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Abstract 

Dipolar vortices play an important role in large-scale geophysical flow 
systems. Due to their self-propelling motion, dipolar vortices may transport 
scalar properties like heat, salt and biologica! matter over large distances. 
The long life time and stability of these structures has motivated researchers 
to look for stationary solutions. In a recent theoretica! study [1] stationary 
solutions for barotropic f- and ,8-plane dipolar vortices with nearly ellipti
cal separatrices were considered and tested for stability numerically. Among 
the possible solutions there exist the so-called super-smooth solutions whose 
vorticity derivatives are continuous at the separatrix. Inspired by the unique
ness of the super-smooth solutions, the present research aims at finding such 
structures in the laboratory. 

The laboratory experiments were performed in a rotating fluid in which 
the flow is quasi-two-dimensional. Although a ,8-plane can be easily estab
lished in the laboratory, attention was restricted to the f-plane for which 
only a single super-smooth solution exists. A dipolar vortex was created by 
dragging a vertical plate through the fluid in the horizontal direction. Af
ter the plate was removed, a well-defined quasi-steadily translating dipolar 
vortex emerged within a few rotation periods. The initial flow characteris
tics were controlled by variation of the translation speed and the translation 
distance of the plate. Dye-visualization studies and high-resalution particle
tracking techniques were used to obtain qualitative and quantitative infor
mation about the horizontal flow field. Both the separatrix aspect ratio and 
the vorticity versus streamfunction relationship were investigated in detail 
and appeared to be in close agreement with the super-smooth f-plane solu
tion. This agreement was found for the entire life span of the dipolar vortex, 
confirming the above-cited numerical simulations which demonstrated the 
longevity of the super-smooth dipoles. 
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Chapter 1 

Introduetion 

In a three-dimensional (3D) flow large-scale structures are unstable and break 
down into smali-scale structures. This is what we observe on a daily basis in 
the smoke above a cigarette or the flow of milk when poured into a cup of 
coffee, see left panel of figure 1. 

A two-dimensional (2D) flow behaves very differently. A fascinating prop
erty of all 2D flows is self-organization: smali-scale structures tend to orga
nize into larger coherent vortex structures. The result of self-organization 
can also be observed on a daily basis. Large coherent vortex structures exist 
in the atmosphere in the form of high- and low-pressure areas. An example 
is shown in the right panel of figure 1. This satellite picture shows a band 
of clouds, formed at the edge of a vortex consisting of a high-pressure area 
and a low-pressure area. This structure, which is three thousand kilometres 
wide and ten kilometres deep, translates through the atmosphere from west 
to east. 

Figure 1.1: Left: The flow of milk, when poured into a cup of coffee. Right: 
A satellite picture of a large coherent structure in the atmosphere. 

5 



6 GRAPTER 1. INTRODUCTION 

The flow in the atmosphere is two-dimensional because the atmosphere 
itself is a thin spherical shell. The vertical dimension is much smaller than 
the horizontal one. Also the background rotatien of the earth plays a role. 
For the large-scale flows in the oceans another factor is important. There, 
density stratification, due to salinity and temperature differences, also keeps 
the flow two-dimensional. 

The satellite picture of figure 1 shows a structure consisting of two regions 
with opposite sense of rotation, namely a high- and a low-pressure area. This 
type of structure is called a 'dipolar vortex' or a 'dipole' . Dipolar vertices 
are common in the atmosphere and oceans. Due totheir self-propelling mo
tion, dipolar vertices may transport heat and salt over large distances. The 
stability of these structures has motivated researchers to look for stationary 
solutions. 

The first dipolar vortex solution was suggested independently by Lamb 
(1895, 1906) and Chaplygin (1903) [2]. This circular Lamb-Chaplygin dipole 
is often used successfully as a model. However, unlike experimental or nat
urally occurring dipoles, this theoretica! model-dipole is not smooth at its 
edges. 

Recently a family of elliptical solutions was found numerically [1]. One 
special member of this family is smooth at its edges and is therefore referred 
to as the 'super-smooth' solution. The question is whether this elliptical 
super-smooth solution resembles experimental dipoles. 

To answer this question, laboratory experiments were carried out in a 
rotating fluid in which the flow is quasi-two-dimensional. The experimental 
results were analysed and compared to the super-smooth solution. 

This report is organized as follows. In chapter 2, theory regarding 2D 
flows and dipoles is given. In chapter 3 the procedure that was used to 
analyse the experimental results is described. Chapter 4 and 5 contain the 
experimental setup and experimental results, respectively. In chapter 6 the 
results are discussed and conclusions are drawn. 



Chapter 2 

Theory 

This chapter describes some theoretica! aspects of two-dimensional flows . 
The 2D vorticity equation is introduced. Attention is paid to vortex struc
tures, especially dipolar vortex structures. Also, causes for small deviations 
from 2D flows are discussed. Detailscan be found in [3], [4] and [5]. 

2.1 Basic equations 

The flow of a fluid can be described by the components of the velocity field 
v and the pressure p. These variables are functions of space r and time t . 
The flow is assumed incompressible. Incompressible flows obey the following 
equations. The first equation, 

V·v=O, (2.1) 

describes the conservation of mass. 
The second equation, 

(2.2) 

is the Navier-Stokes equation, which is a vector equation. It states that the 
acceleration of a fluid element is equal to the sum of all forces, per unit mass, 
acting on that fluid element. This equation is equivalent to Newton's second 
law. On the left-hand side of (2.2) the acceleration of a fluid element is given. 
On the right-hand side the forcesper unit mass are given. The first term on 
the right-hand side describes the force exerted by a pressure gradient, where 
p is the mass density. The second term describes the viscous force, where v 
is the kinematic viscosity. The last term represents the gravitational force g. 

7 



8 CHAPTER 2. THEORY 

Geophysical flows occur on a rotating sphere, the earth, which is not an 
inertial reference frame. Therefore these flows are influenced by the Coriolis 
and centrifugal acceleration. In a frame rotating steadily with angular ve
locity 0, the Coriolis acceleration is given by 20 x v, and the centrifugal 
acceleration is given by -\7 ( ~r22r2 ). When these accelerations are added to 
(2 .2) , it becomes 

8v 1 
-;:l + (V · \7) V + 20 X V = --\7 p + ZJ \72v . 
ut p 

(2.3) 

Here, P = p + pcf;9r- ~pD2r2 is the reduced pressure and cp9 r is the gravita
tional potential. 

To estimate the relative importance of the different terms of (2.3), this 
equation is nondimensionalized. The following nondimensional variables are 
introduced: 

v = vjU, P = PjpOUL, i= tn ' (x, y) =(x, y)/ L, z = z/ H (2.4) 

where U is a typical velocity scale, L is a typical horizontallength scale and 
H is a typical vertical length scale. If L and H are of the same order, the 
Navier-Stokes equation (2.3) takes the following form 

av ( -) -- -ot + Ro v · \7 v + 2k x v = -\7 P + E\72v , (2.5) 

in which k = 0/0 is the unit vector in axial direction, and Ro and E are the 
Rossby number and the Ekman number, respectively. The Rossby number 
Ro is a measure of the ratio of Coriolis and inertial forces and is defined as 

u 
Ro = nL· (2.6) 

The Ekman number descibes the relative importance of viscous forcesin the 
flow and is defined as 

ZJ 

E = f2H2' (2.7) 

For geophysical flows the third and fourth term of (2.5) are the most 
important. The other terms are relatively small and when the following 
conditions are met, they can be neglected. The first condition is that the 
flow is almost stationary, so that the first term of (2.5) is small. The second 
condition is that the Rossby number is small. When this is the case the 
second term can be neglected. And finally the Ekman number has to be 
small. When this is the case the fifth term is small. For flows that meet these 
conditions, (2.5) can be simplified by omitting the negligible terms. What 
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remains is a balance between the Coriolis force and the pressure gradient 
force 

2k X V= -\lp, (2.8) 

where the tildes are omitted for convenience of notation. Flows that are gov
erned by (2.8)are called geostrophically balanced or geostrophic. Large-scale 
flows in the atmosphere and oceans are to a good approximation geostroph
ically balanced. 

2.2 Two-dimensional flow 

For geostrophic flows it can be derived that 

äv 
äz = O, (2 .9) 

in which the z-axis is chosen parallel to n. This is the Taylor-Proudman 
theorem, which expresses that geostrophic fiows are independent of the axial 
coordinate. When the flow is bounded by a bottorn or a free surface, the 
boundary condition w = 0 holds. The Taylor-Proudman theorem then im
plies that w = 0 in the entire domain, so v =(u, v, 0). Combined with (2.9), 
this is the definition of a two-dimensional flow. 

To write the three-dimensional vector equation (2.3) in a two-dimensional 
scalar form, it is neccesary to introduce two scalar fields. The vorticity field 
defined by 

w=\?xv , (2.10) 

is a vector field. Vorticity w is a measure of the rotation of individual fiuid 
elements. lf the flow field v is independent of the z-coordinate, w has only 
a z-component , 

w=(O,O,w). (2.11) 

This component can be treated as a scalar field, which in cartesian coordi
nates is defined by 

äv äu 
w=---äx äy · 

(2.12) 

The second field is the streamfunction 'Ij; which, in cartesian coordinates, is 
defined by 

ä'lj; 
u= äy' (2.13) 

Lines of constant 'Ij; are streamlines, which are parallel to the local velocity. 
Note that by definition the two scalar fields w and 'Ij;, are related by 

(2.14) 
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By taking the curl of (2.3) and assuming barotropic flow, the vorticity 
equation 

fJw 2 
at+ J(w ,'lj; ) = v\1 w' (2.15) 

is obtained, where J(·, ·)is the Jacobian operator. This equation states that 
the local vorticity field can change by adveetion of vorticity or by diffusion 
of vorticity. 

In the inviscid case, (2.15) can be simplified to 

fJw 
fJt + J (w, 'Ij;)= 0. (2.16) 

Steady solutions to (2.16) are given by 

J(w, '1/J) = 0. (2.17) 

This implies that isolines of vorticity are parallel to streamlines. In other 
words, steady solutions are obtained for any relationship w = F( 'Ij;). 

2.3 Ekman effect 

In the previous section it was mentioned that geostrophic flows are two
dimensional. At asolid boundary, however, the no-slip condition holds and a 
boundary layer is present. In this boundary layer the velocity is smaller than 
the velocity in the interior flow, breaking the geostrophic balance between 
the Coriolis force and the pressure gradient force . The thickness of the layer 
is given by 

(2.18) 

The bottorn Ekman layer induces a weak vertical flow, making the flow quasi
two-dimensional. Linear Ekman theory prediets that the induced vertical 
velocity w near the bottorn Ekman layer is proportional to w in the interior 
and is gi ven by 

(2.19) 

Here, the plus-sign is valid for 0 > 0 and the minus-sign is valid for 0 < 
0. The Ekman effect is sufficiently small to incorporate it into the two
dimensional vorticity equation. This was done in [6], which resulted in the 
following modified vorticity equation 

(2.20) 
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Compared to the two-dimensional vorticity equation (2.16), the third and 
fifth term are added to represent the Ekman effect. The third term repre
sents nonlinear adveetion of vorticity and the fifth term represents vortex 
stretching. For cyclonic vortices, the stretching term generates anticyclonic 
vorticity and vice versa. This has a damping effect, which is stronger for 
cyclonic vortices than for anticyclonic vortices. As a result, the path of a 
dipole is defiected in anticyclonic direction. 

A measure of the time scale on which Ekman effects become important, 
is the Ekman time scale 

where H is the water depth. 

H 
TE= Jï7D' 

2.4 Vortex structures 

(2.21) 

Due to the self-organisation of two-dimensional fiows, vortex structures spon
taneiously appear from turbulent fiows. Monopolar and dipolar structures 
are the most common type of structures. Of each type different varieties 
exist. Some special structures are stationary. 

2.4.1 Monopolar vortex structures 

A vorticity distribution is called a monopolar vortex structure when all 
streamlines enclose a single point, the pole. The circulation r is a measure 
of the total strength of a vortex structure and is defined as 

r = (w). (2.22) 

Here the brackets denote integration over the area of a single vortex. This 
notation will be used throughout this report. The x and y-component of the 
vortex centre are given by 

Xe= (xw)jr, 

Yc = (yw)jr. 

(2.23) 

(2.24) 

Three characteristic radii can be defined using polar moments of vorticity: 

ax =[((x- Xc)
2w)jrjll2

, 

ay = [((y- Yc) 2w)jrjll2
, 

a= [a;+ a~ji/2 . 

(2.25) 

(2.26) 

(2.27) 
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y 

( 

~_) 
Figure 2.1: Left: mustration of the self-propelling mechanism of a dipole. 
The '+' and '-' sign indicate a positive and a negative vortex of equal strength, 
respectively. Right: Schematic illustration of a dipole, where the variables 
Rx, Ry, ax, ay and b indicated. 

Here, ax and ay are a measure of the size of the vortex in the x and y direction, 
respectively, and a is the average vortex radius. Note that for any flow with 
circular symmetry J(w, '1/J) = 0 holds, and hence they are by definition steady 
solutions. 

2.4.2 Dipolar vortex structures 

Wh en two monopolar vortices are close to each other, each vortex will in duce 
a velocity in the other vortex. When the two vortices are of equal strength, 
but of opposite sign, they will induce the samevelocity Vt in the other vortex. 
This situation is illustrated in the left panel of figure 2.1. A vortex with 
strength +fis placed at (0, ~b) and a vortex with strength -ris placed at 
(0, -~b). The vortex pair will translate in a straight line in the +x-direction. 
Such a vortex pair is called a dipolar vortex structure or a dipole. A dipole 
will always translate in a direction perpendicular to the line connecting the 
vortices. In the example of figure 2.1 the translation velocity only has an 
x-component. In general the translation velocity Vt will be given by Vt = 
(Ut, Vt). When absolute value of the strengths of the vortices are unequal, 
the trajectory of the dipole will be curved instead of a straight line. When 
the circulation of the vortices is time dependent, r = r(t), the translation 
velocity will also be time dependent, Vt = Vt(t). 

Since a dipole translates, it is not stationary. But in a frame of reference 
co-moving with the dipole, it may be stationary. In such a frame the dipole 
seems fixed, while moving against a uniform background flow -vt. Switching 
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toa co-moving frame can be done by subtracting the translation velocity from 
the velocity field. The co-moving velocity field v'(x', y', t) then becomes 

v' (x', y', t) = v (x, y, t) - v t ( t) , (2.28) 

where the primes denote that the property is viewed with respect to a co
moving reference frame. This subtraction does not change the vorticity dis
tribution, but it does change the streamfunction: 

w'=w 
' 

'1/J' = '1/J - VtX + UtY · 

(2.29) 

(2.30) 

Here, w' and 'Ij;' are the co-moving vorticity and streamfunction. The co
moving streamfunction has a closed streamline surrounding both vortex een
tres. This streamline separates the dipole interior, where the streamlines are 
closed, from the exterior, where they are open. Therefore this streamline is 
called the separatrix. By definition a steady flow cannot cross a streamline, 
so fl.uid inside the separatix is trapped in the interior and will translate with 
the dipole if the dipole is stationary in the co-moving reference frame. 

Some definitions that were introduced for monopolar vortices, can be 
applied to the individual vortices of a dipole. These are the circulation r, 
the vortex centre (xc , Yc) and the vortex radii (ax, ay) and the average vortex 
radius a, which were defined in (2.22)-(2.27). The distance between the 
eentres of the individual vortices is denoted by b. In the right panel of figure 
2.1 several characteristic length scales are indicated, where Rx and Ry are 
the radii of the separatrix in the x and y-direction. 

As seen in the previous section, every monopolar vortex with circular 
symmetry is a stationary solution. To find dipolar stationary solutions is 
less straightforward. The shape of two oppositly signed regions of vorticity 
will not be conserved, in generaL So only special dipolar vortex structures 
are stationary. 

Analytica! dipolar solutions 

One of those special structures is the point-vortex dipole. It consists of two 
point vortices of opposite sign and equal strength r placed a distance b apart. 
When the vortices are located at (0, ±b/2), the vorticity distribution is given 
by 

w(x, y) = r&(x)(ó(y- b/2)- ó(y + b/2)) ' (2.31) 

where 6 is the Dirac delta function. The translation velocity of a point vortex 
dipole is given by 

r 
Ut= 27rb . (2.32) 
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The co-moving streamfunction is given by, 

1 r { [x2 + (y + b/2)
2

] y } 
'1/J (x , y) = 47r ln x2 + (y- b/2)2 - b/2 (2.33) 

From this equation the separatrix aspect ratio E = Ry/ Rx can be found. The 
separatix crosses the x-axis at the coordinates (±~J3b, 0) and the y-axis at 
(0, ±1.04b), soit is found that E = 1.205. The point-vortex dipole is artificial 
since all vorticity is concentrated in two singular points. 

Another special, more realistic, dipole structure is the Lamb-Chaplygin 
dipole [7] . lts vorticity distribution can be found by assuming a linear relation 
between w and 'lj;1 inside a circle with radius a. Outside this circle, which 
represents the separatrix, the vorticity is zero. This results in the following 
vorticity distribution in polar coordinates: 

w(r,e) = { oio(~~Jl(kr)sin((}) if r <a, 
if r >a. 

(2 .34) 

Here, U is the dipole translation velocity and ln is the Bessel function of 
the first kind and the nth order. ] 1 was truncated at its first root, so that 
ak = 3.83. The corresponding streamfunction is given by 

I 

{ 

kJ-
2(uk)J1(kr)sin((}) if r <a, 

'1/J (r (}) = o a 
' -U(r- ~

2 

)sin((}) if r > a. 
(2.35) 

The vorticity distribution and co-moving streamfunction are shown in the 
left panel of figure 2.2. Note that the vorticity distribution is continuous, 
but that its first derivative is discontinuous at the separatrix. This can be 
seen in the cross-section in the right panel of figure 2.2. 

Numerical dipolar solutions 

Numerical studies have shown that besides the above-mentioned stationary 
dipolar solutions other stationary solutions exist. These solutions cannot be 
described analytically, so numerical methods are used to find these solutions. 

In [1] stationary solutions for barotropic f- and ,8-plane di pol es were found 
by numerically solving (2.17) under the assumption of an elliptical separatrix. 
The far field was determined analytically, while the interior field was solved 
numerically. The method works well for elliptical separatrices moderately de
viating from a circle. The exterior was represented by a Fourier-Loran series, 
whose coefficients were determined by the separatrix aspect ratio E = Ry/ Rx · 
The interior solution was found using a successive linearization algorithm. 
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0 0.5 
y/a 

Figure 2.2: Lamb-Chaplygin dipole. Left: Vorticity distribution (shaded) 
and co-moving streamfunction (contours). Right: Cross-section of the vor
ticity distrubution along the y-axis. 

The functional relationship w = F( 'Ij;) in the interior is nonlinear for noncir
cular separatrices. This report is restricted to solutions on the f-plane, of 
which one special memher is shown in figure 2.3, for which E = 1.16. It can 
be seen that this solution has more concentrated vortices, compared to the 
Lamb-Chaplygin dipole. 

The circularity and linearity were shown to be related toeach other. The 
solutions depend on a single free parameter, the separatrix aspect ratio E. In 
[1], one of the goals was to study the degree of nonlinearity of the function 
w = F( 'Ij;') depending on E. Therefore, F was fitted with a seventh-order 
polynomial of the form 

(2.36) 

which contains only odd powers of 'Ij;' because the anti-symmetry of the dipole 
implies that F is also anti-symmetrie. 

The coefficients a1 and a3 contain the most relevant information about the 
nonlinearity of F. For E = 1 the Lamb-Chaplygin solution is obtained with a 
linear relationship betweenwand 'Ij; (a1 > 0 and a3 = 0). The nonlinearity of 
the function F increases with growing aspect ratio (a3 =/= 0). When E = 1.16, 
a special solution is obtained with a1 = 0. This is the so-called super-smooth 
solution. Unlike solutions with a different value of E, the vorticity distribution 
is smooth across the separatrix, i.e. the first derivative of w is continuous at 
the separatrix. This smoothness is a property which is generally observed in 
laboratory experiments. This is why it is interesting to compare laboratory 
experiments of elliptical dipoles to the super-smooth dipole. If there is a 
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0 0.5 1.5 
y/R 

Figure 2.3: Super-smooth elliptical dipolar solution. Left: Vorticity distri
bution (shaded) and co-moving streamfunction (contours). Right: Cross
section of the vorticity distribution along the y-axis. 

close resemblance between the two, the super-smooth dipole could be used 
as a model for these types of dipoles. When E is increased beyond the special 
value of 1.16, a1 will become negative and the dipole becomes partly isolated. 
This means that the core of each individual vortex becomes surrounded by 
a ring of oppositely signed vorticity. 

In [1], the stability of the solutions was tested numerically. This was done 
for the solutions with E = 1.00, E = 1.16 and E = 1.25. These are the Lamb
Chaplygin dipole, the super-smooth salution and a partly shielded solution, 
respectively. Figure 2.4 shows the evolution of the translation velocity lvtl, 
the distance between the vortex eentres b, the aspect ratio E and the mean 
radius R = J RxRy of the separatrix for the above mentioned dipoles. 

It can be seen that, with respect to the parameters considered here, the 
super-smooth salution is the most stabie solution. That is, lvtl, b, E and 
R remain practically constant during the entire evolution. For the Lamb
Chaplygin dipole (E = 1.00), the distance between the vortices b increases, 
the separatrix grows and becomes slightly elliptical. Furthermore the dipole 
slows down considerably. The partly shielded salution ( E = 1.25) shows the 
opposite behaviour. There b decreases, the separatrix shrinks and becomes 
slightly less elliptic and the translation velocity increases. However, this 
dipole stabalizes at t = 300. 

The stability is another special properity of the super-smooth solution. 
That is why it is interesting to see whether these structures exist in the 
laboratory. 
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Figure 2.4: Parameter evolution of the f-plane dipales with initial mean 
radius R = 1, translation speed lvtl = 1 and aspect ratio E = 1 (dashed line), 
E = 1.16 (solid line) and E = 1.25 (thin line). This picture was taken from 
[1]. 
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Chapter 3 

Procedure 

In this chapter, a procedure is described that is used to extract interesting 
quantities from an experimental vorticity field w (x, y) and the corresponding 
streamfunction '1/J'(x, y). The vorticity distribution and streamfunction ofthe 
super-smooth salution will be used to test the procedure. 

3.1 Vorticity 

The vorticity distribution contains two monopolar vortices which make up 
the dipole. For each vorticex, the following quantities can be obtained: the 
circulation r, the coordinates of the vortex centre (xc, Yc) and the character
istic radii (ax, ay) and a. To determine these quantities, an integration over 
the area of a single vortex is required, as can be seen from their definitions 
(2.22)-(2.27). Fora dipolar vortex, the area of integration is enclosed by the 
separatrix. 

Since the shape of the separatrix is not yet known for experimental 
dipoles, an ellipse was constructed around the points P1 and P2, as shown 
in figure 3.1. P1 is the point of maximum vorticity and P2 is the point of 
minimum vorticity. This ellipse is then used as an enelosure for the integra
tion area. The upper half of the enclosed area belongs to the positive vortex 
and the lower half belongs to the negative vortex. 

How the ellipse was constructed will now be described. Every ellipse is 
completely defined by the five parameters x 0 , y0 , Rx, Ry and fJ. Here x 0 

and y0 are the x- and y-coordinates of the centre of the ellipse, Rx and Ry 
are the semi-minor and the semi-major axes, and f) is the angle between the 
semi-major axis and the y-axis. It is reasonable to assume that the semi
major axis is parallel to the line connecting P1 and P2 and that the centre 
of the ellipseis on the centre of this line. Because of this assumption x 0 , y0 
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Figure 3.1: The position and orientation of the preliminary separatrix relative 
to the points P1 and P2. 

and () of the ellipse are fixed. In addition it is assumed that Ry is equal to 
the distance between P1 and P2, and Rx = Ry/1.25. The assumption made 
for the radii is not true for every dipole; it was an educated guess which is 
reasanabie for the dipales considered here. 

Once the ellipseis constructed, the quantities r, (xc, Yc) and (ax, ay) are 
determined for each half. For the super-smooth solution, it was found that 
the dipale aspect ratio a/b = 0.248. This quantity is nondimesional, so it 
can be compared to the experimental results . 

3.2 Translation velocity 

For an experiment, the coordinates of the upper vortex centre (xc,1 , Yc,d and 
the lower vortex centre (xc,2 , Yc,2 ) are determined every flt seconds. Then it 
is possible to find the translation velocity of the dipole, which is defined as 
the velocity of the point x0 on the centre of the line connecting the vortex 
centres. Since for every tlt seconds x0 is known, the translation velocity vt(t) 
is defined as 

( ) 
x 0 (t + tlt) - x 0(t- tlt) 

Vt t = 2flt . (3 .1) 

So the velocity found for time t is the average velocity over the time interval 
[t- tlt , t + tlt]. The translation velocity is an important parameter since it 
is used to find the co-moving streamfunction. 
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3.3 Co-moving streamfunction 

Once the translation velocity is know, the co-moving streamfunction '1/J' can 
be found using (2.30). The next step is to find the separatrix. The separa
trix is defined as a closed streamline enclosing both vortices. In experimental 
dipoles there is always some disturbance and there is no closed streamline 
enclosing both vortices. To be able to distinguish between the dipole's inte
rior and exterior an ellipse is used to approximate the separatrix. How the 
ellipse was fit onto the streamlines will now be described. 

Three out of five ellipse parameters, namely x0 , y0 and (}, were already 
determined by the positions of the vortex centres. Now '1/J' is known and Rx 
and Ry are found by miniruizing 6'1/J , given by 

(3.2) 

where '1/J~v is the average value of '1/J' on the ellipse defined by 

'1/Jav = { ('1/J')ds/C(Rx, Ry). 
} ellipse( R:x ,Ry) 

(3.3) 

Here , C(Rx, Ry) is the circumference of the ellipse and 6'1/J can be interpreted 
as the standard deviation of '1/J' on the ellipse. So the ellipse with the lowest 
value of 6'1/J is used as the best approximation to the separatrix. When 
this method is applied to the super-smooth solution, it was found that E = 

Ry/ Rx = 1.16. 
Once the separatrix is found, or at least the ellipse that closely fits the 

separatrix, it can be used to filter the data. The majority of the data points 
corresponds to the dipole's exterior, where apart from some artefacts the 
vorticity is zero. The remairring interior data points contain interesting infor
mation about the relationship between w and '1/J'. So for interior data points 
wis plotted versus '1/J' as shown in the right panel of tigure 3.2. The points are 
scattered around the horizontal axis (w = 0) , with a positive branch to the 
right and a negative branch to the left. The branches correspond to points in 
the domain near the vortex eentres whereas the horizontal axis corresponds 
to interior points relatively far away from the vortex centres. 

To be able to compare these w, '1/J'-plots, the data is fitted with the fol
lowing polynomial: 

(3.4) 

Here, '1/Jb is a constant which is subtracted from '1/J' to shift the w, '1/J'-plot 
towards the origin, making w = F( '1/J') an odd function. The absolute value 
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Figure 3.2: Super-smooth solution. Left: Distribution of vorticity and co
moving streamfunction. Right: Vorticity versus co-moving streamfunction. 

Table 3.1: Nondimensional quantities for the super-smooth solution. 

Quantity I Value I 
afb 0.248 

Wmax2na2 jr 1.89 
€ 1.16 

al 3.69 
a3 13.9 

of '1/J' carries no information, so that a constant can be added to the stream
function '1/J'(x, y) . Nondimensional coefficients ä1 and ä3 are introduced 

(3.5) 

where R is the mean radius of the separatrix and U is translation velocity. 
The polynomial function contains only powers of 1 and 3. Other polynomial 
fits were tested, containing even and higher powers. These extra terms in
fluenced a1 and a3 in an intransparent way. So it was decided to keep the 
fit function as simple as possible. When the w,'I/J-plot of the super-smooth 
solution was fitted, it was found that ä1 = 3.69 and ä3 = 13.9. In table 
3.1 all the nondimensional quantities are summarized for the super-smooth 
solution. 



Chapter 4 

Experimental setup 

This chapter describes the experimental setup that was used to create a 
dipolar vortex in a rotating tank. The background rotation keeps the flow 
quasi-two-dimensional, as explained in chapter 2. 

4.1 Rotating tank 

The laboratory experiments were performed in a tank on a rotating table. A 
schematic picture of the setup is shown in figure 4.1. The tank is 150 cm long 
and 100 cm wide and the water depth is approximately 20 cm. The tank is 
rotated about a vertical axis with an angular velocity of 0. 7 radjs. The water 
is in solid-body rotation 45 minutes after the tank is set into motion. Because 
of this rotation the shape of the free water surface is parabolic. To have a 
constant water depth across the tank, a parabolic bottorn was used with a 
curvature that matches the curvature of the free surface. The experiment is 
recorded by a co-rotating camera. 

A dipole is created by dragging a 25 cm wide plate through the fluid. 
The plate is moved forward and upward simultaneously. To move the plate 
in a straight line perpendicularly through the fluid, a construction was made 
which is show in figure 4.2. The motion of the plate and the rotation of 
the tank result in the formation of a quasi-two-dimensional elliptical dipole 
in the wake of the plate. The forcing stops when the plate is completely 
removed from the water. This is defined as t = 0. The free parameters are 
the forcing distance s and the forcing velocity V1. To study the dipole, two 
types of experiments were done. 
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Figure 4.1: Side view of the rotating table. 

Side view: Top view: 

Plate 

Water 

Figure 4.2: Construction for generating a dipolar vortex. 
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Figure 4.3: Top view of the experiment as seen from the camera. 

4.2 Dye experiments 

The first type of experiment is the dye experiment which was used to obtain 
qualitative information. In this type of experiment, fluorescent dye was added 
to the water in front of the plate. As the plate moved forward the dye ended 
up in the dipole. The dipole was illuminated from two sicles by strip-lighting. 
The lights were placed at a height just below the water surface. Part of the 
light was blocked to prevent it from illuminating the parabalie bottom. This 
was done to have more contrast between the dipole and the background. The 
dipole then moved through the tank and was recorded by a colour camera, 
mounted approximately 2 m above the water surface. The pictures were 
recorded on tape for analysis. One picture is shown in figure 4.3. 

4.3 HPV experiments 

In order to obtain quantitative information about the flow field, partiele 
experiments were performed. In this type of experiment, the water surface 
is seeded with tracer particles with a diameter of 250 J-Lm ( Optimage seeding 
powder) . The water surface is illuminated by four co-rotating slide projector 
light sourees of 275 W, placed approximately 30 cm from each edge of the 
tank. Care was taken to illuminate the water surface containing the tracer 
particles and not the bottorn of the tank. After the dipole is created a digital 
camera records 7.5 frames per second with a resolution of 1024x 1024 pixels. 
Each frame is a gray-scale picture of the tracer particles. 

High-resalution Partiele Velocimetry (HPV) was used to find the flow 
field. HPV combines two methods: Partiele Image Velocimetry (PIV) and 
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Figure 4.4: A typical vector field resulting from HPV. 

Partiele Tracking Velocimetry (PTV). PIV determines the average velocity 
for regions of say 32 x 32 pixels. This is done by cross-earrelating the in
tensity distribution in each region for subsequent pictures. This results in 
a low-resolution representation of the flow field. PTV finds the location of 
individualtracer particles. This is done by first filtering out the background 
intensity. Next, every cluster of pixels that meets certain criteria with re
spect to size and intensity is regarcled as a partiele and the coordinates of 
its centre are calculated. This results in approximately 104 partiele coordi
nates for each frame. Finally the particles are matched. This means that an 
attempt is made to relate every partiele in a certain frame to a partiele in 
the next frame. When the circumstances are right, then for most particles a 
matching partiele is found. In this way the partiele path can be calculated 
and a high-resalution representation of the flow field can be found. With 
HPV the PIV flow field is used as a prediction in the PTV matching, making 
it more accurate. An example of such a field is shown in figure 4.4. This 
velocity field is interpolated on a rectangular grid. From this velocity field 
it is possible to calculate the vorticity field and the streamfunction. More 
details about HPV can be found in [11] . 



Chapter 5 

Experimental results 

In this chapter the experimental results are presented. First , dye experi
ments were performed. The flow was visualised by initially injecting a line 
of fluorescent dye with a pipette. This was done to test the dipale genera
tion mechanism and to find a suitable combination of forcing distances and 
forcing velocities. From the dye experiments, estimates for the translation 
velocity and the separatrix aspect ratio were found. For a single combi
nation of forcing parameters, more quantitative information was obtained 
with HPV experiments, such as the nonlinearity of the relationship between 
vorticity and co-moving streamfunction. The HPV results further revealed 
small vorticity structures. The nature of these structures was clarified by 
experiments where dye was sprayed on the free surface. In the final section 
these experiments are presented. 

5.1 Dye experiments 

In figure 5.1 the evolution of a typical dipale is shown. It can be seen that 
most of the dye which is initially in front of the plate ends up inside the 
separatrix of the dipole. This reveals the more or less elliptic shape of the 
separatrix. Some dye detrains from the dipale forming a long tail behind it. 
The frontal part of the separatrix is seen very well, but the rear part is unclear 
due to the formation of the tail. During the entire lifetime, the dipale remains 
elliptical. When the dipale is observed from the side, a vertical column of 
fluid is visible, confirming the quasi-two-dimensionality of the flow. 

Due to the nonlinear stretching term in (2.20) , Ekman damping is stronger 
for cyclonic than for anticyclonic vortices. This means that the cyclonic vor
tex of the dipale decays faster than the anticyclonic vortex. Since a positive 
background rotation was used, the upper vortex is cyclonic and the lower 
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vortex anticyclonic. As a result the path of the dipole will be defl.ected to
wards the stronger anticyclonic vortex, i.e. to the right. As can be seen from 
figure 5.1 this effect is weak. In the final picture an imaginary line connecting 
the vortex eentres is only slightly tilted. 

These dye experiments showed that when the drag speed V1 is too high, 
the flow is no lon~r two-dimensional. This is because the Rossby number, 
defined by Ro = çffir is no longer small. Here, W is the width of the plate, 
which is 25 cm and n is the angular velocity of the rotating tank. On the 
other hand when the drag speed is too low, the intensity of the dipole is too 
low and the dipole will decay before it reaches the opposite side of the tank. 
It was found that the drag speed in a range between 2 and 6 cmjs can be 
used. For the drag distance s a range between 5 and 40 cm can be used. 
When s is below 5 cm, the plate is pulled out of the water almost vertically, 
which results in a weak asymmetrie dipole. It is not possible to use a drag 
distance of more than 40 cm because of the limited size of the construction. 

For several initial parameters the separatrix aspect ratio t = Ry/ Rx was 
determined, where Rx is the distance between the dipole centre and the 
dipole front and Ry is half the distance between the top and the bottorn of 
the dipole. The dipole centreis defined as the centre of the line connecting the 
two vortex centres. The results for several combinations of forcing distances 
s and forcing veloeities V1 are shown in figure 5.2. It can be seen that t 

is roughly between 1.2 and 1.4. Only for the higher forcing veloeities some 
points are outside this range. The dipole can only be stuclied in the initial 
stages of its evolution due to the limited size of the rotating tank. In the 
initial stage the dipole shows an oscillatory behaviour, which is caused by 
the surface waves induced by the plate. This is probably the reason for 
the scatter in figure 5.2. Apparently, for the range of forcing parameters 
considered, differences in separatrix aspect ratio caused by different forcing 
parameters, are small compared to the oscillatory behaviour of the dipole. 

Forcing parameters only have a small infl.uence on the shape of the sep
aratrix because, for the range of forcing parameters considered, always a 
concentrated dipole is formed. Concentrated dipolar vortices are character
ized by a small dipole aspect ratio ajb, where a is the radius of the individual 
vortices and b is the distance between the vortex centres. This can be illus
trated by consiclering the point-vortex dipole, with ajb = 0. lts co-moving 
streamfunction is given by (2.33). From this equation it was found that the 
separatix aspect ratio t = 1.205, which does depend nor on the strength of 
the vortex, neither on the distance between the vortices b. 

Therefore, it is expected that for an experimental dipolar vortex, as long 
as it is concentrated, the separatrix aspect ratio is close to 1.2 irrespective 
of the strength of the vortices, and the distance between them. This is why 
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Figure 5.1: Dye distribution at t=O s, t=60 s, t=120 s and t=180 s. The dye 
was initially in front of the plate. Forcing parameters: W =25 cm, d=lO cm 
and v,=3 cmjs 

it was decided to concentrate on a single set of forcing parameters for the 
remaining experiments. 

To have an indication whether the elliptic patch of dye can be interpreted 
as the interior of the separatrix, a second type of dye experiment was per
formed. In this experiment the dipole moves through a line of fluorescent 
dye. As can be seen in tigure 5.3 the line gets wrapped around the dipole 
and the separatrix becomes visible. Using this visualisation method a separa
trix aspect ratio of 1.33 ± 0.05 was found, which is within the range 1.2-1.4, 
found in the tirst experiments. 

Also the distance between the vortex eentres b was determined for several 
initial forcing parameters. The results are show in tigure 5.4. It can be seen 
that a larger forcing distance results in a larger b. This can be explained by 
the fact that for a larger forcing distance a larger volume of water is displaced 
by the plate. This larger volume of water results in a larger dipole. It is 
expected this reasoning is not valid for drag distances much larger than W. 
In that case a chain of dipoles could be produced instead of a single dipole. 
During the evolution of the dipole, on average b stays constant. However, in 
some cases there appears to be a small increase or decrease in b. Probably, 
the method of visually determining the eentres of the vortices is not accurate 
enough. That is why the time evolution b will also be found using a more 
accurate method based on the vorticity distribution, as will be described in 
section 5.2. 
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Figure 5.2: The evolution of the separatrix aspect ratio E for several forcing 
parameters. 

Figure 5.3: Dye distribution at t=O s, t=30 s, t=60 s and t=90 s. The dipole 
moves through a line of dye. Forcing parameters: W =25 cm, d=lO cm and 
V1=3 cmjs. 
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Figure 5.4: The evolution of the the distance between the vortex eentres for 
several forcing parameters. 
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Figure 5.5: Schematic picture of asymmetrie flow around a plate dragged 
through a fluid with a positive background rotation. 

Some asymmetry was observed in the flow around the plate during the 
forcing. If the dye is initially distributed evenly in front of the plate, then 
after the formation of the dipole there was less dye in the cyclonic vortex then 
in the anticyclonic vortex. The explanation for this asymmetry is illustrated 
in figure 5.5. The dashed line separates the fluid that will end up in the 
cyclonic vortex from the fluid that will end up in the anticyclonic vortex. 
Without background rotation this line would cross the centre of the plate 
and each vortex would receive the same amount of fluid. However, when a 
background rotation is present there is a Coriolis force acting on the fluid 
being pushed forward by the plate. The Coriolis force breaks the symmetry 
in the pressure gradients around the plate. As a result the dashed line is 
located closer to the cyclonic vortex, which will therefore receive less fluid 
than the anticyclonic vortex. This explains the asymmetry in the amount of 
fluid received by the vortices. Although the anticyclonic vortex receives more 
fluid, it was not observed to be the stronger vortex. This can be concluded 
from the initial path of the dipole, which is straight. 

5.2 HPV experiments 

In section 4.3 it was described how the experimental vorticity distribution w 
and the streamfunction 'ljJ were determined every b..t seconds. In figure 5.6 
a typical evolution of the vorticity distribution is shown. The first picture 
corresponds to t = 6 s and b..t = 10 s. The forcing distance s is 10 ± 0.5 
cm and the forcing velocity V1 = 4.0 ± 0.2 cmjs. The background rotation 
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of the tank is 0.7 radjs. The two vortices are visible as regions of positive 
and negative vorticity. Similar to the dye experiments, the dipolar vortex 
translates through the tank in the positive x-direction. 

Initially, the two vortices are irregular, but due to adveetion and diffusion 
of vorticity, they become more regular. Furthermore, some waves emanating 
from the dipole are visible in the initial vorticity distributions. The waves 
are elevations in the free surface. When locally the free surface is raised, 
fiuid converges and cyclonic vorticity is generated. When the free surface 
is lowered, fiuid diverges and anticyclonic vorticity is generated. This effect 
makes the waves visible in the vorticity distribution. Approximately four 
rotation periods after the plate was removed, the waves decay and a well
defined quasi-steady dipolar vortex is formed. This corresponds to t = 36 s, 
which is shown in the fourth picture of figure 5.6. 

Although the intensity of the dipole decreases over time, the size of each 
vortex and the distance between them seem to be constant. This confirms 
the stability of this type of dipole. It can also be seen that the radius of a 
single vortex is much smaller than the distance between the vortex centres. 
So like the super-smooth solution, the experimental dipole has concentrated 
vortices. 

The distance over which the dipole can be foliowed depends on the height 
above the water surface of the camera that records the motion of the tracer 
particles. In the example of figure 5.6, an area of 80 cm x 80 cm was recorded. 
This way, a large part of the evolution can be captured, but the resolution 
is relatively low. That is why this experiment is only used to illustrate the 
evolution of the vorticity distribution. 

In order to obtain more detailed information about the dipole, the camera 
was placed above the water surface such that it records only a surface area of 
56 cm x 56 cm. This way a resolution of 0.8 cm x 0.8 cm was achieved for 
the next experiments. In order to capture the entire evolution of the dipole, 
each experiment was carried out twice. The first time, the initial stage of the 
dipole was recorded in region I, and the second time, the final stage of the 
dipole was recorded in region 11, as indicated in figure 5.7. 

The results of two high-resalution experiments will be presented. In ex
periment 1 the background rotation of the tank is +0.7 rad/s and in the 
experiment 2 it is -0.7 radjs. In both experiments a forcing distance of 10 
± 0.5 cm and a forcing velocity of 3.0 ± 0.3 cmjs were used. Because each 
experiment was caried out twice there are actually four experiments: la, 1 b, 
2a and 2b. The experimental parameters are summarized in table 5.1. 

The results from the two high-resalution experiments will be analysed us
ing the procedure described in chapter 3. First, the vorticity distribution is 
analysed from which the location and size of the individual vortices are calcu-
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Figure 5.6: Time evolution of the vorticity distribution. The first picture 
corresponds tot= 6s and the time interval between two subsequent pictures 
is 10 s. The forcing distance s is 10 ± 0.5 cm and the forcing velocity v1 = 

4.0 ± 0.2 cmjs. 
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Figure 5.7: Schematic top view of the rotating tank. The regions I and 
II that were recorded during the experiments are indicated. The dipole is 
created on the left side of the tank. 

Table 5.1 : Experimental parameters for experiments 1 and 2. 

I Experiment I region I n (rad/s) I s (cm) I VI (cmfs) I 
la I +0.7 10 ± 0.5 3.0 ± 0.3 
lb II +0.7 10 ± 0.5 3.0 ± 0.3 
2a I -0.7 10 ± 0.5 3.0 ± 0.3 
2b II -0.7 10 ± 0.5 3.0 ± 0.3 
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Table 5.2: Experimental values for r 0 and rr for both vortices in experiment 
1 and 2. For each experiment the vortices are labeled cyclonic ( C) or anti
cyclonic (A). 

Experiment 1 Experiment 2 
ro (cm:.! /s) Tr/TE ro (cm:.! /s) rr/TE 

Vortex 1 c 104 ± 4 1.1 ± 0.1 A 119 ± 5 0.92 ± 0.07 
Vortex 2 A -108 ± 5 1.4 ± 0.2 c -121 ± 7 0.64 ± 0.05 

lated. Then the translation velocity is determined and the co-moving stream
function 'Ij;' is calculated. Once the co-moving streamfunction is known, the 
separatrix is found . For points inside the separatrix, the nonlinearity of the 
relationship between w and 'Ij;' is investigated. 

5.2.1 'forticity 

In figure 5.8, some high-resalution vorticity distributions are shown from 
experiment 1. Note that the first four pictures correspond to experiment la 
and pictures 5 and 6 correspond to experiment lb. Only six high-resalution 
vorticity distributions of experiment 1 are shown. In total 32 distributions 
were found for experiment 1 and also 32 for experiment 2. All distributions 
were analysed. 

From the analysis of the 64 vorticity distributions, the time evolution of 
the circulation r was obtained, both for the cyclonic and the anticyclonic 
vortices that make up the dipole. This evolution is shown in figure 5.9. 
It can be seen that for both vortices and for both experiments lfl roughly 
decreases from 100 cm2 /s to 50 cm2 /s during the Ekman time TE. The 
Ekman timescale TE is defined by (2.21). For the experimental setup, TE = 
240 s. The data was fitted with an exponential function, 

r(t) = foexp(-t/rr). (5.1) 

Here, ro is the initial vortex strengthandTris the rate of decay of r. In this 
way, for both the positive vortex ( vortex 1) and the negative vortex ( vortex 
2), and for both experiments, f 0 and Tr were found. The results are given 
in table 5.2. 

It can be seen that for each experiment, lf 0 I is virtually the same for vor
tex 1 and 2, within the experimental uncertainty. This means that, initially, 
two vortices of equal strength are formed. There is however a difference in 
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Figure 5.8: Vorticity distribution corresponding to experiment 1 at t=16 s, 
t=28 s, t=58 s, t=76 s, t=136 s and t=196 s. 
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Figure 5.9: Time evolution of r for the cyclonic ( o) and anticyclonic ( +) 
vortices. The dotted line represents the fitted exponential function. Left: 
Experiment 1. Right: Experiment 2. 

Tr between the vortices of a single dipole. In both experiments the cyclonic 
vortices decay faster than the anticyclonic vortices. Note that for experiment 
1, vortex 1 is cyclonic and for experiment 2, vortex 2 is cyclonic. The fact 
that Tr is smaller for the cyclonic vortices indicates that cyclonic vortices 
decay faster than the anticyclonic vortices, which can be explained by the 
nonlinear Ekman term in (2.20). 

The following nondimensional quantity is introduced, 

(5 .2) 

where the subscripts a and c denote the anticyclonic and cyclonic vortices, 
respectively. The time evolution of Pr, for both experiments, is shown in 
figure 5.10. It can beseen that initially Pr is close to 1, since the cyclonic and 
anticyclonic vortices initially have the same strength. During the evolution, 
Pr gradually decreases. This is an indication that the cyclonic vortex becomes 
slightly weaker than the anticyclonic vortex. 

Another property that can be found by analysing the vorticity distribu
tions is the radius of an individual vortex. The evolution of the vortex radii is 
shown in figure 5.11. Because the radius is sensitive to experimental errors , 
the radii are scattered between 2 and 8 cm. But when the time-averaged 
cyclonic and the time-averaged anticyclonic radii are compared, a difference 
becomes evident. In experiment 1, the average cyclonic radius is 4 ± 1 cm 
and the average anticyclonic radius is 5 ± 1 cm. In experiment 2, the aver
age cyclonic radius is 4 ± 2 cm and the average anticyclonic radius is 6 ± 2 
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cm. The fact that, on average, cyclonic vortices are smaller can be explained 
by the asymmetry in the flow around the plate as explained in section 5.1. 
Due to the generation process there is less fluid in the cyclonic vortex which 
therefore has a smaller radius. 

Sirree in the cyclonic vortex the same amount of circulation is concen
trated in a smaller vortex, it is expected that it has a higher peak vorticity 
Wpeak with respect to the anticyclonic vortex. In tigure 5.12 the evolution of 
the peak vorticity Wpeak is shown for experiments 1 and 2. Again the data 
was titted with an exponential function 

Wpeak(t) = Woexp( -t/rw) , (5.3) 

where w0 is the initial peak vorticity and Tw is the rate of decay of Wpeak· Bath 
are shown in table 5.3. As expected, lwol is larger for the cyclonic vortices 
than for the anticyclonic vortices. 

The following nondimensional quantity is introduced, 

Wpeak,c 
Pw = 

Wpeak,a 
(5.4) 

Here the subscripts a and c denote the anticyclonic and cyclonic vortices, 
respectively. In tigure 5.10 the time evolution of Pw is shown. Based on 
the fact that the cyclonic vortices have a smaller radius , it is expected that 
initially Pw = 2 ± 1 for bath experiments. Initially, Pw = 2.1 ± 0.1 for 
experiment 1 and Pw = 2.4 ± 0.2, for experiment 2. So the fact that the 



40 CHAPTER 5. EXPERIMENTAL RESULTS 

10.----~-~-~-~------, 

9 

8 
0 

7 + 
0 + 

+ + 
+ + 

+ 

6 o + + +o + 
E - _+_- ~·---+-------ö------ +---
~ 5 + 0 + + 0 + 0 00 
ctS + ~0 0 0 

4 ······a········ ··· ···o ~ ... . O .... o .. ;··o ··/?·~·~ o 

3 + 0 
0 + 

0 
0 0 0 

2 oo ~ 

0 
0 0.2 0.4 0.6 0.8 

tfTE 

9 

8 0 
0 

7 ++ 

+ 0 + 
6 + + + + 

+ 

+ + 
0 0 

+ + 0 

- -----c;-----·--;;-•------""f-----
55 + 0 + + 

- 0 0 0 
ctJ ..... .. . . .... ;*; •.. ..•• .... ••.• ••••• ..• .•••••• .........•. t . . o'+' ' ' '' '''' ' ''' 

4 0 0 0 
++ 

3 
0 oo 

2 

+ 
0 

+ 0 0 0 
+ 0 

0 

0 

0 
oo 

0 

+ 
0 

0 

~L--0~.2-~0.~4--0~.6-~0.~8-_J 

tfTE 
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Experiment 1. Right: Experiment 2. 

Table 5.3: Experimental values for w0 and Tw for both vortices in experiment 
1 and 2. For each experiment the vortices are labeled cyclonic ( C) or anti
cyclonic (A). 

Experiment 1 Experiment 2 
wo (1/s) Tw/TE Wo (1/s) Tw/TE 

Vortex 1 c 3.6 ± 0.1 0.59 ± 0.02 A 1.91 ± 0.08 0.83 ± 0.05 
Vortex 2 A -1.74 ± 0.04 1.17 ± 0.05 c -4.6 ± 0.2 0.40 ± 0.01 
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Figure 5.12: Time evolution of Wpeak for the cyclonic ( o) and anticyclonic ( +) 
vortices. The dotted line represents the fitted exponential function. Left: 
Experiment 1. Right: Experiment 2. 

cyclonic vortex has a higher peak vorticity may be explained by the fact that 
it has a smaller radius with respect to the anticyclonic vortex. 

The fact that Tw is smaller for the cyclonic vortices indicates that cyclonic 
vortices decay faster than the anticyclonic vortices, which can be explained 
by the nonlinear Ekman stretching term in (2.20) . However, Tw is smaller 
than the corresponding Tr. This can be explained by the fact that, due to 
the nonlinear adveetion term in (2.20), the radius of a vortex will increase 
slightly. This increase is probably too small to be observed in the time 
evolution of the vortex radii, but as a result Wpeak decreases somewhat faster 
than r. 

In figure 5.13 cross-sections are shown of the the vorticity distribution 
at serveral stages in the evolution of experiment 1. The cross-sections were 
made through the vortex centres. Also the evolution of the distance between 
the vortex eentres b, was determined for experiment 1 and 2. The results 
are shown in figure 5.14. No clear upward or downward trend is visible 
in the evolution of b and the average was determined. In experiment 1, 
b = 21.0 ± 0.9 cm and in experiment 2, b = 21.0 ± 0.8 cm. Now the ratio 
ajb can be determined, where a is the mean radius of the cyclonic and the 
anticyclonic vortex. It was found that ajb = 0.23 ± 0.07 for experiment 1 
and ajb = 0.24 ± 0.09 for experiment 2. This is in close agreement with the 
results from the super-smooth salution which has ajb = 0.248. This means 
that the experimental dipale is equally concentrated as the super-smooth 
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Figure 5.13: Cross-section of the vorticity distribution corresponding to ex
periment 1 at t=16 s, t=28 s, t=58 s, t=76 s, t=136 s and t=196 s. The 
cross-section was made through the vortex centres. 
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Experiment 2. 

solution. 

5.2.2 Translation velocity 

When the co-moving streamfunction was calculated using the translation 
velocity found with the procedure described in chapter 3, some co-moving 
streamline patterns were irregular. It is possible that this irregularity in the 
co-moving streamfunction was caused by an incorrect translation velocity. 
This could be the case when at time t the actual velocity differs from the 
average velocity over the time interval [t - ó.t, t + ó.t] with ó.t=6 s. The 
difference could be caused by disturbances of the free surface. That is why 
also an alternative method is used to find the velocity of the dipole. This 
method is based on minimizing the total Jacobian, defined as 

(5.5) 

by varying the dipole translation velocity. Here, '1/J' is the co-moving stream
function '1/J'(ut, Vt) = '1/J+vtX-UtY· The simplex method was used to minimize 
6J. The velocity for which bJ has a minimum is called the Jacobian velocity 
v 1 . For a stationary dipole this method finds a minimum of 6 lmin = 0 and v 1 

is identical to the actual dipole translation velocity Vt. For an instationary 
dipole this method is not always correct sirree v 1 is not necessarily identical to 
Vt . When v1 was used to calculate '1/J', it improved the appearance ofthe co
moving streamfunction in some cases. But in other cases v 1 was unrealistic 
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and resulted in an unrealistic '1/J'. That is why the co-moving streamfunction 
in the next section is based on the more straightforward average velocity 
described in chapter 3 

It can be seen from figure 5.15 that the translation velocity gradually 
decreases, as is expected from the decrease in circulation. The translation 
velocity varies in a broad range, probably due to the oscillatory behaviour of 
the dipole. The line represents the fitted exponential function 

(5.6) 

For experiment 1, v0 = 0.51±0.03 cmjs and for experiment 2, v0 = 0.66±0.04 
cmjs. This means that the dipale of experiment 2, which initially has a higher 
circulation, also has a higher translation velocity. In order to campare both 
experiments, the nondimensionalized translation veloeities v ( t) = lvt l27rb ;r 
should be considered. Note that for the point-vortex dipole, v = 1. In 
figure 5.16 the time evolution of v is shown, both for experiment 1 and 
experiment 2. Just like in the evolution of lvtl, there is some scatter in v. 
In both experiments v remains more or less constant. It was found that for 
experiment 1, v = 0.7 ± 0.2 and for experiment 2, v = 0.7 ± 0.1. These 
translation veloeities are just below the nondimensional translation velocity 
of the super-smooth solution, for which v = 0.846. A possible explanation is 
the finite width of the domain in which the experimental dipale translates. 
Sirree the width of the experimental dipale is only a factor of 2.5 smaller than 
the width of the tank, the dipale feels the infiuence of the walls of the tank. 
The infiuence of the walls may slow down the dipole. 

It is expected that Tv, based on the dipale translation velocity, is similar 
to Tr given in table 5.2. For experiment 1, Tv/TE = 2.0 ± 0.6, which is 
a bit higher than expected. This means that the translation velocity does 
not decreases as fast a the circulation. Note that for experiment 1, there 
is a relatively large uncertainty in Tv/TE , which is probably the reason for 
the discrepancy. For experiment 2, Tv/TE = 0.72 ± 0.07, which is in close 
agreement with Tr . 

5.2.3 Co-moving streamfunction 

Once the dipale translation velocity is found, the co-moving streamfunction 
'1/J'(x, y) can be calculated using (2.30). In figure 5.17 the co-moving stream
lines are superimposed on the vorticity distribution at several stages in the 
evolution of experiment 1. The six streamfunctions that are shown, have rea
sonably regular streamlines. However, at some points in the evolution, the 
streamlines were more irregular, making it more difficult to fit a separatrix. 
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Figure 5.15: Time evolution of lvtl· The line represents an exponential func
t ion that best fits the data. Left: Experiment 1. Right : Experiment 2. 
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As described in chapter 3, the fitting procedure for the separatrix consists of 
finding Rx and Ry for which 67/J has a minimum. The definition of 67/J is given 
in (3.2) and Rx is the radius of the separatrix in the direction of propagation 
and Ry is the radius perpendicular to the direction of propagation. When the 
streamlines are too irregular this method finds an ellipse that is unrealistic 
and it is discarded. This was the case for 8 out of 64 streamfunction plots. 

In tigure 5.18 the evolution of the separatrix aspect ratio E = Ry/ Rx 
is shown for both experiments 1 and 2. The aspect ratio is roughly in a 
range between 1.1 and 1.6. There is no clear upward or downward trend in 
the aspect ratio. For experiment 1, E = 1.27 ± 0.21 and for experiment 2, 
E = 1.27 ± 0.15. This is in agreement with the results from the super-smooth 
solution for which E = 1.16. However, on average the experimental dipole is 
somewhat more elongated. 

In tigure 5.19 the mean radius R = JRxRy of the separatrix is shown. 
The average was R = 21 ± 3 cm for both experiments. 

For points inside the ellipse that best fits the separatrix the w, 7/J'-plot was 
made. The evolution of this scatter graph is shown in tigure 5.20. Initially 
the dipole is far from stationary, which can beseen by the amount of scatter 
in the first w, 7/J'-plot. Gradually the scatter reduces which is an indication 
that the dipole becomes more stationary. The functional relation w = F( 'Ij;') 
is clearly nonlinear. There is a horizontal plateau, with a positive and a 
negative branch. During the evolution the shape is more or less conserved. 

As described in chapter 3, the w, 7/J'-plot was fitted with an odd polyno
mial. The experimental coefficients, a1 and a3 , were nondimensionalized in 
order to compare them to the coefficients corresponding to the super-smooth 
solution. The nondimensionalized coefficients are 

(5.7) 

(5.8) 

Where R is the average radius of the separatrix and U is translation velocity. 
For R the time averaged radius was used and for U the fitted exponential 
function was used. 

In tigure 5.21 the evolution of à1 is shown. It can be seen that the value 
of a1 is scattered between -8 and 8. For experiment 1, à1 = -2 ± 4 and for 
experiment 2, a1 = -1 ± 3. In chapter 3 it was mentioned that when the 
super-smooth solution was fitted with an odd polynomial, this resulted in 
à1 = 3.7. In both experiments, a1 is close to this value. 

Figure 5.22 shows the time evolution of a3 . It shows that a3 is roughly 
scattered between 5 and 15. For experiment 1, a3 = 9±3 and for experiment 
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Figure 5.17: Vorticity distribution and co-moving streamfunction corre
sponding to experiment 1 at t=16 s, t=28 s, t=58 s, t=76 s, t=136 s and 
t=196 s. The ellipse that closely fits the separatrix is also indicated. 
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Figure 5.20: Vorticity distribution versus co-moving streamfunction corre
sponding to experiment 1 at t=16 s, t=28 s, t=58 s, t=76 s, t=136s, t=196 
s. The polynomial, containing only power of 1 and 3, that best fits the data 
is indicated by a solid line. 
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Figure 5.23: Left: Vorticity distribution for an experiment with a positive 
background rotation at t=240 s. Right: Corresponding distribution of abso
lute velocity 

2, ii3 = 8 ± 2. For the super-smooth dipole, ii3 = 14, which is close to, but a 
bit higher than the experimental values. 

5.3 Dye-spray experiments 

In several vorticity distributions small vorticity features appeared. In the 
left panel offigure 5.23 a vorticity distribution with these features is shown. 
Outside the separatrix of the dipole there are many cyclonic vortices with a 
diameter of approximately 1 cm, which is close to the experimental resolution. 
Inside the separatrix, rings of cyclonic vorticity are visible. These features 
arealso visible in the plot of V(x, y), the absolute velocity, shown in the right 
panel of figure 5.23. In some experiments these features appeared while in 
an identical experiment performed earlier, they were absent. 

To verify whether the lines and dots are artefacts of the measurement 
technique or real vortices, a dye experiment was performed. A different 
method of dye visualisation was used. In order to distribute the dye uniformly 
over the water surface the dye was sprayed onto the surface. This was done 
using a plant spray, see fig 5.24. The temperature of the water was equal to 
the ambient temperature of 20°C. 

A downward transport of dye was observed in many small channels. These 
channels are visible as vertical lines because they transport the dye down
ward. At t=O, the dye is sprayed on the surface. In figure 5.25 the downward 
transport is clearly visible as the channels fill up with dye. Eventually, the 
narrow columns of dye reach the bottorn of the tank, 20 cm below the free 
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Figure 5.24: Plant spray used to uniformly spray dye onto the water surface. 

surface. 
In geostrophic flows vertical transport violates the Taylor-Proudman the

orem, but reeall that this theorem is only valid for inviscid flows. Vertical 
motion is allowed in narrow or small regions where viscosity becomes impor
tant. 

A similar observation was made in an experimental study of convective 
structures in rotating fluids [9]. In this study a constant heat flux cp entered 
the fluid through the bottorn of a tank. Only when a thermally adjusted 
state was reached the tank was spun up to a constant angular velocity n. 
The convective stuctures were visualised with dye. It was observed that a 
'cold film' at the free surface descended in narrow sheets or in small channels. 
Outside these structures the fluid ascended. At the free surface the fluid 
converged towards the structures. Owing to the preserree of the Coriolis 
force the converging fluid was deflected in cyclonic direction. When the fluid 
converged towards a sheet, this resulted in a shear layer, shown schematically 
in the-left panel of figure 5.26. When the fluid converged towards a channel 
this resulted in a cyclonic vortex, shown in the right panel of figure 5.26. 

Depending on cp and n the flow was in the regular or in the irregular 
regime. In the regular regime narrow sheets in the shape of concentric circles 
appeared after the spin-up process. If the rotation axis did not coincide with 
the centreline of the tank, or when the formation process was disturbed, the 
sheets were formed in the shape of spirals or parts of spiral-like structures. 
Aftersome time small wavy pertubations appeared which grew and rolled-up 
into vortices caused by the Kelvin-Helmholtz shear instability. Eventually 
the sheet pattem was transformed into a regular vortex pattern. In the irreg
ular regime no rings were observed and vortices started to form everywhere 
in an irregular pattern. In this regime there were interactions between neigh-
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Figure 5.25: Top view of the water surface with a view angle of 45 degrees. 
Dye is transported downward through small channels, which results in cy
clonic rotation at the surface. The pictures were taken at t=30 s, t=41 s, 
t=58 s and t=67 s. The water temperature was equal to the ambient tem
perature of 20°C. 

Figure 5.26: Left: A convective sheet structure. Right: A convective channel 
structure 
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Figure 5.27: The dye-distribution at t=300 s. Outside the dipole the channels 
are visible and inside the dipole the sheets are visible as concentric rings 
and spiral-like structures. The water temperature was equal to the ambient 
temperature of 20°C. 

houring vertices. At first a pair started to rotate around a common axis, as if 
the flow was two-dimensional. Then the vertices began to interlace, forming 
a double helix, and finaly they merged into one vortex. More details can he 
found in [9). 

To see whether vertical transport occurs inside the dipole, the following 
experiment was performed. At t=O s, a dipole was generated. At t=60 s, dye 
was sprayed on the surface. Outside the dipole the channels are observed 
again which transport the dye downward. Also inside the dipole vertical 
transport occurs. But inside the dipole the dye is transported downward by 
sheets and not by channels as can he seen in figure 5.27. The sheets are 
organized in spiral-like structures. Note that first the dipole is generated, 
then the dye is sprayed on the surface and instantaneously the rings appear. 
This makes it clear that vertical transport occurs in the sheets. 

It was mentioned that the driving force of the vertical transport is convec-
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tion. When water is used which is cooler than the ambient air, it is expected 
that the 'cold film' is absent or at least weaker. This is expected because less 
water evaporates from the surface and the surface is in contact with relatively 
warm air. As aresult the convective structures will be weaker. When water 
is used which is warmer than the ambient air, it is expected the convective 
structures will be stronger. This was verified by repeating the experiment 
with different water temperatures. The above-mentioned experiment was 
performed using water of room temperature, 20°C. This was achieved by 
leaving the tap water in the tank for at least 24 hours before starting the 
experiment. The same experiment was repeated, once using fresh tap water 
which had a temperature of l5°C and once using water of 25°C. The results 
of these experiments are shown in figure 5.28. 

It can be seen that in the case of the colder water the dye remains on 
the surface and practically no vertical transport occurs. Some sheets are 
visible, but when viewed from the side it is apparent that they are of much 
weaker intensity than when the water had a temperature of 20°C. This can be 
explained by the fact that the 'cold film' at the free surface is almost absent. 
Outside the dipole some clear spots appear. Although there is no further 
evidence, they could be caused by an upward transport of water. This brings 
clear water to the surface, making holes in the film of dye. This upward 
transport may be caused by heat entering the tank through the bottorn from 
the warmer air surrounding the tank. All this is very speculative, however. 

When water of 25°C was used, the vortex channels outside the dipole are 
more intense. The dye is transported downward faster, making the pictures 
less clear. What can be seen is that the vortex channels are inside the sep
aratrix of the dipole as well. There, the channels are horizontally elongated 
due to the shear of the dipole. In the upper vortex some rings are visible. 
Probably the more intense vortices can survive inside the dipole. 

These two experiments show that the driving force behind the vertical 
transport is convection. For water of 20°C two types of convective structure 
are present: channels and spiral-like sheets. It is clear that these structures 
generate the cyclonic vorticity which was observed in the distribution of 
vorticity and absolute velocity, shown in figure 5.23. 

For water of room temperature, it is expected that the vortex channels 
appear somewhere during the spin-up process of the tank, although they are 
invisible until dye is sprayed onto the surface. So they exist before the dipole 
is created. It is an open question whether the channels near the plate survive 
the generation of the dipole. It is possible that they do survive, but that 
they are elongated into spiral like structures. Another possibility is that the 
channels are completely destroyed by the generation of the dipole and that 
initially no convective structures exist inside the separatrix of the dipole. The 
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Figure 5.28: Left: Water of l5°C, t = 310 s. Right: Water of 25°C at t = 77 
s. In both cases the dye was sprayed on the surface at t = 60 s. 

rings then spontaneously appear as a preferred means of convection as was 
observed in [9]. When the final possibility is true, this could be an indication 
that the preferred means of convection is related to the shear present in the 
flow. 



Chapter 6 

Conclusions and 
recommendations 

6.1 Con cl usions 

It was observed that when a dipole is generated by dragging a plate though 
the fiuid, the separatrix of the resulting dipole is elliptical. Variation of the 
forcing parameters like the translation distance and the translation velocity 
only has a small infiuence on the shape of the dipolar vortex. 

When nondimensional quantities are compared, the experimental dipole 
resembles the so-called super-smooth solution described in [1] remarkably 
well. In table 6.1 some nondimensional quantities are summarized for both 
dipoles. Moreover, just like the super-smooth dipole, the experimental dipole 
is very stable. 

It can be seen that the ratio ajb is similar. Here a is the radius of an 
individual vortex and b is the distance between the vortices. This is an indi
cation that the vorticity distributions are very similar. Also the experimental 
separatrix aspect ratio E is in agreement with the separatrix aspect ratio of 
the super-smooth solution. This means that the co-moving streamfunctions 
are similar. The nondimensional translation velocity v for the experimental 
dipole is a bit lower than v for the super-smooth solution. This can proba
bly be explained by the fact that the experimental dipole is generated in a 
domain with a finite width. 

The relationship between w and '1/J', for points inside the separatix, was 
fitted with a polynomial. When the coefficients a1 and a3 are compared, it 
can be seen that they are close, but not identical, to the coefficients of the 
super-smooth solution. 

Reeall that the super-smooth solution is a stationary solution to the in-
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Table 6.1: Nondimensional quantities for the super-smooth salution and for 
the experimental dipole. 

I Quantity I Super-smooth I Experimental I 
a/b 0.248 0.24 ± 0.09 

V 0.846 0.7 ± 0.1 
E 1.16 1.27 ± 0.18 
al 3.69 -2±4 
a3 13.9 9±3 

viscid vorticity equation. It cannot be expected that an identical dipole can 
be generated in a laboratory experiment in which viscosity may play an im
portant role. Also there is interaction with the bottom, which is not included 
in the vorticity equation to which the super-smooth dipole is a solution. 

Time evolution of the circulation showed that the cyclonic vortices decay 
faster than the anticyclonic vortices. This is most likely due to nonlinear 
Ekman effects. As a result of this, the dipole trajectory is slightly defiected 
in anticyclonic direction. 

The generation method results in an asymmetrie dipole. An average 
radius of 4.2 cm for the cyclonic vortex and 5.6 cm for the anticyclonic 
vortex was found. Since the circulation of both vortices is initially equal, 
the asymmetry in the radii results in a higher initial peak vorticity for the 
cyclonic vortex. 

Further it was observed that small vortex structures exist in the rotating 
tank. Most likely these structures are present in all experiments performed 
with the rotating tank. Because of the high resolution that was used in the 
HPV experiments, these structures became visible in the vorticity distribu
tion. 

The nature of these vorticity structures was clarified by performing an 
alternative dye experiment in which dye was sprayed on the surface. It was 
clearly visible that the dye was transported downward through many small 
vortex structures. It is suspected that convection was the driving force behind 
the structures. This was verified by using water of different temperatures. 

6.2 Recommendations 

Only for one set of forcing parameters, detailed experiments were performed. 
The plate width was 25 cm and the forcing distance 10 cm. It would be 
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interesting to perform the same experiments for more combinations of forcing 
parameters. 

The super-smooth solution for the f-plane is a special case. According 
to [1] more super-smooth solutions exist on the ,8-plane. A sloping bottorn 
in a rotating tank can he used to investigate dipoles on the ,8-plane. These 
can he compared to the solutions described in [1]. 

In the experimentsaplate was dragged through the fluid, resulting in an 
elliptical dipole. In other papers, experiments are described where a circular 
cylinder was dragged through the fluid, resulting in a more or less circular 
dipole. It might he interesting to see what happens when other shapes are 
dragged through the fluid, for example an elliptical cylinder. 

The convective vortex structures that were discovered, could he investi
gated further. Their three-dimensional structure could he looked at. It is 
also possible, using the plant spray, to see how and at which time in the 
spin-up process they are formed. This might also shed some light on why 
inside the dipole, convective sheets were observed, while outside the dipole 
small vortices were present. 
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Technology assessment 

We live within the atmosphere in which the large-scale flow around high and 
low pressure areasistoa good approximation two-dimensional. When a high 
and low pressure area meet, a dipolar vortex structure is formed. Due to their 
selfpropelling mechanism, dipolar vertices may transport heat and humidity 
over large distance, so they play an important role in our weather. Dipolar 
vertices also occur in the oceans, where they may transport heat, salinity 
and biologica! matter over large distances. These vertices may influence the 
elimate and the ecological system. 

In a recent theoretica! study, an improved model for a dipolar vortex was 
found. The present research aims at finding this structure in the laboratory. 
Dipolar vertices were created and stuclied in laboratory experiments and 
appeared to be in close agreement with the model. 

Studying dipolar vertices gains insight in the complex flow of the atmo
sphere and oceans. A better understanding of these flows may result in more 
accurate weather forecast and better predietien of the elimate change. 
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