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1. 0BINTRODUCTION 
 
The QuantAS-Off project group consisted of researchers of the Leibniz Institute for Baltic 
Sea Research Warnemünde (IOW), the Institute of Fluid Mechanics of Rostock University 
(LSM) and the Institute of Fluid Mechanics of the Leibniz University of Hannover (ISM). 
The primary objective was to determine to what extent the structurally induced mixing caused 
by offshore wind parks in the vicinity of the Arkona Basin in the western Baltic Sea (XFigure 
1.1X) can negatively influence the inflow of saline oxygen rich water into the deep Baltic Sea 
basins and thus negatively affect the ecology of the entire sea. 
 

 
 
Figure 1.1: Map of the Baltic Sea (©2007 Google™) with 
Sketched Pathways of Dense Bottom Currents 

 
The IOW group concentrated on field measurements and large scale numerical modeling of 
the Baltic, whereas the researchers at LSM and ISM looked at the near field details. For this 
purpose LSM conducted small scale laboratory experiments at low Reynolds numbers and 
ISM conducted detailed high Reynolds number numerical simulations on the field scale. 
 
This report concerns the work of ISM which not only resulted in a detailed understanding of 
the structurally induced mixing but also generated a parameterization of the mixing for use in 
the large scale IOW model.  
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2. 1BCONCISE PROJECT DESCRIPTION 
 
2.1. Project Goals 
 
The goal of the project “Numerical Near-Field Modeling” was the qualitative and quantitative 
determination of the influence of Monopiles on the mixing of density currents such as they 
occur in the Baltic Sea. In this context it is not only the goal of investigating the process of 
the flow around a cylinder but primarily a quantitative determination of the mixing caused by 
it in order to estimate the near field mixing caused by offshore wind parks. The results of a 
parameter study are then to be used as input to a large scale model of the Baltic Sea 
developed by our project partner, the IOW (Institute of Baltic Sea Research in Warnemünde). 
 
2.2. Requirements for Conducting this Research 
 
To the knowledge of the authors, this research is this first attempt to quantitatively simultate 
the strucutrally induced mixing caused by a circular cylinder in a stratified environment. This 
involved significant challenges related to the conceptual model, the numerical technique and 
in particular the turbulence modelling, since turbulance is the promary factor in the mixing 
process. There are numerous studies presented in the literature on the simulation of the flow 
around a cylinder in a non-stratified environment. Even here not all of the pehnomena are 
totally understood or numerically simulated. A detailed descrition of the state of the art at the 
start of this project is found in section X2.4X. 
 
2.3. Schedule and Work Plan 
 
This project was originally scheduled for 3 years (Sept 1, 2004 – Aug. 31, 2007. Both of our 
partners, the IOW and particularly the LSM (Institute of Fluid Mechanics of Rostock 
University, had initial startup problems and saw the necessity for extending the project until 
Aug. 31, 2008. We also extended for continuity reasons. Our project essentially held to the 
original schedule. The following aspects were undertaken: 
 

 Literature study on the flow around cylinders and density currents. 
 Numerical simulation of the flow around cylinders in a non-stratified environment 

in order to optimize the numerical model with regard to grid size, boundary 
conditions and turbulence modeling. 

 Numerical simulation of a density current without a cylinder in order to optimize 
the numerical model with regard to grid size, boundary conditions and turbulence 
modeling. 

 Numerical Simulation of the flow of a density current around a cylinder without 
consideration of Coriolis forces (rotation) in order to investigate the dominant 
flow phenomena and their associated parameter. 

 Numerical Simulation of the flow of a density current around a cylinder with 
consideration of Coriolis forces (rotation) in order to investigate the influence of 
the earth rotation on the mixing process. 

 
The last point was investigated during the project extension period, since field measurements 
conducted by IOW showed that Coriolis forces have a significant effect on the flow patterns 
in the Baltic Sea and that they need to be considered in the large scale model. 
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Alls simulations were carried out with the Reynolds averaged Navier-Stokes Equations 
(RANS) which use considerably less computer time and resources then the originally planned 
Large Eddy Simulation (LES). The use of RANS enabled a parameter study and a successful 
parameterization of the mixing process for input to the large scale IOW Baltic Sea model.  
 
2.4. State of the Art at the Start of the Project 
 
As mentioned in section X2.2X this research is this first attempt to quantitatively simultate the 
strucutrally induced mixing caused by a circular cylinder in a stratified environment. 
Therefore it was not possible to extend previous results in this area. On the other hand, there 
was extensive literature for numerical and laboratory studies both in the area of the flow 
around a cylinder in a non-stratified environment as well as the flow of density currents 
without the influce of strutures. An extensive literature sudy and list of references ios found in 
the doctoral dissertation of Stefan Schimmels (2008). A brief selsction of particulary relavent 
literature is given in section X5X.  
 
2.5.  Cooperation with other Parties 
 
This project was conducted in cooperation with the IOW (project coordinator) and LSM. The 
numerical simulations conducted in this project were oriented on the natural scale. As such, 
the laboratory experiments conducted by LSM, and as such on the “laboratory scale” (low 
Reynolds numbers) were restricted to a more scientific exchange of information. The primary 
exchange was with the IOW in the context of the parameterization of the near field mixing for 
input to their large (natural) scale Baltic Sea model. 
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3. 2BEXTENDED PROJECT DESCRIPTION 
 
3.1. Introduction 
 
In the Baltic Sea density currents from the North Sea play an important role for the ecological 
balance. Motivated by the planning of offshore wind parks in the Baltic Sea the mixing of 
these currents by vertical cylindrical piles is addressed by means of detailed numerical 
simulations. The flow is basically governed by the Froude Number, Fr and the aspect ratio of 
the current depth and cylinder diameter D/d. The effect of Coriolis forces is characterized by 

the Ekman Number fD
UC SD   

 
As mentioned in section X2.2X this research is this first attempt to quantitatively simulate the 
strucutrally induced mixing caused by a circular cylinder in a stratified environment. This is 
true not only for the field and laboratory measuremens but in particular for the numerical 
simulations conducted in Hannover. 
 
The numerical simulations war conducted with the commercial program Fluent 6.2 (Fluent 
2005) which solves the Navier-Stokes equations and additional transport equations on 
structured and non-structured grids using a finite volume method. In addition Fluent contains 
numerous formulations for turbulence closure and allows implementation of C-routines e.g. 
for implementing fluid properties, for modifying the flow or to generate specific data for post 
processing.  
 
Due to the unique goals of this research no direct data was available for model validation. As 
such this was validation was shown for specific processes for which data is available, namely 
for non-stratified flow around a cylinder and for a non-disturbed density current. In these 
studies different procedures were tested in order to find the optimal way for defining the grid, 
defining the boundary conditions and especially for simulating turbulence and the resulting 
mixing. 
 
It is noted here, that a detailed description of the underlying theory and results is documented 
in Schimmels, 2008. This report is therefore structured in a similar manner in and summarized 
the validation of the numerical model for non-stratified flow around a cylinder and for a non-
disturbed density current. This is followed by a description of the numerical model. The three-
dimensional flow field around the cylinder is analyzed and the local entrainment rates as well 
as the bulk flux Richardson number are presented. Finally, the total impact of offshore wind 
parks on structurally induced mixing both without and with the influence of the earth rotation 
(Coriolis forces) is assessed. These results are presented in a parameterized manner for use in 
a large scale numerical model.   
 
3.2. Project Description 
 
Density currents also referred to as gravity currents or buoyancy currents are a common 
phenomenon in nature and man-made situations. These currents are driven by buoyancy when 
an external force field like gravity acts on small density differences in liquids or gases. From 
this definition it is apparent that all three terminologies are comparably meaningful. Although 
there is some tendency in the literature to use the synonym ‘gravity current’, for the present 
work ‘density current’ is preferred. Not only because a quick search on Hwww.google.comH 
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supports this choiceF

1
F but much more because it is felt that gravity is only one possible (even 

though the most common) source for an external force field while the density difference is a 
unique property of these currents. 
 
A density difference can either exist between two fluids or between different parts of the same 
fluid caused by a difference in temperature, salinity, or concentration of suspended matter. A 
nice example from everyday life can be observed when a window or door is opened on a cold 
day and the warm lighter air from inside flows out through the upper part of the opening 
while below the cold heavier air from outside flows into the room. It can be recommended to 
try out this interesting experiment at home by detecting the current with a candle or puffs of 
smoke. 
 
From a scientific point of view this example might be of rather limited interest but there are 
many density currents in natural situations and industrial applications which have received 
much attention in the past and might receive additional focus in the future. The pioneering 
experimental work of Ellison & Turner (1959) was inspired by the desire for a theoretical 
description of methane gas climbing up the roof of coal mines. Many other examples of 
density current phenomena are discussed in the review work of Simpson (1987). Atmospheric 
currents such as thunderstorm outflows which result from the cold air in the core of the 
thunderstorm propagating into the warmer surroundings; or sea breeze fronts occurring when 
the air above the land is heated by the sun and cooler air from the sea flows inland. The well 
known oceanic Gulf Stream current is driven by the temperature difference between the warm 
Sargasso Sea and the cold North Atlantic water. Turbidity currents are driven by the slumping 
of sediments that have accumulated at the head of a submarine canyon. Comparable to the 
latter are volcanic lava flows or avalanches which can also be considered as density currents. 
 
The major emphasis of the project lies on density currents in the Baltic Sea which occur a few 
times per year. A map of the Baltic Sea is shown in XFigure 1.1X where also the presumed 
pathways of the density currents are sketched by the full and dashed lines. Before the nature 
of these currents and the motivation for this project is briefly discussed, it is useful to first 
make some general comments on the characteristics of the Baltic Sea. 
 
The Baltic Sea can be regarded as the largest Fjord in the world and as such it is an enclosed 
brackish inland sea connected to the North Sea by the Danish straits made up of Kattegat and 
Skagerrag. Brackish waters are saltier than fresh water but less salty than sea water. An 
enclosed Fjord is constantly filled by fresh water through river runoff from the surrounding 
continent and at the same time it is connected to the salty waters of the open ocean. The 
average salinity in the upper layers of the Baltic Sea is about 8 PSUF

2
F and is a result of the 

mixing process between the fresh river water (and rainfall) with the saline water from the 
open ocean with an average salinity of about 35 PSU.  
 
In a usual situation the lighter brackish water of the Baltic Sea flows out to the North Sea in a 
surface layer while the heavier ocean water enters the Baltic Sea as a dense bottom current. 
These currents are most intense in the Danish straits where they are subject to intense mixing 
and are constantly diluted by the lighter brackish water above. Due to the resulting small 
vertical density differences in the region of the Darss and Drogden Sills and the Arkona 
Basin, these currents do not penetrate far into the bottom layers of the central Baltic Sea but 
are very soon essentially completely mixed with the almost stagnant lighter upper layer. The 
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  about 160000 results for "HdensityH HcurrentH";  about   54900 results for "HgravityH HcurrentH". 

2  PSU: Practical Salinity Unit. 1 PSU corresponds to about 1 ‰ salt which is the former definition for salinity. 

 
 

 



dashed lines in XFigure 1.1X are therefore not representative for the usual situation where the 
flow dynamics is more or less restricted to the surface layer. Much more they correspond to 
special situations which are very intensive inflow events occurring on an inter-annual time 
scale (major inflows) or slightly less intense inflow events occurring a few times per year 
(medium inflows). Both are important for the natural chemical and biological balance of the 
central Baltic Sea, as to be discussed next. 
 
Typical for the Baltic Sea is the topographical subdivision into basins that were formed during 
the last ice age. From the topographical map of the southern part of the Baltic Sea the Arkona, 
Bornholm and Gotland Basins denoted in XFigure 3.1X can be identified by the contour lines. It 
is further seen that the average depth in the Arkona Basin is about 50 m, in the Bornholm 
Basin 100 m and in the Gotland Basin, representative for the central Baltic Sea, around 200 
m.  
 

 

Figure 3.1: Topography Contours for the Southern Baltic Sea  
 
As mentioned above, in a normal situation flow dynamics is essentially restricted to the 
surface layer and the bottom waters below remain unchanged. This leads to the formation of a 
halocline (large salinity (density) change over small vertical distance) which further prevents 
vertical mixing. The stagnant water below the halocline is characterized by an oxygen deficit 
and increasing amounts of hydrogen-sulfide (H2S), phosphate and ammonium as discussed for 
the eastern Gotland basin by Nausch et al. (2003). The only mechanism to ventilate the 
halocline and replace the deep waters in the central basins of the Baltic Sea with oxygen rich 
waters from the North Sea are major and medium inflow events which have been intensively 
investigated in the past (e.g. Matthäus & Franck (1992), Feistel et al. (2003), Burchard et al. 
(2005)). 
 
Unlike in the normal situation, the more intense events are driven by a sea level difference 
between the Kattegat and the Baltic Sea such that the saline North Sea water is barotropically 
advected towards and over the Darss and Drogden Sills and continues to flow into the Arkona 
basin. Following the definitions of Matthäus & Franck (1992) the density difference between 
this current and the ambient Baltic Sea at the sills must be at least about 7 kg/m³ and is 
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usually 30% – 70% higher. As the current travels down the depth contours into the Arkona 
Basin and further on it is constantly diluted by the surrounding lighter waters such that the 
density difference and hence the driving force for the current steadily decreases. 
 
The density anomaly of medium inflow events often ranges between 7 to 8 kg/m³ in the 
Bornholmgatt, the connection between the Arkona and the Bornholm Basins (see XFigure 1.1X). 
This is regarded to be sufficient for the current to further penetrate into the intermediate layers 
of the Bornholm Basin and probably even reach the eastern Gotland Basin (Burchard et al. 
2005). Even if the occurrence of major inflow events has slightly decreased during the last 
decades (Matthäus & Franck (1992), Feistel et al. 2003) it can be assumed that the unaffected 
ecosystem of the Baltic Sea is still in balance and the deep waters of the Baltic proper are 
frequently refreshed by oxygen rich bottom currents. 
 
However, in line with the European goal of providing renewable energy several offshore wind 
parks are planned to be installed in the Baltic Sea especially within the Arkona Basin. Thus, 
the question arises as to how these man made structures will enhance the mixing of dense 
bottom currents flowing through the wind parks and possibly influence the ecological balance 
of the central Baltic Sea. This question is central for the present project. Although in principal 
several types of construction are conceivable for the foundations of an offshore wind turbine 
(see e.g. GIGAWIND, 2004) the major emphasis in the Baltic Sea is on Monopoles, which are 
further idealized as a circular vertical cylinder. This simplification is not only made because 
Monopiles are the most common foundation but even more so because it provides the best 
way to generally analyze the basic processes involved.  
 
Density currents in the Baltic Sea are also influenced by the rotation of the earth and the 
resulting Coriolis forces which change the velocity profiles and lead to a deflection of the 
current patterns.  
 
The central questions of the full project were therefore: 
 

 To what extent will dense bottom currents flowing into the Baltic Sea be hampered 
and diluted by offshore wind parks. 

 
 What impact will these water mass transformations have on the flux of oxygen-

rich North Sea water into the basins of the Baltic Sea such as the Bornholm and 
Gotland Basins? 

 
 What recommendations can be made in lieu of the above for the location, layout 

and extent of offshore wind parks? 
 
The major aim of the FMI – Leibniz University of Hannover project is to investigate the near-
field numerical modeling of the flow around a single structure in a stratified environment by 
numerically calculating the width and length of the wake as well as the enhanced buoyancy 
flux within the wake as a function of the stratified flow field using a three-dimensional 
numerical model. This involved a detailed study of turbulence generation and dissipation in a 
stratified environment in the presence of a pile. Although not originally planed within the 
project, Coriolis effects were also considered and found to be of further significance. 
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3.3. Definitions 
 
A definition sketch of the density currents under investigation is given in XFigure 3.2X. The 
current moves along the x-axis below an ambient stagnant fluid of constant density ρ0. The 
bottom is tilted by an angle α such that the driving force for the current is g·sin(α). The total 
water depth is denoted by H and the depth of the density current by D. As the current travels 
at a speed of U it will entrain a part of the surrounding lighter water which is schematically 
shown by the vectors above the interface indicating the entrainment velocity wE. 
 

 

Figure 3.2: Definition Sketch of a Density Current 
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With the known profiles for density ρ and velocity u (and v in the general case) the depth and 
speed of the current are determined from the following depth-integrated definitions: 
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In the general case the speed of the current is 22 VUUS  . 

 
A density current is driven by the density difference Δρ = ρ – ρ0 which is reduced due to the 
entrainment of ambient fluid into the current by the entrainment velocity wE. This parameter 
can be determined in two different ways. The first directly stems from the volume balance of 
the current where wE is determined from the increase of the current depth and volume flux, 
respectively. In the present case this simplifies to  
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which can be used in the case of undisturbed currents but is rather complicated to be 
evaluated in the highly three-dimensional flow field in a cylinder wake. 
 
The second way to determine the entrainment velocity stems from the potential energy 
balance which can be rewritten as 
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being the depth integrated bulk buoyancy production and νt and σt the turbulent viscosity and 
turbulent Prandtl numbers, respectively. This expression is defined unambiguously in the 
wake of a structure and is therefore used in the present study. 
 
The entrainment velocity is a dimensional quantity but in order to make general conclusions it 
is more appropriate to define non-dimensional parameters. Therefore the entrainment velocity 
is normalized by the current speed thus defining the entrainment rate 
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Another important parameter describing the mixing process is the flux Richardson number 
which is the ratio of the buoyancy production to the total amount of turbulent kinetic energy 
production and is thus representative of the mixing efficiency. The flux Richardson number is 
a three-dimensional quantity. To facilitate the interpretation of the results, the depth integrated 
bulk flux Richardson number is used: 
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The flow of density currents around a circular cylinder is thus basically governed by three 
parameters: the cylinder Reynolds number Re, the densimetric Froude number Fr and the 
aspect ratio of the current depth and cylinder diameter D/d. The Reynolds and Froude 
numbers are given by: 
 

ν

dUSRe    and   
αcosDg

U
Fr S


  (3.10)

 
where  is the kinematic viscosity of the fluid. With a typical cylinder diameter of 5 m and a 
typical current speed of 0.5 m/s the Reynolds number is on the order of Re ≈ 106 and by that 
well in the fully turbulent range. For the influence of wind turbine foundations on density 

υ
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currents in the Baltic Sea the Reynolds number is therefore an unimportant parameter and can 
be further neglected (Schimmels, 2008). 
 
The Ekman number for a density current can basically be defined as the ratio between the 
Ekman layer thickness and the depth of the current. In terms of the parameterized bottom 
friction this can be written as: 
 

fD

UC
K Sd  (3.11)

 
Unlike the Froude number, the Ekman number does not depend on the density difference 
between the current and the ambient fluid and is mainly a measure for the influence of 
Coriolis forces. For small Ekman numbers when the Ekman layer is much thinner than the 
current depth the effect of Coriolis forces is large and the current will be strongly deflected 
and follow the contour lines of the slope. A large Ekman number in contrast implies an 
Ekman layer which is thicker than the current depth such that Coriolis forces become less 
important and the current will flow straight down the slope. 
 
This interpretation of the Ekman number follows directly from the geostrophic momentum 
balance and yields: 
: 




1
)tan(  

(3.12)

 
which shows that β → 0° for large Ekman numbers and β → −90° for small Ekman numbers. 
Please recall that the present coordinate system had been defined with the x-axis pointing 
downslope and the y-axis pointing to the left along the depth contours. A current following the 
slope therefore yields β = 0° while a deflection to the right implies β < 0°. 
 
Finally, the Froude number and the Ekman number can be formally related to each other by a 
combination of the momentum balance equations. In terms of the total slope and the bottom 
drag coefficient this functional relationship is given by: 
 

  1 41 2 2sin
1

d

Fr K K
C

 
   (3.13)

 
In the limits of small and large Ekman numbers can be simplified. For large Ekman numbers 
the Froude number becomes independent of K and approaches 
 

sin

d

Fr
C


  (3.14)

 
For large K, tan αm ≈ tan α and for small α, tan α ≈ sin α (small bottom slopes). 
 
For small Ekman number K < 1, the term in brackets on the right hand side of X(3.13)X 
approaches 1 and the Froude number can be expressed as 
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Even if the theoretical relation between the Froude and Ekman number might be an 
interesting feature which will indeed be used in the following validation of the numerical 
model, the major interest here is on the entrainment. 
 
 
The balance equation for turbulent kinetic energy is governed by three relevant quantities: 
 
P = production of turbulent kinetic energy 
G = buoyancy production 
ε  = dissipation of turbulent kinetic energy 
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In equilibrium the sum of the right had side of the above equation is 0 (XFigure 3.3X). 
 

 

Figure 3.3: Balance of Turbulent Kinetic Energy. Typical 
Vertical Distributions of Production, P, Buoyancy, G and 
Dissipation, ε 

 
Even the mixing process of natural density currents is particularly complicated so that to date 
the entrainment can not be exactly calculated. The literature contains entrainment rates 
resulting from laboratory and field data. XFigure 3.4X shows results in which the entrainment is 
given as a function of the Fr The scatter of the data from the interpolated curves of this double 
logarithmic presentation underlines this statement. 
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Figure 3.4: Entrainment Rate Versus Froude Number. Comparison of Entrainment Laws 
and Measurements from the Literature 
 
Arneborg et al. (2007) have shown that the entrainment depends not only on Froude number 
but also on the Ekman number and the bottom roughness. They compare measurements in 
then Baltic Sea with a depth averages model.  
 
3.4. Model Setup 
 
Calculations were carried out using Fluent 6.2 (Fluent, 2005). The numerical model solves the 
fully three-dimensional Reynolds-Averaged Navier-Stokes (RANS) equations using a finite 
volume method. Although numerous closure equations are possible, the SST k-ω model for 
turbulence closure was found most applicable (Wilcox, 1998, Schimmels 2008). An additional 
transport equation is solved for the salinity distribution and density is calculated using an 
equation of state. The model is completely parallelized with almost 100 % efficiency. All of 
the simulations were made on the HLRN supercomputer (“Hochleistungsrechner 
Niedersachsen”).  
 
The transport equations for turbulent quantities are modified to properly account for the effect 
of buoyancy on turbulence production and dissipation (Umlauf et al., 2003). All simulations 
were carried out for a vertical cylinder placed in the middle of a computational domain of 40d 
length, 40d width and 4D depth (XFigure 3.5X). Details of the grid system b0th for a course and 
fine grid are shown in XFigure 3.8X.  
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XFigure 3.5X also shows the boundary conditions which are Dirichlet conditions at the inlet with 
fixed profiles for velocity, salinity and turbulent quantities. At the outflow boundary velocity, 
salinity and turbulent quantities are treated by a Neumann condition while pressure is given as 
a fixed profile. A pressure condition is also applied at the top boundary and the bottom is rigid 
with an equivalent sand roughness of ks = 0.025 m. The slope of the channel is adjusted to 
generate the desired Froude number and the velocity and salinity profiles, the turbulent 
quantities and pressures needed for the inflow and outflow boundary conditions as well as 
initial conditions were obtained from preliminary simulations without the structure. More 
information about the details of the numerical model is given in Schimmels (2008). 
 

p = 0 Pa

ks = 0.025 m 
tan α = f(Fr,ks) 

Figure 3.5: Definition Sketch of the Computational Domain with the Cylinder in 
the Center. Boundary Conditions are Indicated and the Current Depth Indicated by 
the Shaded Plane 

 
Due to the lack of appropriate measurements for the flow of density currents around a 
cylindrical structure the numerical model was validated separately for non-stratified flows 
around a circular cylinder (XFigure 3.6X after Cantwell & Coles (1983), and for the entrainment 
in undisturbed natural density currents XFigure 3.7X, Schimmels, (2008)). It could be shown that 
the specific features of the individual flows are well predicted by the model which is therefore 
assumed to be equally suited for simulations where the processes are combined. A short 
summary is given in the next sections. 
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Turbulent mixing processes behind a cylinder in density driven gravity currents  - Numerical experiments with RANS equations

Stefan Schimmels & Mark Markofsky
7

Model validation (non-stratified cylinder flow)
(Cantwell & Coles (1983), Re = 1.4·105)

Experiment (u'u') Experiment (v'v') Experiment (u'v')

Numerical (u'u') Numerical (v'v') Numerical (u'v')

Experiment (k) Numerical (k)

 

Figure 3.6: Comparison Between Experimental and Calculated Values of 
Reynolds Stresses and Turbulent Kinetic Energy 
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Figure 3.7: Comparison Between Experimental and Calculated Values for 
Mixing of a Natural Density Current (Schimmels, 2008) 

 
3.5. Non-Stratified Flow Around a Circular Cylinder 
 
Non-stratified flow around structures has been studied for decades. Many laboratory 
experimental results are available for circular cylinder. An excellent summary is found in the 
2-Volume treatise by Zdrakovich (1997). Based on both qualitative and quantitative analysis 
of the extensive laboratory data he describes the different flow characteristics in dependence 
of cylinder Reynolds  
 

 
 

 



Re = U∞d/ ν (3.17) 

 
where U∞ is the undisturbed velocity in front of the cylinder, d the cylinder diameter and ν the 
kinematic viscosity of the fluid. 
 
For the present work additionally the free stream turbulence and the aspect ratio between 
length L and diameter of the cylinder L/d. are of special interest. The prior because of the 
bottom induced turbulence in the incoming flow and the latter because of the incoming 
velocity profile which is not shear free and will cause large scale vorticial structures which 
are sensitive to the aspect ratio. 
 
The flow around bluff bodies is characterized by the detachment of the flow from the cylinder 
surface and the formation of free shear layers that eventually roll up and form vortices behind 
the structure in the wake. This pattern is also typical for the flow around a circular cylinder 
but some distinct features vary significantly with the Reynolds number. Zdrakovich (1997) 
gives an excellent review about experimental evidence for the flow around circular cylinders 
and suggests expressing the Reynolds number dependence by different flow states, each of 
which can be split up into some subcategories.  
 

An excellent summary is found in the 2-volume treatise by Zdrakovich (1997). Based on both 
qualitative and quantitative analysis of the extensive laboratory data he describes the different 
flow characteristics as a function of Re 
 
A summary of the different flow regimes is given in XTable 3.1X which has been adopted from 
Zdrakovich (1997).  
 

Abbr.  State Regime Remin Remax 
      

L  Laminar  
1 
2 
3 

no separation 
 closed wake 
periodic wake 

0  
4-5 
30-48 

4 – 5 
30-38 
180-200 

TrW  
Transition in 
Wake 

1 
2 

far wake 
near wake 

180 − 200  
220-250 

220 − 250 
350-400 

TrSL  
Transition in 
Shear Layers 

1 
2 
3 

lower 
intermediate 
upper 

350-400 
1.0·1033 −2.0·103 

2.0·1043 −4.0·104 

1.0·1033 −2.0·103 

2.0·1043 −4.0·104 

1.0·1053 −2.0·105 

TrBL 
Transition in 
Boundary Layers

1 
2 
3 
4 
5 

precritical 
single bubble  
two bubble 
supercritical 
post-critical 

1.0·1053 −2.0·105 

3.0·1053 −3.4·105 

3.8·1053 −4.0·105 

5.0·1053 −1.0·106 

3.5·1063 −6.0·106 

3.0·1053 −3.4·105 

3.8·1053 −4.0·105 

5.0·1053 −1.0·106 

3.5·1063 −6.0·106 

 

T 
Fully 
Turbulent 

1 
2 

invariable 
ultimate 

 ∞ 

Table 3.1: Different Regimes for the Undisturbed Flow Around an Infinitely 
Long Cylinder after Zdrakovich (1997) 

 

Non-stratified Flow around a circular cylinder has often been numerically simulated. Major 
problems had to be solved in order to simulate turbulence and to generate proper conditions 
on the cylinder surface. Investigations were performed on the basis of the RANS equations 
(e.g. Franke (1991), Bosch (1985)) as well as LES (e.g. Breuer (2000, 2002)). 
 
Although the LES approach seems to be superior to models based on the turbulent viscosity 
assumption this has to be paid with a very much higher computational effort. In a LES a 
significant part of the turbulent flow field is directly resolved by the numerical grid. This 
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must be much finer than in case of turbulent viscosity or Reynolds stress models. Moreover, 
variations along the cylinder span can no longer be neglected and all simulations require a 
three-dimensional grid to account for the vortex stretching and the energy cascade in the 
resolved part of the turbulence spectrum. The increase in computational time is estimated to 
be on the order of magnitude of 100 times higher than for RANS simulations. 
 
Therefore RANS numerical calculations where performed on the high Reynolds number field 
scale. An extensive set of numerical experiment was performed to see which of the turbulence 
models available in Fluent was best suitable for simulating the flow around a circular cylinder 
in this Reynolds number range. The comparison was based on the laboratory experiments of 
Cantwell and Coles (1983), an almost unique data set for the turbulence in the wake of a 
cylindrical pile at Re = 140.000. 
 
The following turbulence models were compared: 
 

 Standard κ-ε model 
 Realizable κ-ε model 
 RNG κ-ε model 
 Standard κ-ω model 
 SST κ-ω model 
 Reynolds Stress Model (SST) 

 
 
In addition investigations were made on the influence of the conditions at the cylinder 
boundary and the detail of the numerical grid.  
 
The simulation was performed on a two-dimensional grid since the approach flow is neither 
shears nor stratified and the turbulence models damp variations along the cylinder axis. The 
cylinder with a unit diameter 1 is placed at x = y = 0 in a computational domain that extents 6 
diameters left, right and in front of the cylinder and 20 diameters in the cylinder wake. Two 
different regular grids have been used which are shown in XFigure 3.8X. Note that the 
coordinates have been non-dimensionalized by the cylinder diameter. However, as the 
diameter had been chosen to be unity this is not important in the present context but for 
consistency all coordinates will be given in non-dimensional form denoted by capital letters.  
 
The grid is circular up to 3 diameters around the cylinder and then converted to the 
rectangular shape of the numerical channel. The finest resolution is in the vicinity of the 
cylinder to account for the wall boundary layer and the free shear layers shed from the 
cylinder surface. With increasing distance from the cylinder the numerical grid gets 
successively coarser while the grid size is kept constant after 6 diameters behind the cylinder 
where the resolution in the wake along Y = 0 is kept more compact compared to the less 
important side regions. 
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The fine grid has twice the resolution of the coarse grid except in the near wall region where 
the distance of the closest grid point is governed by the near wall treatment method. Both the 
wall functions and the two layer approach described in Schimmels (2008) have been used. For 
the wall functions approach the non-dimensional wall distance should be slightly above y+ ≈ 
30 while for the two layer approach it should be less than y+ ≈ 5. To fulfill these requirements 
on both grids identically the distance of the closest grid point to the cylinder surface has been 
chosen to be 2.1·10-3 and 2.5·10-4 cylinder diameters for the wall function and the two-layer 
approach, respectively. As mentioned above the grid is successively coarsened with 

 
 

 



increasing distance from the cylinder, the stretching factor for the coarse grid being about fw ≈ 
1.11 and for the fine grid about fw ≈ 1.06. The main characteristics of the different grids used 
in this study are summarized in XTable 3.2X. 
 

grid N  y+ Δrmin fw 
WF coarse  3,840 32 2.1 • 10-3 1.109 
WF fine  1,2800 32 2.1 • 10-3 1.1062 
TL  4,492 3 2.5 • 10-4 1.116 
TL fine  17,280 3 2.5 • 10-4 1.0623 

 

Table 3.2: Characteristics of the Different Grids Used for the Simulations. Total Number of 
Grid Cells N, Maximum Non-Dimensional Wall Distance y+ , Minimum Wall Distance Δrmin in 
Cylinder Diameters and the Stretching Factor fw in the Near Wall Region. 
 
All of the results presented here for the non-stratified flow around a circular cylinder and also 
in later applications are generally presented in non-dimensional form, i.e. lengths are 
normalized with the cylinder diameter and the turbulent kinetic energy is normalized with the 
square if the free stream velocity. For details and for a comparison of the results for the 
parameters cd, cl and St with those frond in the literature as well as comparisons with the 
mean flow velocities are found in Schimmels (2008). Here we have presented exemplary 
results for a comparison between the numerical results and the laboratory measurements of 
Cantwell & Coles (1983) for the simulated turbulence behind the cylinder.  
 
Following the suggestion of Reynolds & Hussain (1972), Cantwell & Coles (1983) separated 
the flow behind the cylinder in mean, turbulent and periodic components. In has been shown 
that both of the fluctuating components, namely the turbulent and the periodic parts are 
responsible for the mixing. All of the simulations show a time dependent structure with 
alternating eddy shedding, so that such a description of the flow field is also possible here. 
The sum of both of these components was used for comparison since the turbulence models 
are not trimmed to distinguish between them. XFigure 3.9X shows a comparison between the 
mean fluctuating kinetic energy along the symmetry axis Y=0. The 4 plots show the results 
using a course and a fine grid with a wall function (WF) and a two layer approximation (TL).  
 
The RSM and the SST k-ω model show the best agreement with the laboratory data while the 
results for the latter are improved by a refinement of the boundary layer. By contrast, the 
RNG k-ε model works best with a coarse boundary layer grid and the use of wall functions, as 
can be seen by the almost identical results compared to the RSM. All models show an 
increased amount of fluctuating kinetic energy on the fine grids due to the reduced numerical 
dissipation. The retarded separation on the backside of the cylinder is reflected by the peak 
values which are always closer to the cylinder than the experimental data. A comparison of 
the maximum values, which the measurements show to be by ca. X = 1.5 indicate that all of 
the turbulence models show this to be nearer to the cylinder. This is due to the location of 
separation in the measurements which at 77° lies behind the location I the numerical 
simulations.  
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  Course Grid 

 
Fine Grid 

 

 Course Grid near the cylinder 

 

  
Fine Grid near the cylinder 

 

Figure 3.8: Course and Fine Numerical Grid for Simulation of the Non-Stratified 
Flow around a Cylinder 
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WF course grid WF fine grid 

TL course grid TL fine grid 

Figure 3.9: Normalized Mean Total Fluctuating Kinetic Energy Along the X-axis at the 
Plane of Symmetry (Y = 0) 

 
The overestimation of the recirculation length with the standard and realizable -ε model was 
attributed above to an underestimation of the total dissipation which is approved by the 
significantly lower total fluctuating kinetic energy. On the other hand, the standard k-ω model 
showed a too short recirculation length and higher dissipation in the near wake leading to a 
reduced mean streamwise velocity compared to the other models. Also this argumentation is 
manifested by the fluctuating kinetic energy which is always significantly overestimated, 
especially in the near-wake. 
 
Although no significantly new insights might be expected from the lateral extent of the total 
fluctuating kinetic energy, it might be interesting to look at the overall distribution. This is 
shown as contour plots in XFigure 3.10X, where the top panel represents the laboratory reference 
of Cantwell & Coles (1983) and the panels below correspond to the presumably best 
numerical results for each turbulence model. The cross-stream extent is confined for all 
simulations, particularly very close to the cylinder, which nicely shows the impact of the point 
of separation. However, despite this fact the agreement of the experimental data with the 
results of the RNG k-ε model, the SST k-ω model and the RSM is very satisfactory. 
Qualitatively also the standard and realizable k-ε model and the standard k-ω model agree 
with the laboratory data as far as they at least show the right distribution. The absolute values 
are clearly missed which above was assumed to be caused by an over- and underproduction of 
turbulent kinetic energy, respectively.  
 

19

In summary it is concluded that only the RSM, the RNG k-ε model and the SST k-ω Model 
are suitable for the flow around a cylinder. The advantage of the RSM model is that it is of a 
higher order and as opposed to the other models and it directly calculates the Reynolds 

 
 

 



stresses. On the other hand this leads to a significantly greater computer time, since 7 instead 
of 2 equations need to be solved. All of the models overestimate the separation point and the 
mean velocities are higher than those measured. This can be explained in that the numerical 
models have the condition that the flow and the turbulence fields are fully developed although 
for the Reynolds number in the laboratory experiments the boundary layer is laminar and the 
transition to turbulence occurs in the shear layers shortly after the point of separation. There it 
is legitimate to assume that since the turbulence models generated good results despite the 
just mentioned limitation, that they will provide even better results at high Reynolds umbers 
when the boundary layer at the cylinder is fully turbulent and the separation point further 
downstream. 
 
3.6. Natural Density Current 
 
It was shown in the previous section that only three of the tested turbulence models are 
suitable for simulating structurally induced mixing in a non-stratified flow. In this section 
results are presented which show which of these models is most suitable for simulating 
mixing in natural density currents. Schimmels (2008) has shown that difficulties arose with 
the RSM and the RNG k-ε models so that the question was addressed as to whether the SST 
k-ω model is appropriate. The total set of equations to be solved numerically is as follows: 
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Cantwell & Coles (1983) 

 
k-ε Standard (WF fine grid) k-ω Standard (TL course grid) 

 
k-ε RNG (WF course grid) k-ω SST (TL course grid) 

 
k-ε realizable (WF fine grid) RSM (TL course grid) 

Figure 3.10: Comparison of Normalized Mean Total Fluctuating Kinetic Energy k 
 
These represent a mass balance, 3 momentum equations, a two-component turbulence model 
for turbulent kinetic energy (k) und turbulence dissipation rate (ω), a transport equation for 
salinity and finally an equation of state for determining the density as a function of salinity 
(temperature dependence has been neglected). See Schimmels (2008) for details. 
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The basic thought behind all of the turbulence models is hat the flow is generated by 
momentum exchange under the influence of a turbulence viscosity νt which is significantly 
larger that the (normally negligible molecular diffusivity. The same holds for the turbulent 
kinetic energy (k), the turbulence dissipation rate (ω) and salinity whereas the diffusion 
coefficient is calculated from the turbulent viscosity using the turbulent Prandtl number σt.  
Normally constant values between 1 and 2 are used for σk und σω. Different formulations for 
σS account for the stability of the density current due to both velocity /destabilizing) and 
density gradients (stabilizing) on mixing (Munk & Anderson (1948), Schumann & Gerz 
(1995), Canuto et al. (2001)). They generally use a gradient Richardson: 
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A further important aspect of simulating density currents is the treatment of buoyancy 
production: 
 

0

 
 


 


t

S

g
G

z
 (3.25)

 
in the equation for the turbulence dissipation rate X(3.21)X. Buoyancy production in equation 
X(3.21)X is simulated using the constant cω3, which is in itself dependent on other constants in 
the turbulence model, the turbulent Prandtl number and the so called stationary Richardson 
number Rst (Umlauf & Burchard (2003)).  
 
Wind induced mixing of a stable density field in still water was used to show that the best 
results were independent of the model for die turbulent Prandtl number. The best results were 
obtained for Rst  = 0.25, which is the maximum value for high Reynolds numbers (Holt et al. 
(1992), Shih et al. (2000)). For details see Schimmels (2008) 
 
As for the wind entrainment experiment it is sufficient to validate the numerical model for the 
simulation of undisturbed gravity currents with a one-dimensional model where only the 
vertical domain is resolved. Therefore the horizontal domain is made up of only one grid cell 
and periodic boundary conditions applied on the lateral boundaries. To account for the effect 
of bottom roughness a wall boundary condition with ks = 0.025 m has been applied in all 
simulations and the free surface at the top is always simulated with a symmetry (slip) 
boundary condition.  
 
Although the benchmark test has been arbitrarily defined it should at least approximately 
represent the natural conditions in the Baltic Sea. For this purpose the bottom roughness had 
been set to ks = 0.025 m to account for realistic conditions at the sea floor. Coriolis forces 
correspond to a location 55° longitude North with a parameter f  ≈ 1.19·10-4 1/s. The only 
driving force for the current stems from the bottom slope which has been chosen to be quite 
steep with tan α = 1.78·10-3. The total water depth is H = 40 m and the initial current depth is 
set to D = 7.0 m. The salinity difference between the current and the ambient fluid is 
ΔS = 10 PSU which implies a density anomaly of Δρ = 7.85 kg/m³ and a reduced gravity of 
g′ = 0.0765 m/s². The global initial conditions for the benchmark test are compiled in XTable 
3.3X. 
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tan α [‰] ks [m] D [m] ΔS [PSU] Fr 
1.78 0.025 7.0 10.0 0.8 

Table 3.3: Initial Conditions for the One-Dimensional 
Simulations of Entrainment in an Undisturbed Gravity Current. 

 
The distribution of salinity is initially approximated by a simple box profile such that a 
realistic profile will evolve during the starting period of the simulation. In order to keep the 
initial settling time for the current as short as possible also box profiles for the velocities are 
applied that approximate the geostrophic balance. The initial profiles of density anomaly and 
velocity are displayed in XFigure 3.11X where also the resolution of the numerical grid is shown 
in the left panel. 
 

        grid resolution 

 

         density anomaly         velocity 

 

Figure 3.11: Grid Resolution and Initial Conditions for the 
One-Dimensional Simulations of Entrainment in an 
Undisturbed Gravity Current. 

 
As can be seen the grid is refined to the bottom in order to resolve the steep gradients of 
velocity and turbulence quantities in the boundary layer. The interface is initially located at z 
= 7 m and will rise during the simulation due to entrainment. Therefore the region 5 m < z < 
15 m has a constant resolution of Δz = 0.2 m in order to provide constant numerical settings 
during the evolution of the current. It should be noted, that the chosen resolution is 
comparably fine and preliminary tests have shown almost similar results for Δz = 0.5 m. 
However, as the numerical effort for the present grid size of 117 cells over the total water 
depth is relatively small the finest grid was chosen for the present validation. The region of 
the stagnant ambient fluid is numerically easy to treat and requires no specific resolution such 
that the grid for z > 15 m can be made increasingly coarser. 
 
3.7. Comparison of different turbulence models 
 
From the model validation on wind induced mixing it could be concluded that for the 
simulation of entrainment in a stratified shear layer with two-equation turbulence models the 
choice of the specific model is rather unimportant as long as the governing parameters (Rist 
and σt) are adequately incorporated. This shall now be verified by the simulation of a gravity 
current. For all turbulence models the turbulent Prandtl number is given by the model of 
Schumann & Gerz (1995) and the constant cψ3 has been adjusted to fix the stationary 
Richardson number to Rist = 0.25. 
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A unique definition of the stationary Richardson number is not possible for the RNG k-ε 
model due to the additional term in the ε-equation. For the wind induced entrainment 
simulations this had no significant effect although slightly different results compared to the 
other two k-ε models could already be noticed. However, for the present simulation of gravity 
current dynamics this discrepancy is obviously much more severe as the RNG k-ε model was 
susceptible to instabilities and the results showed very strange behavior compared to the other 
models. Therefore this model has not been regarded further and the following discussion is 
limited to the standard and realizable k-ε model and the standard and SST k-ω model. 
 
All simulations were started with the initial conditions described above and run over 5 days. 
XFigure 3.12X shows the temporal evolution of the current depth, entrainment rate, Froude 
number and Ekman number. It is obvious at first sight that the difference between the 
individual turbulence models is marginal. From the current depth in the upper left panel it can 
be seen that the k-ε models and k-ω models are pair wise identical and that the k-ω models 
predict a slightly slower growth of the layer thickness. The same behavior could be observed 
in the wind entrainment experiment and is also here attributed to some kind of numerical 
error. 
 

      Current depth 

     

       Entrainment rate 

 

      Froude number          Ekman number 

 

Figure 3.12: Comparison of Different Turbulence Models. 
Temporal Evolution of the Gravity Current 

 
From the strong variations in the Froude number and entrainment rate at the beginning of the 
simulation it can be followed that the initial settling time of the current is a bit less than 1 day. 
The k-ω models also show some random oscillations in the entrainment rate at the end of the 
simulation for t > 4 days. These can be attributed to numerical problems in association with 
the grid resolution which changes for z > 15 m corresponding to the current depth at the 
beginning of the fluctuations. However, as long as the grid resolution is constant over the 
interface all models are stable and provide basically the same entrainment rates. 
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Due to entrainment the current depth increases with time. In this context it should be noted 
that the entrainment rate in the upper right panel is at first independent from the temporal 
evolution of the current depth. However, by definition both Equations 3.5 and 3.6 should give 
the same entrainment rate, a fact that will be used in the validation of the numerical model in 
the next section. 
 
The Froude number and the Ekman number decrease with time as shown in the lower panels 
of XFigure 3.12X. The latter indicates that the current is more and more deflected from the 
straight downhill path and turns into the hill. The temporal evolution of the Froude number 
together with entrainment rate qualitatively supports the theoretical entrainment laws which 
predict reduced entrainment with decreasing Froude number. Also this point will be later 
discussed below. 
 
The similarity of the different turbulence models concerning the depth integrated results is 
also found in the details. For a current depth of D = 10 m after about 1 day of entrainment in 
the present example XFigure 3.13X displays depth profiles of density difference, buoyancy 
production, streamwise and cross-stream velocity (in the (m, n)-coordinate system), gradient 
Richardson number and flux Richardson number. As the stagnant ambient fluid is of limited 
interest only the lower 20 m of the total depth are shown. 
 
Apart from some minor differences in the buoyancy production and Richardson numbers the 
profiles for all turbulence models are more or less identical. The initial density difference of 
Δρ ≈ 8 kg/m³ decreased by more than 25 % because of the entrainment of ambient fluid. The 
interface between the current and the ambient fluid is characterized by a more or less constant 
density gradient (N2 ≈ 0.01) which is found in the region 8 m < z < 12 m. 
 
A local mixing rate can be deduced from the buoyancy production in the upper right panel 
which increases linearly from G = 0 at the bottom to its maximum value G ≈ 1.5·10-6 right 
below the interface and decreases to G = 0 again within the interface. This indicates the 
damping effect of stratification on turbulence and shows that mixing is most intense just 
below the interface where the ratio between turbulence intensity and stratification is at 
maximum. 
 
The velocity profiles in the middle panels show the typical effect of a rotating frame of 
reference. At the bottom where friction forces are dominant both profiles have the 
characteristic logarithmic form with mean flow direction downhill. With increasing distance 
from the bottom, however, the influence of bottom drag decreases and Coriolis forces become 
dominant. These accelerate the flow in streamwise direction with the maximum velocity right 
below the interface. In cross-stream direction the flow is deflected to the right (v < 0) with the 
maximum velocity in the center of the interface. 
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        Density difference             Buoyancy production 

 
      Streamwise velocity           Cross-stream velocity 

 
          Gradient Richardson number          Flux Richardson number 

 

Figure 3.13: Comparison of Different Turbulence Models. 
Vertical Profiles for Current Depth D = 10 m 

 
From the profiles of the Richardson numbers in the lower panels it can be seen that within the 
interface the stationary values are reached indicating the validity of the equilibrium 
assumption in a stratified turbulent shear layer. At the top end of the interface density and 
velocity gradients tend to zero and the gradient Richardson number becomes ill-defined as 
indicated by the sudden increase for z > 12 m. Also below the interface both increase quite 
significantly before they approach zero at the bottom. This effect is most pronounced for the 
k-ε models and least significant for the standard k-ω model. However, the gradient 
Richardson number is a direct result of the density and velocity profiles which are apparently 
very similar. The alleged large differences stem from the fact that the velocity gradient enters 
squared into the nominator (cf. Equation X(3.24)X) such that small deviations in the velocity 
field can have a large effect on the gradient Richardson number. Hence, it still may be 
concluded that all turbulence models provide the same results. 
 
For the following validation of the numerical model concerning the simulation of density 
currents it is therefore sufficient to regard only one turbulence model. In principal the choice 
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of the turbulence model is arbitrary, but in view of the subsequent simulations of the cylinder 
induced entrainment it seems most appropriate to use the SST k-ω model and ignore the other 
models from now on. 
 
The validation of the numerical model was performed both by comparison with results from a 
vertically integrated theoretical model as well as numerical and measured data presented in 
Arneborg (2007). From the mass balance it must be expected that the total buoyancy g’D does 
not change with time. Furthermore the balance of potential energy requires that the 
entrainment rate should be identical to that derived from the temporal increase of the current 
depth. XFigure 3.14X shows the numerically evaluated and theoretical temporal evolution of the 
buoyancy in the left panel and the entrainment rates in the right panel. 
 

              Buoyancy           Entrainment rate 

 

Figure 3.14: Evaluation of Numerical Errors. Temporal 
Evolution of Buoyancy (left) and the Entrainment Rate (right) 

 
The numerical model predicts a slight increase of buoyancy with time. However, after 5 days 
the difference to the theoretical value is less than 2 ‰ and can therefore be assumed to be 
negligible. Apart from the deviations at the beginning and the end of the simulation already 
argued above the entrainment rates in the right panel show perfect agreement and approve the 
numerical balances of volume and potential energy.  
 
Comparisons of the numerically calculated and theoretical relationships between the Froude 
and Ekman numbers as well as the dependence of the entrainment rate on the Froude number 
are shown in XFigure 3.15X. 
 
Except for the deviations at higher Ekman numbers which are a result of the initial settling of 
the current, the numerical results almost perfectly agree with the theoretical curves. This 
confirms both, the very good performance of the numerical model and that the current is 
indeed in geostrophic balance after an initial settling time. It is thus concluded that the model 
has been validated for use in the calculation of structurally induced mixing in the Baltic Sea. 
 
The influence of Coriolis forces on the flow structure significantly complicates a systematic 
analysis of the mixing process behind a cylinder. It was therefore decided to perform a 
systematic study first without Coriolis forces and then look at the influence of these forces on 
the mixing process. 
 
Therefore the same simulations were repeated without considering the Coriolis term. These 
showed physically unrealistic results after a short time period which eventually led to 
instabilities. This can be seen in XFigure 3.16X which shows the vertical profiles of density, 
velocity, turbulence- and buoyancy-production  after 5, 10 und 15 hours simulation time. 
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            Froude number vs. Ekman number 

 

          Entrainment rate 

 

Figure 3.15: Comparison of the Numerical und Theoretical Results for the  Froude-Ekman
Number Relationship (left) and the Entrainment Rate (right) 

 
 

         Density Difference 

 

       Velocity 

 
       Turbulence Produktion 

 

        Buoyancy Produktion 

 

Figure 3.16: Simulation Results for Vertical Profiles of Density, Velocity, Turbulence and 
Buoyancy Production at Different Times without Consideration of Coriolis Forces 
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From the maximum values of density it is seen that obviously some amount of less saline 
water is entrained into the bottom layer as the density difference between the current and the 
ambient fluid is constantly reduced. However, compared to the profiles after about 24 hours 
shown in XFigure 3.13X the reduction is much smaller which can be explained by the strange 
form of the interface found here. Apparently, the core of the current is more or less unchanged 
while the region above it is extensively mixed. From the profiles of velocity and gradient 
Richardson number it can be deduced that the mixed region is constantly growing and 
turbulence is in equilibrium (Rig = 0.25). However, even without Coriolis forces it should be 
expected that due to the stabilizing effect of stratification the interface will reach a quasi-
stationary state just as those in XFigure 3.13X. In the present case the upper part of the current 
behaves more like a neutral jet and there is evidence that the interaction of the mean stratified 
and turbulent flow fields is unbalanced 
 
Indeed the unphysical model behavior arises due to a wrong prediction of turbulence 
production and is an inherent problem for all models based on the turbulent 
viscosity/diffusion assumption. For these models the production of turbulent kinetic energy is 
proportional to the shear of the mean flow field and if the current is purely two-dimensional 
there is no production in height of the velocity maximum as the only gradient in the flow field 
vanishes. The minimal turbulence production inevitably yields a minimum of turbulent 
viscosity and diffusion which in turn precludes mixing of momentum and salinity and 
consequently results in the unphysical peak in the velocity profile and the steep gradient in 
the density profile. Due to the latter the core of the current is somewhat protected against 
entrainment while the upper part becomes more susceptible to mixing. The currents with 
Coriolis forcing above show a similar behavior during the adjustment of the profiles from the 
initial box shape, but the maxima of streamwise and cross-stream velocity in the balanced 
state are found in different heights limiting the minimum of turbulence production to finite 
values. Thus there is no unphysical suppression of mixing, the profiles stabilize and the 
numerical model provides reasonable results. 
 
One might argue that in a real current there is also a zero gradient in the mean velocity profile 
at the maximum and production of turbulence should vanish at this point leading to similar 
phenomena like above. However, while the first can be assumed to be more or less correct the 
conclusion is definitely wrong as there is evidence for currents without the effect of rotation 
to be stable. The reason is found in the nature of turbulence which is always a three 
dimensional process and in the case of stratified flows is not only produced by shear but also 
by breaking of internal waves. Simulations based on simple two-equation turbulence models 
like the one above must inevitably fail as the relevant processes are neither resolved nor 
adequately incorporated into the model assumptions. 
 
The apparent discrepancy in the model is fortunately not of significance since it only appears 
for non-structurally disturbed density currents. High shear is generated when the flow is 
disturbed by a cylinder and the flow becomes highly three dimensional. So that one can well 
assume that the inherent disadvantages of the turbulence models are negligible in this 
application.  
 
Based on the above it is important to confirm that the density current is stable over a long 
reach. This is particularly important having the correct approach flow before the cylinder.  
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For the following tests a channel with a total length of L = 1000 m and a total depth of H = 40 
m is regarded. With the chosen turbulence models here, however, there will be no lateral 
variations as long as the global conditions remain constant which is assumed here for 
simplicity. Hence, it is sufficient to demonstrate the model behavior for a two-dimensional 
model with only one grid cell in lateral direction as the results are in the fully three-
dimensional case are identical. 
 
The numerical grid is similar to that used for the one-dimensional model above (cf. left panel 
in XFigure 3.11X) with a fine resolution near the bottom to resolve the boundary layer, a 
constant resolution between 5 m < z < 15 m to account for the gradients in the interface and a 
coarser resolution towards the top where the stagnant ambient fluid has no specific 
requirements. Even if the computational requirements for the two-dimensional model here can 
still be easily handled, the grid was chosen as coarse as possible in view of the much higher 
demands in the forthcoming fully three dimensional simulations. It was found that for the 
present simulations a horizontal resolution of dx = 5 m and a vertical resolution of the 
interface by dz = 0.5 m is necessary and sufficient.  
 
In order to more or less reflect realistic conditions found in the Arkona basin the current depth 
is chosen to be D ≈ 10 m with a salinity difference of ΔS ≈ 10 PSU, a target current speed of 
about U ≈ 0.5 m/s and a resulting Froude number of Fr ≈ 0.57. The bottom slope is α = 1.06 
‰ and the bottom roughness has been set to ks = 0.025 m. 
 
The boundary conditions in this two dimensional model must be chosen such that the flow is 
in equilibrium. The inflow boundary conditions are the vertical profiles of velocity, salinity 
and the turbulent parameters k and ω; at the outflow one needs a proper pressure distribution 
which represents the density distribution 
 
For simulations without Coriolis forces a theoretical velocity profile was used in order to 
reduce the development length for the profile within the channel. These are presented is 
XFigure 3.17X. 
 

         Velocity            Salinity 

 
         Turbulent quantities             Pressure 

 

Figure 3.17: Boundary Conditions for a Density Current in 
a Channel Without Coriolis Forces 
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For simulations with a channel in a rotating frame of reference where the current underlies the 
effect of Coriolis forces the boundary (and initial) conditions can be gained from a 
preliminary run of the one-dimensional model which is evaluated when the current reached 
the target depth of 10 m. The lower 20 m of the corresponding vertical profiles for streamwise 
and cross-stream velocity, salinity, turbulent kinetic energy, specific dissipation rate and 
excess pressure are shown in XFigure 3.18X. 
 

         Velocity            Salinity 

 
         Turbulent quantities             Pressure 

 

Figure 3.18: Boundary Conditions for a Density Current in 
a Channel with Coriolis Forces 

 
Detailed descriptions for the determination of the velocity profiles are presented in 
Schimmels (2008).  
 
It is useful to look at some typical results for depth averaged longitudinal profiles of the 
current depth, the Froude number, the volume flux and the entrainment coefficient. XFigure 
3.19X presents these longitudinal profiles after 5000 s, i.e. a flow path 2.5 times the channel 
length and such initial disturbances related to the assumed initial conditions are no longer 
present. One sees the steadiness of the current in the center part of the channel and shows the 
effects at the boundaries. 
 
Especially at the inlet the deviations from the steady state are most significant and much 
stronger than those to be observed in XFigure 3.20X (with Coriolis forces). This could be 
expected as the inflow boundary conditions here were based on a theoretical analysis and the 
current adjusts to the quasi-equilibrium state over about the first 200 m 
 
The strong transformation in the inflow region is associated with large entrainment rates as 
can be seen from the bottom panel in XFigure 3.19X where entrainment within the first 100 m is 
even beyond the displayed range. The volume flux is qualitatively consistent with the 
entrainment rates and shows a large increase in the inflow region. However, in the center part 
of the channel, say between 100 m and 900 m the entrainment rate deduced from the volume 
flux is about E ≈ 5·10-5 and hence almost twice of that based on the bulk buoyancy 
production. 
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            Current depth 

 
             Froude number 

 
           Volume flux 

 
            Entrainment rate 

 

Figure 3.19: Along Channel Profiles for a Density Current 
without Coriolis Forces. Current Depth, Froude Number, 
Volume Flux and the Entrainment Rate 

 
The following holds for the simulations with Coriolis forces (XFigure 3.20X): the entrainment 
rate shown in the lower panel is in the expected order of magnitude of about E ≈ 3·10-5 
implying an entrainment velocity of wE ≈ 1.5·10-5 m/s. In principal the latter could also be 
determined from the volume balance which reduces in the present stationary streamwise 
oriented case to 
 

x

UD
wE d

)(d
  (3.26)

 
The expected increase of volume flux over the whole channel length of 1000 m should 
therefore be about d(UD) = 1.5·10-5 m/s · 1000 m = 0.015 m²/s, which is relatively small but 
can indeed be estimated from XFigure 3.20X. However, due to these extremely small values a 
local evaluation of Equation X(3.26)X requires a very precise determination of the volume flux 
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which is notably precluded from the present data as can be seen from the along channel 
profile shown in the second panel from below.  
 
Compared to the entrainment rate found for the current with Coriolis forces (E ≈ 3·10-5, 
XFigure 3.20X) for the present case without Coriolis forces the entrainment rate can be assumed 
to be higher following the argumentation by Stigebrandt (1985). Thus, the entrainment rate 
shown in the bottom panel of XFigure 3.19X is obviously underestimated which might have been 
expected from the unphysical minimum in buoyancy production below the interface. 
 

            Current depth 

 
             Froude number 

 
           Volume flux 

 
            Entrainment rate 

 

Figure 3.20: Along Channel Profiles for a Density Current 
with Coriolis Forces. Current Depth, Froude Number, Volume 
Flux and the Entrainment Rate 

 
In conclusion density currents in a channel without Coriolis forces can be principally 
simulated with the present numerical model. The mean flow field is quasi not affected by the 
discrepancy of the turbulence model and the results seem to be reasonable although a local 
determination of the entrainment rate is precluded by the erroneous prediction of turbulent 
quantities near the interface. However, entrainment in undisturbed density currents is only of 
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minor interest here and it can be assumed that for the flow around a cylinder this drawback 
disappears due to the presence of secondary currents in the wake. 
 
Without doubt the numerical model can be regarded as validated for the simulation of an 
undisturbed density current in a channel with Coriolis forces and is clearly suited for the 
investigation of the influence of a circular cylinder on these currents in the next chapter. 
 
3.8. Entrainment Induced by a Circular Cylinder 
 
As mentioned previously the present work is motivated by the intended construction of 
offshore wind energy devices in the Baltic Sea and the interest to determine the induced 
dilution of density currents passing these structures. All simulations here were therefore made 
on a 1:1 natural scale with velocities, salinities and length scales varied in a realistic range 
representative for density currents in the Baltic Sea and possible foundations of the wind 
energy devices. However, in order for the results to be of general matter and to be applicable 
to other situations on different scales, it is useful to define the governing parameters of the 
flow and to express the results in terms of non-dimensional quantities. 
 
It was shown that the Reynolds number, Re, is the dominant parameter for simulating the flow 
around a cylinder in a non-stratified environment. For undisturbed density currents the 
densimetric Froude number, Fr, is the governing parameter for mixing and entrainment and 
the Ekman number K for considering the influence of rotation. Finally the ratio of the layer 
thickness to the cylinder diameter D/d is the forth parameter of concern.  
 
All of the simulations were performed on the fully turbulent field scale of Re = O(106). As 
such the Reynolds number has no effect on the flow topology and entrainment rates as long as 
there is no significant change in the flow regime. The Fr was limited to the sub-critical range 
Fr < 1 and the Ekman number to 0.4 < K < 1.2.  
 
A realistic range for Monopiles in the Baltic Sea is 1 < D/d < 2. For small aspect ratios, say 
D/d = 1, the vortices span over the whole current depth carrying fluid from the interface to the 
bottom and vice versa. This can be expected to be in association with rather large entrainment 
rates in contrast to situations with large aspect ratios, say D/d = 10, where coherent structures 
in the wake are of the size of the interface and mixing is restricted to the upper part of the 
current only leading to comparably smaller entrainment rates.  
 
Although density currents in the Baltic Sea are usually influenced by Coriolis forces it is 
desirable for the investigations on cylinder induced entrainment to initially neglect this effect. 
The secondary currents due to Coriolis forces complicate the flow field behind the cylinder 
and hamper the interpretation of the results. Their neglect facilitates the analysis and 
furthermore improves the significance of the results for cases in which rotation plays no role.  
 
All simulations were made on the same computational domain which is sketched in XFigure 
3.21X with the cylinder in the center. The shaded plane is the result of one simulation and 
denotes the current depth which has been added to better visualize the model setup. 
Horizontal length scales are normalized by the cylinder diameter and the vertical scale is 
normalized by the current depth. The coordinate system is placed on the bottom in the center 
of the cylinder with the z-axis pointing vertically upward, the x-axis pointing in streamwise 
direction and the y-axis pointing to the left. 
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Figure 3.21: Definition Sketch of the Computational 
Domain with the Cylinder in the Center. Boundary Conditions 
are given by the Text and the Current Depth Indicated by the 
Shaded Plane 

 
The boundary conditions correspond basically to those used for the simulation of undisturbed 
density currents in a channel. A pressure boundary condition is used at the free surface. The 
major difference comes from the new lateral boundaries at which periodic conditions are 
applied. Like for the top boundary also here symmetry (slip) conditions could have been 
chosen without significantly changing the results at least for purely two-dimensional currents. 
However, if Coriolis forces are regarded the resulting secondary flow in y-direction can only 
be realized with periodic conditions which have then always been used even if they are not 
the only alternative in cases without Coriolis forces. 
 
The bottom roughness is always set to ks = 0.025 m corresponding to a drag coefficient of Cd 
≈ 0.0022 for all cases where D ≥ 10 m. The slope of the channel is then found from the 
definition of the Froude number with tan αm = 0.72 ‰ for Fr = 0.57, tan αm = 0.28 ‰ for 
Fr = 0.36 and tan αm = 1.85 ‰ for Fr = 0.92. Please note that these slopes correspond to the 
inclination in streamwise direction which is identical to the total slope of the channel for 
currents without Coriolis forces. If Coriolis forces will be regarded later the channel must also 
be tilted in lateral direction and the respective slopes can be determined from the total slope 
given by the Ekman number Froude-Ekman number relation and the angle of deflection. 
 
The profiles for velocity, salinity, turbulent quantities and pressure needed for the inflow and 
outflow boundary conditions as well as initial conditions were gained from preliminary 
simulations of undisturbed currents. Just as for currents with Coriolis forces a one-
dimensional model has been used to obtain the corresponding profiles. In cases without 
Coriolis forces, however, this is not possible for reasons mentioned above and the boundary 
profiles were gained from simulations in a two-dimensional channel. 
 
While the (normalized) size of the computational domain is the same for all cases the grid 
resolution had to be adjusted somehow to account for the peculiarities of the individual cases. 
The grid is block-structured and the basic resolution is based on the experiences gained with 
the validation of the numerical model. The combination of a density current flowing around a 
cylinder requires a high resolution in both vertical as well as horizontal domain such that the 
whole problem demands a high computational effort especially because the horizontal domain 
size must be large for reasons mentioned above. The total number of grid cells Ntot, the 
number cells in the vertical Nz and the normalized minimum grid sizes at the cylinder Δrmin 
and within the interface Δzint are compiled in XTable 3.4X. 
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case Fr D/d Ntot Nz Δrmin Δzint 
11xx 0.57 2 338192 47 5.0·10-4 0.050 
21xx 0.92 2 338192 47 5.0·10-4 0.050 
31xx 0.36 2 507288 70 5.0·10-4 0.025  
12xx 0.57 10 299920 47 2.5·10-3 0.050 
13xx 0.57 1 358800 47 2.5·10-4 0.050 

Table 3.4: Grid Characteristics for the Different Test Cases 
 
In the vertical it is necessary to adequately resolve the steep gradients of velocity and 
turbulence quantities in the bottom boundary layer and of velocities and salinity (density) in 
the interface. In the range 0.5 < z/D < 1.5 the resolution of the latter in terms of current depth 
was chosen to be Δzint = 0.05 corresponding to 0.5 m for a current depth of 10 m which was 
found to be sufficient. However, as the thickness of the interface decreases with decreasing 
Froude number the resolution has been doubled for the lowest Froude number investigated 
here to account for this effect. 
 
The horizontal grid topology is the same for all cases and adopted from that used for the 
simulations of non-stratified flow around a circular cylinder. The grid is circular up to 3 
diameters around the cylinder and then converted over the next 3 diameters to the rectangular 
shape of the channel. The finest resolution at the cylinder Δrmin as given in XTable 3.4X 
corresponds to the wall function approach with y+ being in the order of 102 or slightly below. 
To reduce the computational effort the resolution in the far field has been chosen much 
coarser with Δx/d = Δy/d = 1 which is slightly condensed in the wake region. XFigure 3.22X 
shows a side and top view of the complete numerical grid with details at the bottom and 
cylinder displayed in the small panels. 
 
In order to cover a realistic range of Froude numbers and aspect ratios a parameter study was 
carried out. All simulations were run for 8000 time steps. Time steps were adjusted to let the 
current pass the domain within about 1500 time steps. In order to remove initial disturbances 
the simulations were first run for 4000 time steps. Subsequently the mean values for the 
parameters in question were calculated from the following 4000 time steps, corresponding to 
about 30 shedding cycles. 
 
The total number of grid cells was between 3•105 and 5•105 and thus required extremely large 
storage space and computational power. The computations were therefore performed on the 
Super Computer of Northern Germany (HLRN) in which we used 8 or 16 parallel processors. 
Despite a practically 100% efficiency, one computer simulation took several days. 
 
3.9. Structurally Induced Mixing without Coriolis Forces 
 
The goal of the simulation of structurally induced mixing without Coriolis forces is to 
increase understanding of the underlying processes and to provide a basis for systematically 
generalizing results. Thus detailed investigations were made on the influence of the Froude, 
Ekman and D/d numbers on the flow field and the associated mixing process. The major 
results are presented in this report. The reader is referred to Schimmels (2008) for details. 
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            top view 

 

Figure 3.22: Side and Top Views of the Numerical Grid. 
Small Panels Showing the Refined Resolution at the Bottom 
and Around the Cylinder, Respectively 

 
3.10. Case of Reference: Entrainment Induced by a Circular Cylinder without Coriolis 
Forces 
 
The following discussion of a current with Fr = 0.57, Re = 2.5·106 and D/d = 2 is intended to 
introduce the peculiarities of the flow and to provide a reference for the succeeding analysis 
of the influence of the governing parameters. To get a general feeling for the effect of the 
cylinder on the density current it is useful to have a look at the distribution of the density 
(salinity) field and the buoyancy production as a measure for mixing intensity. For this 
purpose XFigure 3.23X shows a contour plot of (dimensional) buoyancy production in four 
different longitudinal sections in the vicinity of the cylinder at Y = 0, Y = 0.5, Y = 1 and Y = 5. 
The contour lines mark salinity concentrations at 0.5 %, 25 %, 50 %, 75 % and 99.5 % of the 
complete salinity difference which indicate the interface. The time averaged flow around the 
cylinder is symmetric and the sections shown here are identical to those for the corresponding 
negative values of Y. 
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Figure 3.23: Salinity and Buoyancy Production at Different 
Longitudinal Sections for the Reference Case with Fr = 0.57, 
Re = 2.5·106, D/d = 2. Contour Lines Indicating Salinities at 
0.5 %, 25 %, 50 %, 75 % and 99.5 % of ΔS. Buoyancy 
Production is Given in Logarithmic Format 

 
In the bottom panel at Y = 5 buoyancy production and density field are both constant over the 
whole length of the section and more or less no disturbance of the current is detectable. This 
indicates that the influence of the cylinder on the current is restricted to the very near field of 
the structure (at least in lateral direction) and moreover it allows for using this section as a 
reference. From the contour lines of salinity the vertical structure of the interface can be 
detected to be of the typical hyperbolic form as found for undisturbed currents. The large 
density gradients in the core of the interface as reflected by the small distances behind the 
contour lines at 25 %, 50 % and 75 % ΔS indicate strong stability against local mixing while 
the upper and lower part where stratification is weak can be assumed to be more susceptible 
to mixing. From the distance of the outer contour lines the thickness of the interface can be 
estimated to be about 0.6d corresponding to 3 m for the present case which is consistent with 
the findings in Section X3.5X for a similar undisturbed current. 
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Also the buoyancy production shows the expected behavior with an increase from the bottom 
to a maximum value of G ≈ 10-6 m2/s3 at the lower part of the interface and a decrease within 
the interface which, however, is presumably not very well predicted due to the inconsistency 
of the turbulence model discussed in section X3.5X. However, as argued there, this discrepancy 
of the model can be assumed to be unimportant in the wake of the cylinder where secondary 
currents prevent a singularity in turbulence production. Much more these currents produce a 
significant amount of additional turbulence in the wake region which is the source for 
increased mixing as reflected by the high buoyancy production rates behind the cylinder 
found in the sections at Y = 0, Y = 0.5 and Y = 1. 
 
The spatial evolution of buoyancy production along these sections shows that after 20 
diameters behind the cylinder the undisturbed profile as given in the lower panel at Y = 5 is 
almost completely recovered suggesting that the effect of the cylinder on entrainment is 
restricted to only a few diameters also in streamwise direction. This is supported by the 
contour lines of salinity which most remarkably change in the near wake, say up to 10 
diameters behind the cylinder, and than remain almost constant indicating that entrainment 
rates recovered to small values. 
 
The evolution of the density field also supports the above assumption that mixing is most 
efficient in those parts of the interface that are only weakly stratified. The core of the interface 
where density gradients are large and the upper part where density gradients are small but 
shear is insignificant remain both basically constant and are only moved up and down by the 
currents around the cylinder to be discussed below. However, the lower part of the interface 
where stratification is weak and shear is large is significantly affected by mixing. This is 
indicated by the distance between the lowest salinity contours which drastically increases 
behind the cylinder visualizing the decreasing density gradient due to entrainment of lighter 
fluid. The white spots in the buoyancy production field found in the near wake at Y = 0 and 
Y = 0.5 represent areas of negligible buoyancy production and reflect that the fluid in these 
regions is completely mixed and the vertical density gradient has vanished.  
 
Without doubt the most active region for entrainment and mixing is found in the wake behind 
the cylinder. However, the flow field in the wake is strongly affected by the situation in front 
of the cylinder which should therefore not be disregarded in the present discussion. The flow 
in the section along the cylinder axis at Y = 0 is completely blocked by the cylinder which 
induces a downward current forming a small vortex at the bottom and an upward current 
lifting the interface. The latter causes an excess pressure to the surroundings driving a 
backflow current within the interface in front of the cylinder which is the source for 
turbulence production and explains the higher buoyancy production found in the upper part of 
the interface in front of the cylinder.  
 
The excess pressure caused by the lifted interface also induces a strong downward current in 
streamwise direction which causes an advective transport of the interface as can be deduced 
from the contour lines of salinity. In the wake upward currents lift the interface again to a 
maximum level about 5 diameters behind the cylinder before it finally settles to a slightly 
lower height when secondary currents and mixing rates have diminished.  
 
To get a better idea about the three dimensional flow field around the cylinder XFigure 3.24X 
shows the velocity field, buoyancy production and salinities at various cross-sections in front 
of and behind the cylinder. Buoyancy production and salinity are given as in XFigure 3.23X and 
the velocity field is represented by the vectors which are differently scaled in the individual 
panels (see reference vector). 
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Figure 3.24: Flow Field at Different Cross-Sections in front 
of and Behind the Cylinder for the Reference Case with Fr = 
0.57, Re = 2.5·106, D/d = 2. Salinity and Buoyancy Production 
are Displayed as in XFigure 3.23X. Note the Different Scaling of 
the Velocity Vectors 

 
The expected symmetry of the (time averaged) flow field can be found in all sections 
justifying the restriction of the above discussion to longitudinal sections at positive Y only. 
Moreover it is obvious at first sight that the influence of the cylinder in the lateral direction is 
indeed limited to a few diameters as directly seen from the pattern of the velocity field and 
further reflected by buoyancy production and salinity at Y = ±5 which are identical in all 
sections, except for X = 30.  
 
This is an effect of the increasing width of the wake which is reflected by the velocity and 
salinity fields in the last four panels and exceeds the width of the section at X = 30. The 
spreading of the wake is associated with a loss of local intensities equalizing high gradients in 
the flow field and smoothing the local effects of entrainment in lateral direction. Before 
continuing further it seems to be more useful to align the discussion of the flow field with the 
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pathway of the current around the cylinder starting in the upper left panel of XFigure 3.24X and 
then going from left to right and top to bottom. 
 
Some distance in front of the cylinder at X = -5 a clear divergence of the current to the left 
and right can already be noticed where the highest velocities are found within in the interface 
but still amount only a few percent of the current speed. Moving closer to the cylinder at X = -
1 lateral velocities close to the cylinder have significantly increased and the upward and 
downward current at the cylinder axis is clearly identified from the vectors at Y = 0 with the 
point of inflection being at about Z = 1.3 (i.e. 2/3D). The lifting of the interface caused by the 
upward current can be deduced from the salinity contours and the increased buoyancy 
production within the interface can be associated with the currents induced by the resulting 
excess pressure.  
 
Right next to the cylinder at X = 0 the downward component of the excess pressure induced 
current is at maximum and of the same order as the current speed. The interface has been 
transported back downwards by this current to reach its minimum level behind the cylinder at 
X = 1. Although a significant vertical downward component is still present left and right of 
the cylinder in this cross-section the highest velocities are found at the cylinder axis and are 
directed upwards. They cause the transport of the interface in the wake back upwards and 
induce large vortices which are more clearly identifiable in the following cross-sections farer 
away from the cylinder. At the bottom another vortex pair is formed which mixes the very low 
bottom part of the current as can be deduced from the slightly higher levels of negligible 
buoyancy production at the bottom indicating that density gradients have vanished in that 
region. However, these vortices are rather unimportant concerning the overall mixing process. 
 
Much more important is the buoyancy production within the interface from which the white 
spots of zero density gradients and negligible production are found again right behind the 
cylinder at X = 1 and X = 2. The highest levels of buoyancy production within each cross-
section are located just around these spots with the overall maximum values found at X = 2. It 
can therefore be assumed that the maximum entrainment rates will be found about 2 diameters 
behind the cylinder and about 1 diameter moved to the left and right, respectively. 
 
Following the current further along the wake at X = 5, X = 10 and X = 30 it can be seen that 
buoyancy production more and more decreases such that at X = 30 additional mixing by the 
cylinder is no longer detectable and the natural state found in front of the cylinder is 
recovered. Within the mean flow field, however, the influence of the cylinder remains present 
much longer as clearly identifiable by the large vortices. This is clear from the fact that 
mixing induced by the cylinder is actually restricted to a rather small region in the wake 
which causes quite significant lateral density gradients. These gradients induce lateral 
currents which drive the vortices and compensate the density difference which will naturally 
take much longer than the actual local entrainment of ambient fluid. 
 
This homogenization process can be well identified from a comparison of the two cross-
sections in the far wake at X = 10 and X = 30. Below the interface there is a current directed to 
the cylinder carrying denser fluid from the lateral far field to the wake region where the 
lowest salinity contour line is lifted while it is lowered at the sides. A similar pattern is found 
within the interface where denser fluid in the lower part is transported away from the cylinder 
while above lighter fluid is added from the sides increasing the amount of low salinity as 
indicated by the lifted uppermost contour line. 
 

41 
 

 



The spatial distributions of the total entrainment rate and the bulk flux Richardson number are 
given in XFigure 3.25X. As explained in Section X3.5X the entrainment rate of the undisturbed 
current cannot be determined from the buoyancy production due to the discrepancy of the 
turbulence model. However, from the volume flux it could be reasonably estimated to be 
about E ≈ 5·10-5 for the present case which was therefore chosen as the lowest level for the 
entrainment rate and is the threshold value to determine the effective entrainment induced by 
the cylinder. The same problem applies to the flux Richardson number which can also not be 
determined for an undisturbed density current without Coriolis forces. A reasonable value 
seems to be about Rif,b ≈ 0.03 (Schimmels, 2008) which has therefore been chosen here as the 
threshold value to identify the influence of the cylinder. 
 

 Entrainment rate                                          105 E 

 
 Bulk flux Richardson number                              Rifb 

 

Figure 3.25: Total Entrainment Rate and the Bulk Flux 
Richardson Number for the Reference Case with Fr = 0.57, 
Re = 2.5·106, D/d = 2 

 
The distribution of the entrainment rate is almost identical to that of the bulk buoyancy 
production above which might have been expected from Equation X(3.5)X where the 
denominator is quasi constant except for some slight deviations of g′D in the rapidly varying 
region very close to the cylinder. Although there is also some entrainment in the bow wave in 
front of the cylinder most mixing takes place in the wake where the highest entrainment rates 
are found at X = 2, Y = ±1 which was already assumed above in the discussion about the depth 
resolved buoyancy production in XFigure 3.24X.  
 
The spatial distribution of the entrainment rate allows for an estimation of the area of 
influence of the cylinder which can be assessed to be about 20 diameters long and 6 diameters 
wide. Although locally the cylinder induced mixing is very intense with entrainment rates 
being more than 2 orders of magnitude higher it can be assumed that the overall effect of an 
offshore wind energy farm on the current is small as long as the structures are not very close 
to each other. However, this will be discussed in more detail in section X3.13X. 
 
From the bulk flux Richardson number it is seen that mixing is not necessarily most efficient 
where the entrainment rates are largest. In contrast the highest mixing efficiency is found 
where entrainments rates already decay although the pattern of both is quite similar at least in 
the far wake. It is beyond the scope of the present work to analyze the mixing process in form 
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of the flux Richardson number in more detail as the major interest is on the actual effect 
which is represented by the entrainment rate. However, it can be concluded that entrainment 
induced by a cylinder is generally associated with higher bulk flux Richardson numbers than 
that found in an undisturbed current. For the present case the maximum values of the bulk 
flux Richardson number are found left and right of the middle axis and show that buoyancy 
production can be up to about 16 % of the total produced turbulence. 
 
3.11.  Parameter Study 
 
The local entrainment is used here to investigate the influence of the governing parameters on 
the mixing process.  
 
It was previously stated and Schimmels (2008 has shown that for realistic conditions in the 
Baltic Sea and the Reynolds number (Re ≈ 106) is regarded as an unimportant parameter for 
the present investigation. From a scientific point of view, however, it might be interesting to 
further investigate the Reynolds number effect by small scale simulations at low Reynolds 
numbers which would then also allow for a comparison with laboratory measurements. But 
this is also a task for future work. 
 
The influence of the Froude number can be seen in XFigure 3.26X for Fr = 0.36; 0.57 and 0.92. 
In all cases the Reynolds number was held constant at Re = 2.5 • 105 and the aspect ratio had 
a constant value of D/d = 2.  
 
Before the spatial distribution of the entrainment rates is discussed it should be recalled that 
the Froude number for all cases regarded in the preceding sections was Fr = 0.57 for which 
the natural entrainment rate of the undisturbed current was assumed to be E ≈ 5·10-5. In this 
study the Froude number is changed in the different cases and by that also the natural 
entrainment rates will change. Hence, for the presentation of entrainment induced by the 
cylinder it is useful to define other threshold values which are oriented at the natural rates. As 
these rates cannot be determined with the present numerical model they were estimated from 
available data in the literature which were compiled in XFigure 3.4X. Assuming the lowest limit, 
the corresponding values could be assessed to be E ≈ 2·10- 5  for Fr = 0.36 and E ≈ 15·10-5 for 
Fr = 0.92. XFigure 3.26X shows the corresponding representation of the entrainment rates for 
the different cases with increasing Froude number from top to bottom.  
 
As might have been expected from the similar flow fields in the wake for Fr = 0.36 and 
Fr = 0.57 also the patterns of the entrainment rates in the upper and middle panel are quasi 
identical except for slightly stronger maxima in the center of the near wake for Fr = 0.57. The 
absolute values, however, are different and suggest that in analogy to undisturbed currents 
entrainment induced by a cylinder also increases with Froude number. This tendency seems 
logical at first sight but is actually not supported by the results for Fr = 0.92 where the 
maximum values are clearly less than for Fr = 0.57 and also the pattern has changed. The 
highest rates are found right in the center of the wake rather than left and right of it and due to 
the homogeneity of the flow field discussed above the spatial distribution of the entrainment 
rates is much more uniform for Fr = 0.92. 
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 (Fr = 0.36)                                                     105 E 

 
 (Fr = 0.57)                                                     105 E 

 
                                                  (Fr = 0.92)                                                         105 E 

 

Figure 3.26: Influence of the Froude Number on 
Entrainment for Cases with Constant Re = 2.5·106 and for D/d 
= 2. Note the Different Lowest Contour Levels 

 
The area of influence of the cylinder is more or less the same for all Froude numbers which is 
the result of the different threshold values based on the natural entrainment rates defined 
above. Also the pattern in the bow wave in front of the cylinder is relatively similar for all 
cases with the tendency to a larger lateral extent with increasing Froude number. This seems 
logical from the above argumentation that the potential of a local disturbance to laterally 
spread increases with decreasing stability of the interface and by that with increasing Froude 
number. Moreover, the comparable patterns support the preceding findings that the dynamics 
of the bow wave are presumably associated with the cylinder rather than the current itself. 
 
The influence of current depth to cylinder diameter ratio will be analyzed in a similar fashion 
like the Reynolds number above by comparing the reference case D/d =2 with two other 
cases, case D/d=1 and 3. All have the same Froude number Fr = 0.57. The current depth was 
kept constant such that the incoming current is absolute identical for all cases and only the 
diameter of the cylinder has been changed. This implies a significant change of the Reynolds 
number which, however, was found above to be unimportant as long as the flow is in the same 
regime. 
 
XFigure 3.27X shows the spatial distribution of the corresponding entrainment rates for the three 
cases with increasing aspect ratio from top to bottom. In fact, it is seen at first sight that the 
entrainment rates are largest for D/d = 1 and decrease with increasing depth to diameter ratio. 
For D/d = 10 the effect of the cylinder can be quasi neglected as the maximum values are 
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more or less in the order of the natural entrainment rates of the current. So again this case 
needs no further discussion. 
 

 (D/d = 1)                                                        105 E 

 
 (D/d = 2)                                                        105 E 

 
 (D/d = 10)                                                      105 E 

 

Figure 3.27: Influence of the Depth to Diameter Ratio on 
the Bulk Flux Richardson Number for Cases with Constant 
Fr = 0.57 

 
The pattern of the entrainment rates behind the cylinder for the other two cases is very similar 
especially in the near wake. Apart from the absolute higher entrainment rates for the smaller 
aspect ratio there is also a tendency to increased mixing in the middle plane along the cylinder 
axis which is less pronounced for D/d = 2. This might be the result of the flow field in the 
wake which had not only higher velocities but was also more concentrated at the cylinder axis 
for D/d = 1 (Schimmels, 2008). Due to the higher intensities in the flow filed, the area of 
influence of the cylinder is seen to be longer for the lower aspect ratio but the lateral extent is 
slightly less than for D/d = 2. This could also be expected from XFigure 3.24X, where the 
deformation of lowest salinity contour, especially at X = 10, is seen to be more confined for 
D/d = 1. 
 
With decreasing aspect ratio entrainment rates not only increase in the wake but also around 
and in front of the cylinder. While the strong intensities in the bow wave found for the lowest 
Reynolds number in the preceding section could not conclusively explained, it might be 
argued that it is a result of the higher blocking ratio and the resulting velocity field around the 
cylinder. It is noted that higher rates in front of the cylinder are clearly visible, but these make 
up less than 10 % of the total entrainment. As the conclusions of the present work are not 
severely affected by this effect, the investigation of the processes involved is left to future 
research. 
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3.12. Entrainment Induced by a Circular Cylinder with Coriolis Forces 
 
The previous discussion was focused on density currents under the influence of Coriolis 
forces and the numerical could be shown to work very well for their simulation. Coriolis 
forces induce lateral currents which complicate the flow around the cylinder and make the 
analysis of the principal processes very difficult. A detailed parameter study was conducted to 
quantify the effect of the Froude number; Aspect Ratio and Coriolis forces on the mixing 
process (see XFigure 3.28X).  
 

 

Figure 3.28: Parameter Study of Cylindrically Induced Mixing in Stratified Flow  

Turbulent mixing processes behind a cylinder in density driven gravity currents  - Numerical experiments with RANS equations

Stefan Schimmels & Mark Markofsky
16

Influence of Coriolis forces

Parameter study:

d/D = 0.5 d/D = 1.0

Fr K Fr K

0.4 0.8 0.4 0.8

0.4 1.2 0.4 1.2

0.5 0.4 0.5 0.4

0.5 0.8 0.5 0.8

0.5 1.2 0.5 1.2

0.6 0.4 0.6 0.4

0.6 0.8 0.6 0.8

0.6 1.2 0.6 1.2

0.7 0.4 0.7 0.4

0.7 0.8 0.7 0.8

0.7 1.2 0.7 1.2

0.9 0.8 0.9 0.8

0.9 1.2 0.9 1.2

 2 x 13 = 26 cases of possible
situations in the Baltic Sea
(and slightly beyond)

 same numerical grid as before
but adopted boundary and 
initial conditions

 
For these simulations it is possible to set the channel slope such that the X-direction is 
parallel to the approach flow, i.e. the vertically averaged later velocity in the Y-direction is 0. 
The strong 3-dimensional flow around the cylinder does not allow the type of analysis 
presented for the non-rotation case. The entrainment rates can, however, be determined by 
integration of the buoyancy production over the water depth. In this manner both the local and 
global influence of the cylinder on entrainment can be quantified. 
 
The complexity of the flow field is demonstrated in XFigure 3.29X which shows the flow field at 
different cross-sections in front of and behind the cylinder for the reference case but now with 
Coriolis forces. 
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X = −5 

 

X = −1 

 
X = 0 

 

X = 1 

 
X = 2 

 

X = 3 

 
X = 4 

 

X = 5 

 

Figure 3.29: Flow Field at Different Cross-Sections in front 
of and Behind the Cylinder for a Density Current with 
Coriolis Forces, Fr = 0.57, Re = 2.5·106, D/d = 2 und 
K = 0.92. Note that in Comparison with XFigure 3.24X Velocity 
Vectors are Equally Scaled 

 
The results can be compared to those without Coriolis forces presented in XFigure 3.24X but it 
should be noted that the velocity vectors here are equally scaled in all cross-sections and the 
lower panels show other cross-sections than those in XFigure 3.24X. These differences have their 
seeds in the lateral current induced by the Coriolis forces which can be very well identified in 
the upper left panel at X = -5 where the influence of the cylinder is not yet intense. It clearly 
shows the typical pattern with a relatively slow component in positive Y-direction below the 
interface and a strong flow in negative Y-direction within the interface with velocities 
reaching up to 50 % of the current speed.  
 
The latter is the reason for the scaling of the velocity vectors and causes any disturbance 
within the interface to be transported laterally away from the cylinder. Note in this context 
that the view of all cross-sections presented here is against the flow direction (negative X-
direction) which was not important up to now due to the symmetry of the flow patterns. Here, 
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however, it implies that a current appearing to be directed to the left in the cross-sections 
presented in XFigure 3.29X actually generates a transport to the right in the streamwise 
direction.  
 
Due to the strong lateral current within the interface the cylinder wake is deflected to the right 
(in the downstream direction) and a presentation of cross-sections aligned at Y = 0 far away 
from the cylinder is actually not useful as indicated by the results at X = 4 and X = 5 showing 
the rapidly decaying influence of the cylinder. Even closer to the cylinder a sound analysis of 
the complex flow field based on the cross-sections presented here is also not possible and 
requires a different methods which were not undertaken within this project.  
 
Some basic features can be extracted from the results in XFigure 3.29X.  
 
The lifting of the interface in front of the cylinder at X = -1, the resulting strong downward 
currents around the cylinder at X = 0, X = 1 and X = 2 and the succeeding upward current at X 
= 2 and X = 3 can be clearly identified. The motion of the interface and the induced vortices 
caused by the vertical currents can also be detected and seem to be to be laterally transported 
like the increased buoyancy production within the interface due to the cylinder. 
 
The complexity of the flow field suggests that the patterns of entrainment rates are also more 
complicated than the situation without Coriolis forces. This can be seen in the following 2 
figures which show the influence of the Froude number (XFigure 3.30X) and the Ekman number 
(XFigure 3.31X) on the local entrainment. In both figures the left column is for D/d = 2and the 
right column for D/d = 1.  
 
Before the results are discussed it is mentioned that these 2 figures show the cylindrically 
induced and not the total entrainment. This aids in the discussion since the natural 
entrainment varies with the Froude and Ekman numbers. One further sees that the lowest 
contour was set at E = 10•10-5 and not E=0. This is due to the fact that in some simulations 
some mostly minor entrainment occurs which was reproducible but did not appear to be 
physically realistic. This lower limit removed these anomalies in most cases. In two cases 
further anomalies were removed manually.  
 
The entrainment rates nicely reflect the deflection of the cylinder wake to the right as 
expected from the discussion of the flow field above. As the lateral velocities due to Coriolis 
forces increase with the current speed and thus the Ekman number the deflection increased 
with increasing Ekman number. Comparison of the left and right columns show that the extent 
of the entrainment is lower for the higher blockage (D/d = 1) when compared with D/d = 2. 
This effect becomes less pronounced with increasing Froude number.  
 
This effect is attributed to the increase of the flow velocity with increasing Froude number 
and is therefore not observed in XFigure 3.31X where the Froude number is constant. It is 
unclear why the blockage effect at the lowest Ekman number K = 0.4 shows a counter trend to 
the other results. 
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 Fr = 0.5, D/d = 2 log(-G) [m²/s³] 

 

 Fr = 0.5, D/d = 1 log(-G) [m²/s³] 

 
 Fr = 0.7, D/d = 2 log(-G) [m²/s³] 

 

 Fr = 0.7, D/d = 1 log(-G) [m²/s³] 

 
 Fr = 0.9, D/d = 2 log(-G) [m²/s³] 

 

 Fr = 0.9, D/d = 1 log(-G) [m²/s³] 

 

Figure 3.30: Influence of Coriolis Forces on Entrainment for 3 Cases with 2 Different Aspect 
Ratios (D/d = 2 and 1); with Different Froude Numbers but with a Constant Ekman Number 
K = 0.8; left column: D/d = 2, right column D/d = 1 
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 K = 0.4, D/d = 2 log(-G) [m²/s³]  K = 0.4, D/d = 1 log(-G) [m²/s³] 

 K = 0.8, D/d = 2 log(-G) [m²/s³]  K = 0.8, D/d = 1 log(-G) [m²/s³] 

 K = 1.2, D/d = 2 log(-G) [m²/s³]  K = 1.2, D/d = 1 log(-G) [m²/s³] 

Figure 3.31: Influence of Coriolis forces on Entrainment for 3 Cases with the Same Aspect 
Ratio (D/d = 2) but Different Ekman Numbers for Fr = 0.5; left column: D/d = 2, right column
D/d = 1 
 

It is also not totally clear why there is increased entrainment directly behind the cylinder. This 
can be particularly observed for D/d = 2 at higher Froude numbers and for D/d =1 at lower 
Froude numbers. It appears that this is due to the vertical velocity profile in the lateral 
direction through which the flow below the density interface is directed towards the left. The 
interaction between this flow and the cylinder structure generates the observed complicated 
flow patterns behind the cylinder. 
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XFigure 3.30X and XFigure 3.31X clearly show that the local entrainment distribution is not as 
clearly defined as for the case without Coriolis forces. Nevertheless it is clear that the mixing 
which takes place in the presence of Coriolis forces is limited to a small reached measured in 
relatively few diameters from the cylinder with values on the order of E = 2•10-3, i.e. two 
orders of magnitude higher than the natural entrainment rates. This statement does not 
essentially change when the lower limit for the lowest contour level for E is reduced. The 
main area of influence is still limited to a small reached measured in relatively few diameters 
from the cylinder. The effect of the cylinder on entrainment is then, however, numerically 
somewhat higher. The choice of the lowest contour level for E is therefore not considered to 
be of major significance for the qualitative evaluation of the mixing phenomena. This should, 
however, be considered in a quantitative analysis (see below). 
 
Even if the area of influence of the cylinder is considerably different for the two cases the 
absolute entrainment rates are very similar and comparable to those found for the 
corresponding cases without Coriolis forces above. This significantly improves the credibility 
of the foregoing results which before might have seemed questionable for the simulation of 
purely two-dimensional undisturbed currents.   
 
3.13. Total Entrainment 
 
In the preceding sections the principal effect of a circular cylinder on the flow field, 
entrainment rates and mixing efficiencies of a density current has been analyzed and the 
influence of the individual parameters governing the flow has been thoroughly investigated.  
 
An analysis of the overall impact of the cylinder on the dilution follows. 
 
The total entrainment induced by the cylinder Ecyl is found by integrating the local 
entrainment rates over the area of influence of the cylinder indicated by the contour plots 
shown in the preceding sections. This value seems to be rather abstract at first. It is, however, 
the essential parameter in this study as it allows a reduction of the results of the non-
dimensional parameter study to a single value which then can be used to quantitatively 
evaluate the influence of a Monopile on mixing in the range of the parameters studied 
(0.4≤Fr≤0.9; 0.4≤K≤1.2 and 1≤D/d≤2). In this way one can directly globally estimate the 
influence of wind parks on mixing in the Baltic Sea and also present a parameterisation for 
mixing for use in a large scale Baltic Sea model. 
 
The lowest contour levels for the case without Coriolis forces were chosen by intention to 
correspond to the natural entrainment rates of the undisturbed current such that the additional 
amount due to the presence of the cylinder is clearly identified. However, without the 
presence of the cylinder the current would still be diluted by the natural entrainment rates 
which have therefore first to be subtracted from the results presented above before 
integrating.  
 
The corresponding total additional entrainment rates due to the cylinder are shown in XFigure 
3.32X as a function of the Froude number for the non-rotation case. Each of the individual 
points corresponds to one specific case and the results for the different aspect ratios can be 
distinguished by the various symbols. The clustering of the individual points reflects the 
negligible influence of the Reynolds number previously discussed. The curves represent some 
kind of entrainment law which will be discussed below. They have been added primarily in 
order to better visualize the results and to simplify their interpretation.  
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Figure 3.32: Total Entrainment Induced by a Circular 
Cylinder as a Function of the Froude Number without 
Coriolis Forces 

 
The curves in XFigure 3.32X represent the attempt to provide some kind of entrainment law for 
the present configuration which might at least be valid for the low Froude number range. The 
data suggests this law to be of the same form like the general entrainment law for undisturbed 
density currents given by  
 

n
bE mRi  (3.27)

 
(Schimmels, 2008) which in terms of the Froude can be written as: 
 

1
1

n
cylE m Fr  (3.28)

 
From the data for D/d = 2 the parameters could be determined to be n1 = 1.6 and m1 = 0.08. 
For the lack of further data the exponent n1 was assumed to be independent of the aspect ratio 
and the other curves were fit through the (single) data points by adjusting the parameter m1 
only, which is found to be m1 = 0.11 for D/d = 1 and m1 = 0.005 for D/d = 10. 
 
At first sight the curves seem to be a reasonable approach showing that the total additional 
entrainment induced by the cylinder increases with Froude number. This is consistent with the 
local entrainment rates discussed above (cf.  XFigure 3.26X) which also increased from Fr = 
0.36 to Fr = 0.57. However, it was also found that for the higher Froude number Fr = 0.92 the 
maximum local entrainment rates in the near wake decrease again while the rates farer away 
are higher due to a more homogenous flow field. In consequence, the integrated total 
entrainment rates do not increase further as suggested by the full curves but seem to approach 
a maximum value represented by the dashed line.  
 
While the increase of the cylinder induced entrainment for low Froude numbers seems 
comprehensible, justifying the appliance of X(3.28)X, the cause of the observed effect found for 
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higher Froude numbers is less clear. It might well be the case that the assumption of an 
asymptotic behavior for higher Froude numbers is not correct and the entrainment rates will 
even decrease which, however, can only be clearly judged with additional data. It is therefore 
inadvisable to provide a mathematical relationship for this effect at this point but in it is 
assumed at this point that the increase of the cylinder induced entrainment with the Froude 
number is limited to the lower Froude number range and will quickly approach a maximum 
value. 
 
It can be expected that the same behavior also occurs for the other aspect ratios. 
Unfortunately this assumption cannot be verified here due to the lack of data emphasizing the 
strong need for a complementation of the present dataset. However, as could be expected 
from the lateral distribution of the entrainment rates in XFigure 3.27X, the present data suggests 
that the total entrainment by the cylinder increases with decreasing aspect ratio (increasing 
blocking ratio). To allow for a better interpretation of this effect the data has been plotted as a 
function of the current depth to cylinder diameter ratio in XFigure 3.33X where the curves again 
represent an entrainment law in terms of the aspect ratio. 
 

 

Figure 3.33: Total Entrainment Induced by a Circular 
Cylinder as a Function of the Current Depth to Cylinder 
Diameter Ratio 

 
The data suggests the general form of this law being exponential: 
 

 2

2
n D d

cylE m e  
(3.29)

 
and the parameters found by a fit through the results for Fr = 0.57 are n2 = -0.35 and m2 = 
0.065.As the increase of entrainment with the Froude number is limited, the parameters for Fr 
= 0.92 are assumed to be the same, with a possibility of a slightly higher value for m2. The 
slope n2 was assumed to be valid for all Froude numbers and the curve for Fr = 0.36 was 
found by only adjusting m2, which yielded m2 = 0.033.  
 
Although the curves seem to represent the present data very well and nicely show the 
decrease of entrainment with increasing aspect ratio, the parameters (at least for Fr = 0.36) 
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should be verified by additional data. It should also be noted that the entrainment law X(3.29)X 
looses validity for D/d → 0 as at the limit entrainment will naturally vanish and not reach a 
finite value as shown in XFigure 3.33X. Thus, it might be interesting further to investigate the 
effect of the cylinder for very low aspect ratios in order to assess the ratio with the maximum 
effect, but also this is left as a task for future work.  
 
XFigure 3.34X shows the influence of the Coriolis forces on Ecyl;  and presents the dependence of 
Ecyl for different Ekman numbers for the cases of D/d = 1 (full lines) and D/d = 2 (dotted 
lines).  
 

 

Figure 3.34: Total Entrainment Induced by a Circular Cylinder as Function of the Froude 
and Ekman Numbers 
 
It clearly shows that the cylindrically induced mixing increases with the Froude number. This 
is a logical consequence of the result of a reduction of the density induced turbulence 
damping with increasing Froude number. In addition the entrainment is higher with increased 
Ekman number although this effect is not so pronounced as the influence of the Froude 
number. Even if the curves are close together it appears that the total cylindrically induced 
entrainment is higher for D/d = 2 as for D/d = 1. This may appear at first strange since that 
appears to apply that for a given density layer mixing increases for smaller cylinder 
diameters. That is, however, not the case as the cylinder diameter is also incorporated in the 
dimensionless parameter Ecyl. This will be demonstrated with the following equations and a 
numerical example.  
 
The total amount of entrained ambient fluid into an undisturbed density current can be given 
by 
 

AEUQ natSnat   (3.30)
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where Us is the current speed, Enat is the natural entrainment rate of the current and A is the 
surface area over which the ambient fluid is entrained. The corresponding absolute amount of 
entrainment due to the cylinder is  
 

2dEUQ cylScyl   (3.31)

 
where the factor d2 reflects the fact that the total entrainment rate Ecyl given above was found 
by integration over an area normalized by the cylinder diameter.  

XFigure 3.35X shows the cylindrically induced flow Qcyl as a function of the Froude number for 
a 10 m density layer. Two cylinders are compared, namely d = 10 m (D/d = 1) and d = 5 m 
(D/d = 2). It clearly shows that for the same Ekman number the entrainment rate for the 10 m 
diameter cylinder is higher than that for the 5 m cylinder. 

 

 

Figure 3.35: Total Cylinder Induced Entrainment Qcyl as a Function of the Froude Number 
for Different Ekman Numbers and Cylinder Diameters with D = 10 m 
 

The influence of the cylinder on mixing can be further quantified by comparing the cylinder 
induced to the natural entrainment. This is done by combining Equations X(3.30)X and X(3.31X).  
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The first term on the right hand side represents the actual impact of the cylinder as it defines 
the entrainment per unit area related to the natural entrainment without the presence of a 
cylinder. The corresponding values for the parameters investigated here are given in XTable 
3.5X, for the case without Coriolis forces where the values in brackets have been extrapolated 
using XFigure 3.33X and in XTable 3.6X for the case with Coriolis forces. 
 

 Fr = 0.36 Fr = 0.57 Fr = 0.92 
D/d = 1 ( 1130 ) 920 ( 330 ) 
D/d = 2 800 650 230 
D/d = 10 ( 40 ) 30 ( 10 ) 

Table 3.5: Total Impact of a Circular Cylinder on a Density 
Current in Terms of Relative Entrainment Rates per Unit Area 
(Ecyl / Enat) without Coriolis Forces 

  
Fr 0.4 0.5 0.6 0.7 0.9 

K 0.8 1.2 0.4 0.8 1.2 0.4 0.8 1.2 0.4 0.8 1.2 0.8 1.2 

D/d = 1 723 864 1633 1181 845 1473 1215 1558 1129 1377 1404 909 858 

D/d = 2 1241  1323 1384 1350 1131 1728 1712 1981 1725 1588 1466 1176 1310

Table 3.6: Dependence of the Cylinder Induced Entrainment Rate to the Natural 
Entrainment Rate Ecyl/Enat. for Different Ekman Numbers 
 
These tables show that the cylinder induced entrainment is in the range of three orders of 
magnitude higher than the natural entrainment. Although this appears at first glace to be large 
it is important in the context of total impact to consider that the natural mixing occurs over 
the total interstitial area of the density current whereas the increased cylindrically induced 
entrainment is restricted to a reach of diameters from the cylinder.  
 
An offshore wind park consists of numerous units which are spaced far from another. As such, 
the influence of the wind park on the entrainment is significantly dependent on the diameter 
of the individual piles and their spacing measured in diameters.   
 
This is illustrated by a numerical example for a density current with D = 10 m, a Froude 
number Fr = 0.5 and an Ekman number K = 1.2. The wind park is assumed to have Monopiles 
with a diameter d = 5 m and a spacing of 50 d (250 m). It is noted here that the spacing is 
generally considerably greater than 50 d. From the spacing A = 250 • 250 = 62,500 m2 and 
from XTable 3.6X Ecyl/Enat = 1,131. From Equation X(3.32)X the Qcyl = 45% Qnat. 
 
This result can be generalized if one replaces the area A in Equation X(3.32)X with  
 

 2NdA  , (3.33)

 
where N is the spacing in the number of diameters d, yields 
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This states that the influence of the cylindrically induced mixing decreases with N2. Equation 
X(3.34)X is given in XFigure 3.36X were the fat lines represent the extreme values in XTable 3.6X, 
namely Ecyl/Enat = 1,981 and 723. All of the other cases (thin lines) are between these two 
limits. The numerical example is generalizes with the thin dotted cure from which one can 
directly read Qcyl/Qnat = 45% for N= 50. In order to double the entrainment for this case the 
spacing would need to be reduced to N = 34. Even for the highest mixing (Fr = 0.6; K = 1.2 
and D/d = 2 (fat full line), a distance of less than 45 d is necessary to double the natural 
mixing. For a realistic spacing of 500 m, the entrainment would increase in the worst case by 
less than 20%. In summary XFigure 3.36X shows that for a spacing > 50 d the ratio of the 

cylindrically induced to natural entrainment 1
nat

cyl

Q

Q
; for a spacing > 70 d is 50,

nat

cyl

Q

Q
and for 

a spacing > 100 d is 20,
nat

cyl

Q

Q
. These values will normally always be reached for wind parks.  

Figure 3.36: Dependence of the Cylinder Induced Mixing to Natural Entrainment (Ecyl / 
Enat) as a Function of the Normalized Distance Between the Structures, N Based on Extreme 
Values 
 
Assuming further that the natural entrainment in the Baltic Sea is constant over the entire 
distance from the Sills to the deep basins, the ratio of the area of the wind farm and the 
surface of the current gives the impact of the wind farm. In other words to increase the total 
amount of naturally entrained ambient fluid by 1 % requires that the towers are spaced at 
< 30 d and that the total area of the wind farm (or many smaller ones) is 1 % of the total 
surface area.  
 
This result might be further clarified if the additional entrainment rates are seen from a 
different angle of view suggested by the depth integrated theory. In the depth integrated 
momentum balance it could be shown that the entrainment rate can be regarded as a drag 
coefficient. Hence, the additional entrainment induced by a cylinder can also be interpreted as 
an increase of bottom friction. This point of view further allows consideration of the effect of 
wind parks in regional numerical models (covering the whole Baltic Sea or at least a part of 
it) by simply increasing the bottom friction coefficient within the area of the wind farm.  
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Coming back to the above example the absolute increase of the drag coefficient would be 
Cd,cyl = Ecyl · d

2/A =  5·10-5 which is 2 orders of magnitude smaller than the actual drag 
coefficient (Cd ≈ 2-3·10-3) and seems to be insignificant (see Schimmels, 2008 for details). 
 
A final comment is made here on the effect of the assumption that the lower limit for the 
evaluation of the entrainment for the case with Coriolis forces was set at E = 10•10-5. As such 
the statement is justified that this assumption could lead to an underestimation of Qcyl. Based 
on the above one can see that even if Qcyl is increase by 50%, which is not the case, the 
entrainment induced by wind parks appears to be minimal. This is due to the spacing in the 
wind park and the fact that the areas affected by a single monopole is local and relegated to a 
small number of diameters from it. 
 
These results give a good estimation of the total effect of entrainment for planed wind parks 
in the Baltic Sea. The parameterization can be used as the basis for a more detailed far field 
analysis using the IOW Baltic Sea model.  
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4. 3BSUMMARY AND CONCLUSIONS 
 
The major goal of this project was the investigation of the influence of circular cylinders on 
density currents motivated by the desire to determine the impact of planned offshore wind 
energy parks on the dilution of such currents in the Baltic Sea. The approach to the problem in 
the present case was based on detailed three-dimensional numerical simulations using Fluent 
6.2 requiring a proper definition of the issues of matter and a thorough validation of the 
numerical model.  
 
The actual core of the present work begins where the general features of the flow around a 
circular cylinder were discussed and the numerical model was validated by a comparison with 
data from the literature (Cantwell & Coles (1983). It was demonstrated that the flow field 
around a cylinder depends on the cylinder Reynolds number and the peculiarities of the 
different flow regimes were illustrated. In view of the high Reynolds numbers to be expected 
for the actual problem here, the validation was carried out for Re = 140,000 as no appropriate 
measurements for higher numbers exist. Several different turbulence models and grid 
resolutions were tested and the results were compared with the laboratory data and data of 
other numerical simulations from the literature with the focus on the turbulence in the wake as 
it is the major source for mixing of a density current.  
 
It could be shown that the grid resolution has no significant influence on the results as long as 
the boundary layer at the cylinder is well resolved. Concerning the turbulence models it 
turned out that a Reynolds stress model (RSM) with the least modeling assumptions involved 
provides very reasonable results. However, in contrast to all other considered models, also the 
RNG k-ε model and the SST k-ω model could be shown to be equally well suited for the 
simulation of this kind of flow. 
 
After the basic phenomena for the (non-stratified) flow around a circular cylinder had been 
discussed and the numerical requirements for their simulation determined the general aspects 
of density stratification were evaluated. A major effect of stratification is the damping of 
turbulence which must also be regarded in the numerical model. This can be done by an 
additional term in the transport equations for the turbulent quantities accounting for the 
production of buoyancy. While its role in the turbulent kinetic energy equation is physically 
sound, the corresponding effect on the dissipation rate is less clear but could be shown to be 
associated with the stationary Richardson number.  
 
By simulations of wind induced entrainment in a stably stratified fluid it was found that a 
reasonable value for the stationary Richardson number of Rist = 0.25 provides the best 
agreement with an empirical solution (Price, 1979) based on laboratory data (Kato & Phillips, 
1969). Moreover this validation of the numerical model showed that mixing in a stratified 
shear layer is indeed mostly governed by the stationary Richardson number so that the 
turbulent Prandtl number and the choice of turbulence model play an insignificant role. 
 
Before the mixing of density currents induced by a cylinder was finally regarded it was 
necessary first to discuss the undisturbed nature of these currents and to validate the 
numerical model for their simulation. To get a better idea about the properties and the 
behavior of undisturbed density currents a depth integrated theory (similar to that provided by 
Arneborg et al., 2007) was derived, which also served as the major reference for the 
validation of the numerical model. As oceanic density currents are usually subject to Coriolis 
forces these were included in the theory as well as in the numerical simulations. While the 
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flow around a cylinder was found to be governed by the Reynolds number the governing 
parameters for density currents are the densimetric Froude number and, if Coriolis forces are 
present, the Ekman number. Entrainment on the field scale could be shown to be a function of 
both these latter parameters. 
 
The performance of the numerical model for the simulation of undisturbed density currents 
was investigated by means of one-dimensional simulations only resolving the vertical water 
column. A preliminary test confirmed that the choice of turbulence model has no significant 
influence on the results as long as the stationary Richardson number can be fixed. This is not 
immediately possible for the RNG k-ε model due to an additional term in the dissipation rate 
equation. In spite of the good results for the non-stratified cylinder flow this model could 
therefore be regarded to be inappropriate for the intention of this work. Instead it was 
concluded that the SST k-ω model is best suited for the present purposes and therefore all 
following simulations were performed with this model. 
 
The comparison of numerical simulation results with theory showed very nice agreement 
concerning all of the relevant current properties and the credibility of the model could be 
finally confirmed by a further validation against field measurements in the Arkona Basin 
(Arneborg et al. (2007)) even if the real situation could only be partly reflected within the 
one-dimensional domain. However, it was also shown that without the secondary lateral 
currents induced by the Coriolis forces the numerical simulations for the prediction of the 
long term evolution of undisturbed density currents in a one-dimensional model is essentially 
not possible. This is due to the zero gradients in the velocity profile below the interface which 
in case of the present two-equation turbulence models based on the turbulent viscosity 
assumption leads to a singularity in turbulence production and an ambiguous behavior of the 
current interface.  
 
As the analysis of cylinder induced entrainment requires only the simulation of a small 
section of the current, the erroneous prediction of turbulence production was assumed to be of 
minor importance. This was supported by reasonable results for simulations in a finite channel 
and is attributed to the facts that in the three dimensional simulations the three-dimensional 
flow field in the wake of the cylinder prevents the singularity and further it could be shown 
that by choosing the proper boundary conditions the velocity profile in front of the cylinder 
remained stable.  
 
According to the goals of this project the analysis of cylinder induced mixing was based on 
simulations on a natural scale. All of the results were evaluated and presented using non-
dimensional parameters which should aid other researches for comparison with our results. 
For the present problem these were identified to be in the order of importance: the densimetric 
Froude number, Fr, representing the general stability of the current; the Ekman number, K, for 
considering the effects of the earths rotation; the cylinder aspect ratio, D/d, (the ratio of 
current depth to cylinder diameter) and finally the cylinder Reynolds number, Re, for 
describing the level of turbulence.  
 
Since the lateral currents induced by Coriolis forces significantly complicate the flow around 
the cylinder and inhibit an analysis of the principal effects, the major emphasis was initially 
set on currents without Coriolis forces. The results of this study are presented in detail in 
Schimmels (2008). In this report the major aspects and results were summarized and the 
effect of Fr and D/d on the entrainment qualitatively and quantitatively evaluated. On the 
field scale Re is on the order of 106 and is not a significant parameter for entrainment. It was 
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shown that the entrainment increase with increasing Fr and cylinder diameter (lower values of 
D/d).  
 
A comparison of the spatial distributions of the entrainment rates showed that the local effect 
of the cylinder is quite significant with entrainment rates being 2 to 3 orders of magnitude 
larger than those of an undisturbed current. However, the area of influence of the cylinder is 
confined and was found to be only about 20 diameters long and 6 diameters wide. This is 
more or less independent of Froude number and the aspect ratio. On the other hand there is 
also some entrainment in front of the cylinder induced by the bow wave which changed with 
both parameters even if it was not possible to find a clear dependence. As more than 90 % of 
the total entrainment is due to the wake, the significance of the bow wave for the global effect 
of the cylinder is limited. 
 
The global effect of the cylinder can be regarded as the total amount of additionally entrained 
ambient fluid found by integration of the local entrainment rates. Based on the admittedly 
sparse present data it was possible for the non-rotating case, to propose entrainment laws for 
the dependence of the total entrainment on the Froude number and aspect ratio, respectively. 
The law for the latter showed an exponential decrease of entrainment with increasing depth to 
diameter ratio while for the Froude number it was assumed to be a potential law similar to 
that for undisturbed density currents with entrainment increasing with Froude number. 
However, as suggested by the local entrainment rates, the potential law is only valid for 
smaller Froude numbers and the rate of increase of the total entrainment declines with higher 
Froude numbers. By that the maximum possible entrainment induced by a cylinder in a non-
rotating flow could be assessed to be limited to Ecyl < 0.06. 
 
The effect of the Ekman number was not initially planned within this project. Toward the end 
of the initial project phase it was found that Coriolis forces play a dominant role in mixing in 
the Baltic Sea and should be investigated in detail. This was undertaken during the extension 
phase.  
 
Due to its lateral components, the flow around the cylinder under the influence of Coriolis 
forces is much more complex. The flow patterns were briefly described and interpreted and 
the local entrainment presented as a function of Fr, K and D/d. It was also found that the 
extent of the local entrainment under the influence of Coriolis forces is spatially restricted as 
above. The deflection of the entrainment pattern to the right increases with K. The extent of 
influence of the cylinder increases somewhat with increasing Fr. Although the relative 
effective area, measured in diameters, decreases with increased blockage (decreasing D/d), 
the local entrainment rate increases. The maximal local entrainment rates do not significantly 
change when compared with the non-rotating case and lie somewhat higher in the range of 3 
orders of magnitude greater then the natural entrainment.  
 
It was further found that entrainment induced by a cylinder can be regarded as an increase of 
bottom friction and by a simple but quite realistic example it was demonstrated that the 
natural drag coefficient would be increased by only about 2 % within the area of the wind 
park. 
 
As stated above, the global effect of the cylinder can be regarded as the total amount of 
additionally entrained ambient fluid found by integration of the local entrainment rates. The 
total impact, defined by the ratio of the total cylinder induced entrainment to the natural 
entrainment rate, Ecyl / Enat, was used for an estimation of the influence of offshore wind 
parks. This was evaluated as a function of Fr, K and D/d. This allows both an estimation of 
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the total entrainment to be expected from offshore wind parks and also allows a 
parameterization for input to the IOW Baltic Sea model. A graphical representation of the 
dependence of Ecyl on Fr, K and D/d were presented and their use demonstrated with the aid 
of numerical examples.  
 
Based on this analysis it is concluded, that the increase in entrainment due to a wind park was 
found to be very small for conditions to be expected in the Baltic Sea, where the spacing 
between the individual Monopiles is large and thus the area affected by the wind park small 
when compared with that available for natural mixing. 
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