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Abstract 

A numerical study has been performed on the behaviour of monopolar transient vortices in bound­
ary layers. The interactions between those vortices and the background shear and free-slip1 and 
no-slip walls have been investigated in a laminar and quasi-turbulent 2D environment. This has 
been done in order to gain insight in the complex problem of turbulent ftows near boundaries. 

The numerical code used has been based on an ADI (Alternating Direction Implicit) proce­
dure. Research has been performed regarding the accuracy, the reliablility and the stability of the 
code and the use of various boundary conditions. In general, it can be said that the code is very 
stable, fast and reliable, when the error toleranee is set equal to the determined maximum value. 

A transient vortex placed in a non-homogeneous background vorticity will develop a motion 
perpendicular to the shear-ftow. The intensity ofthis motion depends on the strength ofthe vortex 
as well as on the intensity of the gradient of the background vorticity. Furthermore a draft has been 
made for a simp Ie mathematica} analyses of this phenomenon. 

Special attention has been paid to the cases of the laminar (Blasius) and turbulent (logarith­
mic) boundary layers. This study revealed that the maximum vertical velocity of vortices of the 
same strength is the same in both profiles and is of the order of centimeters per second. However 
compared to the lengthscales involved, this motion can be considered to be much more dramatic 
in the turbulent case. The turbulent characteristic lengthscale used is approximately thirty times 
smaller than its laminar counterpart. 

When a turbulent flow is modelled using patches of vorticity, these patches will develop the 
same kind of perpendicuar motion as the transient vortices examined in this report. This motion 
will enhance the momenturn exchange, known to exist in turbulent ftows. In the areas of large 
gradients in the background vorticity, the vorticity patches will create a very intense momenturn 
exchange, which maintains the gradient and prevents its diffusion. 

lt has also been found that the generation alone of secondary vorticity at no-slip walls does 
not affect the behaviour of the primary vortex. Only the adveetion and diffusion of this vorticity 
away from the wall has an impact on the path of the vortex and results in a so-called rebound. 

1 Although this is, in principle, a stress-free wall, it will be referred to as free-slip in this report. 



Samenvatting 

Er is numeriek onderzoek verricht naar het gedrag van transversale wervels in grenslagen. De in­
teracties tussen deze wervels en de achtergrond stroming en de invloed van wanden, met zowel 
als zonder wrijving2, is onderzocht in een laminaire en een quasi-turbulente 2D omgeving. Dit 
onderzoek is verricht met het doel meer inzicht te verwerven in het complexe probleem van tur­
bulente stromingen nabij wanden. 

De gebruikte numerieke code is gebaseerd op een zogenaamde ADI (" Alternating Direction 
Implicit") procedure. Er is onderzoek gedaan naar de nauwkeurigheid, de betrouwbaarheid en de 
stabiliteit van de code en naar het gebruik van verscheidene randvoorwaarden. In het algemeen 
kan worden gezegd dat de code erg stabiel is, snel en betrouwbaar, wanneer de foutentolerantie 
gelijk wordt gesteld aan de gevonden maximale waarde. 

Een transversale wervel geplaatst in een inhomogene achtergrond vorticiteit zal een beweging 
ontwikkelen, welke een component heeft loodrecht op de stromingsrichting. De intensiteit van 
deze beweging hangt af van de sterkte van de wervel, zowel als van de intensiteit van de gradiënt 
van de achtergrond vorticiteit. Tevens is een opzet gegeven voor een eenvoudige mathematische 
analyse van dit verschijnsel. 

In het bijzonder is aandacht besteed aan de laminaire (Blasius) en turbulente (logaritmische) 
grenslaag. Dit onderzoek heeft aangetoond dat de maximale verticale snelheid voor even sterke 
wervels in beide profielen min of meer gelijk en in de orde van centimeters per seconde is. Echter, 
wanneer deze snelheden worden vergeleken met de relevante karakteristieke lengteschal en, blijkt 
deze beweging veel dramatischer te zijn in het turbulente geval. De karakteristieke lengteschaal, 
welke is gebruikt in de quasi-turbulente stroming met het logarithmisch profiel is ongeveer dertig 
keer kleiner dan de overeenkomstige laminaire lengteschaaL 

Wanneer een turbulente stroming wordt gemodelleerd door gebruik te maken van vorticiteits­
deeltjes, dan zullen deze deeltjes dezelfde soort loodrechte beweging gaan vertonen als de transver­
sale wervels die zijn onderzocht in dit rapport. Deze beweging zal de, voor turbulente stromingen 
bekende, impulsuitwisseling bevorderen. In de gebieden met grote gradiënten in de achtergrond 
vorticiteit, zullen de vorticiteits deeltjes een sterke impulsuitwisseling bewerkstelligen, welke de 
gradiënt in stand houdt en de diffusie daarvan verhindert. 

Het is gebleken dat alleen het creeëren van secondaire vorticiteit aan een wand met wrijv­
ing het gedrag van de primaire wervel niet beïnvloedt. Alleen de advectie en diffusie van deze 
vorticiteit van de wand vandaan, heeft invloed op het pad van de wervel en resulteert in een zo­
genaamde terugkaatsing. 

2 Hoewel het hier om 'stress-free' wanden gaat, zullen ze in dit rapport worden aangeduid met de term 'free-slip'. 
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List of symbols 

The explanation and the dirnensions (in arbitrary units) of the syrnbols used in this report. Many 
equations in this report, however, are normalized and therefore use related dirnensionless vari­
ables. 

(j, k) : gridpoint [1] 
L : characteristic lengthscale [L] 
p : pressure [ML-1T-2] 
Re : Reynolds number [1] 
Ro : Rossby number [1] 
t :time [T] 
v= (u,v) : the velocity vector [LT-1] 

V = (U, V) : the background flow velocity vector [LT-1] 
Uoo : undisturbed background flow velocity [LT-1] 

u* : friction velocity [LT-1] 

U(} : angular velocity [LT-1] 

x : direction parallel to the bottorn [L] 
Xmax : maximum of calculation domain in the x - direction [L] 
Ymax :maximum of calculation domain in the y- direction [L] 
y : direction perpendicular to the bottorn [L] 

Y+ : dimensionless coordinate perpendicular to the bottam [1] 
r : circulation [LT-1] 

ó : boundary layer thickness [L] 
E : ( average) toleranee [1] 
Emax : (maximum) toleranee [1] 
TJ : dimensionless similarity variabie [1] 

"' : the V on J( arman constant [1] 
V : kinematic viscosity [L2r-1] 

J1, : dynamic viscosity [ML-1T-1] 

p : density [ML-3] 

T : numerical dummy variabie [TL-2] 
To : wall shear stress [ML-1T-2] 

1/J : stream.function [L2T-1] 
w : vorticity [T-1] 

Wmax : maximum vorticity present in vortex core [T-1] 
n : background vorticity [T-1] 

V 



Chapter 1 

Introduetion 

This thesis is the result of work done in the group Turbulence and Vortex Dynamics of the de­
partment of Applied Physics at the Eindhoven University of Technology (BUT). The main part 
of this research consists of the investigation of the behaviour of monopolar vortices in boundary 
layers. Especially the vertical motion of these vertices in such ftows will receive much attention, 
because it might be an important mechanism, explaining several properties of boundary layers. In 
this chapter a general introduetion is given to this subject. In section 1.1 the kind of vertices and 
boundary layers used, will be explained. Furthermore exarnples will be given of the cases that 
they exist together, resulting in the interactions studied in this report. In section 1.2 a more de­
tailed description of this research will be given and there will be discussed what aspectsof vertices 
located in shear ftows and boundary layers are examined particularly. In section 1.3 the technol­
ogy assessment of the thesis will be presented. Why has this research been performed and what 
applications could it have? Finally in section 1.4 the setup of this report is briefty discussed. 

1.1 Basic introduetion to vortices and boundary layers 

Throughout this report the words "vortex", "boundary layer" and "shear layer" will be used. In 
this section a short introduetion is given to these combined phenomena with a short overview of 
the circumstances in which they exist together and the interactions that can take place. These 
interactions form the main topic of this report. 

Explanation of the concept "vortex" 

The first phenomenon explained is the "vortex". One could say a vortex is a structure of lirnited 
size consisting of rotating ftuid or gas. Vertices are a common feature in "every day" life and 
occur, for instance, in a sink or bathtub when the plug is pulled out. But also in the atmosphere, 
hurricanes, tornadoes and high and low pressure areas are vortices. 

All these examples have one centre of rotation (e.g. the eye of a tornado). However also 
vortex-structures with more than one rotation-centre exist. In the case of two centres, it is called 
a dipole. In the case of three centres, a tripole and so on. Almost all vortices presented in this 
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Figure 1.1: A schematic representation of a shear flow (a) and a boundary layer (b ). 

report are monopolar structures, except in section 5.2.1, where a di po lar vortex is created. 

Explanation of the concept "boundary layer" 

The next concept that is introduced in this sec ti on is the one of a "boundary layer", together with 
the concept of a "shear flow". 

A boundary layer exists close to asolid wall, when a ftuid of gas is :flowing over it. Because 
of friction at the wall's surface the ftuid or gas is standing still at the wall. Far away from the 
wall, however, the main flow has an undisturbed velocity. A transition area is created automati­
cally between these two situations, the so-called boundary layer. In this boundary layer the flow 
velocity continuously increases from a total standstill at the wall to the undisturbed main :flow at 
the top of the boundary layer. In general, an increase (or decrease) of the horizontal velocity in 
the vertical direction is called a shear flow. A boundary layer has a typical thickness, in water, 
ranging from less than one millimetre to several centimetres. The shear flows used in this report 
will have dimensions in the sameorder of magnitude (although calculations are carried out using 
dimensionless units). Both concepts are schematically illustrated in figure 1.1 . 

The exact description of the velocity profile in a boundary layer depends on many parameters 
and will be discussed in the next chapter. 

The interaction between vortices and boundary layers 

In this report the interaction between vortices and boundary layers is studied. It is expected that 
coherent structures, among others the so-called hairpin of horseshoe vortices, play an important 
role in the characteristics of boundary layers in turbulent ftows. This hairpin vortex is, com­
pared to the previously described vortices, more complex. A schematic sketch of such a vortex 
is shown in figure 1.2 , in which the arrows indicate the rotation direction. This kind of struc­
tures were for the fi.rst time discussed by Theodorson in 1952 [Theodorson 1952]. Also Zondag 
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Figure 1.2: A schematic representation of a hairpin vortex. Ü indicates the flow direction. 

[Zondag 1997] paid much attention tothese structures as wellas Luton [Luton I 995] and Doligal­
ski [Do !i galski I 994] . 

In this report monopolar vortices are considered, which can beregardedas an idealised model 
for the head of a hairpin vortex. These vortices are placed in a boundary Iayer or a more general 
shear layer flow. It is tried to investigate the interactions taking place between the vortices, the 
background flow and the wall (if present) as much in separate parts as possible. Understanding 
partial processes might provide insight in the complete complex interactions. 

1.2 Fieldsof interest for this research 

In the group Turbulence and Vortex Dynamics more research has been performed in the past, re­
garding vortices in (shear)flows and boundary layers. Especially Zondag [Zondag 1997] paid at­
tention in his PhD-thesis, experimentally as well as numerically, to the interaction between var­
tices and background shear. 

The numerical code used in this research toperfarm the simulations is an adapted version of 
a code previously used code by Dankers, van den Bosch, Stoffels and Zondag [Dankers 1993, 
Bosch 1997, Stoffels 1994, Zondag 1997]. Th is code has been used to investigate many different 
aspects of two-dimensional flows with or without shear, walls and vortices. In this research it 
served to investigate the behaviour of transverse vortices in shear flows and boundary 1ayers. A lso 
the interactions of vortices withsolid walls has been studied. Especially the vertical movement of 
the vortices is regarded in horizontal background flows. In this research it has been tried to find 
answers to the following questions: 

• What kind of interactions can be observed between vortices and shear flows and boundary 
layers? 

• What kind of interactions can be observed between vortices and solid walls? 

• How do these interactions depend on different parameters involved? 

• Which numerical aspects are important invalving the simulations performed? 

• Is it possible totranslate the obtained results into "real-life" situations? 

3 



Figure 1.3: A wake vortex ofa erop duster.flying near the ground is visualised using aflare. In 
th.is report interactions between a vortex and a wali wili be seen, th.at show a significant similarity 
with. th.is picture. (foto courtesy DANTEC) 

• Is it possible to obtain some more general results or explain other phenomena by a thorough 
study of the obtained simulation results? 

• How does this research fit into the global picture of research on near-wall turbulent ftows? 

In this study only numerical results will be presented. At this moment it is still very difficult 
to do such a detailed study on vortices in a experimental setup. 

1.3 Technology Assessment 

Although this research has a rather fundamental character, it is certainly notwithout applications 
in "every day" life and more practically orientated research . 

First of all, one of the goals of this research is to understand a little more about the very com­
plicated problem of turbulence and that it contributes a little to the research performed on this sub­
ject. It should result in a better Uilderstanding of some of the phenomena occurring in near-wall 
turbulence. This could have its applications in, for instance, in the research performed regarding 
turbulent pipe-ftows and might result in an optimisation of mass transport or flow measurement 
accuracy. Another application ofturbulence is the possibility of mixing. Fluids can only be mixed 
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