:

N 2.38
CO pA

[ 2.39
ro pA

For small bed load discharge, the Einstein bed load function follows simpler function as
equation2.40which is quite similato formula of M-PM. However the relationship of
i3 ) is rather complex.

& Y[ T®rT XT 2.40

1 Van Rijn formula

(Van Rijn, 19483 presented a method which enables the computation of bed load transport as
product of the saltatiomeight, the particle velocity and the bed load concentration. He
introduced particle and transport stage parameters as follows:

O pC 2.41
%

$: 9
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Tt 2.42

4
TZ
. 48
N m8tuve— 2.43
$:

The formula was proposed to calculate the bed load transport rate for particles of size range
0.2mm<D<2mmThe criticalshear for initiation of motion is calculated as:

$. th T ™™ 6.

T $ pht mps. B8
P S cht T8 2.44
¢m $. pumt mipk °

pum$.ht mdrrTu

(Marcelo H.Garcia, 2007) ( Sisyphiser manual, 2010)

1 SedimentHiding/exposure

Most of the sediment transport formulas were developed using uniform particles in flume
experiments. In nature howeveruch a condi t In@mixtdre® & sedihént e X i S |
particles, the bigger grains are more exposed to flow than smaller ones. In other words the
bigger particles provide a protection for smaller grains. Therefore, the classical sediment
transport formulae are modified to account f@nd grading effect.K@rim et 4, 1982

proposed the following hiding/exposure factor:

s 0o ° 2.45
$

And the modified bed load is calculateg
0: vdl 2.46

The formulations by (Ashida &ichiue, 1973) as well as Egiazaroff, 1965) have been
specifically developed in associated with MBed load transport formuld hey modify the

critical Shields parameter and have an influence on the initial motion. The formulation of
Karimonlychangeth bed | oad itself and not iitds init

17



[ uasit x 2.47

vl TRw 2.48

2.5.2 Suspended load transport formula

The classical differential equation for the distribution of suspended load in a steady, uniform
two dimensional flow i€xpressed as

X—, 0@ T 2.49
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Figure 29: Equilibrium of forces acting on suspended sedinpamticles
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As shown in the above diagram, the turbulent motion (turbulent) diffusion of suspended load
will occurin the direction of decreasing vakief concentration ¢, upwardBhis diffusion is
approximated to be proportional to the rate of changeootentration and therefore the
amount of sedimedniifted through a unit area is represented as:

Q0
R —,
Qw

The diffusivity coefficienR is assumed to be equal proportionato the eddy viscosity of
for the flow as:

oy o @ 2.50
QY w = :
R T p O
K: is Karmani@s universal constant = 0.4
Replacing the value of diffusivity into equatiorb2 gives us:
% ?%7 Qﬂo 2.51

There have been several approaches fmelea concentratioriunction. H.Rouse, 1939)
proposed the following expression for concentration function:

0. G
A Al 1860— 2.52

2.53

Where U S

_<z

(Toffaletti, 1969 presented a procedure for determination of concentration function. He
divided the depthD into four distinct zong shown in the figure 2.10Toffaletti made the
following assumptions:

1 The bed zondas the relative thickness @f/d=2D/d) whee D is thesediment size
and dis the water depthn this zone the material is being transported as bed load.

1 The lower zone extending from (y/d =2dto y/d = 1/11.24)
1 The middle zone from (y/d = 1/11.24 to y/d = 1/2.5)

1 And the upper zone from (y/d = 1/2.5 taream surface)
19



He further considered velocity profile to be as power function as follows:

v, O 2.54

S T p Ut T Y Y 2.55

Wheretheexponent is givenby:

0
7 2.56
Y 0QY

And the constant is as function of temperature and calculated using equafion 2.

# o omy T QX4 2.51
10 Concentration Relations
(14, U u 152
2008 &= Guf 1
Middle -z
zone CFGM(%} '
Lower _ _r_fOJ'ﬁszl
zone Ci=Cu (-3
—— —
Velocity wu Concentration, Cj
Figure 2.10: Toffaletti 6s wvelocit y(sourcer
Semon & &ntirk,1992)
And finally the suspend load discharge is calculated as:
2.58

N 00 Qw
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3. Numer i cal Model I nc
transport processe.

3.1 1D /2D hydrodynamics and sediment
transport Modelling

The equatiosof flow and sediment transpategenerally so complicated that they can only

be solved numerically with known boundary conditidty computer computational power.
Mathematical models have been extensively used and with increase in computer capacity and
development of numerical methods its use has become more and more adequate. There are
three types of numerical discretization methods which have so far been well developed and
widely used for flow and sediment transport computation. Finite element m@tkdd),

finite volume method (FVM) and finite difference method (FDM) have been used
numerously in research and applicatioraar of different sciences. A lof programs have

been developed based threse discretization methotts computation of flow andediment
transport. A fundamental prequisite of mathematical models is a satisfactory, quantitative
mathematical description of physical processes involatsen etlal1979). Decision on
selecting the dimensioaf simulation depends on available infaation such as boundary
conditiors as well as the necessity for mutimensional simulation(Thomas & Chang,

2007), (Cao & Carling, 2002) and (Jansen et al, 1979)

As the computers computational capacities are bemgnced, the use of muttimensional
simulation is also increasedaccordingly. At beginning ofdi screti zati on r
development stage, only 1D mosl@lere used for hydrand morphodynamic simulations.
Whereas2D mode$ use were only limited by thehlowadays 2D models are extensively
usedand utilization of 3D models are increasing rapidly. For simulation of flow and sediment
transport models, 1D and 2D models are accepted adequate for most of applications whereas
3D models are used only in special cageke problemshydrodynamic is stmgly three
dimensional and local details is demand&dpresent 2D & 3D simulation use is limited to
problems requiring resolution of local desaibver relatively short periods,ften as
complement to 1D models of large spatial and temporal scope {8pas& Holly, 2007).

(Cao & Carling, 2002) and (Spasojevic & Holly, 1990)

One dimensional model are mostly applied to situations involving straight river rdaches
extended time periodsysually to determine the long term changes imposed by its
hydrological and sediment transport regime. The mobile bed and hydrodynamic processes are
expressed in terms of cressctional properties such as average velocity over depth and
width, average depth, hydraulic radius, and the overall hydraulic shear stresaer8edi
transport variables such as evolutions, bed load transport, sediment load conceatichtion
bed materials compositisrare also expressed in terms of total crgsstional values. The
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output of 1D sediment transport models usually include sedimerspvet rate, changes in
bed elevation and amats of erosion and deposition.( Cao & Carling,2002) and (Spasojevic
& Holly, 1990)

3.2 Hydrodynamic calculation

General balancing equations of flareexpressed by differential equation of conservation of

mass andnomentum, if the energy dissipation especially by friction is ignored. The mass
conservation is considered as mass balance of mass fluxes (discharges) across the boundaries
of control volume and the mass changes inside control volume as:

j%e) M X T 3.1

-F]
R

al o

'I:.|
1%

3 g

Wherer is the density of the fluids, u,v and w are the velocity compondotsy ¢he x,y,and

z directions.Rynoldsaveraged Naviestokes equations are derived from incompressible
fluids NavierStokes equation througlaveraging temporal avaging of instantaneous
velocitiesshift over an appropriate time scale( Spasojevic & HABN7).In case of steady
state and incompressible fluids the mass balance equation is reduced to:

T 3.2
U "

gl &
23

In the steadhstate condition, the term— equals zero. The incompressible fluids mean that

the density of fluid remains constant and is cancelled from the equation 3.1. The Rynolds
averaged u,v and w momentum conservation equations are written as:

X-direction
.. T T m T O6 1O .TO 1O 3.3
W H WO To T %o
Y -direction
. , 124 124 124 7o To To ,ToO 3.4
WE R R AW 7o % e %e YT
Z-direction
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Figure 3.1: The free body diagram of forces acting on a fluid pafsolece: W.Marx,2011)

The numbers of unknowns such as shear stresses in all directions, velocity components and
pressure are many more than available four equations (three momentum equations and one

continuity equation). Navier Stokes expressed the shear stresses as funotelociby
component as:

X-component

i} T_o 0T_c') 0T_o UT_o 'F_D To6 10610 | 06 3.6
To Tw T w T a 137%) Tw Tw Ta

Y-component

, 70 70 70 TO0O ™ T0T1T0T7
T(‘)OTdoUTo'oUTc}( =y o To Ta Qw 3.7

Z-component
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(Hervouet,2007)(Spasojevic & Holly1990)

The above momentum equation is ofeenitten in vector form as follows:

0
= o8e o Py oo 3.9

Acceleration term = advection term+ diffusion term+ Pressure term+ Body force

The first term is the acceleration which is the change of velocity over tintbe Inase of
steadystate condition this term equals zero. The second term is called the advection term
which is the forces exerted to particles of fluid by other surrounding particles of fluids. The
third term is the diffusion of velocity which describesahthe fluid motion is damped. The
pressure term indicates that the flow occurs in the direction of the largest pressure gradient.

And finally the body forces are those external forces acting on the fluid such as gravity,
electromagnetic and etc.

For 2D hyrodynamic computation, Navi&tokes equations with constant density and
hydrostatic pressure as well as continuity equation are averaged over depth.

1 2D-continuity equation

To Tuo 10 444 3.10
Tw T o T a

The componenbf velocity in Zdirection is considered as zero. The vertically averaged
component of velocity in x ang directions are expressed &g ¢ Qrespectively andhe h

represents the water depth. The integration interval is from river bottom to the water free
surface.

O RO - 3.11
o T

3l

1 2D-Momentum equations

The incompressible Navier Stokes a&@intVenant are the bases for hydrodynam
calculation. The bsic assumptions are the neglent of vertical velocity component and
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considering uniform vertical velocity distribution. In addition, fluid density is assumed to be
constant and pressure distribution is assumed as hydrostatic.

X- direction
O O O 10 . P .. YOQ 319
?CA) O_F—g O'F_U f%—w O @Q QI QI i 0 0 _Q

Y -direction
O O 10 e L YRQ 343
= O‘F_@ OﬁJ CIT—(D (@) @Q QI Qi 0 0 o)

The velocitycomponents in x and y directions are represented by u and v respectively. The
term (O) and "O is the body forces. The ternis L— and o 0 — are added

to the right hand side of momentum equations if there is a soutce labttom. These terms

are considered as zero if thelocity at the source is the samethat of the currenthecause

they will be included in the expressions of body forces hereafter. Body forces contain forces
other than pressure and gravity suchnfisience of wind or bottom friction and drag forces.

Ve is the effective diffusion which will model turbulent viscosity and dispersion. There are
several methods developed for determining the effective diffusion suckias ko @he |
water intake or lease at free surface, inside domain or at the bottom such as rain or
infiltration into the ground are introduced into continuity equation as source loitesim

which is here summarized as Sce. The velocity of source or sink is expressede by V
.(Hervoug, 2007)

Most of 1D mathematical model solves the Salahant equations. A numbers of
assumptions are made for solving Safiehant equation such as hydrostatic distribution of
pressure, uniform velocity over the cresection, horizontal water surfacamall slope of the
channel and the steadyate resistance laws taken for unsteady condition. The flow condition

in a channel crossection can & defined by two flow variableIherefore two of the three
conservation laws are needed to analyse the flomatgon. If the flow variables are not
continuous, these must be the mass and the momentum conservation laws (Cunge, Holly et
al.1980).(Faeh et al2011)

The basic assumptions for developing a 1D Sdartant equations are as follows:
1 The lateral velocity component is neglected
1 Uniform velocity distribution across the width
Additionally the streamlinesurvature isassumed very small and horizontal water level is

assumedo be perpendicular to the flow direction. The turbulence angghmess are
considered usg Darcy Weisbach or Stricker .
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1 1D continuity equation

For 1D calculation of flow, the continuity and momentum equations are averaged over
width.

QG T 3.14

&3

Y

3l

The integration interval is considered from left bank to right bank of the flow region. The
wetted area is expressed by A, the discharge by Q and the source or sink is expressed by Sce.

A H X 3.15

— — 3AA '

o T AN

T 1D Momentum conservation
- —1T— @& 8 "® Y+ Sce. Vsce 3.16

The parameter b i s wused t sect@mcwhere actuallyoflow vy t h c
occurs with relatively significant velocity. Some places in the flood plae very low
velocity which doesnodot i-nnddtuiemme tMher enfoonea t fu

the total crossectional area contributing to momentum. But for continuity equation the
whole crosssection area is used to calculate the dis@arfge channel slope is represented
by S. (Faeh et al, 2011(Hervouet, 2007)

3.3 Sediment transport calculation

Bed load and suspended load masses are added up for all materials layers between the bed
surface and reference level for all grain size fractiding Exner equation isalculatingthe
elevationchange of the actual bed level which is expressed by:

i

Tt

The major parameters in the equation above amhich is the density of sediment assumed
to beconstant and equal to 2650 kd/rithe pb is the porosity of bed material also assumed

as constant often taken as 0.4 or 40%. TFhe (s the evolution rate (bed level change over
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time). The divergent of bed load\p indicates the bed load flux differem at a point. The
upward bed sediment entrainment flux (E) represents the suspension of bed material and
deposition flux (D) happens due to settling of suspended patrticles into thEheeled load

is calculated by one of the existing approaches sushMiB, EinsteinBrown, Van Rijn and

others. (Sisyphe user manu2010) (Spasojevic & Holly]1990)

There have been several approaches for calculation of bed surface elevation like bed load

layer and total load approaches. Van Rijn (1987) suggested thecorsssvation equation
for bed load layer control volume as:

EA n&flp % $ % $ 1 3.18

3

As shown in the figure 3.2, the conservation of mass is considered at a control volume of
height as bed load layer thicknesswhere the volumetric concentration of sedimentyis ¢

The entrainment and deposition fluxeg éad [3) are the exchange between bed load kayer
sediment and the suspended sediment through the bed load layer control volume. The
exchange between the subface (active layer) sediment and the bed load layer sediment are
expressed byFand y. Having considered the parameters, Van Rijn proposed a similar mass
conservation equation to Exner equation as:

1Y -
" p N =5 nNe % $ 1 3.19
(Spasojevic & Holly,1990)
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Figure 3.2Vertical schematization of the sediméptocesses domaiivan Rijn 1987, Wu
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et al,2000)

The total load approach expresses the bed elevation change as combination of bed load with
suspended load flux (advecti@md diffusion) integrated from top of the bed load layer to
total depth of water.

) R W ™ 320
PN T T "
Where
4K Y L 3.21
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grx and ¢y are component of total load in direction of flow-diection) and transverse to

flow (y-direction). The u and v are the velocity component in x and y direction respectively
and ¢ is the c on csesrhe sedimantanassfudivitycaeffidient evimch . &
is related to turbulent eddy viscosity which causes the sediment particles to come into
suspension withithewater body and counteract the deposition. (Spasojevic & HH80)

1 Bed load transport (2D)

Bed load flux is composed of fluxes in longitudinal (flow direction) and can be changed in
magnitude and direction due to gravity induced slope effect and the effect of secondary
currents. Inorder to take into account the effect of bottom slope a sadcslibgping effect is
applied to bed load transport equation. This effect increases the sand transport rate in

downsl|l ope direction and decreases it in up:

proposed in 1981 increases the solid transport rate by &ec

100G pTT_i 3.23
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The Qo is the bed load calculated by one of the bed loathita; fs a dorsstant value 1.3,

—is the slope of bed in the current direction. The slope effect has a similar functice &0
diffusion term in bed load equation which tends to make result smooth and reduce instability.

Bed load formulas are initially valid for uniform particles and need to be modifiecctzunt
for sand grading effeciThis effect is known as hiding expoe factor which is used to take
into account the exposure or hiding of certain grain size.

The hiding exposure factor is calculated for each grain size and then applied to bed load
function.(Sisyphe user manual,2018pasojevic & Holly,1990)

1 Suspended load transport (2D)

Two dimensional advectiediffusion equations are solved at each node for eg@D. Unlike

1D model, the concentration of grains is calculated also for horizontal distribution to
determine the concentration of sediment. The 2D transport equation for a-aeptaged
mean concentration G bbtained by depth integration of the following equation:

12 T gol ool «l° L ol° 00 32
T o T T T T w 7T w T

The equation above is solved by the help of continuity equation. The/esddgity
coefficient is calculated based on Elder Model as:

longitudinal - 3.26
component - WA
transversal . 3.27
component - @00

1 Suspended sediment transpor{1D)

One dimensional advectiatdiffusion equations are solved for every cregstion. The
equation 3.28 is solved for every size class which is represented by the mean diag)eter (d

.16 1o v . B 3.28
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1 Bed load transport (1D)

For each grain size, theed load flux is considered in the direction of flow. Bed load flux due
to stream force is calculated:by

3.29

(Siyphe user manual, 201(FHaeh et al201))

3.4 Grid Resolution and quality

Computational grid is the meshed domain of studya.ate is possible to have several
different meshes for the same geometry. Such meshes could differ in resolution and positions
of nodes and elements. Resolution of a grid is subjective perception and depends on what
kind of physics is behind the computatiand what accuracy is demanded. A grigleiment

edge size o020mcould be defined aafine mesh for example fanorphodynamisimulation

of big reservoirwhereas the same grid could be defined as too coarse grid for a
morphodynamic simulation aroundbaidge pier This means what really matters is the grid
guality which is defined as the characteristic of grid that permits a particular numerical partial
differential equation simulation to be performed, with fidelity to the underlying physics and
with the accuracy requiredPatrick M.Knupp2007). (Knupp2007)

Speed (convergence time), accuracy and stability of simulation depend strongly on the grid
guality. Shape and size of elements play an important role for the quality of a grid. Generally
somechacteristics of griddéds el ement that coul d

- Minimum angle

- Maximum angle

- Maximum edge length
- Total edge length

- Maximum height

- Area of triangle

- Aspect ratio

The criteria that define the quality of a grid depend also on application (partial differential
equation) and the numerical method implemented. The possible optimization on the other
hand is affected strongly by constrains (i.e. building up special fedatuggid as groynes
shadow) and the original data. But generally it is recommended to avoid skinny elements
(L-shaped) over all areas (Noeonvex hull) as such shapes often leads to problems in
stability of the simulation in concave corner. In generaghhaspect ratio, very small
angles and very large angles are considered as bad elements as they lead to a poor
numerical condition of matrices and increase the approximation errors which arise with
the element size as well. Big difference in size of neaghing elements can cause
instability of simulation too(Faeh et al, 2011)
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Most of gridgeneration tools are developed to optimize the important factors jof ma
influence in gridquality. They often use optimization technique of Delaunay
triangulation. he Delaunay triangulation is optimizing several important quality criteria
such as:

- Maximizes the minimal angle

- Minimizes the maximum containment circle radius, maximum enclosing circle
(circumcircle) radius and the roughness of piecewise linear intéguola

3.4.1 Geometric conformity of mesh

Geometric conformity means how well a grid can represent the real surface topology. Errors
during preprocessing ( grid generation) is caused due tcaomfiormity of geometry .To
representthe triangulation of a surfaces requiredto define the accuracy required to
represent thactual topology of the surfacecéording to this objective, resolution of grid is
selected. Of course it also depends on the resolutianadablebathymetric or digital terrain
model data. To fine mesh than needed would be unnecessary and results exponentially
increase in computational efforts. On the other hand, too coarse mesdt Iegpresent the
actual topology and therefore error arisegen from preprocessing stepgn addition
discretiation errors This error predominantly depends on grid resolution and condition of
surface topology. In general deciding on grid resolution is a matter of compromise between
the accuracyresolution of the result required and effootse pus to a simulan. (Frey &
Borouchaki,1999) and (Knup2007)

The difference between the original surface topology and elements of triangulation (the
surface elements of mesh) is bounded by a defined tolerance threshold. The threshold defines
the meskresolution. The finer mesh resolution is made with smaller tolerance threshold
whereas for coarse mesh the threshold is much bigberoriginal surfacelepends also on
bathymetric measurement data or digital terrain model of the floodpl@fisy &
Borouchaki, 1999)

3.4.2 Element Size, shape and Interpolation errors

Some geometric criteria such as shape, size, angle and aspect ratio of elements formulate the
so called mesh quality mateg which are independent of the solution to the physical
problem. Interpolation error (ansbrresponding bounds) in FEM method are defined at the
element level and thus can be connected to elementniese quality matrices (Patrick
M.Knupp, 2007).It is obvious that the accuracy of finite element computations is mainly
related to the shape quslof the mesh elements. Moreover shape of elements may affect the
convergence of computational scheif@upp, 2007) and (Shewchuk, 2002)

There are two types of interpolation errors that are considered for most of applications. The
first interpolation isthe difference between interpolated function and true function and the
second is the difference between the gradient of interpolated function and gradient of true
function. The error in gradient can be very important, because they compromise the accuracy
or generate unwanted visual artifacts. The error in the gradient is significantly affected by
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shape of the elemesds well as by their size. The error in the gradient can increase arbitrarily
| arge as angles a@proach ~. (Shewchuk,

Element shape hadsa strong effect on matrix condition number. Large angles have bigger
negative impact than small angles which makes is opposite to interpolation errors. Matrix
conditioning also depends on partial diféntial equation being solved. order to understand

the interpolation errors, let T be a triangular mesh and let f(p) be a continuous scalar function
defined over the mesh. Let g(p) be a piecewise linear approximation to f(p), where g(v) =
f(v) at each vertices of v of T and g(p)liisear over any single element of Bounds on two

types of interpolation errors associated with (g) are shown in tablé 8duld be concluded

that as element size, angle and circumcircle incredke error also increases accordingly.
(Shewchuk, 2002)

Table 3.1Bounds on interpolation error for single element t

Maximum Pointwise Maximum magnitude of pointwise
interpolation error interpolation error in the interpolated
element (t) gradient
£Q (b AQ NCEb
Upper bounds _ _ o . i
Ol dw .00 O o} Ti
W =
Co
Weaker but , o
simpler upper LI ww oo 9 «a
bounds o o)
Lower bounds - .
Wl aw oa oo K ha W

(Shewchuk, 2002)
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4, Mo del descriptio

4.1 Modelling procedure flow chart

In the preprocessing stage of numerical modelling all the input data must be collected and
prepared for the used program. The input data could be categorized into three main groups.
The first is the data related to topography of ttuelg area such as bathymetric data, digital
terrain data and the boundary of the study domain. These types of data are required for
generating numerical grid. The second category of data is required later in the processing
stage. Hydrodynamic input datackuas hydrograph, stage discharge curve and friction
coefficients are making the main input for hydrodynamic models. The sediment data such as
mean grain diameter of each class, their frastidensity of sediment grains, friction angle

of the sediment ahporosity are the main sedimentological input data for morphodynamic
models.

The main part of prprocessing stage is the generation of computational grid. The
topographic input data (bathymetry, DTM, boundary lines) are comvéotstructured or
unstrudured finite element grid by utilization of software tools for mesh generation. The
result of preprocessing is a computational grid, initial and boundary condition for water
depth, velocitiesbottom level horizontal and vertical sediment distribution.

The processing stage is composed of hydrodynamic and morphodynamic comguitaison
steered by the boundary conditions. The hydrodynamic computationlates the horizontal
distribution of velocities and water depth. Furthermosater surface elevatn, courant
number anghear stress can be derived from the calculated variables.

Velocities and water depth calculated from hydrodynamic program are transmitted internally

to morphodynamic model. The morphodynamic Model uses these data and calculates the
sediment discharge, grain size distribution and bed evolution. The new topography of the bed
(after evolution is imposed) is transferred back to the hydrodynamic model to proceed the

next step with the new bed elevation.

In postprocessing stage, tmesults are visualized by another software tool. The visualization

of the results helps interpret, assess and analyse the output. Furthermore, several subsequent
calculations could be made to check the paramétatsarenot directly obtained from the
hydrodynamic and morphodynamic programs.
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4.2 Hydrodynamic Model (Telemac2D)

Telemae2D was used for hyddynamic simulation of the model.Telem@D is simulation

software tool for freesurface flows in two dimensional of horizontal space. At each point of

the mesh, the program calculates the depth of water and the two velocity corapdhent

program solveshie SaintVenant equations using the finkéement or finite volume method

on computation mesh of triangular elements. Tele@d2 i s part of progr
collection of TELEMAGMASCARET which is developed by national hydraulics and
environment laboratgr(Labor at oi re Nati onal dliNHB) of tha u | i g u e
research and development directorate of French electricity board RE&ID). Since the first
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launch of the program in 1987, the program has been enhanced widely due to the increasing
demandor investigative tools for various types of applications. Since 2010, The Tenac
program has been declared as open source that could be installed on windows (NT, XP, Vista,
Win7) as well as on LIUX, UNIX and super calculatoBAW is part of the coregroup,

which is responsible for development of TELEMACASCARE (fiTelemacuser manuad

2010)

Telemae2D has many fields of application in particuthie impact of construction works
(bridges, weirs, groynes), dam breaks, flooding or the transport of dgaayd nordecaying
tracers. Some special applications of Tele/@@Accould be named as bursting of industrial
reservoirs, avalanches falling into reservoir and etc. Tel&Dacan also be coupled with
Sisyphe and SEBEBD which are 2Dand 3D sediment trarsort computation prograsn
respectively(i T e | eserananuaf 2010

4.3 Morphodynamic Model (SISYPHE)

SISYPHE is a sediment transport and morphodynamic model which is part of TELEMAC
MASCARET software system&isyphe worksn the same manner as Telenaaxd therefore

can easily be coupled with iThe Sisyphe model can be applied to various hydrodynamic
conditions from rivers, estuaries to coasgaplication. {iSisyphe user manual2010)

The sediment transport rates are calculated at each grid pdimction of flow parameters
(velocity, water depth...) and sediment grain parameters (diameter gffgration of grains

relative density, settling velocity...).The Sisyphe model is decomposed originally into bed
load and suspended load. The bed lsadalculated using the classical bed load transport
formula (Van Rijn, Einstein, MM,...).The suspended load is determined by solving the
transport equation for the depth averaged suspended sediment concentration. The Exner
equation is solved usingjtherfinite element or finite volume to calculate the bed evolution.
(Sisyphe user manual, 2010)

The Hydrodynamic variables could be either imposed in the model or calculated by
hydrodynamic model (Telem&D, Telemae3D or TOMAWAC) and be given through
chainng method or internal couplimgethod. fiSisyphe user manual2010)

4.4 TelemacSisyphe Files setting

Telemae2D and Sisyphe ussetof files as input and output. Some of thedilere obligatory
such assteering file(*.cas) boundary condition fil¢*.cli) and geometry filg*.sel). While
others are optional such as FORTRAN file, liquid boundary file, previous computdtienal
reference file, friction data, source or sink, sections input, computational result, listing
printout and section output file. 8@ important properties of mentioned files are listed in the

t abl eTelmat userményal " 2010
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Table 4.1: Input /output files used in Telertda and Sisyphe models

Name of file Ending Property and contents

. Contains defined keywords to which values are
Steering .cas .

assigned

Geometry .sel or .slf| Contains all information regarding the mesh
Boundary condition cli Assigns the boundary type on all boundary nodes
FORTRAN f Contains all Telema2D subroutine modifietdy user
The liquid boundaries qsl ;I;gg;;lependent boundary condition (flow rate, dept

Time-dependent conditions for sources( discharge,

source txt )
tracer concentration)

Friction data ixt C.or!flgurlng bottom friction (law and associated
friction)

StageDischarge curve it H-Q reIapon prescribed values at specific open
boundaries

Steering file represents the key panel of the computations in which the key words introduce
commands for example GRAPHIC PRINTOUT PRINT PERIOD = 86400, endbéuser

to specify the result to be written in the result file once every day. All key words are defined
in a dictionary file which is specific to each simulation module. Key words follow the rules
of syntax such as keyword maybe integer, ,réadicd or character type. The order of
keywords in the steering file is of no importance. Each line is limited to 72 characters;
however itis possible to add the next line provided that the name of key word is not split
between two lines. Té¢lgimacusermanal , i 2010)

Telemae2D code solves the momentum and continuity equatiorhydrodynamic model.

The unknowns hu, v and T are calculated by Telera2D. Depending on type of problem

dealt, Telema@D steering file is set anddtkeywords are prescribed. The overall keywords
setting in Steering file for this study is shownappendixA. Nevertheless some keywords

such as parallel computation and coupling technique are presented here as example keywords
used in the Steering filgl iel emac user manual , A 2010)

Some of th&key features of the Telemac and Sisypheas follows:

l. Parallelization

The keyword for parallel computation is given as (PARALLEL PROCESSORS) which
means the domain of simulation is divided into numbersprfcessors. Processors
communicate during computation to exchange the result of calculation at each time step. The
more the number of processors assigned, the faster is the computation, but one should pay
attention that with limited number of elementdesgéng high number of processors will lead

to too much communication time among the proceqdsdi®e | emac user manual
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II.  Coupling with Sisyphe

In this section, the coupling steering file, type of coupling and coupling period is assigned.
Inter-Sisyphe indicates the internal coupling retl, in whichno exchange of data files
occurs.The dataexchanges between the two programsdirectly shared in the memory,
instead of being written and read in a filéften coupling period is chosen bigger thanide

to the fact that morphological changes are much slower than hydrodynamic. If the number 1
is selected, it means that at each time step hydrodynparameters are computed,

morphalynamic parameters are also computedT (efi e mac user manual , A2

Morphodynamic time step

IF=1> _ Hydrodynamic time step

Hydrodynamic Time step Coupling Period (Integer Q1)

If>1
v

Morphodynamic time step=
Hydrodynamic time step/
Coupling period

Figure 4.2TelemaeSisyphe Inteccoupling discretization time set up
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5. Model Set up

5.1 General description of study area

The Oder is a central European river originating in Czech Republic and flows through
western Poland, later forming the border between Germany and Poland. The river Oder
ultimately flows into the Szczecin Lagoon north of Szczecin and then into three branches

(Dzi wna, Swina and Peene) that emptRiveri nto
Neisse makes the major downstream left tributary of Oder which is the second western
confluence of river Oder that makes the GersRam| and bor der . Among

rivers, river Oder with its total length of 912 km is ranked.1River Oder drais the total
catchment area of 118,611 krwhich contributes to the average discharge of 58@.m
(European water ways, 2003) and (Wasasd Schifffahrtsverwaltung des Bundes, 2008)

The whole Oder River is divided into three major topographical and hydrological sections for

a rough analysis of flow and sediment transport as shown ifiglme 5.1.These sections
are:

Table 5.1: The reaches of river Oder

Oder section FromiTo Oder-km Reach
A Ratzdorf(NeiReconfluencg-Warthe 542 4-617 4 1,2
confluence
B Warthe confluencéHohengsaten 617.6667.0 3
C Hohensaten Widuchowa 667-704.0 4

In this work, section B of river Oder with total length of aboutksd is studied. With
confluence of river Warthe from Poland the dischangesases odbout 40% .The catchment
area upstream of Wartheonfluenceup to Odetkm 614.8 is about 53,752 Knwhereas
downstream of Wartheonfluenceup to Odetkm 633.0 the catchemt area increases to
109,093 km. This means theonfluenceof river Warthe doubles the catchment arEae
final catchment arefor section B is109,564 krf. This later increase sbout0.43 % which
is not significant.Therefore section B can be calsed as reach where no majcal
influence is present and also the influence of water level in the B2dtcis excluded.
(Husener & Hentschel, 2008)
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Groynes are builon both sides of Oder to regulate the water level for gation. Except

from Oderkm 658667, where levees are built on the polsde Flood water level is
boundedby dikes built on German shoresathral high shore levels prevent tfieod
overflow into the polish side. The slope of water ledeli r i ng mean fl ow i s
with slight decrease in case of lower dischafbiéisener & Hentschel, 2008)

Figure 5.2: Groynes on river Odé¢ém 559601 (source: BAW)

5.2 Data Review

The data such abathymetric, digital terrain, hydrologisedimentstudy aredoundary and
river groynes are alreadyade availabland ugd for 1D simulation ofttisreach in BAW. In

order to have logical interpretation of the comparison of 1D and 2D catigutthe same
data is tilized to set up this 2D model too.

5.2.1 Bathymetry and digital terrain data

The bathymetric data is collecteing crossprofile sounding techniques frod98 The
measurement is performed in intervals of 200 m and the river beatietedata is derived by
interpolation to generate ax3om resolution data. The terrain model for floodplains however
is obtained using laser scanningNovemberl99. The combination of both data makes the
digital terrain model(Husener & HentscheR008)

40



Groynesare usually determined by defining its three distinct points such as bottom point,
crest point and root poinGroyne body meets the river bed in the main channel at bottom
point. Head of groyne is the intersection of bottom slope and grdaoésslope and the root
point is the end of groynes on the flood plain as shown in figureTGeéte are separate and
more accurate measuremeal/ailable for groynbead points wheesbottom point and root
point elevations are interpolated fratgital terrain model (DTM)

5.2.2 Hydrology

The upstream of Oder begins with draining ther NeiRe in the area Ratzdorf at Roh

542.4. An equivalent flow of 204 s for section A and 372 fis for section B and C which

is flowing at frequency of about 115 dagsyear could be assumd&fG, 1999) Surface

water level measurements from 1999 to 2@0& available to be utilized for section B.
however for areas in this section where no measurements are available; data of year 1979 is
used. The measurement is done@RS on points in the migoint of main channel or mid

point equidistant to both shores. During flood in summer of 1997, flood peak water level was
derived from the so called floating debris line by LUA Brandenbuvedues over 1500 f¥s

are generated by gapolation, because the recent measurementsérelp to a discharge of

1000 ni/s. (Hisener& Hentschel, 2008)
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Figure 5.3: Average daily discharge records for rivesk@d617.6 from 1973993
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5.2.3 Sediment characteristics

The river bed materials of section B are mainly sand of middle to coarse size. The mean grain
diameter is 1.0mm. These materials are transported in different amount and fraction as
suspended and bed load. The transport of bed material is taking placg im&omin of bed

forms of various sizes such as dunes and mega dunes as showiiguréhg.5.

Figure 5.5:Aerial photo of Oder at km 618.6 shows exposed d(smsce: BAW)
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The duns height and length reach about 2m and 100 m respectiVbl dunesire moving
unpredictably in form of alternate bangth relaive velocity of up to 10 m/day. Thisan
cause a significant obstacle for safety of shippingpénriverOder. Bed material composition
along the river is shown in the figures 5.6 and 5.7.
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Figure 5.6: Bed Material composition of Odsource : BAW)

The mean grai size ¢, as well as characteristic grain sizes such as d50 and d90 and their
distribution over the totativer length is represented iiigure 5.7. The mean grain size
decreases from 2mm in Neil3e confluence point to 0.5mm in downstream area (Widuchowa).
There are no significant differerebetween fractions of the sub layer soil and the bed load
material. The sulayer soil could be considered asdynically active zonghich is moving

constantly.
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It is to be noted thathe grainsieve analysis curve is derived from the measurements below
the bankfull level discharges whereas ithe case of higher discharge the -subface
materials grain distribution are more similar to bed load matel(dlisener& Hentschel,
2008)

5.3 Building up the 2D mesh

The grid generation processes could be divided into three steps namely grid generation, grid
analysis and grid improvement. The grid generation is to convert the boundary polygons,
bathymetric and or digital terrain data into a structured or unstructuietdGyid must go
through a general quality chealp to find out the critical or Hshaped elements. The grid
improvement (i.e. smoothening and swapping) is {henfiormedon the grid to optimize the
quality of the grid. The general procedure is showfigure 5.8.

Data
9 Boundary polygon
9 Digital terrain data
1 Groynesbpoints
data

Grid Generation

Grid Analysis
9 Difference analysis
9 Ciritical elements

Grid Improvement
No—> | Grid smoothening

Grid is Good

check up crelell 9 Grid swapping
Yes
v

( eno ) v

\ / [ ENnD )

\_ i

Figure 5.8: Steps for generation of grid

The objective of mesh generation is to build up the two dimensional coarse grid for the entire
study domain (Oekm 617.6 to 667.0). Twgrid sets of different element siresolution are
intended to be provided for thtevo dimensional hydro and morptiynamic computations.
JANET grid generation too$ used to generate the two dimensional raedh order to limit

the width of floodplains, a polygon was drawn according toothe dimensional simulation
already done wit(HEC-6. This polygon is determining the boundaries of river Oder
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floodplains along with upstream and downstream boundafiee boundary polygon is
consisting of nodes in irregular intervals as to mark tregradtions in longitudinal directions.
Boundary polygon describes the surface of solid domain as collection of faces, edges, and
vertices, along with adjacencies between them.

Having determined the boundaries of the study domain, the next step is to pnoteed
generating the geometry. The polygon nodes are then refittednonde distance intervals of

100 and 50 meters respectively order to have the intended coarse gesblutionalong the
boundary polygons. Polygons refinement is very significaior grid generation; otherwise

the elements adjacent to polygons or in other words elements sharing one or more nodes with
polygons ted to generate undesired elemer88ach a problem for instance is arising in case
where the intended griddgesize is 50meters whereas the polygons natistance is 100
meters or mordn such a condition the elements which are sharing nodes with Polygons tend
to be obtusangled or high circumcircle radius trianglésit are unfavourable elements and

can increase therrors

JANET offers two options for polygon refinement. If the spacing of nodes is desired, then the
optionreplace polygon nodes (RPEQuld be usedSincethis option gives the opportunity to

place nodes at specific intervals. If tabgnmens of nodesare of high importance, this

option would not be the best to be used, because nodes position changes and the elevation of
nodes are intpolated from the adjacent nodétowever the nodes elevations could be re
interpdated from DTM as well. Polygons fagroynes shadowvere refined using RPN,
considering the fact there is only slight variationangitudinal alignment of nodesithin
thegroynes shadow.

The second option is th@lygon refinementhat refines the polygon nodes based on one of
the following criteria

Absolute depth error = 0.1m

b &sZesprb < Ma x . Abs e vi at i on
1 Minimum node distance 40m and20m (for each sets of grid nahd?2 respectively)
1 Number of interactions = 50
Of course there are other criteria such as relative depih segment length, circusincle,
and segment length ratio criteria that one can(U$NET user manual, 2005)

5.3.1 Setting up the grid

The initial step in a grid refinement is usually a triangulated boundary polygon in so called
topology method of grid geration. In this method, the whole topography is first meshed
with series of large triangles representing the topology. These sets of large triangles are then
refined using criterion based refinement option to create the desired grid inside the polygon.

Before proceeding to gtirefinement, raster gt is required to be generated, because the
elevation is interpolated from raster grid. Raster grid is generated from digital thtaof

5x5m resolution. The reason whyTBi is meshed first is due to the fathat linear
interpolation is only possible from a raster mesh whereas the other interpolation methods
such as nearest neighbour or inverse distance could be performed fidirMees well
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The refinement processes is decomposing the large tridedelaments to finer elements,
except tlose elements bounded by groysteadow polygonsBecauseelements in groynes
shadoware already refined by refining their polygons. Timendedresolution oftwo grid
setsis indicated in the table below.

Table 5.2: The intended resolution of grids

Grid set Mesh resolutionf Most el ement s
Main channel Floodplains Groynes
1 20m 50m 30m
2 40m 70m 50m

During refinement operation it is important to set the growiasiow polygon as protected,
which meanghat the nodes of polygon remains fixed at their posit@tmerwise if shifted,

this can alter the main river width where sediment transport is intended to occur, whereas
groynes shadow and floodplains are con&des rigid bed. This could be done in JANET by
activating the polygnnodes as protected while setting up the criteria for grid refinement.

The river carse gridis then further refined to desire grid resolution using mask layer which
enables the user &pply refinement operation only at masked portion of the grid that could
be called local refinement. The mask layer is defined within the polygon ofamammel All
elements inside this masked polygon are refinedevthe elements outside this polygare

kept protected.

5.3.2 Groynes

Several techniques are available for creating groynes in a grid. One of the methods is to
consider each individual groyne as a body within the river to be meshed. The second method
is to consider it as weirs and in the thirdthuel the groynes are considered as groynes
shadow. Choosing either of the mentioned methods depends on purpose of the study and the
resolution of grid.

In the first method, each individual groyne is generated directly by elements. This method
works with elatively fine grids. Representing the groyne back needs element sizes of about 2
m in size. Such small element sizes lead to small times steps which decrease strongly the
advantage of using a coarse grid. As shown infithege 5.9, the groynes are builtith
elements of same resolution as the rest of grid.

In the second method however, the groynes are considered as weirs. Weirs are built up and
embedded into the grid. Each pair nodes ofiges back are connected via a weir formula as
boundary condition

And in the third method, the groynes are generated as groynes shadow. Each groyne is
represented by three of its points namely bottom point, crest or head point and the root point.
The groynes points are connected to neighbouring groynes and all gielgserf between

are meshed. In order to reduce the elements size of groynes field, imaginary groynes points

are assumed inside the groynes field, the elevation of which are interpolated from the
nei ghbouring groynes© p o ibuniltas groymeshadowforsvo st udy,
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reasons. First because the groynes field matches well a-gyatseodel due to the fact that

each groyne is represented only by three points and it can be well embedded into the rest of
the grid. And secondly in order wompare the result of the model with 1D model result
which has also considered groynes as groynes shdd@abluelines in Figure 5.9a represent

the bottom and root point of groynes and red line represents the groynes head points

Figure 5.9: Groynes grid generation metredGroyes are meshed as groyne shadgv
Groyne body is meshed with fieé¢ements

Finally two grid sets with intended resolution is prepared as shown in the figure 5.10. The
majority of the elements are having the edge size of more or less 40m and 20m respectively
in grid set 1 and 2. The floodplains elemeesolution ismore or lessdentical 70 m for
coarser grid and 50m for finer grid. Similarly the groynes shadow elements are having the
size of 50m and 30m respectiveljhere are of course elements smaller or bigger than the
planned sizes wbh are automatically generatbdt majority of the elements hake desired
resolution.
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Figure 5.10:Two sets of grid with different resolution of main chanmebynesshadow anc
floodplains.

Well shaped elements at inflow and outflow boundaries can help to improve stability of
computation; therefore these elements are manipulated and fixed to equilateral triangles
which are the most favourable element to ensure a stable computation at tmenlegind

end of the grid.

5.4 Grid analysis

Using JANET analysis tabl@ne can directly visualize the critical grid parameters such as

the ill-shaped elements (i.e-dhaped or skinny elements) that helps to optimize and improve
the quality of the gridThe raw grid isnot often the last version. Smoothening and swapping

or flipping of unfavourable elementre significant processes of grid improvement. Grid
analysis should be done to find out the weakness and critical element in the grid in terms of
tradiional mesh quality such as avoiding too obtargled triangular elements or finer
elements among coarser elements and etc. Some mesh quality indicator parameters that
JANET is providingare listed in the table 5.3.

Table 5.3: Grid analysis table listispme important gridjuality parameterfor two used
grids

Parameters Grid set1 Grid set 2 Description

Min patch size, inner nodes

Max patch size, inner nodes

Min patch size, boundary node

Max patch size, boundary nodt
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Min gradient of edge 0 0 _
Elementedge gradient

Max gradient of edge 1.05 1.05

Min angle r.4° 7.4° Minimum & Maximum angle
Max angle 138.9° 138.9° inatriangular element

Min SH(shape parameter) 0.0001 0.0002 Snhape parameter which is

definedasvarying between
zero and 1. SH=0 for
equilateral triangle

Min Ai/A,j 0.1302 0.1479  the ratiobetween areas of twi

Max A,i/A,] 1.000 1.000 adjacent elements

4.1829 The ra;lius of.the circle
enclosing a triangular

Max circumcircle radius 49.8892 49.8892 elgment, at which all three
points must locate.

Max SH (shape parameter) 0.6578 0.6578

Min circumcircle radius 3.8868

Checking these parameters enables one to look in details for optimization of grid and to
minimize the critical parameters which could cause problem during computation. After some
possible optimization, the grids basic data are listed ib.the

Table 5.4Grids fundamental information

Nodes/elements/edges Grid set 1 Grid set 2
Nodes 85660 93696
Edges 253422 277530

Nos of elements 167763 183835

Min area element 12.6688 (M) 12.6688 (M)
Max area element 2594.077 () 2594.077 ()
Min Elevation node -3.7432 (m.a.s.l) -3.7432 (m.a.s.l)
Max elevation node 52.5756 (m.a.s.l) 52.5756 (m.a.s.l)
Min edge size 3.2134 (m) 3.2134 (m)
Max edge size 98.1430 (m) 98.143 (m)

5.4.1 Grid difference analysis

In order to know which nodes deviate in elggn from DTM, grid difference analysis is
made. Nodes with unexpected deviations that could have been ignored during the mesh
generation interpolation such as being outside of selected polygons, or masinthgeoyne
shadow head nodes which have tle@vation not from DTM. Theleviationsas shown in
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the figure 5.11are in regions ofgroynes headThis difference is also expected sirtbe
elevation valuearenot from DI'M but arefrom separate measurements.
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Figure 5.11: Difference of DTM and the grid indicating major difference in groynes he

5.4.2 Grid volume analysis

The option grid volume analyspgovides an overview of volume change betwBdM and

the grid. At some sections volume difference is positive which means the nodes of grids have
higher elevation than those of raster grid and opposite in case of negative volume difference.
Theimportantresult of the volume analysis is ththe sum ofpositive and negative volume
difference approaches zeila order to analyse the volume difference, the whole river reach

is divided into subsections by polygons surrounding area of @doutlength and whole

width of river. Volume difference analysis isade for each section. This approach has the
advantage of considering each section closely and limits the analysis area. The polygons then
could be used for morphological analysis of tesuit as well as to observe the river bed
evolutionthat changes theolume within a section.
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Table 5.5: The volume difference of generated grids and digital terrain data

Area difference Volume Volume Average depth

Grid [mz] difference difference difference
[m°] [%0] [cm]

Set 1 41.42 871632 0.37 5.25

Set 2 -16.72 844864 0.36 5.09

5.4.3 Grid cross-section analysis

This option enables one to see the csmgional difference of grid and raster grid of DTM.
The aim is again to see théference of nodes elevatidrom a reference DM. Figure 5.12
shows the profile of grid nodes and'® at some certain locationBirstly as seernn figure

5.11 for coarse grid deviationsoccur as expecteth areas where groynes shadow is
constructd. Secondly, if the observation of cresection shows a big difference between the
DTM and the grid, this could be due to errors during interpolation of grid elevation at that

specific region. Therefore it is then required to select the nodes error aial the
interpolation.

Cross sections
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Figure 5.12:Cross sections plot of ATM (blue line) and grid(red linehd the shaded are
represents the groyne shadow at Gider 645

5.5 Hydrodynamic Model set up

5.5.1 Boundary condition

Thestage dischargeurve is generated from the measurements of discharge and surface water
level conducted during years of 2000 to 2005. One exception is the inclusive of the discharge
(2600 n/s) and water level of flood occurred in the summer of 1997. skage discharge
curve is assumed to remain constahtroughout the simulation. Itsiassumed that no

evolution takes place at boundary nodes, hence the bottom elevation of boundary nodes
remains constant so does #tage discharge curve
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5.5.2 Model calibration

For hydrodynanic calibration certain water surface elevation andatiarge measurements

are used. The friction in thehannelincluding the bottom points of groyne shadasv
calibratedusing averaged minimum discharge [MNQ= 23%snIn order to set the friction

of groyne head pointsaveraged daily discharge [MQ= 566/s} is used. Moreovebank

full discharge [H@= 812 ni/] is used to consider the banikfluencewhich also includes

the root points of groynes shadownd finally to fix the friction offloodplains, flood
discharge of year 1997 [HQ, = 1865 ni/g] is used. Water depth at each of the mentioned
discharges were observed to check where is really submerged. This helps to determine the
areas where the friction is to be set at specific digehdihe data used for calibration is
considered the same as used in 1D to reduce the differences in friction fixation and finally to
be able to have a good comparistmtially friction coefficients are assigned according to
land surface cover characteits in terms Nikuradse equivalent sand roughness. The
floodplain is divided into three distinct areas such as dense trees, dense willows and short
grasseslnitially the friction for the main channeéd according to relation 5.after Nikuradse:

~

0 0Q o T®AE TS pay 5.1

These friction coefficients are of course subjected to change after calibrating the model that
would be discussed in details later on. However the roughness coefficients of the floodplain
undergo only slight changes, considerthg fact that the influence on the main channel
water level is not easy to measure for instance after being submerged in case ofTilwods.
friction coefficients after calibration of the hydrodynamic model can befreadtable 5.6.

Table 5.6: The frigon coefficients after calibration of hydrodynamic model

Nikuradse roughness [m
Main channel 0.02-0.19
Head nodes 0.30.6
Groynes Root nodes 0.50.7
grass 0.6
Floodplains| Bushes 0.7
Dense trees 1

During the calibration it was noticed that the friction coefficients of floodplains had very
minor effect on the water surface level during the flood flow. As shown in the figure 5.13, in
caseof high discharges, the difference between measured and calculated surddee
elevation (WSE) at G#m 6206635 is significantly higher than in case of low discharges.
This is indicator of a situation in which at high discharges the friction coefficients in the main
channel also raises. This increase in friction is indugetbddl forms (bed forms friction)
which could be several times higher than grain friction. The bed forms exist in shape of
ripples, dunes, mega dunes, ahines, and bars. As mentioned in 5.2.1, dunes are present in
the river Oder which induces an additdrfriction. Dunes height and length are as function
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of flow condition such as discharge, depth of water and turbulence. Therefore, the relatively
bigger difference between measured and calculated WSE could be justified by existence of
dunes and dunes inded frictions.

5.5.3 Model validation

Model validation is made using Q= 99C¢%ns. With this discharge the groyrghadow are
submerged but the effect of floodplains are only partially acthalidation resit is shown in

the figure 5.13. As was mentioned eatlihe validation has about the same quality as the
calibration. With increasing discharges the deviations are higher between measurements and
simulation results. This can be explained by an increase in dune friction. The dune friction to
achieve the meased water level at higher discharges could be compensated by introduction
of bed forms roughness.
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Figure 5.13Hydrodynamic model calibration

In years 2002, 2008nd 20®, velocity measurements OderRiver were conducted using
acousticdopplercurrentprofiler (ADCP). Readings of surface water table and velocity were
takenfrom some Oder station¥elocity measuremestveredone indepthprofiles over the

full river width and over groynes influenced field as w&hereforethe second alternae to

do a validation of model is based on thescity measurementand their comparison with
the calculated velocities at some Oder stations. As shown in figure 5.14 and 5.1&kmt Od
661.91 and Odm 657.0, the measured velocities during the discharge $@0amd 565 ris
respectively are slightliiigherthan calculate velocity near the river banks. This difference
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is due to presence of groyne shadow in the model that has higher friction than main channel.
This variation in friction causes the wvelty to decrease considerably.
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Figure 5.15 Comparison of measured and calculated depth averaged vehbaidygKm
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The measured and calculated velocities were mostly matching at MNQ, MQ andthi@s

noticed that at higher discharges the calculated velocities were higher than measured by 20%
or even more. This deviation occurs due to formation of rippleses, antdunes, and or

mega dunes during flood which induces an additional friction. This additional friction could
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be several times bigger than friction set for normal flow discharges. One example of
relatively considerable difference of measured aaldutated velocity is shown in figure
5.16.If the additional friction is included, the velocities at higher discharges would follow the
measurements as well.
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Figure 5.16: Comparison of measured and calculated depth averaged valoCitKm
651.01 according to measurementi.8f04.200&luring high discharge of 1500%s

5.6 Sediment transport model

For the sediment model two total load formulas have been applied, Engelansen and
SoulsbyVan Rijn. The EngelunéHansen formula isecommended for sediments with mean
grain sizes gh between 0.2mmlmm. Since the g for Oder slightly smaller (0.1875mm
2mm), the use of Soulsbyan Rijn formula seems to meet the criteria of sediment size
(0.2mm 2mm) more closely(. Sisyphe user many&010)

5.6.1 Sediment mrameters set up

An average grain size distribution curve was created fthe 10grain size distribution
measuredurvesconducted by BfGrom measuremenis intervak of about 5 km fromOd-

km 617.6 Od-km 667The grain size classasere thenderived bydiscretisingthe grain
distribution curve into 9 grain classes as showtalote 5.7. Mean grain diametersglas well

as the fraction for each size class were determinkéds important to have several size
classesin order to have more realistidistribution of grainsSeveral important parameters
such as hiding factor, bed shaaress and bed load discharge @akulated according tine

grain size of the classes. So the discretisation of the grain distribution curve is highly
sensitive.
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Table 5.7 Discretised grain size classes

Size class D50 [mm] Percentage [%0]

1 0.1875 6.817
2 0.375 31.217
3 0.75 24.634
4 1.5 22.697
5 3 5.901
6 6 7.011
7 12 1.041
8 24 0.565
9 48 0.1170

Floodplains and groynes shadane set as rigid bed'his could be done based @iction

factor in a subroutine file callegberod.f.Only the main channel between the bottom nodes

of groynes shadow on both sidesloé river is set asrodible bed. This means that evolution
(erosion+ deposition) can occur in the main channel whereas over groynes shadow and
floodplains only deposition can take place.

Thickness of Movable Bed
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Figure 5.17Thickness of movable bed
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I.  Model Initiation ( prevention of bed wash out)

Initial condition for two phases of flow of water and sediment are much more complex and
important incase of mobilded than fixeebed application. Mobibed models are usually
started up in a fixethed mode (Spasojevic & Holly, 1990). With an initial hydlynamic
computation (water levels, velocities, and discharges) specified. The model is then run for a
relatively long period of time to stabilize and wash out under fixeztl situation. This is
usually done to prevent unacceptable sloshing even bexvenrtg and eventually causing

the failure of computation, due sudden imposition of inflow boundary candn on a zere

flow situation. (Spasojevic & Holly, 1990)

The observation of result indicates thatbetginning of morphodynamic simulatiothe

bottom changes (evolutions) are occurring relatively fast, due to the fact that model is
adjusting itsnonitting geometry tothe hydrodynamic calculatedoin the 2D model. It is
assumedhat this first and fast adjustment is artificial and therefore must not be considered in
the simulation. To eliminate this artificial evolution, thedel is run with MNQ= 234 ffs

for duration of 3 yearsvhile the evolution is observed. Once the evaotrate gets t@

nearly constant stage, the new river bedhen assigned as new geometry. The evolution
change at the beginning of (=30 days) and after (t=330 days) indicates a strong change in
evolution rate (see figure 5.18a and b).
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Figure 5.18: Diagram of dz/dt showing the rapid changes at the initial stage of sim
due to bottom adaption to the hyermrphodynamic condition

ii.  Model initiation ( Bed-Surface material initial conditions)

Size distribution (fractional representati of each size class in the model) at each
computational grid point or computational cell on the bed comprises the initial composition
of bedmaterial. The initialcondition assignment is quite delicate and unforgiving of casual
treatment. The model tends adjust toward equilibrium (as defined by its own intrinsic
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sediment relation) quite rapidly and this can cause excessive erosion or deposition in the first
few time steps (Spasojevic & Holly, 1990).

The mean grain diameter of each classes introdutéditial stage was assumed that the
distribution is uniform all over the river. But this is not true, the grain sizes distribution
adjusts itselfvery fastto flow condition due tosorting of bed materialsThis situation
happens very fast, so it wouldtrme necessary to use it as an initial condition. However, the
experiences in BAW have shown that the grain distribution of thessrace is very
sensitive. For this reason, it is necessary to haveealistic bed material grain size
distribution. In or@r to achieve thighe model is run with annualeraged daily discharge as
shown in figure B for duration of 3 yearsThe percentage value for every point for each
grain size class is averaged over 3 years. g grain sizepercentages are given tioe
model for active layer and the subsurface layeprasious sedimentological computation
while keeping the bottom as was achieved after initial adaptation.

iii.  Model Initiation ( Subsurface strata initial condition)

Subsurface layer thicknesses ahditt sediment size distribution below each computational
point or cell make the initial condition for subsurface stratum. This initial condition set up
becomes significant when there is anticipation of erosion in the subsurface stratum. As
mentioned in thesection 5.2.1, the bed material composition in the subsurface layer is
identical to bed material composition. Therefore the same initial material composition
determined in section ii is applied also to subsurfagers. Thethicknesses of subsurface
layers are set as 1m and 10 m respectively.

5.6.2 Morphodynamic boundary condition

Boundary conditions for morpkdgnamicsimulation are composed efage discharge curve

at downstrean®d-Km 667.0 and the hydrograph at upstreamk@d617.6. The nodes at the
upstreamboundary areset to be fixed. This assumes no evolution takes placpsiteam
boundarybut the program computes bed load discharge, shear stress, velocity and other
parametersMoreover the velocity vector is set to be normal to the inflow boundarytand
norm is proportional to the square root of water depth. ( Sisyphe user manual, 2010)

Morphological changes occur in relatively longer tipggiod after which a new equilibrium
is reached that balances the water surface elevatidrriver bedThe hydograph is taken
from averaged dby discharges measured at Hoheaa®nrFinow from 1.01.1973 to
31.12.2012 which is equalent to 21 years or 7665 days as shown in figure 5.19.
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Figure 5.191ntegration of Average daily discharge of years 1933

5.6.3 Morphodynamic model calibration

A comprehensive morphodynamic model calibration and validation are considerably
challenging and elusive. The complex interactions between flow and sediment transport
processstogether with very heterogeneous nature of figh$ervations make it extremely
difficult. Therefore only on some parameters will be relied, mainly due to time restrictions
allocated to this study. A setbnsistent model, when run some time into the future, will
continue to display the same range ofiafaility of observable features (i.e., bed material
composition, bed evolution) that are characteristic of site from previous observation
(Spasojevic & Holly, 1990). To calibrate the morphodynamic behaviour of the model, the
computed bed level changes dathl load discharge results were compared to measurement

A. Bed surface evolution

The mean bed surface evolution is often one of the most interesting results in
morphodynamical analysis of projects. Therefore it is considered as a main topic in the
morphognamic calibration. Investigation of the bed surface evolution can be done by
comparing the measurements from different years of the bed surface elevations or water
surface level elevations at specific discharges. In both methods, there are uncertainties
considered. Measurements of bed surface elevation include an uncertainty of £ 10cm (BfG
report). While a bed level change rate of lymaft is considered already high.such a case

the measurement could only make sense to be done after 10 years or more. The water surface
elevationcan be measured more precisd@wt it is hard to get measurements from different
years at the same discharge and without or with only vegyimatationary effect.
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First the mean bed surface evolution is adapted from different measured water surface
elevations. The comparison of measured water surface elevation at some specific discharge in
years of 1931, 1961 and 1998 with a recent 2003as/shn the figure 5.20. It is obviously

seen from the diagram that the difference of WSE is increasing downstream whereas in case
of no bed level change the difference should have remained constant. The increase of water
level at in the beginning of invegation area is probably due to slight differences in
discharges. The lowest discharge difference {588 ni/s, green line) leads consistently to a
small WSE increase. All of three WSE differences indicate a trend of increasing rise in the
mean bed leveffrom upstream to downstream. The sedimentation trend seems to be
maximum and much higher in the period 12g8)?2. If this is considered as a general trend
which should be also valid in the upcoming years, more data would be needed to verify it.
The data usd in the diagram is uniformly interpolated over a distance of 100 meters except
the measuremesprior 1998 where the reading points distance was considerably less dense.

In order to compare the bed level increase as was shown by water surface measurements
differences; direct bathymetry measurements which were conducted during years 1987, 1998,
1999 and 2003 are analysed. The measurements were performed in profiles lexcept t
measurements of year 2003 which was done in surface by acoustic sounding survey. The data
were then converted in cresections of 100 meter intervals using moving averaged method.

In each crossection, the bed elevations are averaged over 50m ofetieabrshipping
channel width. Again the increase in river bed elevation trend is from upstream to
downstream. The increase in bed elevation rate is around (1.5 cm/a) between ye&@& 1987
and (1.8 cm/a) between years 198¥03. This increase is only half the increase calculated
by WSE differences.
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Figure 5.20: Prediction of bed level change by comparison of WSE measurements

The simulation results of evolution for second scenario are plotted together with average bed
level change (in 50m width shipping channel) in figure 5.21. The direct comparison can be
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made from the differenseafter 16 years of measured (red line) and computed (blue line) bed
level change. The simulation result indicates an erosion regime-kinG&B82650 and Od

km 662667 unlike measurements which almost always have a deposition regime. Except at
Od-km 618622, 630638 and Oekm 652662 where the model result shows a deposition
regime. The deposition at &an 650660 is about 30% higher than the measurements of bed
level change.

Another scenario has been simulated with a constant and bed evolution relexzarigeisor

3 years (green). The main tendencies for erosion and sedimentation are more or less the same
for both scenarios. Therefore the shown simulation results represent the general behaviour of
the of the numerical model configuration. Other simulatroms with changed input
parameters did not change the results much either.
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Figure 5.21: Comparison of bed level changes measurermetitsecond scenario of calculat
bed evolution averaged over 50m width of shipping channel

There could be two main reasons for the discrepancy of the simulation results and specially
too high erosion tendencies. The first could be because of assigned boundary condition. In
Sisyphe an equilibrium boundary condition is assumed. This means thaedhe not
changed at the boundary and total load discharge is calculated based on hydrodynamic data
from Telemac2D (h, v, u). As the measurements show, the bottom level is rising at inflow
where the simulation results also show a deposition at inflows fifeans that chosen
boundary condition is not the main problem. However too less total load discharge at the
inflow boundary could cause erosion of bed which leads to a wrong balance between
hydrodynamic and morphodynamic. At the moment another boundadition could only

be chosen easily in the next Sisyphe version which could be done in future works.

The second reason could be due to low friction coefficients. As was mentioned in section
5.5.2, at high discharge the WSE is lower than measured WSElea@ls to high velocity

during higher discharges and hence higher bed shear stress which causes erosion of bed. It
was thought that Sisyphe modifies the friction coefficients and adds the bed form roughness
as well. But later on it was noticed that thigiop is activated only for uncoupled simulation.
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Therefore the hydrodynamic frictions were only corrected by comparing with grain
roughness through friction correction option which slightly increases the friction and reduces
the bed shear stress. To inauthe bed form roughness, it is required to program the friction
as function of discharge or run the model uncoupled from Telemac2d. The time allocated was
unfortunately not enough to further modify the boundary conditions as well as bed frictions to
reachbetter condition.

B. Total Load discharge

At Od-km 652662, where high sedimentation is predicted by the model, the flow discharge
is considerably divided on the flood plains. The distribution of flow in the floodplains
significantly reduces the flow in theain channel as well the flow velocity. This causes the
flow with relatively high sediment concentration (due to high erosion étr®638652) to
deposit at this location. The other supporting reason for this sedimentation could be read
from the total séiment discharge at Gkin 655from figure 5.24.The total load discharge
decreases when the flow discharge increases about I280Tiis indicates that the flow in

the main channel has rather reduced once the floodplains are inundated. As showe in figur
5.22, the velocity decreases at-kd 650660 and conversely water depth in the floodplains

is increasing.
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Q= 1500 m3/s

(b)

WATERDEPTH M
10

S NWHOITO N ®©©

Figure5.22: a) Scalar velocity and b) water depth distribusio®=1500 n¥s

The total load measurementsGd-km 618.0, 656.0 and Gkin 666 were compared with the
calculated total load versus flow discharge at nearly the samesgassns. Since in the

parallel computation, it happens that part of a eeextion comes in one processor whereas

the rest is bengs to another processor. In such a case the application of control is section is

not possible. Therefore the exact locations where measurements were conductedtduld

into the same processoro6s domai n.eassignedssah own i
interval of 5km. however at Gdm 635 it was not possible, because control section point
could not f it domatindVitg me hred pe vdo0rsws call ed fAc.
sectional averaged variables can be computed. As shodiguire 5.24, the average of
calculated total sediment discharge is within the range of measurements. However
approximately 10% of the data is indicative of higher total load discharge. At the same flow
discharge several different total sediment dischacgakl be due to variety of reasons.
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Figure 5.23: Control sections placed at intervals of &k friction distribution is shown i
the background of the diagram

The measured total load discharges shown in (dark blue)-&nO6iL8, in (red) at O#m

656 and in (dark yellow) at Gkin 666.At Od-km 620, the calculated solid discharge as
function of flow discharge (light blue dots) is listed up to a flow discharg®e® ni/s. One

reason could be that this control section is near to the inflow boundaiyn(@d.7.6) and the

flood peaks come and pass by without being written out in graphic printout file. Since it
reaches the control section much faster (about 40 tmi60tes) but the graphic printout
period is each day. Therefore for this control section the discharge peaks are not printed in
the result file. In the control sections downstream ak@d655 and 665 (light red and light
yellow dotes), however the peak$ discharge are well covered. Because these control
sections are located further downstream and at the same time step, the peak reaches
downstream with a dumping effect that reduces a bit the peak of the floods:kit 685 as

was also shown in the figute22, the floodplains are inundated and the velocity in the main
channel is reduced significantly. Thus this causes a lower sediment discharge during floods.
The case is opposite at @ch 665 (light yellow dots), where the floodplains are relatively
small and flow discharge occurs mainly in the main channel. Therefore at flood flows the
velocity is also increasing which leads to higher sediment discharge.

In both measurements and simulation it can be seen that the discharge is not the only factor to
influence the bed load discharge. Some other reasons such as hysteresis effect, long flood,
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short flood high peaks. The hysteresis effect observed from the sediment discharge and flow
shows an antlockwise hysteresis which means during rising stages of watpthd
sediment discharge is lower than during falling stages. This could happened due to armouring
layer that during the ascending stage, the armouring layer is broken whereas during the
descending stage the armouring layer cannot reform quickly and Ihegloer sediment
discharge is experienced. At Oder, it seems that the armouring layer is weak, since the rising
and falling stage sediment discharge does not seem to vary a lot. But in general the tendency
is with more flow discharge more total load disgjeais expected.

Od-km 620 Model + Od-Km 655 Model Od-Km 665 Model
+Od-Km 656.0 ©0d-Km 618.0 Od-km 666.0
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Figure5.24:Comparison of calculated and measured total load discharge as function ¢

The variability of sediment discharge at-®u 620 is really high and there is no clear or
strong increase with discharge. The plot of total load discharge and flow discharg&rat Od
620 isshownin figure 5.25. It is seen that at some time spots for instance at dbgeasto

5" year as well as at 19year, the sediment discharge increases with flow discharge.
However at some other time spots despite an increase in flow discharge, thensedime
discharge is decreasdsevertheless the range of total sediment discharge is more or less
matches the measurements which support the boundary condition compatibility. Therefore
the friction coefficients seem to be the main motive behind the high Brosio
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Figure5.25: Total load and flow discharge over time atkbd620

The morphodynamic calibration as discussed wdsquate Despite the fact that some
parameters used for calibration was more or less following the measurements. But the
variations in erosion and deposition could further be optimized. The optimization in
particular could be the including of bed form roughness to represent a more realistic friction
distribution at higher discharges.
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6. SIi mul atir on r esul

6.1 Computing time

The parameters related to computing time for the hwabgohodynamic simulations
performed on both grids in comparison to the 1D model are listed in the table 6.1. As it can
be seen, the computing time of the 2D model cannot compete with that from thedHD m
Nevertheless the ability to simulate 21 years hydayphodynamic 2D simulations without a

lot of computing time and reducing strategies can be called a success.

Table 6.1: Simulation duration time and numbers of elements

# # # # Time step #Time  Coupling Total run
Grid  Nodes Elements Processors steps period time
[s & day]
[Hours]
1 85660 167763 96 100s 6636297 1 34
2 93696 183835 96 100s 6636297 1 66
1D 247 crosssections 1 0.1-30day 1657 / aon. 1

The computing time for the 2D hydrodynamiodel (not listed in the table) was rather in the
range of up to 10 minutes to achieve a steady state condition early on hydrodynamic
calibration stage. The computing time indicates alimear relation to numbers of elements

as shown. An increase of alhd%o in the numbers of elemertauses almost s douhlen

time. However the computing time could be further shortened giving coupling period more
than unity. The coupling period of 10 medrom each 10 hydrodynamic calculation, thd'10

is transferred toSisyphe for performing morphodynamic calculation and updating the
variables such as bed load transport rates and resulting evolution. Therefore it is anticipated
to achieve the simulation period in shorter time as those with coupling period equal to 1.

Another strategy to reduce the computing time is the use of a steady state discharge which

causes a mean bed level change. Such a constant discharge was used for 1 year simulation

(see section 5.6.3, figure 5.21) in order to achieve an adjusted topographgrdied to
hydrodynamic condition. The corresponding computing time is 2 hours which would lead to
42 hours for the whole 21 years. Moreover for such a simulation it is very easy to use a
morphological factor. The bed level change in one time step ligoiimd by morphological
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factor. This means acceleration in morphodynamic computing time. In some projects in
BAW, the application of morphological factor up to 10 has shown to speed up the
computation time by a factor of 8 without serious deterioratioresult quality. Such a
proceduraf usedwould lead to a computing time of about 10 hours. In order to be able to use
morphological factor, as it was also used in 1D case, the discharge could be divided into a
step function. Each step can then be caleul in a steady state computation manner. But also
keep in mind that some more jobs for instance if control sections assigned, the computing
time could be increased. By addition of 10 control sections, the simulation time increased to
118 hours.

6.2 Coarse gid instabilities

Unrealistic evolution was observed using both of the grids. However coarser grid was more
prone to errorsn particulartoo high erosion and sedimentatiahsome pointsThe reason

for unrealistic evolution apart from other issues was thu Exner equation. The Exner
equation has no diffusioterm to smoothen the evolutiohhereforethe evolution increases

or decreases at some nodes without being distributed toetgebouringnodes and makes
sharp peaks in evolution as shown in tigagire 6.1 However there are some techniques to
smoothen the distribution of evolution suchusing sediment slide or sediment avalanche.
Sediment slide prevents the bed slope to become greater than the maximum friction angle
(32-40) but since the grids very coarse the angle rarely reachesdmnore, therefore the
sediment slide would ndtte activatedIf the maximum friction angle is set smaller than,32

the sloping effect would calculate higher bed load discharge which will lead to unrealistic be
load discharge. Thus finer grid resolution could resolve this problem. First of all the evolution
distribution would prevent unrealistic accumulation at one specific node and on the other
hand sediment slide comes into effect and reduce the sharp peakdutions. Figure 6.1
shows evolution at Olm 655667, as seen the evolution distribution is smoother in finer
grid then in coarser.

Evolution of bed after 21 years Evolution of bed after 21 years
Grid 1{40x40m) Grid 2 (20x20m)
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Figure 6.1: Evolution distribution at Gdn 655667 on both grid 1 &2

Therefore this supports the argument that finer grid would reduce the errors in evolution
distribution and give smoother resuls balance between the drresolution and computing
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time could be made by further refining the areas in the grid where witreadvolutions
happen.

6.3 Impacts of groyne shadow

Groynes are usually built to regulate the water depth in the main channel and make the river
navigable in addition to protect thever banks. By reducing the cressctional flow area, the

flow depth can beaised.And the Concentration of discharge in the middle of the river is
increased due to the turbulences in the transition zone between groyne fields and undisturbed
part of a river. This effect is further intensified if the groyne is built as groyrdoshim the

model, since the storage area in between groyne does not exist anymore to retain part of the
flow. Moreover groyne influences the flow pattern in a river reach and change the sediment
balance. The concentration of flow towards the river axisliswed by increasing velocities

of flow and thus higher bed shear stresses. This increase in bed shear stresses causes further
bed erosion and entrains the bed material into water body as suspension. Therefore groyne
shadow could further intensify theosion of bed. (M.Spannring, 2004)

Some experiments about sediment exchange between river and its groyne fields indicate that
under all flow condition there is a net import of sediment into the groyne fields. Hence if the
groynes are built in the model asogne shadow, this interaction of sediment transport
between river and its groyne fields is blocked. Therefore this could boost to some extent the
sediment discharge in the main channel. (Mohamed F.M. Yoseef & Huib J. de Vriend, 2010).

At the beginning okimulation as shown in the figufel, the furrow shape evolutions were
observed alongside groynes shadow. This indicates the moving banks which were dominantly
happen more in coasgrid than in the finer one. Nevertheleigralonger simulation, these
moving banks effects were vanished. This happens due strong changes between the actual
river topography and the grids.
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Figure 62: Evolution organised itself alongside the groyne shadbawing the moving
banks effect at the beginning of simulation

6.4 Comparison of 1D&2D results

1D and 2D results comparison are made to outline some major features and advantages of 2D
Model with its 1D counterpart. 1D simulation of Oder from-kid 617.6667 was done

using Hee6 program. The crossections were made intarvals of 200m and total of 247
crosssections were used. The Tofalletti formula was used to compute the total load transport.
The hydrological and sedimetgical data (see section 5&hich isused for 2D was also

used for 1D model.

As shown in theifure 63, the total load discharge as function of discharge indicates better
match of 2D model with the measured data atk@d656.0. The datapectrumof 1D does

not include some measured data during MNQ to MQ. This could be interpreted as 1D
underestimges the total load discharge and its diversity at lower to medium discharges.
However the measurement of total load discharge could have large uncertainties as well. At
higher discharges the 2D model results show a lower total sediment discharge compared t
1D model results. Both 1D and 2D model results match most of the measurements conducted
within the discharge range 2803%m to 750 n¥/s (blue triangles). However some
measurements seem to be higher than both model results at lower discharges. Tha spectru
of 2D model results data is bigger than 1D (shown by orbhgeanddots) respectively. As

was also earlier discussed (see section 5.6.3, figure 5.22) at higher discharge (HQ or higher),
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the floodplains are flooded and it is quite probable that theltatd discharge is decreasing.
This behaviour cannot be seen in 1D model. However with further increase in discharge, 1D
model shows also such a tendency.
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Figure6.3 Comparison of total load discharge as function of fthgcharge by 1D,2[and
measurement

The evolution from 1D model is the integration of evolution (either erosion or deposition at a
crosssection) is made from crosections in intervals of 200m. The evolution from 2D
model is averaged at intervals ofOb® over the whole active zone width; therefore the
evolution is approximately averaged over an area of 100 x 100 m. Moreover the moving
average of data of evolution is calculated using 10 subsets of full data. Both evolution and its
moving averaged aregited infigure 64. The evolutions at G#m 617.6 to Oekm 30, more

or less shows the same trend, however 2D model result shows more erosion than 1D which
indicates more deposition. From @dh 630, 650 and from Gkim 666667, 2D results show

an erosion #nd unlike 1D which shows more a deposition trend. Frorki®@&50660, 2D

model results show a strong deposition which is several times higher than 1D model result.
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Figure6.4: Comparison of bed evolution calculated by 1D and 2D models

Generally 2D models can provide more realistic distribution of evolution than 1D model. The
main advantage of a 2D model is the horizontal distribution of variables (i.e., evolution, grain
size distribution, bed | oad dd atleherasignece ) .
deposition in a specific crosection while in nature erosion and deposition can occur in the
same crossection where the general morphology of the csesgion is not changed.
Moreover the variables in between two cresstions cold be only interpolated from the
known adjacent crossections whereas 2D can show the distribution of such variables
horizontally as well as transversely. FigéB shows the evolution distribution which unlike

1D model, erosion and deposition is seenthe same crossection which outlines an
advantage of 2D model. It is very rare to find a ciession where the evolution is either
erosion or deposition.

The crosssection AB shown in theigure 6.5represents the distribution of evolution at-Od

Km 651.6. The crossection experiences both deposition and erosion which is considered
sometimes important to know. This information could be useful for instance to track the
changes in shipping channel width for safe navigation.
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Figure 65: Evolution distribution after 3 years of simulation using averaged faikyfrom
2D model results
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Figure 66: Distribution of evolution atrosssection showing both erosion and depositi
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As shown 2D model dominates 1D model in termgmividing more details of variables
some of which could be a must for some projects. Thus the efforts one allocates to 2D model

could be compensated with the needs for 2D model. Nevertheless there are advantages and

disadvantages when using 2D model, safthe most important are:

Advantages

1 More detailed information due to higher horizontal resolution which covers the
whole horizontal area

1 More realistic distribution of evolution in craesections (possibility of erosion and
deposition at the same ceesection)

1 Possibility of change in the flow directions on the flood plains

Disadvantages
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1 Long computing time

=

More challenging calibration

1 Huge amount of data, requirement of goodpostprocessors

t was intended to investigate the use of coarse grid higdromorphodynamic
computation and to check the possibility of using a 2D model with coarse grid instead of
1D model. The main objective was to see the possibility of doing a large computation for
long period of time. It was shown that with high compiotzal capacities available
nowadays (as in BAW) together with some computational techniques (parallel
computation and using morphological factor) make it possible to perform large
computations in shorter time. It was found out that the coarser the gochbs the more
prone it is becomes to stability problem. It could be concluded that if only average values
of results are needed and the time for a project is short, then using 1D model would
probably be the better choice. If the flow regime is quite deesome more detailed
information in crossections is required or a change in the horizontal distribution is
expected, then 2D model would lead to higher quality of results.



7. Conclusi on and o

The main objective of this master thesiasto show the possibilities of 2D coarsegrid
hydro-morphodynamic model in terms of computing time, resolution and quality of results.
Due to computing time limitations, most simulations of long river reaches for long period of
time are still done in 1DBut the problems arising from neglecting therizontaldistribution

of flow and sediment transport sometimes leadsgaoesthat could challenge reliability of

1D modek. It is important to explore a strategy for performing 2D simulations of long river
reaches for a long period of time and still keeping the computing time short. This study
sought to answer two of these questions:

1. With what efforts in terms of computing time, computer computational power and
under which circumstances could a coagagd 2D model could replace alD model?

2. Howdoesa2D coarspr i d model 6s resolution affect
large and long term simulations of rivers?

In order to investigate the application of coagsel 2D model,two sets of grids with
differentresolutions (20m & 40m edge sizes for grid 1 & 2 respectively) were provided for
hydro-morphodynamic simulations. The application area was 50km river Oder frekmOd
617.6 to Oekm 667. Hydrological and sedimentological data of the years-297%8as used.

The simulation was done using open source programs Telemac2d and Sisyphe for
hydrodynamic and sediment transport computatibhe quality of the 2D modeWas
supposed to be demonstrated via a comspa with the measured data and an existing 1D
model of tle same river reach done with HEC 6.

The calibration of the models was done using total load discharge and bed evolutions. The
total load discharge calculated with either of the models was closely matched the
measurements very well. However the bed evahstizvere only partly following the trend
derived by measurements of bed surface elevation. The reason for the fact that model showed
more erosion than thedienentation as measurementshsught to be due to low bed friction

and the impact of groyrghadow.

The friction set in hydrodynamic calibration does not contain the friction due to bed forms
such as dunes and ripples. The bed form roughness can be several times higher than the
grains roughness in particular when discharge increases. Sisyggha psedictor to include

the dunes roughness as well and adds it to the friction computed from the results of
Telemac2d. But the predictor only works for the uncoupled model. The model used in study
was coupled with Telemac2d and hence it was not postiblgse the bed roughness
predictor. As a result the velocity increases with increasing discharge and leads to high shear
stress, which results in high erosion. Moreover groynes reduce theseaigs area and
conversely increase the flow velocity. Theffect is accelerated, if groynes are built only
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groyne shadows, because the groynes field does not exist anymore to retain some of the flow.
This effect concentrates the flow more in the main channel which could leads to more
erosion.

The study has showasignificant decrease of computing time by reduction ofgsmlution

and employing parallel computation techniques. The computing time was about 34 hours for
grid 1 and 66 hours for grid 2. It was also found that the computing time increases non
linealy with an increase in numbers of grid elements. It was shown that the computing time
for grid set 2, which had 10% more elements than grid set 1, was twice as that of grid 1. In
addition, it was seen that in the computing time could be further be shibpgemaded that a
steady state boundary condition is implemented. This would compute an average
morphological change over long period of time. This can decreases the computing time
further to about 5 to 8 hours for grid 1 and 2 respectively. In any dasepmputing time

and requirement of storage capacity to handle huge result is the main limiting factor. The
computation was made at BAW on a supercomputer with 96 parallel processors and large
computer capacities to handle huge result files.

In terms ofquality of results finer grid was representing much bettstridution of bed
evolutions. The Exner equation which is used to calculate the evolution of bed has no
diffusion term in its formulation. With coarse grids this can lead to unrealistic sediroenta

or erosion at some points as it was seen in this study. To have the result smoothened,
techniques such as sediment slide or sediment avalanche were used. But the problem was that
these smoothening alternatives were based on the sediment angle ef (B%pt3) which

was hardly achieved. Therefore the sediment slide or avalanche was rarely activated. If the
angle of repose was reduced, the slope effect was getting higher than normal, accelerating the
sediment transport. Nevertheless some nodes wene poainrealistic evolution which could

be resolved by refining the grids resolution at that particular region.

The comparison with thelD model was made to show the quality of the results. The Total
load discharges calculated with 2D was closely matchieg D result. At some cross
sections, the 2D results better followed the measurements than its 1D counterpart. However
2D model showed a general tendency of erosion, whereas 1D shows a sedimentation trend as
themeasurement8ut in terms of resolution dhe results, enormous details could be derived
from 2D model. It was found that unlike the 1D model which calculates either erosion or
deposition at a crossection, the 2D model shows that at the same -@@stson both erosion

and sedimentation was ocdag. The same is true for distribution of other variables, such as
grain sizes distribution, bed load, suspended load discharge and others. For some projects
knowing this information is rather a must whereas 1D model fails to provide us with such
informaion. There is therefore a definite need for using 2D models.

Assuming further Il ncrease in computero6s cor

models, even long term 1D models could be replaced with 2D models in the future. Providing
horizontal distributon of the results would deepen our understanding of hydnghological

changes. Moreover since sometimes the 1D model already exist (i.e., in BAW) and project
aims can be achieved by averaged values, 1D models are not a bad option and can even check
the \alidity of a coarsayrid 2D model

A further study could be done to optimize the resolution distribution to avoid unrealistic
evolution at some nodes. It might be required to closely observe the behaviour of Exner
equation versus grid resolution as it weiced that a finer grid resolution was less prone to
unrealistic evolution occurrences. Therefore to optimize the grid resolution, finer grids could
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be used and checked if similar evolution distribution can be observed. Due to smaller
distance between ¢hfiner grid nodes, the evolution could be further distributed to adjacent
nodes rather than accumulating at one single node. In addition, sediment slide or sediment
avalanche options in Sisyphe could actively reduce the unrealistic evolution. Thetafore, i
recommended to try to use finer grids until the problem due to unrealistic evolution is
resolved, so that one finds the optimized grid resolution.

The evidence from this study suggests that cegmsemodels for hydrenorphodynamic
computation coulde utilized provided that there is the computers computational capacity.
Recent developments in computational power of computers and parallel calculation
techniques significantly facilitate large scale and tnge simulations in relatively shorter
time. As it was shown in this study, a morphological simulation of 21 years simulation was
made in only a maximum of 3 days of computing time. Even a finer grid is possible to be
used and it would be finished in a matter of days.
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Appendix

A. TELEMAC AND SISYPHE STEERING FILES

/ TELEMAC-2D STEERING FILE

|============ = == —=====
PARALLEL PROCESSORS =36/512

/PARALLEL PROCESSORS = 12 interactive

FORTRAN FILE: 'homere_telemac2d.f’

/ INPUT / OUTPUT FILES

GEOMETRY FILE ='restart_la_ Q234 new_bed_EH.res'
BOUNDARY CONDITIONS FILE = ‘for_test.cli

RESULTS FILE ='result_Qall VR_21la.res'

RESULTS FILE ='result_Qall EH_2la.res'

LIQUID BOUNDARIES FILE = 'for_test_Qaveraged_21.gsl'
STAGEDISCHARGE CURVES :0;1

STAGEDISCHARGE CURVES FILE :'Q_Hrelation.txt'

/ COMPUTATIONAL INFORMATION

TITLE = 'River Oder hydranorphodynamic simulation'

COMPUTATION CONTINUED =YES

PREVIOUS COMPUTATION FILE = restart_la_Q234 new_bed_EH.res'
INITIAL TIME SET TO ZERO =YES

J--- e

/ DURATION

TIME STEP =100
NUMBER OF TIME STEPS = 6625152

- e

/ COUPLING WITH SISYPHE

SISYPHE STEERING FILE : sis.cas
COUPLING WITH ='INTERSYPHE'
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COUPLING PERIOD FOR SISYPHE =1/0

/ STRUCTURE OF OUTPUT DATA

J-- ——
VARIABLES FOR GRAPHIC PRINTOUTS =U,V,B,H,S,M,L,W

GRAPHIC PRINTOUT PERIOD = 38880 / 450day 1day
LISTING PRINTOUT PERIOD =864 /1da®6400s
NUMBER OF FIRST TIME STEP FOR GRAPHIC PRINTOUTS =0
MASS-BALANCE = YES /full information
OUTPUT OF INITIAL CONDITIONS =YES

INFORMATION ABOUT SOLVER = YES

[--- -

/ ONSTANTS

WATER DENSITY =999.5

[--- e e

/ Initial and Boundary conditions

/ for all 2 open boundaries:

VELOCITY PROFILES =44

/ 4: normal to inflow boundsrund proportional to square root of water depth
INITIAL CONDITIONS ='CONSTANT ELEVATION'

INITIAL ELEVATION =1.903

LAW OF BOTTOM FRICTION =5
/5: Nikuradse

FRICTION COEFFICIENT =0.0018

A -

/ NUMERICAL- PARAMETER

SOLVER ACCURACY =05E

PRECONDITIONING =

/ 2: Diagonal Preconditioning (default)

TYPE OF ADVECTION =145
[ 4: NHdistributive scheme explicit mass conservation

/ 5: Conservative scheme + SUPG (nur ftr H)

/ 14: N.scheme as 4 but for tidal flats explicit

MAXIMUM NUMBER OF ITERATIONS FOR SOLVER = 300
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SUPG OPTION =20
/ 0: No upwind scheme

/ 2: modiefied SUPG upwind scheme,hence upwind scheme equal to Courant number
SOLVER =1

/ 1: Conjugate gradient method,

TREATMENT OF THE LINEAR SYSTEM =2

/ 2: CASULLI ALGORITHM "Wave equation”

DISCRETIZATIONS IN SPACE =11;11
/11: binary triangle

MASSLUMPING ON H =1

/1: maximum mass lumping

TURBULENCE MODEL =2

/2: Elder model,

/TURBULENCE MODEL FOR SOLID BOUNDARIES =2

/2: Rough wall

VELOCITY DIFFUSIVITY =05
TIDAL FLATS =NO
MATRIX STORAGE =3
MATRIX-VECTOR PRODUCT =1
OPTION FOR THE DIFFUSION ONELOCITIES =2

H CLIPPING =NO
CONTINUITY CORRECTION =YES
TREATMENT OF NEGATIVE DEPTHS =
COMPATIBLE COMPUTATION OF FLUXES =YES
FREE SURFACE GRADIENT COMPATIBILITY =0.8

/:::::::::::: = == _——=== =
/ SISYPISEEERING FILE

/::::::::::: = == === =

FORTRAN FILE : 'princi_slope_effect_avalanching_YalLi.f'

GEOMETRY FILE ='restart_la Q234 new_bed EH.res'
BOUNDARY CONDITIONS FLE = 'for_test.cli'

RESULTS FILE =sis_aval Qall VR _2la.res
COMPUTATION CONTINUED =YES

PREVIOUS SEDIMENTOLOGICAL COMPUTATION FILE = 'restart_3a_Qaveraged_VR.res'
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| GENERAL AND OUTPUT

TITLE : ' River Oder Hydo-Morphodynamic simulation’

VARIABLES FOR GRAPHIC PRINTOUTS ='R,M,E,H,B,S,U,V,KS,US, TOB,MU
,P,QS*,N,*A* *ES,QSSUSP,D50,QSBL"

CONTROL SECTIONS = 28705;23312;29806;23139;30937;36266;29630;
24332;38118;27304;43110;30868;22699;25314,25824,;26520;
25385;278226123;25985

/ SISYPHE NUMERICAL ALGORITHMS

STEADY CASE =NO
MASS-BALANCE =YES
TIDAL FLATS =YES
OPTION FOR THE TREATMENT OF TIDAL FLATS =1/3
ZERO =1lel2
TETA =0.8
SOLVER ACCURACY =1e8
MASSLUMPING =YES
MINIMAL VALUE OF THE WATER HEIGHT =0.01

/ PHYSICAL PARAMETERS- HYDRODYNAMICS

LAW OF BOTTOM FRICTION =

BED ROUGHNESS PREDICTOR OPTION =

SKIN FRICTION CORRECTION =

FRICTION COEFFICIENT =0.0018 /KS= 3*D50
RATIO BETWEEN SKIN FRITION AND MEAN DIAMETER =3

/| PHYSICAL PARAMETERS- BED LOAD

BED-LOAD TRANSPORTFORMULA =5/3/1

/1 . MeyerPeter Mueller

/3: EngeluneHansen total load formula
5: Van Rijn + Soulsby (bed load + suspended load)
/MPM COEFFICIENT =4.0D0

CRITICAL EVOLUTION RATIO =1000.0
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NON COHESIVE BED POROSITY =0.375

SEDIMENT DENSITY =2650.0
OPTION FOR THE TREATMENT OF NON ERODABLE BEDS=3/4
BETA =1.3
HIDING FACTOR FORMULA =4/0
/4: Karim, Holly & Jang

NUMBER OF SIZECLASSES OF BED MATERIAL =9
NUMBER OF BED LOAD MODEL LAYERS =3

MEAN DIAMETER OF THE SEDIMENT =
0.0001875;0.000375;0.026;0.0015;0.003;0.006;0.012;0.024,0.048
INITIAL FRACTION FOR PARTICULAR SIZE CLASS =
0.068;0.312;0.246;0.227;0.059;0.070;0.010;0.006;0.002

CONSTANT ACTIVE LAYER THICKNESS = YES
ACTIVE LAYER THICKNESS =1.D0
GRAIN-FEEDING =NO
] e e

SLOPE EFFECT =YES

FORMULA FOR SLOPE EFFECT =3 /3: Apsley und Stansby
BETA = 1.3/ Default =1.3

FORMULA FOR DEVIATION = 3/ 3: Apsley und Stansby
PARAMETER FOR DEVIATION =2

SEDIMENT SLIDE =NO

FRICTION ANGLE OF THE SEDIMENT = 35/ Default = 40
SECONDARY CURRENTS =YES

&ETA

&FIN
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B. ADDITIONAL FIGURES AND DIAGRAMS OF RESULTS

Total sediment discharge as function of flow discharge
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