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Zusammenfassung 

 

In Küstengewässern und Ästuaren kann die Bildung von Flüssigschlick zu ökonomischen und 

ökologischen Beeinträchtigungen führen. Dabei versteht man unter Flüssigschlick eine hoch 

konzentrierte, wässrige Suspension aus feinsten Sedimenten und organischen Bestandteilen. Die 

Akkumulation von Flüssigschlick in Ästuaren, Hafenanlagen und küstennahen Bereichen beein-

flusst die Tidedynamik und hat erhebliche Auswirkungen auf den Ausbau und Unterhaltungs-

maßnahmen der Bundeswasserstraßen. Neben ökonomischen Aspekten wirkt sich die Verschli-

ckung der Gewässer auch auf die Ökologie aus und führt zu einer Verschlechterung des ökologi-

schen Zustands. 

 

Um zukünftige Unterhaltungsmaßnahmen und Renaturierungsvorhaben entwickeln und planen 

zu können, ist vertieftes Verständnis zum Einfluss der Flüssigschlickbildung auf die Tidedyna-

mik und umgekehrt nötig. Dabei sollen die aktuellen Simulationsmethoden weiterentwickelt 

werden, um den Einfluss von Flüssigschlick für die Wirkungsprognosen von Unterhaltungs- und 

Renaturierungsmaßnahmen berücksichtigen zu können.  

 

)Í "-"& 6ÏÒÇßÎÇÅÒÐÒÏÊÅËÔ ȵ-ÕÄ3ÉÍͺ!Ȱ ×ÕÒÄÅ ÁÎ ÄÅÒ 5ÎÉÖÅÒÓÉÔßÔ ÄÅÒ "ÕÎÄÅ×ÅÈÒ ɉ5ÎÉ"×Ɋ 

München das viskoelastische Fließverhalten von Ems-Schlick untersucht und eine Parametrisie-

rung der rheologischen Viskosität durchgeführt. Währenddessen wurde im Teilprojekt 

ȵ-ÕÄ3ÉÍͺ"Ȱ ÁÎ ÄÅÒ "ÕÎÄÅÓÁÎÓÔÁÌÔ ÆİÒ 7ÁÓÓÅÒÂÁÕ ɉ"!7Ɋ ÉÎ (ÁÍÂÕÒÇ ÅÉÎ ÎÕÍÅÒÉÓÃÈÅÓ -ÏÄÅÌÌ 

entwickelt, welches Schlickströmungen durch eine isopyknische vertikale Auflösung modelliert. 

Eine Erkenntnis des Projekts ist die bis dato fehlende Kopplung des rheologischen Fließens mit 

der Turbulenz ÄÅÒ ÄÁÒİÂÅÒ ÆÌÉÅħÅÎÄÅÎ 7ÁÓÓÅÒÓßÕÌÅȢ )ÎÓÂÅÓÏÎÄÅÒÅ ÄÅÒ ­ÂÅÒÇÁÎÇ ÖÏÎ ȵÆÒÅÉÅÒȰ 

Turbulenz zu gedämpfter Turbulenz und letztendlich zu laminarem Fließen kann durch her-

kömmliche Turbulenzmodelle bisher nicht dargestellt werden. 

 

Vom 01.06.2015 bis 30.06.2019  hat ÄÁÓ "-"& .ÁÃÈÆÏÌÇÅÐÒÏÊÅËÔ ȵ-ÕÄ%ÓÔÕÁÒÙȰ diese Fragestel-

lung experimentell und numerisch untersuchtȢ $ÁÓ 0ÒÏÊÅËÔ ȵ-ÕÄ%ÓÔÕÁÒÙȰ ÉÓÔ ÅÂÅÎÆÁÌÌÓ ÅÉn Ver-

bundprojekt, das wiederum gemeinsam mit der UniBw München und der BAW in Hamburg 

ÂÅÁÒÂÅÉÔÅÔ ×ÕÒÄÅȢ $ÁÆİÒ ÉÓÔ ÄÁÓ 'ÅÓÁÍÔÐÒÏÊÅËÔ ÉÎ ÄÉÅ 4ÅÉÌÐÒÏÊÅËÔÅ ȵ-ÕÄ%ÓÔÕÁÒÙͺ!Ȱ ÁÎ ÄÅÒ 5ÎÉ"× 

-İÎÃÈÅÎ ÕÎÄ ȵ-ÕÄ%ÓÔÕÁÒÙͺ"Ȱ ÂÅÉ ÄÅÒ "!7 ÉÎ (ÁÍÂÕÒÇ ÕÎÔÅÒÔÅÉÌÔȢ $ÉÅÓÅÒ !ÂÓÃÈÌÕssbericht 

ÂÅÚÉÅÈÔ ÓÉÃÈ ÁÕÆ ÄÁÓ 4ÅÉÌÐÒÏÊÅËÔ ȵ-ÕÄ%ÓÔÕÁÒÙͺ"ȰȢ  

 

7ßÈÒÅÎÄ ÄÅÒ &ÏËÕÓ ÉÎ ȵ-ÕÄ%ÓÔÕÁÒÙͺ!Ȱ ÁÕÆ ÅØÐÅÒÉÍÅÎÔÅÌÌÅÎ ,ÁÂÏÒÖÅÒÓÕÃÈÅÎ ÚÕÍ ÔÕÒÂÕÌÅÎÔÅÎ 

6ÅÒÈÁÌÔÅÎ ÖÏÎ ÇÒÁÎÕÌÁÒÅÎ 3ÕÓÐÅÎÓÉÏÎÅÎ ÂÅÓÔÁÎÄȟ ÌÁÇ ÄÅÒ 3ÃÈ×ÅÒÐÕÎËÔ ÖÏÎ ȵ-ÕÄ%ÓÔÕÁÒÙͺ"Ȱ ÉÎ 

der Weiterentwicklung eines numerischen 3D-Modells und einer Anwendung auf das Emsästuar. 

Die Grundlage dieser Untersuchungen ist ein Modellansatz, der mit Hilfe einer effektiven Visko-

sität einen grenzfreien Übergang von freier Turbulenz zu rheologischem, laminaren Fließen 

eÒÍĘÇÌÉÃÈÔ ÕÎÄ ÉÍ &ÏÌÇÅÎÄÅÎ ȵËÏÎÔÉÎÕÉÅÒÌÉÃÈÅÒ -ÏÄÅÌÌÁÎÓÁÔÚȰ ÇÅÎÁÎÎÔ ×ÉÒÄȢ $ÁÓ :ÉÅÌ ÖÏÎ ȵ-u-

Ä%ÓÔÕÁÒÙͺ"Ȱ ÌÁÇ ÄÁÒÉÎȟ ÄÉÅÓÅÎ !ÎÓÁÔÚ ÉÍ ÄÒÅÉÄÉÍÅÎÓÉÏÎÁÌÅÎ ÈÙÄÒÏÄÙÎÁÍÉÓÃÈ-numerischen Mo-

dell zu implementieren. 

 

Für das Teilprojekt MudEstuary_B war folgendes Arbeitsprogramm erforderlich : 
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Arbeitspaket 1 

AP 1.1: Konzeption und Literaturrecherche 

AP 1.2: Weiterentwicklung Simulationsmodell 

 

Für eine effiziente Konzeption und Weiterentwicklung des 3D-Modells wurde zusätzlich im 

ersten Projektjahr ein numerisches 1DV-Modell gemeinsam im Verbundprojekt entwickelt. In 

dieses Modell wurde der kontinuierliche Modellansatz implementiert, sodass erste Ergebnisse 

damit berechnet werden konnten. Vor- und Nachteile des neuen Ansatzes wurden aufgrund der 

kurzen Rechenzeiten im 1D-Modell somit sofort sichtbar, so dass eine effiziente Optimierung 

erfolgen konnte, bevor der Ansatz in das 3D-Modell überführt wurde.  

Für den erweiterten kontinuierlichen Modellansatz wurden eine Formulierung für behindertes 

Absinken nach van Rijn (1993), die rheologische Viskosität nach Knoch und Malcherek (2011), 

die Beschreibung der effektiven Viskosität als Summe aus turbulenter rheologischer Viskosität 

und sowie ein angepasstes k-ʖ-Turbulenzmodell mit entsprechenden Randbedingungen imple-

mentiert. 

 

Arbeitspaket 2 

AP 2.1: Anwendung Simulation auf Labormodell 

AP 2.2: Anwendung schematisches Ästuarmodell (Anwendung Emsmodell)   

AP 2.3: Integration Viskositätsmodell  

 

Im zweiten Arbeitspaket wurden die experimentell gewonnenen Ergebnisse in einem numeri-

schen 3D-Modell nachgebildet. Dabei lag der Fokus besonders auf der Implementierung der mit 

dem neu entwickelten kontinuierlichen Modellansatz einhergehenden neuen Simulationsme-

thoden wie z.B. der Integration des Viskositätsmodells. Dafür wurden Module für das Simulati-

onsprogramm UnTRIM in FORTRAN  neu programmiert oder erweitert. Das Konzept des konti-

nuierlichen Modellansatzes bringt neue Herausforderungen an die bestehenden numerischen 

Simulationsmethoden mit sich. Im Verbundprojekt MudEstuary wurden die benötigten numeri-

schen Methoden herausgearbeitet und sowohl in 1DV, wie auch in 3D-Modellen getestet. Eine 

erfolgreiche Anwendung des 3D-Modells konnte für die numerische Simulation des Labormo-

dells und eines schematischen Ästuarmodells realisiert werden. Für diese Fälle wurden Parame-

terstudien zur Untersuchung der rheologischen Viskosität durchgeführt. 

Da die neuen Simulationsmethoden jedoch eine hohe Rechenleistung benötigen sowie die Bil-

dung und die Dynamik von Flüssigschlick ein sensitives Zusammenspiel diverser Prozesse und 

Effekte ist und noch keine Validierungsdaten existieren, war eine Anwendung auf Natursysteme 

wie dem Emsästuar zurzeit nicht zielführend. Dies ist jedoch im weiteren Verlauf der Arbeiten 

im Rahmen von eigenfinanzierten Nachfolgeprojekten (Ressortforschung) vorgesehen. 

 

Arbeitspaket 3 

AP 3.1 Anwendung Emsmodell und historische Zustände 

AP 3.2 Untersuchung der Ursache der Verschlickung 
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Im dritten Arbeitspaket lag der Schwerpunkt auf der Ermittlung der Ursachen der Verschlickung 

von Ästuaren. Hierfür erfolgten numerische Simulationen mit einem klassischen hydrodynami-

schen 3D-Modell. Es wurden umfangreiche historische Daten zu Bathymetrien und weiteren 

Daten gesichtet, aufbereitet und bewertet.  

Aus diesen Daten wurden drei Szenarien herausgearbeitet, welche anschließend in 3D-Modellen 

simuliert wurden. Diese repräsentieren die 1930er Jahre, eine Zeit vor vielen maßgeblichen 

anthropogenen Veränderung, die 1980er Jahre, während der Ausbauarbeiten, und 2015 als 

aktuellen Zustand. 

Diese Szenarienbetrachtung der historischen Zustände des Emsästuars liefert einen wertvollen 

Beitrag zur Ermittlung der Ursachen der Verschlickung. Es wurden die Einflüsse von Topogra-

phie, Sohlrauheit sowie Meeresspiegelanstieg untersucht. All diese Aspekte haben allein schon 

maßgebliche Auswirkungen auf die Hydrodynamik, doch nur durch die Überlagerung, zusam-

men mit der erhöhten Verfügbarkeit von Sedimenten z. B. durch veränderte Baggerstrategien, 

wurden die Voraussetzungen für eine Verschlickung nach van Rijn und Grasmeijer (2018) er-

füllt. Auch die Strömungsgeschwindigkeiten haben sich im Laufe der Zeit durch anthropogene 

Maßnahmenverändert, sodass insbesondere bei niedrigen Oberwasserzuflüssen der Flutstrom 

stärker ist als der Ebbstrom und so den Sedimenteintrag begünstigt. Die Untersuchung der 

historischen Entwicklung anhand des Tideprismas zeigte, dass sich das Verhältnis von Einlass-

querschnitt zu Tidevolumen im Emsästuar im Vergleich zu den empirischen Formeln von 

/ȭ"ÒÉÅÎ (1969) nicht ausgeglichen verändert hat. Dies deutet auf ein System hin, welches sich 

nicht im Gleichgewicht befindet. 

 

Die Erkenntnisse des Projekts MudEstuary wurden in die Simulationssoftware der Bundesan-

stalt für Wasserbau implementiert, mit der sie für die zukünftige numerische Simulation der 

Küsten und Ästuare angewendet werden können. Diese Programmbausteine sollen an der BAW 

in einem  nachfolgenden eigenfinanzierten Ressortforschungsprojekt weiterentwickelt und 

angewandt werden, wobei der Fokus auf der Anwendung des erweiterten Modellverfahrens auf 

das Emsästuar liegen soll. Im Rahmen dieses Abschlussberichtes sowie zahlreicher Veröffentli-

chungen und Vorträgen bei nationalen und internationalen Konferenzen und Workshops wer-

den die Ergebnisse außerdem der Öffentlichkeit zur Verfügung gestellt.  

 

Da das Emsästuar nicht nur eine deutsche Bundeswasserstraße ist, sondern auch die niederlän-

disch-deutsche Grenze umfasst und somit die Forschung und Entwicklung in dieser Region von 

internationaler Bedeutung ist, wurde dieser Abschlussbericht in englischer Sprache verfasst.  

 

Eine ausführliche Beschreibung des Vorgehens sowie der Ergebnisse von MudEstuary_B ist in 

englischer Sprache in diesem Abschlussbericht zu finden. 
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Summary  

 

In coastal waters and estuaries, the formation of fluid mud can lead to economic and ecological 

damage. Fluid mud is a highly concentrated, aqueous suspension of finest sediments and organic 

components. The accumulation of fluid mud in estuaries, port facilities and coastal areas influ-

ences the tidal dynamics and has considerable effects on the development and maintenance of 

the federal waterways. In addition to economic aspects, the increase of fluid mud in the water-

ways also has an impact on the ecology and leads to a deterioration of the ecological status. 

 

In order to be able to develop and plan future maintenance and renaturation measures, a deeper 

understanding of the influence of fluid mud formation on tidal dynamics and vice versa is neces-

sary. Current simulation methods should be extended in order to take the influence of fluid mud 

into account. 

 

In the preceding BMBF project "MudSim_A", the viscoelastic flow behavior of Ems mud was 

investigated at the University of the Federal Armed Forces (UniBw) Munich and a parameteriza-

tion of the rheological viscosity was carried out. Meanwhile, in the sub-project "MudSim_B" at 

the Federal Waterways Engineering and Research Institute (BAW) in Hamburg, a numerical 

model was developed which simulates mud flows by an isopycnical vertical resolution. One of 

the findings of the project is the lack of coupling between the rheological flow and the turbulent 

flow of the water column above. Especially the transition from "free" turbulence to damped 

turbulence and finally to laminar flow cannot be represented by conventional turbulence mod-

els. 

 

On June 1, 2015, the follow-up BMBF project "-ÕÄ%ÓÔÕÁÒÙȰ began to investigate this issue exper-

imentally and numerically. The "MudEstuary" project is also a collaborative project, carried out 

jointly by the UniBw Munich and the BAW in Hamburg. For this purpose, the overall project is 

divided into the subprojects "MudEstuary_A" at the UniBw Munich and "MudEstuary_B" at the 

BAW in Hamburg. This report refers to the subproject "MudEstuary_B".  

 

While the focus in "MudEstuary_A" was on experimental laboratory tests on the turbulent be-

havior of granular suspensions, the focus of "MudEstuary_B" was on the further development of 

a numerical 3D model and an application to the Ems estuary. The basis of these investigations is 

a so callÅÄ Ȱcontinuous model approachȱ, which allows a borderless transition from free turbu-

lence to rheological, laminar flow by means of an effective viscosity. 

 

The following work program was assembled for the subproject MudEstuary_B: 

 

Work package 1  

WP 1.1: concept and literature review  

WP 1.2: further development of simulation model 

 

For an efficient conception of the further development of the 3D model, a numerical 1DV model 

was additionally developed jointly by the project partners in the first year of the project. The 
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continuous model approach was implemented in this model, so that first results could be calcu-

lated. Advantages and disadvantages of the approach became immediately visible due to the 

short computing times of the 1D model. Hence, an efficient optimization could take place before 

the approach was transferred to the 3D model.  

 

 

Work package 2: 

WP 2.1: application laboratory model  

WP 2.2: application schematic estuary (Application Ems Estuary) 

WP 2.3: integration viscosity model  

 

In the second work package the experimentally obtained results were reproduced in a suitable 

numerical 3D model. The focus was especially on the implementation of the new simulation 

methods associated with the continuous model approach. The concept of the continuous model 

approach brings new challenges to the existing numerical simulation methods. In the joint pro-

ject MudEstuary, the required numerical methods were worked out and tested in 1DV as well as 

in 3D models. A successful application of the 3D model could be realized for the numerical simu-

lation of the laboratory model and a schematic estuary model. However, since the new simula-

tion methods require high computing power and the formation and dynamics of fluid mud is 

interplay of various processes and effects, for which the parameters are sensitive and validation 

data do not yet exist, an application to  a nature system such as the Ems estuary was at this time 

not feasible. 

 

Work package 3: 

WP 3.1: application ems estuary 

WP 3.2: investigation of the causes of siltation 

 

The third work package focused on identifying the causes of siltation  in estuaries. For this pur-

pose numerical simulations with a classical hydrodynamic 3D model were carried out. Extensive 

historical data on bathymetries and other data were sighted and processed. This scenario analy-

sis of the historical conditions of the Ems estuary provides a valuable contribution to the deter-

mination of the causes of the formation and increase of fluid mud. 

 

 

The results of MudEstuary_B are summarized in this report. 
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I Tidal dynamics with fluid mud  

1 Motivation and objectives  

1.1 Motivation  

Fluid mud is a high concentration aqueous suspension of fine-grained sediment and is often 

associated with a lutocline, a sudden change in sediment concentration with depth. Fluid Mud 

typically forms in near-bottom layers in lakes and estuaries, but can occur in any water body 

with sufficient fine-sediment supply and periods of low intensity flow (McAnally et al. 2007). 

 

The occurrence of fluid mud can lead to high maintenance costs of waterways such as estuaries, 

e.g. for dredging, prevention of pollutant propagation and nature conservation. In Germany in 

particular the Ems Estuary is affected by fluid mud: high fine-sediment concentrations up to 

300 kg/m³ and fluid mud layers up to a thickness of 2 m were measured by Schrottke (2006).  

 

Furthermore, fluid mud may lead to a change in tidal dynamics. The flow behavior of high-

concentration fine sediment suspensions is non-Newtonian. As a consequence in classical hy-

drodynamic-numerical models, the applied Reynolds equations for Newtonian flow behavior are 

not suitable to model the fluid mud dynamics.  

 

Therefore enhanced predictive methods are needed for a description of the interaction between 

tidal dynamics and fluid mud. The long-term objective is the development of a predictive engi-

neering tool required for maintenance strategies of estuaries in order to minimize siltation and 

thus lower the economic and ecological costs. 

1.2 Theoretical b ackground  

In classical hydrodynamic-numerical models for large-scale applications, e.g. in coastal engineer-

ing, the interaction between tidal dynamics and fluid mud are barely considered so far. Among 

the first solutions a two-dimensional model was developed by H.R. Wallingford (Crapper and Ali 

1997). Furthermore, in the Delft3D software package a module for the simulation of fluid mud 

has been integrated (Winterwerp et al. 2002) and extended by a mud buffer model (van Kessel 

et al. 2011). However, these models are not applicable for the simulation of the rheological be-

havior of fluid mud. 

 

Methods to simulate the fluid mud dynamics were further developed by Knoch and Malcherek 

(2011) and Wehr (2012). The complex non-Newtonian behavior of fluid mud was simulated by 

an isopycnal numerical model. Therefore, the shear-thinning flow behavior of fluid mud and the 

rheometrical investigation of the yield stress were analyzed. This model describes the complex 

rheological properties of fluid mud. However, the vertical interaction of individual layers under 
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consideration of the turbulence has not yet been analyzed. Another approach to simulate the 

dynamics of fluid mud was developed by Roland et al. (2012): the FLMUD module is based on 

Cartesian coordinates. The module was validated qualitatively by numerical experiments. How-

ever, a detailed validation and application to an estuary are still needed. 

 

As stated in Burchard et al. (2018): Ȱ,Å (ÉÒ ÅÔ ÁÌȢ ɉφττυɊȟ 7ÉÎÔÅÒ×ÅÒÐ ɉφττυɊȟ ÁÎÄ 7ÉÎÔÅÒ×ÅÒÐ ÅÔ 

al. (2006) developed one-dimensional point models containing some of the processes mentioned 

above in order to study the temporal dynamics of SPM stratification and the formation of lutoclines 

in a water column. These water column models were able to qualitatively reproduce the observed 

behavior of SPM stratification in estuaries by including SPM-induced turbulence damping and 

hindered settling effects. One of the current challenges is to extend the above models beyond one-

dimensional models while resolving the flow-turbidity feedbacks, hindered settling, and flocculation 

processes accurately enough. In addition, accurately describing the bottom boundary conditions, 

especially in the presenÃÅ ÏÆ ÆÌÕÉÄ ÍÕÄȟ ÒÅÍÁÉÎÓ ÃÈÁÌÌÅÎÇÉÎÇȢȱ 

 

1.3 Objectives  

The main objective is to develop and analyze a method describing the interaction of tidal dynam-

ics and fluid mud with an application to the Ems Estuary.  

 

Therefore, a numerical model based on the continuous modelling approach (Le Hir et al. 2001) is 

suited. This modelling approach is extended by a rheological viscosity and an adapted k-ʖ ÔÕr-

bulence model. Hence, the model simulates the water column as well as a fluid mud layer with 

one set of momentum, transport and turbulence model equations. The model is able to recognize 

automatically whether the flow is turbulent, laminar or motionless due to high concentrations of 

suspended matter. Therefore, the viscous behavior of water is represented by turbulence mod-

els, e.g. k-omega model, and the viscous-elastic behavior of fluid mud is represented by rheologi-

cal models.  

 

For this purpose, the continuous modelling approach was at first implemented in a numerical 

1DV model which was additionally developed jointly by the project partners in the first year of 

the project (MudEstuary_A&B). After an efficient testing of the method, this modelling approach 

should be transferred into a three-dimensional scale in MudEstuary_B. 

 

Malcherek et al. (2017) developed  

 

This comprises the following steps 

¶ Extended set-up of 3D numerical model including 

o continuous model concept in momentum equations  

o rheological viscosity 

o flocculation and hindered settling  

o adapted boundary conditions for the turbulence model 
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¶ Application examples: laboratory flume and schematic estuary 

¶ Investigation of causes of siltation by historic scenarios of Ems Estuary 

 

1.4 Work packages and structure of this report  

The work packages (WP) of MudEstuary_B were defined as follows: 

 

Work package 1  

WP 1.1: concept and literature review  

WP 1.2: further development of simulation model 

 

Work package 2: 

WP 2.1: application laboratory model  

WP 2.2: application schematic estuary (Application Ems Estuary) 

WP 2.3: integration viscosity model  

 

Work package 3: 

WP 3.1: application Ems Estuary 

WP 3.2: investigation of the causes of siltation 

 

The structure of this report and the associated work packages are shown in Figure 1.  

 

Part I of this report includes an introduction on tidal dynamics with fluid mud. After the motiva-

tion and objectives a brief overview of in-situ observations of the Ems Estuary is given in order 

to show the current situation of fluid mud dynamics in the estuary. Furthermore, a short sum-

mary of the experiments of the laboratory flume is given which was part of MudEstuay_A. Since a 

comparison with the results between laboratory and numerics will be made later, the experi-

mental setup will be explained briefly. 

 

For WP 1 the results can be found at different places in this report: The concept as motivation 

and objectives is described in the introduction of part I. The results of the literature review are 

given in the respective thematic sections of the chapters, i.e. for mathematic descriptions in 

section 5 of part II and for the historic development of the Ems estuary in section 7 of part III as 

well as in appendix 12.  

 

In part II of this report the results of WP 2, i.e. the extended continuous modelling concept with 

application examples of the laboratory flume and a schematic estuary, are summarized. 

 

Part III includes the results of WP 3, i.e. the historic scenarios of the Ems Estuary with an appli-

cation to the Ems Estuary and an investigation of the causes of siltation.  
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Finally, an overall summary and future prospects are discussed in the conclusion in part IV of 

this report.  

  

Figure  1: Structure of report  and associated work packages (WP) . 

2 In -situ observations in Ems Estuary  

In-situ observations of the high concentrated mud suspensions in the Ems Estuary are an im-

portant component for phenomenological descriptions of processes as well as for the verifica-

tion and validation of numerical simulations. In the following chapter a brief overview of in-situ 

observations of longitudinal profiles (section 2.1) as well as vertical profiles (section 2.2) is 

given. 

2.1 Longitudinal profiles  

In order to determine the fluid mud distribution in the Ems estuary, regular measurements of 

longitudinal cross sections with ADCP (15 Hz, 38 Hz, 200 Hz) are carried out by FSK NLWKN. In 

Figure 2 the fluid mud distributions in the Ems estuary at low and high discharge are shown. 

Wurpts (9/25/2017)  identified a discharge threshold of 80 m³/s, at which the fluid mud from 
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Papenburg to Leerort is increasingly displaced downstream the estuary. At high discharge rates 

the fluid mud layer ends at the seaward end of the Emder fairway (Knock).  

 

 

Figure  2: Fluid mud distribution in the Ems estuary at low (<  80 m³/s) and high di s-
charge (> 80 m³/s) (Wurpts 9/25/2017) .1 

2.2 Vertical profiles  

Sediment-induced stratification and density currents in the Ems estuary were observed by 

Becker et al. (2018). The in-situ observations were carried out in the center of the estuarine 

turbidity zone (at Jemgum) at the edge of the fairway in November 2014. Prior to the start of the 

measurements there was a longer period of low discharge (< 60 m³/s). Until shortly before and 

during the measurements the discharge conditions were moderate (120 m³/s). This could indi-

cate that there has been a flush leading to a mobilization of fluid mud and a shifting of the estua-

rine turbidity zone downstream towards Emden. 

 

                                                        
1
 The direction of the longitudinal profile deviates from the other shown longitudinal profiles; here direc-

tion from weir (left) to sea (right)  
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For the ship-based measuring campaign the following instruments were applied: 

¶ CTD-OBS combination (conductivity temperature depth - optical back scatter)  

¶ ADCP (acoustic Doppler current profiler) 

¶ SES (sediment echo sounder) 

¶ ECM (electromagnetic current meter) 

 

The results show the vertical profile of the water column and the variability of sediment-induced 

stratification ( Figure 3, Figure 4). 

 

In Figure 3 the vertical distribution is shown for  

a) velocity magnitude and salinity  

(plot: ADCP current velocity [m/s]; dots: ECM current velocity [m/s]; bars: salinity 

[PSU]) 

b) SSC and max. vertical SSC gradient  

(plot: OBS interpolated SSC [g/l], dots: max. vertical SSC gradient [g/(lm)]; dashed lines: 

OBS measurements) 

c) SES intensity including isolutals (derived from OBS) [g/l] 

 

In Figure 4 the vertical distribution is shown for  

a) ÁÃÃÅÌÅÒÁÔÉÏÎ ɝÕȾɝÔ ɍÍȾɉÓ h)] including isolutals [g/l]  

b) vertical velocity shear [1/s] including isolutals [g/l]  

c) gradient Richardsen number [-] 

 

The reversal of the direction of the flow, i.e. from flood- to ebb directed and vice versa, is indi-

cated by white lines in Figure 3 (a, b) and in Figure 4 (a, b).  

 

Moreover, particular stages of stratification are highlighted by Roman numerals: 

(I)  beginning of the flood:  entrainment and vertical mixing; 

(II)  middle of flood: restratification; 

(III)  around high water: full stratification;  

(IV) later ebb phase: stratification with shear dispersion; 

(V) ebb slack water: short settling phase. 
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Figure  3: Velocity and stratification  a) velocity magnitude, b)  SSC, and c) SES intensity at 
Jemgum in November 2014  (Becker et al. 2018) . 
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Figure  4: Dynamics and stability  of a) acceleration, b)   velocity shear, and c)  gradient 
Richardson number at Jemgum in November 2014  (Becker et al. 2018) . 

 

In summary, the following main conclusions on the feedback of mud-induced periodic stratifica-

tion on the flow are drawn(Becker et al. 2018): 

¶ Ȱ&ÏÒÃÅÄ ÂÙ ÁÎ ÁÓÙÍÍÅÔÒÉÃ ÔÉÄÅȟ ÔÈÅ ÆÌÏ× ÓÔÒÕÃÔÕÒÅ ÉÎ Á ÈÙÐÅÒÔÕÒÂÉÄ ÔÉÄÁÌ ÃÈÁÎÎÅÌ ÉÓ ÃÏn-

trolled by mud-induced periodic stratification,  

¶ Restratification during flood leads to vertical decoupling, counter directed flow, and the 

development of an inverse salinity profile 

¶ Intratidal transport of mud depends on the entrainment asymmetry, inducing upstream 

pumping during flood and shear dispersion during eÂÂȱ 

3 Experiments in laboratory flume (MudEstuary_A)  

A detailed overview of existing laboratory experiments related to fluid mud which have been 

described in the literature is given by Chmiel (2016). Thereof, Chmiel (2016) developed the 

concept for the laboratory experiments within MudEstuary_A. The final results of MudEstuary_A 

are described in Chmiel & Malcherek (2018). In the following chapter a very brief overview of 

the setup and results of the laboratory experiments is given in order to be able to understand 

the comparison with the numerical results.  
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The set-up of the experiments in a 26 m long flume is shown in Figure 5. As sediment Quartz 

powder was chosen due to similar properties compared to mud samples of the Ems Estuary 

regarding density and mean grain diameter. The Quartz powder was put in an area between an 

inflow and outflow box. As measurement instruments ADV VectrinoProfiler (100 Hz) and Vec-

trino+ (200 Hz) were applied to simultaneously measure velocity, turbulence and concentration 

at nine positions along the flume. The inflow was varied from 40, 50, 60, 70, 80, to 90 l/s. 

 

The experiments reproduce vertically mixed, low concentrated suspensions up to 2 g/l.  

The final evaluation of the experiments revealed complex turbulent flow behavior. The vertical 

current velocity profiles along the measuring section of the flume show deviations from the 

known logarithmic  profile. For certain discharges and measuring locations a linearization of the 

current velocity profile could be observed which could also be expected for a laminar mud flow 

with damped turbulence. However, if the associated turbulence and concentration profiles were 

analyzed, both turbulence damping and turbulence production could be observed in the flume. It 

showed that the flow behavior is more complex than expected. The flow is highly unsteady and 

not at all homogeneous in the direction of the flow. Due to the fact that for example the applied 

quartz powder does not contain any organic constituents the formation of a fluid mud layer 

could not be obtained, but rather a suspension of suspended matter that shows transient con-

centration curves. Furthermore, at the sediment bed in the flume both erosion and deposition 

could be observed which could be confirmed by the observation of ripple formation. It was as-

sumed that such ripple structures have an additional influence on the damping and production 

of turbulence (Chmiel & Malcherek 2018).  

 

The following essential findings could be derived from the experiments: 

¶ a high resolution data set of velocity, turbulence and concentration could be measured 

simultaneously 

¶ Some of the velocity profiles show a linearization over the vertical. 

¶ It could be shown that the turbulent kinetic energy becomes zero towards the ground. 

¶ The turbulent kinetic energy profiles describe both turbulence damping as well as in-

creasing turbulence. 

 

 
 

Figure  5: Set-up of laboratory flume in MudEstuary_A (Chmiel, 2017).   
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II Extended continuous model set -up 

4 General concept 

In this project, we introduce an extended continuous model approach, which defines an effective 

viscosity ’  Æ’ȟ’ȟ’   as the interaction of the molecular viscosity’ , the turbulent viscosi-

ty  ’ and the rheological viscosity ’ . In the extended continuous model approach the rheologi-

cal viscosity of an estuarine parametrization is implemented, as well as an adapted k-ʖ turbu-

lence model, which can be calculated down to the immobile ground.  

 

Thus, this model approach describes the foundation for a new holistic model understanding in 

the simulation of morphology in water bodies. The model simulates the water column as well as 

a fluid mud layer with one set of momentum, transport and turbulence model equations. The 

model is able to recognize automatically whether the flow is turbulent, laminar or motionless 

due to high concentrations of suspended matter.  

 

The general model concept of the continuous model approach and the underlying assumptions 

are shown in Figure 6. In Figure 6 (a) a sketch of possible different viscosities across the water 

column are shown. In Figure 6 (b) a qualitative sketch of the vertical profiles of flow velocity, 

shear stress, turbulent kinetic energy, concentration, and effective viscosity is shown.  

 

The assumptions of the vertical profiles of the parameters should be verified by the laboratory 

experiments conducted in MudEstuary_A and the appropriate methods should be implemented 

in a numerical model. 

 

As mentioned before, for the numerical model the extended continuous modelling approach was 

at first implemented in a numerical 1DV model which was additionally developed jointly by the 

project partners in the first year of the project (MudEstuary_A&B). For further details and re-

sults of the 1DV model it is referred to Chmiel & Malcherek (2018). After an efficient testing of 

the method, this modelling approach is transferred into a three-dimensional scale. 
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(a)  

 
(b) 

 
 

Figure  6: General model concept and assumptions  (a) Viscosities across the water co l-
umn ; (b) Vertical profiles of flow velocity, shear stress, turbulent kinetic e n-
ergy, concentration, effective viscosity  (Chmiel & Malcherek, 2018)  

 

For this study, the 3D model UnTRIM was applied and extended with an extended continuous 

model set-up. The numerical method UnTRIM was developed by Prof. Vincenzo Casulli (Trento 

University, Italy). UnTRIM is a semi-implicit finite difference ( -volume) model based on the 

three-dimensional shallow water equations as well as on the three-dimensional transport equa-

tion for salt, heat, dissolved matter and suspended sediments. UnTRIM is able to operate on an 

unstructured orthogonal grid. It solves the Reynolds-averaged Navier-Stokes equations (RANS) 

in a Cartesian (x,y,z)-coordinate system. For detailed references of the mathematical model it is 

referred to Casulli & Walters (2000). Moreover, the model was further developed to describe the 

bathymetry on subgrid level (Casulli 2009; Casulli and Stelling 2011). For the validation docu-

ment and a general introduction to UnTRIM it is referred to Casulli & Lang (2004). A summary 

and description of the governing equations based on Casulli & Lang (2004) is given in the ap-

pendix 11.3. 
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The applied version of UnTRIM is coupled to different sub-models such as the k-model for spec-

tral waves, the sedimentological model SediMorph, and the general ocean turbulence model 

GOTM. 

 

For this work, we applied the model UnTRIM and extended the model set-up by the following 

components which were programmed in FORTRAN: 

 

(i)  effective viscosity after eq. (1) 

(ii)  flocculation and hindered settling after eq. (4) and eq. (5), 

(iii)  vertical rheological viscosity after eq. (14) 

(iv)  adapted boundary conditions for the turbulence model after eq. (29) 

5 Mathematical description  

In the following chapter a mathematical description of the components of the extended continu-

ous model set-up is given. 

5.1 Effective viscosity  

The tidal dynamics under the influence of fluid mud can be described by a continuous modelling 

approach (Le Hir et al. 2001). Therefore, the interaction of the water column (turbulence) and 

fluid mud (rheology) are functions of the turbulent viscosity ’ and rheological viscosity ’.  

 

The interaction of the two viscosity components is not known. For an approximation, we assume 

the effective viscosity to be the sum of both parts, i.e. the turbulent eddy viscosity  ’ and the 

rheological viscosity  ’. 

 

’ ’ ’ (1) 

’ m²/s  turbulent viscosity 

’ m²/s  rheological viscosity 

 

The turbulent viscosity has to become zero in a resting mud bottom on the one hand, and on the 

other hand, the rheological viscosity has to vanish if no suspended matter is present. It has to be 

mentioned that both viscosities have different physical meanings. As an increase of turbulent 

viscosity is interpreted as an increase of turbulence, the rheological viscosity is the opposite. An 

increase of rheological viscosity goes with an increase of the solid content and therefore with a 

decrease of turbulence. In a resting sediment bottom the turbulent kinetic energy is zero and 

therefore the turbulent viscosity also vanishes. On the other hand in a clear water column the 

rheological viscosity transforms into the molecular viscosity of water. 
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Moreover, in order to simulate fluid mud dynamics, Le Hir et al. (2001) identify as most im-

portant processes in order of importance:  

(i)  turbulence damping  

(ii)  hindered settling and  

(iii)  viscoplastic behavior of mud. 

 

These processes and their mathematical descriptions as well as the chosen method for the im-

plementation are defined and described in the following sections.  

5.2 Hindered settling  

As defined in Whitehouse et al. (2000), hindered settling is the process by which a high concen-

tration of settling flocs interferes with the surrounding flow of fluid (displaced water, collisions, 

group settling, etc.). It usually commences at suspended sediment concentrations between 

2 kg/m³ to 10  kg/m³.  

 

Due to interactions with neighboring particles, the effective settling velocity is reduced relative 

to the settling velocity of an individual particle as shown in eq. (2). The effective (hindered) 

settling velocity is usually expressed by an empirical correction as a function of the effective 

volumetric concentration.  

Ὤ - relative settling velocity 

ύ [mm/s]  effective settling velocity (hindered) 

ύȟ [mm/s]  settling velocity of individual particle (unhindered)  

 

The effective settling velocity has been determined, among others, by the following authors: 

 

5.2.1 Richardson and Zaki  (1954)  

A first power law equation is described by Richardson and Zaki (1954). The equation is also 

implemented in Delft3D (Deltares 2014) and applied for the Ems estuary e.g. by van Maren et al. 

(2015b): 

 

ύ [mm/s]  effective settling velocity (hindered) 

ύȟ [mm/s]  settling velocity of individual particle (unhindered) 

Ã [kg/m³]  suspended sediment concentration 

ὧ  [kg/m³]  reference concentration 

 

Ὤ
ύ

ύȟ
 (2) 

ύ ύȟ ρ
ὧ

ὧ
 (3) 


























































































































































































































