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Abstract 

The generation and evolution of an electromagnetically driven jet in a thin fiuid layer has 
been studied both experimentally and numerically. High-resolution particle velocimetry 
experiments were performed in a thin fiuid layer to obtain the vorticity field induced by a 
single disc-shaped permanent magnet. The initial vorticity distribution was compared to 
the predictions of three theoretica! models for the magnetic field: a magnetic point dipole, 
an exponential model, and a model of a uniformly magnetised disc. The latter appeared 
to be the most suitable model which was used as a basis for the numerical simulations. 
The method of finite differences was used to investigate the subsequent evolution of the 
vorticity, numerically. The simulations were in a close agreement with the experiments for 
the area close to the magnet. When the vorticity was advected away from the magnet, 
some differences between simulations and experiments were observed. These differences are 
attributed to three-dimensional effects and the neglect of the horizontal components of the 
magnetic field. Finally, high-resolution particle velocimetry experiments were performed 
and compared with dye experiments. It turned out that the dye distribution in the flow 
domain was not related to the vorticity distribution. 
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Chapter 1 

Introduction 

Vortices are everywhere around us in all sizes, from vortices behind the wings of an insect to 
galaxies. Most of these vortices are three-dimensional, as visible in the smoke rising from a 
cigaret. Large-scale vortex structures in the atmosphere and in the oceans, however, are to 
a good approximation restricted to two dimensions, due to the rotation of the earth, density 
stratification, and the geometry of the atmosphere and oceans (horizontal length scales are 
much larger than the vertical length scales). These vortices are therefore called (quasi-) 
two-dimensional. Because transport of, for example, heat or biomass is related to weather 
forecasting and climate control, it is important to understand the interactions between 
these vortices. This process of interactions is called two-dimensional {2D) turbulence and 
is characterised by the so-called inverse energy cascade, which means that a large amount of 
small-scale vortices interact with each other to form a small amount of large-scale vortices, 
i.e. the kinetic energy is transferred to the larger scales of motion. 

In several studies of 2D turbulence (see e.g. Tabeling et al. [17)), experiments are 
performed where vortices are created by means of electromagnetic forcing. In these exper
iments one or more permanent magnets are placed below the bottom of a small container 
which is filled with a thin layer of salt water. When a current is applied to the water, a 
Lorentz force is induced which leads to the generation of vortices. After some time the 
current is stopped and the evolution of the vortices and some related quantities is studied. 
Because a thin layer of water is used, the vortices are quasi-two-dimensional. Although 
electromagnetic forcing has been applied in many experiments to study 2D turbulence, the 
forcing mechanism is not yet fully understood. 

The purpose of this research is to study the vortex generation process in more detail 
to obtain a better understanding of the mechanism of electromagnetic forcing. 

The remainder of this report is organised in the following way. In chapter 2 the theo
retica! background of electromagnetic forcing is discussed. Besides that, three theoretica! 
models are discussed which can be used to model the magnetic field of the magnets used in 
the experiments. Next, in chapter 3, the three models discussed in chapter 2 are compared 
with laboratory experiments and conclusions are drawn to find the most suitable model. 
This most suitable model is used to perform numerical simulations, which are discussed in 
chapter 4. In chapter 5 a classification of flow regimes stated by Schepers [14] is analysed. 
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2 CHAPTER 1. INTRODUCTION 

Finally the discussion and conclusions are stated in chapter 6. Also a list of references is 
included and some background information is stated in the appendices. 



Chapter 2 

Theory 

2.1 Governing equations 

2.1.1 Equations of motion 

Consider the motion of a homogeneous, incompressible fluid and assume that the flow 
behaves like a continuum. The equations of motion of the flow can be obtained by applying 
the conservation laws for mass and momentum on a small control volume in the flow. For 
incompressible flows we have 

V·u=O, (2.1) 

with u the fluid velocity. This implies Wt = 0 with p the density, and therefore it is assumed 
that pis constant. Conservation of momentum is expressed by the Navier-Stokes equation 
which yields (see e.g. Kundu [10]): 

au 1 2 F 
-+(u · V)u=--Vp+v\7 u+g+-, at P P 

(2.2) 

where p is the pressure, g the gravitational acceleration, v the kinematic viscosity and 
F represents any external forces acting on the fluid . The two terms on the left form the 
material time derivative ~~, which expresses the change of velocity u following a fluid 
parcel. The first term ~~ is the local rate of change of u for a given point in the flow. The 
second term (u · V)u expresses the change in u due to advection of the fluid element. 

The vorticity of a fluid element wis related to the velocity by w = \7 x u. By taking the 
curl of the Navier-Stokes equation, one can obtain the vorticity equation (see e.g. Kundu 
[10]) 

Dw aw \7px\7p 1 
-D = -a + (u · V)w = (w · V)u + 2 + v\7

2w + -\7 x F. 
t t p p 

(2.3) 

The vorticity of a fluid element can change due to four effects. The term (w · V)u represents 
the vorticity production due to stretching and tilting of vortex tubes, \lp ~\1 e represents the p 
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4 CHAPTER 2. THEORY 

vorticity production due to baroclinic effects and the term v\12w describes the vorticity 
production due to viscous diffusion. The last term l \1 x F finally represents the production p 
of vorticity due to external forces. 

The integral quantity circulation is a measure of the strength of a vortex or flow and 
is defined as 

r = f v · ds = ! ! (w · n)dA. (2.4) 

2.1.2 Equations of motion in a quasi-two-dirnensional flow 

Consider the motion of a 2D incompressible flow in the (x,y)-plane. For purely 2D flows, 
the velocity reduces to u = ( u, v, 0) and the vorticity vector is directed perpendicular to 
the plane of motion, i.e. w = (0, 0, wz). In our case the flow thst is studied is restricted to 
the free surface of the fluid layer. Because the surface must be stress-free, the z-derivative 
of the horizontal velocity components will be zero at the surface. Therefore, and because p 
is constant, the terms (w · V)u and 'Vp~'Vp are zero and the vorticity equation (2.3) reduces 
to 

OWz 2 1 ( ] ~ + (u · V)wz = v\1 Wz + - \1 X F z· 
ut p 

(2.5) 

The viscous term v\72wz = v( 8;~z + a;~z + a;~z) can be split into two parts. The term 

v( 0;:iz + a;~z) = v\11-wz describes the change in vorticity due to horizontal diffusion, 

whereas the term v 8;~z represents the change in vorticity due to vertical diffusion as a 
result of bottom friction. To a good approximation, the vorticity component has a sine
like z-dependence and therefore the last term can be replaced by a linear term -Àwz, with 
À= ;;2 , where H is a typical vertical length scale (Cense [3]). This results in the vorticity 
equation 

OWz 2 1 [ ] 
!:) + (u · V)wz = v\1 HWz - ÀWz + - \1 X F z· 
ut p 

(2.6) 

2.1.3 The dirnensionless vorticity equation 

By writing the vorticity equation in a dimensionless form, this equation can be applied 
to different situations. The variables in the vorticity equation can be made dimensionless 
usmg 

t - Tt' - u , - U , 'tï - i 'tïl ' - v d F - 'LF' - , Wz - yw z, u - u , v - I v , /\ - H2 an - .r , 

with T, U, L, H, and F the characteristic values of time, velocity, horizontal and ver
tical length scale, and force. Equation (2.6) can then be written as 

1 U ow~ U
2 

( , ') , v U 12 , U , F ( , '] 
TL ot' + L2 u . v wz = L2 L \1 Hwz - À L Wz + pL \1 x F z· (2.7) 
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Since the velocity and the vorticity are induced by the forcing term, it is assumed that the 
time derivative term ~~~ and the advection term ~~ (u' · V')w~ are of the same order as 
the forcing term :r, [V'' x F']z, which implies: 

U = !Ei and T = Il. = IL. y---;;- L VPL 

From this assumption the dimensionless vorticity equation is obtained 

(2.8) 

with Reh = uvL = ~2 lft and Rev = ~L ~: = ~2 lft the horizontal and vertical Reynolds 

numbers, respectively. These two parameters are related to each other by Rev = ó2 Reh, 
where ó = ~. For the determination of the advection time Tadv, the time dependent term 
and the advection term should be of the same order, so 

,,... -T- fii_ 
1 adv - - y ):· 

For the horizontal and vertical diffusion times (r~11 and Tdiff' respectively), the time 
derivative term should be equal to the horizontal and vertical damping terms, respectively, 
resulting in 

h L 2 

Tdiff = -;; and 

v _ H 2 
7diff - --;7" 

One way to create vorticity is by means of electromagnetic forcing. In the presence of 
a magnetic field Band an electrical current density j, a Lorentz force FL is induced, which 
represents the external force according to 

(2.9) 

This Lorentz force can be made dimensionless using 

F = JxBoF', 

with Jx the current density in the x-direction, which is assumed to be homogeneous, and 
B0 a characteristic value of the magnetic field. For the case of electromagnetic forcing, 
we use L = a, F = )xBo, and H = h, with a the radius of the magnet that is used in 
the experiments and h the water depth in the flow system. Therefore we obtain for the 
characteristic times: 

Tadv = ~Ba' y ];B~ (2.10) 
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(2.11) 

(2.12) 

and for the horizontal and vertical Reynolds numbers 

R _ a2 fk"xBo eh- - --, 
v pa 

(2.13) 

Rev = h
2 r;:iJ;_ 

1/ v Po: 
(2.14) 

The relationship Rev = ó2 Reh still holds with ó = ~ the relative water depth. 

2.1.4 Magnetic field in a fiowing medium 

Consider a magnetic field in a medium with a relative magnetic permeability µr and an 
electric conductivity a. When it is assumed that the medium is statie, the magnetic field 
is described by the diffusion equation 

aB = 2_\72B (2.15) at µa ' 

with µ = µ0 µr and µ0 the magnetic permeability of vacuum. For a flowing medium, 
however, an extra term \7 x (u x B) is added to the diffusion equation resulting in (see 
Davidson (4] or Moreau (11]) 

8B 1 
-
8 

= \7 x (u x B) + -\72B, (2.16) 
t µa 

with u the velocity distribution of the flowing medium. This equation can be made dimen
sionless using 

u = Uu' \7 = .!.\71 t = !!t' B = B B' 
' a ' U ' 0 

with U, a and B0 characteristic values of the velocity, length and magnetic field, respec
tively. By substituting these variables in equation (2.16) and dividing the resulting equation 
by ~, the dimensionless diffusion equation for the magnetic field in a flowing medium is 
obtained (note that the accents (') are omitted) 

8B 1 -a = \7 x (u x B) + -R \72B, (2.17) 
t em 

with Rem = µaaU the magnetic Reynolds number. For Rem » 1 the magnetic field lines 
are frozen into the fluid, which means that the field lines are transported by the flowing 
medium. For Rem « 1 however, the magnetic field is dominated by diffusion, which means 
that the impact of the flow can be neglected and equation (2.15) can be used. 
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a 

d 

(a) (b) 

Figure 2.1: Sketch of the type of magnets that is used in the experiments ( a) and a visual
isation of the magnetic field lines with iron powder (b, Cense [3}). 

2.2 Analytica! models of a permanent magnet 

The magnets used in the experiments for electromagnetic forcing are disc-shaped perma
nent magnets with a certain thickness d and radius aas can be seen in figure 2.l(a). 

We can describe the situation in two coordinate systems: a cartesian and a cylindrical 
coordinate system. For both coordinate sytems the origin is chosen on top of the magnet 
with the z-axis directed through the centre of the magnet (figure 2.2). 

Our goal is to find a suitable analytica! model for the magnetic field of the magnets. 
Although the magnetic field of these magnets is far from homogeneous, as can be seen in 
figure 2.1 (b), it is assumed that only the z-component of the magnetic field contributes to 
the production of vorticity, so that we may ignore the other components. Furthermore, we 
assume that the current density that is applied to the system to create a Lorentz force, 
is constant and directed in the x-direction (j = Ux, 0, 0)). For a system initially at rest 
(in absence of vorticity, wzlt=O = 0), vorticity can only be created by non-uniform forces 
according to 

OWz = ~[\i' X F]z = ~ [EJFy _ EJFx] ' 
EJt p p EJx EJy 

(2.18) 

as fellows from equation (2.5) . So for the generation of vorticity in a system initially at 
rest, there should be gradients in the x- or y-direction of the forces acting on the system. 
From equations (2.18) and (2.9) we obtain an expression for the production of vorticity at 
a time T, where T « Tadv and T « T!'j 1, 

OWz 

EJt 
(2.19) 



8 CHAPTER 2. THEORY 

z 
z 

(r,<j>,z) 
(x,y,z) 

y 

<1> 

(a) (b) 

Figure 2.2: The position of the magnet in a cartesian ( a) and a cylindrical (b) coordinate 
system. 

where jx = ~ with lx the current that is applied to the system and A the area perpendicular 
to the current flow, i.e. A = lh, with l the dimension of the system in the y-direction and 
h the dimension of the system in the z-direction. 

For a disc-shaped permanent magnet, the magnetic field has no 4>-dependency, so B is 
a function of r and z. In order to model Bz(r, z), we have to take some restrictions into 
account. Under the assumption that the north pole of the magnet is facing upward, Bz(r, z) 
has an inner region where the magnetic field lines are directed in the positive z-direction 
and an outer region where they are directed in the negative z-direction. Furthermore, in 
this case the magnetic field lines are always closed, and for any value of z, Bz(r, z) has to 
satisfy 

<I> = JJ s B · ndA = fo
00 

Bz(r, z)27rrdr = 0, (2.20) 

which means that the total magnetic flux <I> through an infinitely large area S (for which 
r --t oo) in the (r,</>) domain equals zero. 

2.2.1 Magnetic point-dipole 

For relatively large distances from the magnet ( ~, ~ » 1) the magnetic field can be con
sidered as the magnetic field of a point dipole. 

For a magnetic point dipole located in the origin with moment m = mez, the vector 
potential A yields (see e.g. Jackson [9]) 

mr 
A = (r2 + z2)3/2 e<P. (2.21) 
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Using the relation B = \l x A the magnetic field in the z-direction can be obtained 

2z2 - r 2 

Bz = (\l x A) · ez = m (r2 + z2)5/2, 

which can be written as 

9 

(2.22) 

(2.23) 

with Bm(z) = ~ the maximum magnetic field. Note that the magnetic field changes sign 
at l~I = v'2. The right-hand side of expression 2.23 satisfies equation (2.20) and with 
equation (2.19) the production of vorticity can be determined: 

or 

3jxmx(r2 - 4z2
) 

p(r2 + z2)7/2 ' 

. B ( ) 1 (!f.) [4 - (!.)2] 
Jx m Z 2 z z 

pz [1+(~)2] 
7/2 . 

(2.24) 

(2.25) 

Plots of the magnetic field and the vorticity production can be seen in figure (2.3). For 
1~1 < 2 it can be seen that there is a core with an area of positive vorticity production 
and an area of negative vorticity production. For l~I > 2 two satellites can be seen with 
opposite signs of vorticity production. The core and satellites are separated by the line 
~ = 0, which is called the separatrix. 

In order to facilitate comparison with the laboratory experiments to be discussed in 
chapter 3, equation (2.26) can be written in terms of the characteristic horizontal length 
scale a, i.e. the radius of the magnet that is used in the experiments and the characteristic 
magnetic field Bo: 

with 

awz 
at 

-jxBo ~ (~) [ (;)2 - 4 (~)2] 
pa 

2m 
Bo= -3. 

a 

[ (;) 2 + ( ~) 2] 7 /2 
(2.26) 

(2.27) 
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4 

3 

2 

N' 
~e 

~ 0.5 
r:flN 

~ 0 

-) 
'· 

-2 
. . . . . . . . ; . . . . . . . . 

-3 
0 . 

-4 

-5 ~__.__..___...._.,____.__..._---"~-"---"---' 
0 . 1 2 4 5 -5 -4 -3 -2 -1 0 2 3 4 5 

r/z xlz 

(a) (b) 

Figure 2. 3: Plots of the magnetic field in the z-direction ( a) and the vorticity production 
(b) for a magnetic point dipole located in the origin. The solid lines represent contours of 
positive vorticity production, whereas the dash-dotted lines represent contours of negative 
vorticity production. The separatrix is indicated with a dotted line. 

2.2.2 Exponential model 

In several recent studies (see e.g. Schepers [14] or Bokhoven [1]) a Gaussian profile is 
assumed for the distribution of the magnetic field along the r-axis, that is 

(2.28) 

where Bm is the maximum value of the magnetic field and R(z) the radius for which the 
sign of the magnetic field changes. This equation satisfies the zero flux condition (2.20). 
Using equation (2.19) the production of vorticity can be determined: 

(2.29) 

A more general profile for B(r, z) can be obtained by using a family of equations 
suggested by Carton et al. [2] for the vorticity distribution of an isolated monopole 

(2.30) 

where R(z) is a characteristic horizontal length scale that depends on z, and a is the 
so-called 'steepness parameter'. This parameter is a measure of the homogeneity of the 
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magnetic field near the z-axis. So the model for the z-component of the magnetic field 
yields in cylindrical coordinates 

(2.31) 

By applying equation (2.19) to equation (2.31) the production of vorticity yields in terms 
of the dimensionless coordinates R(z) and ifzy 

8 · B ( ) { ( ) a-2 ( ( ) a) } Wz Jx m Z X r r 
8t = pR(z) a R(z) R(z) exp - R(z) 

{~a+l-~a(R~z))a}· 
(2.32) 

Figure 2.4 shows some plots of the production of vorticity for different values of a (for 
a = 2 the Gaussian profile is obtained). Again, a core, two satellites and a separatrix can 
be distinguished as stated in section 2.2.1. Furthermore it can be seen that for a > 2 the 
isolines inside the core region have a characteristic kidney-shaped structure. 

For later use, equation (2.32) can be written in terms of the dimensionless parameters 
x' = :!:. r' = !. and R(z)' = R(z): 

a' a a 

8 · B { 1 ( 1 ) a-2 ( ( 1 ) a) } ;z =
1
:p 

0 

a R~z) R~(z) exp - R~(z) 

{ 
1 1 ( r' )a} 1 
2a + 1 - 2a R'(z) . R'(z)' 

(2.33) 

with 

Bo= Bm(z). (2.34) 

2.2.3 Uniformly magnetised disc 

In this section we consider a disc which is uniformly magnetised in the z-direction. This 
results in a net current density along the side wall of the disc. When the disc is considered 
infinitely thin, the magnetic field for this uniformly magnetised disc is the same as the 
magnetic field of a circular current through an infinitely thin circular wire with the same 
diameter as the disc. By applying the Biot-Savart law (see e.g. Jackson [9]) on this 
current (I = 8(z)8(r - a)Ie<P), the magnetic field is determined for any point in space 
and can be expressed in terms of elliptical integrals or in terms of a series expansion of 
Legendre polynomials. Since a numerical evaluation of Legendre polynomals turned out to 
be problematic for r :::::::: a, it is preferred to express the magnetic field in terms of elliptical 
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, , , , , ·. 
f ,· .. 

\·. 
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Figure 2.f· Plots of the magnetic field in the z-direction ( a) and the vorticity production 
{b) for the exponential model with a = 1.5 (upper row), a = 2.0 (Gaussian profile, middle 
row) and a = 4.0 (lower row). The solid lines represent contours of positive vorticity pro
duction, whereas the dash-dotted lines represent contours of negative vorticity production. 
The separatrix is indicated with a dotted line. 



2.2. ANALYTICAL MODELS OF A PERMANENT MAGNET 13 

integrals. The expression for the z-component of the magnetic field in terms of elliptical 
integrals reads 

Bz = µo K k + a - r - z E k 1 2 
( 

2 2 2) 
47r J(a+r)2+z2 () (a-r) 2+z2 () ' (2.35) 

with K(k) and E(k) the elliptical integrals K(k) = f0~ dî/; \.h-k~sin2 1J! and 

E(k) = r~ d·'· 11 - k2 sin2 •1• with k2 = 4ar . Jo 'f'V 'f' .fa+r)2+z2 
A uniformly magnetised disc with a finite thickness d can be seen as a superposition of 

infinitesimal small circular currents with thickness dl and current density Jon top of each 
other. Therefore the contribution to the magnetic field in the z-direction (dBz) of such an 
infinitesimal small circular current on a distance l below the z-axis is 

dBz = µoJdl 2 (K(k) + a2 - r2 - (z + z)2 E(k)) (2.36) 
47r J(a+r)2+(z+l)2 (a-r) 2+(z+l)2 ' 

with k2 = (a+r)i~z+l) 2 . In order to obtain an expression for the magnetic field of a uniformly 
magnetised disc with thickness d, equation (2.36) should be integrated over l from l = 0 
to l = d, yielding 

(2.37) 

Since there is no analytica! expression for the result of this integral, it should be evaluated 
numerically. For the forcing term in the vorticity equation, however, the x-derivative of this 
magnetic field is needed. Because the x-derivative of expression (2.37) can be evaluated 
analytically, it is preferred to perform this step before the equation is numerically integrated 
over the thickness d of the magnet. The expression for 8fxz can be obtained using 

8Bz = {l=O !_ (dBz)' 
ax Jl=-d ax (2.38) 

which leads, combined with equation (2.19), to the expression for the vorticity production 

8wz jxµoJ t=O 8 ( dl 
at= - 27rp Jl=-d ax J(a + r) 2 + (z + l) 2 

( 
a
2 

- r
2 

- (z + l)2 
) ) 

K(k) + (a - r)2 + (z + l)2E(k) . 

(2.39) 

This equation can be written in terms of the dimensionless parameters x' = ~, y' = 'JL, a a 
z' = .f and l' = 1.: a a 

8wz jxBo 1l'=D 8 ( dl' 
at= - --;;;- l'=-d' 8x' J(l + r') 2 + (z' + l') 2 

( 
1 - r'

2 
- (z' + l') 2 

) ) 
K(k') + (1 - r')2 + (z' + l')2 E(k') ' 

(2.40) 
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B - µoJ 
0 - 27r ' 
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(2.41) 

and k' defined as k'2 = (l+r') 2~~z'-L') 2 . The right-hand side of expression (2.39) was evalu
ated numerically, using the program Mathematica (Tam [18)). 

In figure 2.5 plots are shown of the magnetic field (a) and the vorticity production (b) 
for !! = 0.5 and various values of !, i.e. ! = 0.5, ! = 1.0 and ! = 2.0, whereas in figure a a a a a 
2.6 ~ is kept at a constant value of 1.0 and ~ is varied, i.e. ~ = 0.5, ~ = 1.0 and ~ = 2.0. 
For all contour plots in figure 2.5 a core with an area of positive vorticity production and 
an area of negative vorticity production can be seen, as well as two satellites with vorticity 
production of opposite sign just like in the previous sections. 



2.2. ANALYTICAL MODELS OF A PERMANENT MAGNET 

0.9 

0.8 

0.7 

0.6 

0 0.5 
!!l = 0.4 

0.3 

0.2 

0.1 

0 . . 

-0.10 
2 

ria 

0.9 

0.8 

0.7 

0.6 

0 0.5 
!!l = 0.4 

0.3 

0.2 

0.1 

0 .. .. 

' 

2 

~ 0 

-1 

-2 

-3 

5 -~5 -4 -3 -2 -1 0 1 2 3 4 5 
xla 

i 
2 ! 

~ 0 

-1 

' -2 \ 

-3 

, , 
/ .. ·· , .. 

... . ___ .... 

:····· ... 
.. -·-

," .. 
··, - ."' :. 

-0.10 ---~-~-~-~-~5 -~5 -4 -3 -2 -1 0 1 2 3 4 5 

0.9 

0.8 

0.7 

0.6 

0 0.5 
!!l = 0.4 

0.3 

0.2 

0.1 

-0.10 

ria 

ria 

(a) 

xla 

-4 -3 -2 -1 0 1 2 3 4 5 
xl• 

(b) 

15 

Figure 2.5: Plots of the magnetic field in the z-direction (a) and the vorticity production 
(b) of a uniformly magnetised disc modelled with a circular current along the side wall of 
the disc. The parameter 4 is kept constant at 0. 5, whereas the parameter !. is varied (!. = a a a 
0.5 for the upper row, ~ = 1.0 for the middle row and~ = 2.0 for the lower row). The 
solid lines represent contours of positive vorticity, whereas the dash-dotted lines represent 
contours of negative vorticity. The separatrices are indicated with dotted lines. 
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Figure 2. 6: Plots of the magnetic field in the z-direction ( a) and the vorticity production 
(b) of a uniformly magnetised disc modelled with a circular current along the side wall of 
the disc. The parameter ~ is kept constant at 1. 0, whereas the parameter 4 is varied (4 = a a a 
0.5 for the upper row, ~ = 1.0 for the middle row and ~ = 2.0 for the lower row). The 
solid lines represent contours of positive vorticity, whereas the dash-dotted lines represent 
contours of negative vorticity. The separatrices are indicated with dotted lines. 



Chapter 3 

Laboratory experiments 

In order to determine the most suitable model for the magnetic field of the magnets used 
in the experiments, particle experiments were performed in order to obtain a quantitative 
measure of the vorticity distribution (which is related to the magnetic field) when the 
system is electromagnetically forced. To obtain the vorticity distribution in the system, 
the HPV algorithm, discussed in section 3.1.3 is used. 

3.1 Set-up 

3.1.1 Experimental set-up 

In order to study the dynamics of electromagnetic forced flows, experiments were performed 
in a square plexi-glass container (length 52 cm x width 52 cm x height 4 cm) with a black 
PVC bottom of 1 mm thickness. The container is filled with a solution of sodium chlorine 
(15% brix) up to a certain height h above the bottom of the container. Along two facing 
side-walls, platinum elektrodes are positioned, which are connencted to a current supply in 
order to generate a constant electric current Ix through the fluid . Below the bottom near 
the centre of the container, a permanent disc-shaped magnet (neodymium flux magnet) 
is placed. Two kind of magnets are used with different diameters: 25 mm and 12.5 mm. 
The thickness of the magnets is 5 mm and the magnetic field at the centre, on top of the 
magnet is approximately 0.2 T (measured with a Gauss-meter). A schematic drawing of 
the experimental set-up is shown in figure 3.1. 

The flow is visualised with white tracer particles with a diameter of 250 µm which are 
illuminated by four 250 W halogen lamps to make the particles visible for the camera. The 
experiments are recorded with an 8 bit Kodak Megaplus digital greyscale video camera, 
type ESl.O, at a framerate of 29 Hz. The CCD array of the camera has a resolution of 
1008 x 1019 pixels. The data is analysed by using particle velocimetry methods to obtain 
the velocity field at certain times (see section 3.1.3). This data is postprocessed to obtain 
other physical quantities from the velocity field, such as the vorticity distribution and the 
streamfunction. 

17 
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(b) 

Figure 3.1: Schematic representation ( a) and cross-section (b) of the experimental setup. 

B 

Figure 3. 2: M oving ions in a magnetic field experience a Lorentz force, which is directed 
perpendicular to the magnetic field and the drift velocity. Because a net amount of linear 
momentum is induced, a dipole wilt be created above the centre of the magnet. 

3.1.2 Electromagnetic forcing 

In the experiments vorticity is created by means of electromagnetic forcing. When an 
electric current is applied to the fluid, the Na+ and c1- ions drift to the negative and 
positive elektrodes, respectively and are deflected by the Lorentz force F L = qv d x B = 
j x B, as shown in figure 3.2. Here, q is the charge of the ion, v d is the drift velocity, j is the 
current density and B is the magnetic field. Because the Na+ and c1- ions have opposite 
charge and velocity, the Lorentz force will be in the same direction for both types of ions. 
This results in a motion perpendicular to the drift velocity of the ions and a transfer of 
momentum in the fluid. 

By measuring the current I and the voltage V, the system resistance R = 3f and the 
system resistivity Pr = RAl-1 could be determined. Here, l is the length of the flow domain 
and A = bh is the area perpendicular to the flow, with b the width and h the depth of 
the flow domain. For the experiments it turned out that Pr ~ 8.5 · 10-2 Om and therefore 
(J = p-;1 ~ 12 sm-1. With the values µo = 47r . 10-7 Hm-1 , µr ~ 1, (J = 0(101 ) sm-1 , 

a = 0.0125 m and U = 0(10-1) m/s, the magnetic Reynolds number was determined 
using equation (2.17), yielding Rem = 0(10-7 - 10-8). Therefore the magnetic field can 
be considered stationary when the fluid is in motion, so that the influence of the flow on 
the magnetic field can be neglected. 
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(a) (b) (c) 

Figure 3.3: Example of data analysis and post processing. The unstructured velocity field 
(a) obtained from the HPV method is interpolated on a regular grid (b). With a finite
difference approximation, the vorticity distribution is obtained (c). 

3.1.3 Data analysis and post processing 

In order to obtain the velocity field at a certain time, the method HPV (High-resolution 
Particle Velocimetry), see Van der Plas [12], was used, which is a combination of PIV 
(Particle Image Velocimetry) and PTV (Particle Tracking Velocimetry). 

The first method (PIV) determines the average displacement of clusters of particles in 
corresponding image segments between two sequentia! camera images, whereas the PTV 
method tracks individual particles in the two images. When the displacement is determined 
for a cluster or a particle, the velocity can be obtained by dividing the displacement by 
the time interval between the two sequentia! images. This velocity is expressed in pixel 
coordinates and needs to be translated to physical coordinates. Therefore the recorded 
images are compared with an image of a grid which relates the pixel coordinates with the 
physical coordinates. For the case of HPV, PIV is used as a prediction for PTV which leads 
to an increased quality of the velocity field. Because the particles lie on the free surface of 
the fluid, the velocity vectors also correspond to the same surface and therefore the velocity 
field is treated as 2D. The unstructured velocity field that is obtained is interpolated to 
obtain a velocity distribution on a regular grid. As a result of this two-dimensional velocity 
field, the vorticity has only a vertical component perpendicular to the surface of the fluid. 
With the use of a finite-difference approximation, the vorticity distribution is obtained 
from the regular velocity field. 

3.2 Results 

In order to compare the vorticity production near the magnet with the theoretica! models, 
high-resolution particle velocimetry experiments are performed by zooming in on the area 
of the magnet. Before the forcing was started, the fluid system was at rest. Our purpose 
is to obtain the vorticity distribution at 6..t seconds after the onset of the forcing. For 
6..t «: 7adv and 6..t «: 7~'/ f, with 7adv the characteristic advection time and 7~'/ f the char-
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acteristic horizontal and vertical diffusion times, the effects of advection and diffusion can 
be ignored. Therefore the vorticity distribution is only determined by the electromagnetic 
forcing term. The vorticity production term ~ can now be determined by dividing the 
vorticity distribution at t = b..t by the time interval b..t. This term is compared with the 
vorticity production corresponding to the theoretica} models discussed in chapter 2 in order 
to find the most suitable model for the numerical simulations. 

Several experiments were performed in which two magnets with different diameter a 
were used and in which the water depth h and the forcing current Ix (and therefore the 
current distribution jx) were varied. An overview of the experiments is given in appendix 
A. Because the current distribution is assumed to be homogeneous in the flow domain 
(which is a good approximation near the centre of the tank where the magnet is located), 
the shape of the vorticity production profile is independent of jx and only depends on the 
geometry (h, r and d). Therefore jx only affects the values but not the topology of the 
isolines of vorticity production, which was verified by varying jx in an experiment (see 
appendix A). 

For the moment it is assumed that b..t << 'Tadv and b..t « T;i•f 1 . At the end of this 
chapter it is checked whether this assumption is valid. In figure 3.4 contour plots of the 
vorticity production are shown for four different combinations of a and h. The current 
density is kept constant at 154 A/m2

• Figure 3.4 shows two important characteristics: 

1. It can be seen that there is a core with an area of positive vorticity production and an 
area of negative vorticity production. Besides that, two satellites can be seen at each side 
of the magnet with opposite-signed vorticity production with respect to the core. 

2. For relatively small values of !!, like for the case a = 12.5 mm and h = 5 mm, the a 
contours inside the core have a characteristic kidney-shaped structure. This is a result of 
the homogeneity of the magnetic field near the centre of the magnet, for relatively small 
heights above the magnet. 

3.3 Comparison with theoretica! models 

In order to obtain a suitable model for the magnetic field, the experiments shown in figure 
3.4 are compared to the three theoretica} models discussed in chapter 2: the magnetic point
dipole (section 2.2.1), the exponential profile (section 2.2.2) and the uniformly magnetised 
disc (section 2.2.3). To compare the theoretica} models with the experiments, the values of 
the vorticity production for the theoretica} models are calculated at the same grid points 
as used for the experiments. For all grid points the experimental values of the vorticity 
production ( ~) exp are plotted against the theoretica} values (~)model. In the ideal case, 
with a perfect model and experiments that are performed perfectly, without the infiuence 
of advection, diffusion and various other effects, a one-to-one relationship is expected. In 
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Figure 3.4: Contour plots of the vorticity production of experiments for different values of 
the water depth h and the radius of the magnet a, with a current density Jx = 154 A/m2 : 

(a) a = 12.5 mm, h = 5 mm, (b) a = 12.5 mm, h = 10 mm, (c) a = 6.25 mm, h = 
5 mm, and (d) a = 6.25 mm and h = 10 mm. The contour interval in these Jour cases 
is 0.3 s-2 , 0.12 s-2, 0.2 s-2, and 0.05 s-2, respectively. Also the contours of± 0.015 
s-2, ± 0. 006 s-2 , ± 0. 01 s-2

, and ± 0. 0025 s-2, respectively, are shown to distinguish the 
satellites. Contours of positive vorticity production are indicated with a solid line, whereas 
the contours of negative vorticity production are indicated with a dash-dotted line. The 
contour for ~ = 0 is indicated with a dotted line. 
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practice, however, the situation is not ideal, but it is expected that a linear function can 
be fit, with a certain error. This error is a measure of the suitability of the model that is 
used. In order to obtain a one-to-one relationship, the characteristic value of the magnetic 
field B0 must be determined (see equations (2.26), (2.33) and (2.40)). For this, (~ )exp 

is plotted against ( 8~· )model' with the term Bo set to unity. Now, a linear relation can be 
fitted, with the slope of the graph and the corresponding error determined by using the 
least-squares method. The slope of the linear fit provides us the value of Bo. 

3.3.1 Magnetic point-dipole model 

In figure 3.5 contour plots of the vorticity production are shown for the magnetic point
di pole model ( equation ( 2. 24)). This model does satisfies the first feature ( stated in section 
3.2), but does not satisfy the second feature as can be seen in figure 3.5. Besides that, 
this model implies that the vorticity distribution should be independent of the size of 
the magnet, and figure 3.5 shows us that this assumption is wrong. Comparison between 
(~ )exp and (~)model' see figure 3.6, reveals a poor relationship. For the case a = 6.25 
mm and h = 10 mm, the best fit is obtained, which can be expected from a physical 
point of view: a magnetic point-dipole can be used as an approximation of the magnetic 
field in the far field (~, ~ » 1). When only the outer region (~ > 3) is regarded, also a 
poor relationship is obtained (see figure 3. 7). This is most likely due to the relatively low 
resolution for the outer region. Therefore no conclusions can be drawn for the relationship 
between the experiments and the model for the outer region. 

3.3.2 Exponential model 

Figure 2.4 shows that the exponential model satisfies both features as stated in section 
3.2. The parameters a and R(z) are varied and the combination of a and R(z) with the 
smallest error is assumed to be the most suitable. The plots of ( ~) exp versus (~)model 
are shown in figure 3.9. This figure shows a typical graph for each plot: a linear function 
can be fit, but in the centre of each graph the dots are located in a (nearly) horizontal band 
around ( ~) exp = 0. Apparently, there should be a region in the system where the actual 
production of vorticity according to the experimental results is much less than predicted 
by the model. This region can be identified by looking at a cross-section of the vorticity 
production profile of the experiments and the model, see figure 3.10. It appears that the 
maximum absolute values of the vorticity production in the satellites are significantly higher 
for the model than for the experiments. This difference is caused by the fact that in the 
exponential model the magnetic field decays exponentially with r, so that the gradients 
in the magnetic field are relatively high, which results in a higher vorticity production. 
Therefore only the core region of the vortex structure, earlier defined in section 3.3, was 
taken into account to determine the values of a and R(z). These results are plotted in 
figure 3.11, whereas the data is given in table 3.1 and table 3.1. The parameter Bm(z) is 
determined as described in section 3.3 with equation (2.34). 
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Figure 3. 5: Contour plots of the vorticity production for the magnetic point-dipole model 
corresponding to the Jour cases shown in figure 3.4. The contour interval in these Jour 
cases is 0. 003 s-2

, 0. 0036 s-2
, 0. 0064 s-2, and 0. 002 s-2 , respectively. Also the contours 

of± 0.000075 s-2 , ± 0.00009 s-2 , ± 0.00016 s-2 , and± 0.00005 s-2 , respectively, are 
shown to distinguish the satellites. Contours of positive vorticity are indicated with a solid 
line, whereas the contours of negative vorticity are indicated with a dash-dotted line. The 
contour f or ~ = 0 is indicated with a dotted line. 
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Figure 3. 6: Comparison between experiments and the theoretica[ model of a magnetic point
dipole for the Jour cases in figure 3.4. 

a R(z) Bm(z) error error 
(mm) (T) (whole domain) ( only the core) 

!.. = 0 .48' - = 0 .4 3.0 16.5 0.132 0.0047 0.018 
! = 0.88, 4 = 0.4 2.3 18.3 0.0672 0.0049 0.017 
! = 0.96, 4 = 0.8 2.0 10.2 0.0886 0.0030 0.017 
! = 1.76, 4 = 0.8 1.9 13.2 0.0291 0.0060 0.022 a a 

Table 3.1: Variables from the exponential model obtained from the experiments. The 
current density is kept constant at jx = 154 A/m2 
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Figure 3. 7: Comparison between experiments and the theoretica[ model of a magnetic point
dipole for the Jour cases in figure 3.4 and for ~ > 3. 
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Figure 3.9: Comparison between experiments and the exponential model for the jour cases 
shown in figure 3.4. (a) B 0 = 0.132 T, (b) B0 = 0.0672 T, (c) B 0 = 0.0886 T, {d) B0 = 
0.0291 T. 
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Figure 3.10: Cross-sections of the vorticity production profile at ~ = 0 of the exponential 
model ( dotted line) related to the experiments ( symbols) for the Jour cases shown in figure 
3.4. 
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~ = 0.48, - = 0.4 
~ = 0.88, ~ = 0.4 
~ = 0.96, ~ = 0.8 
~ ~ - = 1. 76, - = 0.8 a a 

J (MA/m) 
1.085 
0.993 
0.885 
0.859 

Bo (T) 
0.217 
0.199 
0.183 
0.172 

Table 3.2: The experimental values of the circular surface current density J and the char
actristic value of the magnetic field B0 for the four cases shown in figure 3.4. 

N ote that there is no analytica! relation between the model parameters a and R(z), 
which are obtained from the fit with the smallest error, and the system parameters a and 
h. Therefore for each combination of the parameters a and h, the optimal values of the 
parameters a and R(z) cannot be calculated, but should be determined by means of an 
experiment or an estimation. 

3.3.3 Uniformly magnetised disc 

Contour plots of the vorticity production for the model of a uniformly magnetised disc 
are shown in figure 3.12. The figure shows that this model also satisfies both features as 
stated in section 3.2. In figure 3.13 ( ~) exp is plotted versus (~)model" For the theoretica! 
model the expression in equation (2.39) is used. For each experiment a one-to-one relation 
can be obtained, which implies that the cross-sections of the vorticity production of the 
experiments and the model will have the same structure. This is supported by figure 3.14. 
The characteristic value of the magnetic field B0 is determined as described in section 3.3, 
from which the circular current density at the side wall of the magnet, J, can be obtained 
using equation (2.41). The results are given in table 3.2 and table D.l. 

For a certain magnet, the value of the circular current density J is obtained by aver
aging the separate values of J for each experiment performed with the same magnet. The 
small differences between the values of J for experiments with different water depths h is 
attributed to the uncertainty of the water depth. 

With the value of lave, the value of the magnetic field at z = 0 and r = 0 (the centre, on 
top of the magnet) can be determined. This value in terms of B0 is numerically determined 
with equation (2.37) for the magnet with a = 12.5 mm and d = 5 mm and turned out to be 
l.16676·B0 . Combined with equation (2.41) and the value of lave, a magnetic field of 0.18 T 
is obtained, which was also measured (see subsection 3.1.1) with the Gauss-meter. Because 
of the relative small size of the other magnet used in the experiments (a = 6.25 mm, d = 
5 mm) related to the Gauss-meter, only the magnet mentioned before was checked. 
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Figure 3.12: Contour plots of the vorticity production f or the uniformly magnetised disc 
model corresponding to the f our cases shown m figure 3.4 with the sa me values for the 
contours. 
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Figure 3.14: Cross-sections of the vorticity production profile at ~ = 0 of the theoretical 
model of a uniformly magnetised disc related to the experiments shown in figure 3.4. 
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! = 0.88, 4 = 0.4 
! = 0.96, 4 = 0.8 
! = 1. 76, 4 = 0.8 a a 
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Exponential model 
(whole domain) 

0.0047 
0.0049 
0.0030 
0.0060 

Exponential model 
( only the core) 

0.018 
0.017 
0.017 
0.022 

Uniformly 
magnetised disc 

0.0028 
0.0030 
0.0018 
0.0042 

Table 3.3: Errors for the exponential model and the model of the uniformly magnetised 
disc for the four cases shown in figure 3.4. 

3.4 Conclusions 

In the previous subsections, the suitability of three models for the description of the mag
netic field in the experiments is discussed. It appears that only the exponential model and 
the model of the uniformly magnetised disc satisfy the two characteristic features of the 
vorticity production obtained from the laboratory experiments. In order to determine the 
most suitable model, the advantages and disadvantages of both models are compared: 

• The vorticity production term for the exponential model can be expressed analyti
cally, whereas the vorticity production term for the uniformly magnetised disc must 
be expressed numerically due to its complexity. So this model cannot be used in 
cases where an analytica! expression is required. For numerical simulations, however, 
it does not make a difference whether an analytica! or a numerical model is used. 

• For the exponential model, there is no analytica! relation between the model param
eters a and R(z) and the system parameters a and h. So for each combination of 
a and h, the optimal values for a and R(z) must be estimated or determined from 
an experiment. The model of the uniformly magnetised disc, however, is completely 
defined by the parameters a and h. 

• The maximum absolute value of the vorticity production in the satellites is too high 
in the exponential model due to the corresponding exponential decay of the magnetic 
field, whereas this is not the case for the model of the uniformly magnetised disc. 

• When comparing the experimental results with the models, the relative error is the 
smallest for the model of the uniformly magnetised disc for all experiments, as can 
be seen in table 3.3 and table A.4. 

The only disadvantage of the uniformly magnetised disc model seems to be that it 
cannot be expressed analytically, whereas the model of the exponential profile has several 
other disadvantages. Because simulations are performed numerically, it is no problem that 
the model of the uniformly magnetised disc cannot be expressed analytically, whereas the 
disadvantages of the exponential profile actually do matter. 
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!::,.t (s) i:lt i:lt 
Tadv r}; 

! = 0.48, - = 0.4 0.52 0.75 0.0017 0.010 
! = 0.88, ~ = 0.4 0.67 0.72 0.0021 0.0034 
! = 0.96, ~ = 0.8 0.86 1.40 0.011 0.017 
~ ~ 1.03 1.00 0.013 0.0052 ä = 1.76, ä = 0.8 

Table 3.4: The theoretica! characteristic times Tadv , T~ff and Tdiff related to the time 
interval after which the vorticity profile is obtained (!::,.t) for the four cases shown in figure 
3.4. 

Therefore the uniformly magnetised disc model is assumed to be the most suitable 
model and this model is adopted to perform numerical simulations. 

In section 3.3 it was assumed that !::,.t « Tadv and b..t « T~'Ï 1. With the definitions of 

Tadv and r~'Ï 1, the values of these parameters are determined and presented in table 3.4 
and table A.3, together with the values of the time interval after which the vorticity profile 
is obtained (!::,.t) for each experiment. 

Table 3.4 and table A.3 show that for each experiment !::,.t = O(radv) and !::,.t « r~/1 
hold, so !::,.t « Tadv is not satisfied. This is a result of a practical problem of the HPV 
method. For relative small times after the forcing, the velocities in the system are also 
relative small with respect to the resolution of the camera: a displacement of only four 
pixels has an uncertainty in the velocity vector of 253. Also, a mismatch in the data has 
a relatively large impact on the velocity distribution, from which the vorticity distribution 
is determined. So relative small velocities induce a larger error in the vorticity production 
because the velocity distribution is relatively more spoiled with spurious vectors. Besides 
this, the error that is obtained due to advection is the same for each model, so each of the 
three comparisons is equally influenced. Because of this equal comparison, it is assumed 
that the ignorance of the advection and diffusion effects is justified for the determination 
of the most suitable model. 



Chapter 4 

N umerical simulations 

In the previous chapter it was concluded that the model of the uniformly magnetised disc 
was the most suitable model for the magnets used in the experiments. In this chapter the 
model will be used for numerical simulations. These simulations are performed with the 
software package NSEVOL [6] which can simulate the time evolution of the two-dimensional 
Navier-Stokes equation. 

4.1 Numerical procedure 

The NSEVOL software package (van Geffen [6]) is a numerical procedure which computes 
the evolution in time of an initial vorticity distribution in a two-dimensional system. This is 
done by solving the two-dimensional Navier-Stokes equation in the vorticity-streamfunction 
formulation, using a finite-differences method. In the original version a variety of initial 
vorticity distributions is allowed, as well as different boundary conditions, the possibility 
to follow passive tracers and the options to include background rotation and a topography. 
In this original version however, no vertical damping and forcing terms are included, which 
are needed according to equation (2.6). Therefore the original version has been adapted 
by adding vertical damping as well as a forcing term in the 2D Navier-Stokes equation, 
resulting in 

8wz ( ) 1 2 1 1 [ ] ~ + J Wz, 'l/J = -R \1 Wz - -R Wz + - \1 X F z· 
ut eh ev p 

(4.1) 

In order to run the simulations, the values of the horizontal and vertical Reynolds numbers, 
Reh and Rev, as well as the value of the characteristic time T are needed. These three 
parameters are defined in section 2.1.3. The only thing that is needed is an expression for 
the characteristic value of the magnetic field B 0 . Because it was concluded that the model 
of the uniformly magnetised disc was the most suitable model, B 0 will be defined as stated 
in equation (2.41). The simulations that are made are related to the experiments. In order 
to simulate these experiments, Reh, Rev, and T are determined and shown in table A.2. 

37 
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4.2 Results 

In this section the influence of the water depth h on the flow evolution is investigated 
numerically. Therefore the parameters Reh and ~ are kept at a constant value and the 
parameters ~ and Rev (which are both related to the water depth h) are varied. In figures 
4.1 and 4.2 the time evolutions of the flow for two different combinations of Reh and ~ are 
shown in which ~ and Rev are varied. The following characteristics are drawn from figures 
4.1 and 4.2: 

• For each simulation, the flow seems to evolve towards a jet structure with a dipole
shaped front (note that the values of the vorticity in the satellites are smaller than 
the contour interval that is chosen to plot the vorticity distribution and therefore the 
satellites are not visible in the figure). 

• Larger values of h imply larger values of the vertical Reynolds number Rev, so the 
decay of vorticity due to bottom friction will be less and therefore the flow will be 
less damped. The forcing, however, decreases for larger values of h which results in a 
lower vorticity production and therefore a lower translation speed. For the situations 
in figures 4.1 and 4.2 the combination of these factors seems to result in a lower 
translation speed of the jet for larger water depths. 

• Just after the forcing has started, the extreme values of the vorticity are located near 
the edge of the magnet ( ~ = 1) for each simulation. The distance from the separatrix 
(which acts as the boundary between core and satellites) to the origin, increases for 
larger values of h and therefore the jet will become wider for larger water depths. 
For small values of h the jet will be more compact. 

4.3 Comparison with laboratory experiments 

In order to compare the simulations with the experiments, the time evolution as well as 
the flow structure at t = 10 s of the simulations are compared to the experiments. 

The time evolution of the four simulations given in figures 4.1 and 4.2 is compared 
with the corresponding experiments. The first simulation is shown in figure 4.3, whereas 
the rest of the simulations are presented in Appendix E. From figure 4.3, it can be seen 
that the vorticity profiles of the experiments and the simulations look similar just after the 
forcing has started (when the structure is in the vicinity of the magnet). As the structure 
evolves in time and is advected away from the magnet, however, some differences appear 
between the vorticity profiles of the experiments and the simulations. The same holds for 
the other simulations (see figures E.l, E.2, and E.3). 

The jet structure with the dipole-shaped front which was obtained from the simulations, 
does not seem to appear in the experiments. In the experiments, the vorticity seems to 
be advected in a narrow band, unlike the dipole-shaped front in the simulations, in which 
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Figure 4.1: Time evolution of numerical simulations with Reh 248 and ~ = 0.4. Left: 
Rev = 39. 7, ~ = 0.48, contour interval is 0.5. Right: Rev 159, ~ = 0.88, contour 
interval is 0.25. ~ = 3.18 (first row), ~ = 6.36 (second row), ~ = 9.54 (third row), ~ = 
12. 72 (fourth row), and ~ = 15.9 (last row). 
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Figure 4.2: Time evolution of numerical simulations with Reh = 79.5 and~ = 0.8. Left: 
Rev = 50. 9, ~ = 0. 96, contour interval is 0. 2. Right: Rev = 127, ~ = 1. 76, contour 
interval is 0.1. ~ = 4.07 (first row), ~ = 8.14 (second row}, ~ = 12.21 (third row), ~ 
16. 28 (fourth row}, and~ = 20.35 (last row). 
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Figure 4.3: Time evolution of the experiments (left) and simulations (right) with Reh 
248, Rev = 39. 7, ~ = 0.48, ~ = 0.4, and the contour interval is 0.5. f = 3.18 (first row), 
f = 6.36 (second row), f = 9.54 (third row), f = 12. 72 (fourth row), and f = 15.9 (last 
row). 
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two cores of vorticity can be distinguished. Also, the maximum value of the vorticity in 
the jet structure from the simulations seems to be higher than in the jet structure from 
the experiments. 

Furthermore, for relative small water depths (figure 4.3), the translation speed of the 
flow structure obtained by simulations is larger than in the experiments. For relative large 
water depths (figure 4.5), the opposite happens. For relative small water depths the flow is 
more damped than assumed, probably because of three-dimensional aspects and a different 
vertical damping than assumed. For relative large water depths, however, the translation 
speed of the flow is higher than predicted by the simulations, probably because the vortic
ity is more located near ~ = 0. The extrema of vorticity are located closer to each other 
and therefore they are more advected by each other, resulting in a higher translation speed. 

When we look at the cross-sections of the vorticity profile in the vincinity of the magnet 
(~ = 0, see figure 4.4), it can be seen that there is a good agreement between experi
ments and simulations. For the cross-section of the vorticity profile near the front of the 
jet (figure 4.6), the extrema of the vorticity are located closer to each other in the experi
ments and also the values of the extrema are lower for the experiments as was stated before. 

The reason for the differences between experiments and simulations is attributed to the 
assumption that the flow is quasi-two-dimensional. The horizontal components of the 
magnetic field were ignored, which induce a component of the vorticity in the horizontal 
directions and therefore a movement in the vertical direction. Besides that, the vorticity 
component in the z-direction was assumed to have a sinelike z-dependence, from which the 
vertical damping term v 8;~· could be expressed like -Àwz. Previous research (Cense [3]), 
however, showed that the influence of the bottom friction causes a secondary flow, which 
also results in a movement in the vertical direction. 
Although the kinematic boundary condition states that a fluid particle at a free surface 
never leaves the surface (Kundu [10)), the previous effects induce a movement in the verti
cal direction below the surface, and therefore the evolution of the flow at the free surface 
will be influenced. 

These factors are assumed to be the main cause of the differences between experiments 
and simulations. Other factors could be among others the non-homogeneity of the current 
distribution in the flow domain and differences between the theoretica! model and the 
actual shape of the magnetic field. Also the movement of the ions in the flow can cause a 
net electrical current and therefore might create a magnetic field, which can influence the 
flow structure. 



Chapter 5 

Flow regimes 

5 .1 Classification of regimes 

In an experimental study by Schepers [14] six flow regimes were defined, depending on 
the current Ix, the water depth h and the forcing time !:l.t1. Schepers used a permanent 
magnet with a diameter of 25 mm, a thickness of 5 mm and a maximal magnetic field of 
1.09 T, so the profile of the magnetic field was kept constant. Based on dye-visualisation 
experiments, Schepers introduced the following classification of flow structures: 

Regime 1: 
Regime 2: 
Regime 3: 

Regime 4: 

Regime 5: 
Regime 6: 

a normal dipole, which can vary in length and width. 
a meandering dipole. 
a jet structure that consists of rings and has a straight or 
slightly meandering injection. 
a jet structure that consists of rings and has a strongly meandering 
injection. 
a jet structure of accumulating vortices. 
a chaotic jet structure. In this regime the vortices are not 
accumulated anymore and often the voritces will flow back towards 
the magnet. 

An overview of the flow structures of each regime, obtained by dye experiments, is shown 
in figure 5.1. 

In order to gain a more quantitative measure of the flow regimes defined by Schepers 
[14], high-resolution particle velocimetry experiments were performed for each regime and 
are shown in figure 5.2. Numerical simulations of the regimes are not performed, because 
the results of the simulations were not convincing. The values of the water depth h, the 
forcing current Ix and the forcing time !:l.t1 used in these experiments are reported in table 
5.1. 

The flow structures in regime 1 and 2 ( a normal dipole and a meandering dipole) are 
obtained with the use of a relatively short forcing time ( !:l.t 1 = 5 s), whereas the other 
regimes ( which are all some kind of jet structures) are obtained with the use of a relatively 
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Figure 5.1: Six flow regimes defined by Schepers {14}, obtained with dye experiments. 
Regimes 1 and 2 are shown in the first row, regime 3 and 4 are shown in the second 
row, and regime 5 and 6 are shown in the last row. The snapshots are taken at the end of 
the forcing (t = llt f). Details of the experiments are stated in table 5.1. 

h (mm) Ix (A) llt1 (s) 
regime 1 5 1 5 
regime 2 11 2 5 
regime 3 6 0.4 100 
regime 4 6 1 120 
regime 5 8 2 120 
regime 6 11 3 120 

Table 5.1: Overview of the values of the water depth h, the forcing current Ix and the 
forcing time llt,, used in the dye experiments performed by Schepers [14]. 
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large forcing time (~t1 = 100 s or ~tl = 120 s). For all the regimes some kind of dipole 
structure is created just after the forcing has started. For short forcing times (in the 
order of ten times the advection time), the dipole structure is created and after the forcing 
has ended, this structure is left alone, which leads to a translating dipole structure. For 
long forcing times (which is referred to as continuous forcing), the dipole structure that 
is created will translate, hut because the forcing is still present, new vorticity is created, 
resulting in a jet structure. First, the dipole structures are discussed which are obtained 
with short forcing times (flow regime 1 and 2) and after that the jet structures are discussed 
when the flow is continuously forced. 

5.2 Short forcing times 

From subsection 2.2.3, it is expected that the flow structure that is created just after the 
forcing has started consists of a core with an area of positive vorticity and an area of 
negative vorticity, as well as two satellites of vorticity with the opposite sign related to the 
core. As time evolves, the two vorticity patches in the core are advected in the positive 
y-direction, whereas the two satellites are advected in the negative y-direction. When the 
system is forced during a short time interval, vorticity is only created during this time 
interval and therefore a relatively strong dipole is created which travels in the positive y
direction and a relatively weak dipole is created which travels in the negative y-direction. 
So for regime 1 and 2 a double dipole structure is created, from which the stronger one 
may become unstable, depending on the values for the parameters h, Ix and ~t,. In figure 
5.3 the evolution of the vorticity distribution is shown five seconds after the forcing was 
stopped for regime 1 and 2. 

5.3 Continuous forcing 

For the case of continuous forcing, the areas of vorticity discussed in the previous subsection 
are also advected, but due to the forcing mechanism vorticity is created all the time. This 
results in a relative strong jet structure in the positive y-direction and a relative weak 
jet structure in the negative y-direction. This jet structure can be stable like defined 
in regime 3, hut it can also become unstable like in regimes 4 - 6. This instability can 
result in a meandering jet structure (regime 4), or in vortex shedding (regime 5 and 6). 
The difference between regimes 5 and 6 ( accumulating or non-accumulating vortices), could 
probably be attributed to the presence of the wall of the container in which the experiments 
are performed. It is also assumed that the formation of a large dipole in the negative y

direction is a result of the presence of a wall. Otherwise it is expected to have a stable jet 
structure as can be seen for regime 3 in the positive y-direction. 

A remarkable feature is the presence of rings of dye in the dye experiments and the 
relation between these rings and the vorticity distribution in the system. Therefore a 
grayscale vorticity plot of regime 3 is compared with the corresponding dye experiment in 
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Figure 5.2: Vorticity distribution for the six flow regimes defined by Schepers {14}, obtained 
with high-resolution particle velocimetry experiments. Regimes 1 and 2 are shown in the 
first row, regime 3 and 4 are shown in the second row, and regime 5 and 6 are shown in 
the last row. The vorticity plots are obtained at the end of the forcing (t = l:lt1 ). Details 
of the experiments are reported in table 5.1. 
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Figure 5.3: Vorticity distribution for the flow regimes 1 {left) and 2 {right) at t = 10 s, 
with llt1 = 5 s. 

figure 5.4. From this figure it can be seen that there is no relationship between the rings of 
dye and the vorticity distribution in regime 3. In figure 5.5 vorticity plots of the regimes 4 
- 6 are also compared to the dye experiments. For these regimes it can be seen that there 
is vorticity present, hut not in the entire domain which is filled with dye. Apparently the 
vorticity in the rings of dye is (at least partly) lost due to diffusion or due to advection of 
passive fluid. 

5.4 Conclusions flow regimes 

Based on the high-resolution particle velocimetry experiments, a new classification of flow 
regimes is suggested: 

Regime A: a stable double dipole structure, obtained with forcing 
during a short time interval. 

Regime B: an unstable double dipole structure, obtained with forcing 
during a short time interval. 

Regime C: a stable double jet structure, obtained with 
continuous forcing. 

Regime D: an unstable double jet structure, obtained with 
continuous forcing. 

This new classification is related with the classification defined by Schepers [14] (see section 
5.1) in the following way: regime 1 is related to regime A, regime 2 is related to regime B, 
regime 3 is related to regime C, and regimes 4, 5 and 6 are related to regime D. 
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Also it was concluded, based on the high-resolution particle velocimetry experiments, that 
the rings of dye obtained by dye experiments are not a measure of the vorticity distribution 
in the system. 



Chapter 6 

Discussion and conclusions 

In order to model the forcing term ~[\7 x F]z in the 2D Navier-Stokes equation, we tried 
to find a suitable model of the magnetic field. Three models that are analysed were the 
magnetic point-dipole model, the exponential model, and the model of a uniformly mag
netised disc. Particle experiments were performed from which two characteristic features 
were obtained for the vorticity distribution in the flow domain just after the forcing was 
started: first, it was seen that there was a core with an area of positive vorticity produc
tion and an area of negative vorticity production. Besides that, two satellites were seen 
at each side of the magnet with opposite-signed vorticity production with respect to the 
core. Second, for relatively small values of ~, the isolines of vorticity production inside the 
core have a characteristic kidney-shaped structure. Only the exponential model and the 
model of a uniformly magnetised disc satisfied these two features. In order to compare the 
models, a plot of the vorticity production obtained from the experiments was compared to 
the vorticity production predicted by the models. A one-to-one relationship was obtained 
with a certain error, which is a measure of the suitability of the model that was used. 

From this comparison between experiments and models it was concluded that the only 
disadvantage of the model of the uniformly magnetised disc is the fact that there is no 
analytical expression for the model, and therefore it must be expressed numerically. For 
numerical simulations, however, it does not make a difference whether an analytical or 
a numerical model is used. The disadvantages of the exponential profile (larger errors, 
too high vorticity distribution in the satellites, and no analytical relationship between the 
model parameters and the system parameters), actually do matter. Therefore the uniformly 
magnetised disc model was assumed to be the most suitable model and this model was 
adopted to perform numerical simulations. 

After the determination of the uniformly magnetised disc as the most suitable model, 
this model was used to simulate the evolution of the flow and a comparison was made 
with the evolution obtained in the experiments. Three characteristics were obtained from 
the simulations for the flow structure and the influence of the water depth h. First of all, 
for each simulation the flow seems to evolve towards a jet structure with a dipole-shaped 
front. Besides that, the translation speed of the flow seems to be smaller for larger water 
depths. Finally, for larger water depths the jet will become wider. 
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Furthermore the simulations were compared to the experiments. In the vicinity of the 
magnet, the flow structure obtained from the simulations was in good agreement with the 
experiments. For the flow structure that was advected away from the magnet, some differ
ences of the flow structures appeared. The reason for the differences between experiments 
and simulations is attributed to the assumption that the flow is quasi-two-dimensional. 
The horizontal components of the magnetic field as well as the effect of the bottom fric
tion, which were neglected, cause a movement in the vertical direction and therefore the 
flow is influenced by three-dimensional effects. 

The six flow regimes defined by Schepers (14] were reproduced by doing particle exper
iments with a higher resolution. From these experiments a new classification of regimes 
was suggested. Furthermore the particle experiments pointed out that there was no rela
tionship between the rings of dye Schepers obtained in her experiments and the vorticity 
distribution in the flow. 
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a (mm) h (mm) Ix (A) Jx (A/m2
) b.t (s) 

experiment 1 12.5 5 0.4 154 0.52 
experiment 2 12.5 5 0.8 308 0.52 
experiment 3 12.5 5 1.6 615 0.34 
experiment 4 12.5 10 0.4 77 0.67 
experiment 5 12.5 10 0.8 154 0.67 
experiment 6 12.5 10 1.6 308 0.67 
experiment 7 6.25 5 0.4 154 0.86 
experiment 8 6.25 5 0.8 308 0.52 
experiment 9 6.25 5 1.6 615 0.52 
experiment 10 6.25 10 0.4 77 1.38 
experiment 11 6.25 10 0.8 154 1.03 
experiment 12 6.25 10 1.6 308 0.69 

Table A.l: Overview of the laboratory experiments and the values of a, h, Ix, Jx and b.t 
for each experiment. 

T (s) Reh Rev 
experiment 1 0.629 248 39.7 
experiment 2 0.445 351 56.2 
experiment 3 0.315 497 79.5 
experiment 4 0.890 176 112 
experiment 5 0.629 248 159 
experiment 6 0.445 351 225 
experiment 7 0.4915 79.5 50.91 
experiment 8 0.3475 112 71.9 
experiment 9 0.2458 159 102 
experiment 10 0.6951 56.2 89.96 
experiment 11 0.4915 79.5 127 
experiment 12 0.3475 112 180 

Table A.2: Values of characteristic time T and the input parameters Reh and Rev for each 
simulation. 
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l:lt (s) l::..t l::..t l::..t 
1"adv :x-- rJ;u Tdi [[ 

experiment 1 0.52 0.75 0.0017 0.010 
experiment 2 0.52 1.06 0.0017 0.010 
experiment 3 0.34 0.99 0.0011 0.0068 
experiment 4 0.67 0.51 0.0021 0.0034 
experiment 5 0.67 0.72 0.0021 0.0034 
experiment 6 0.67 1.02 0.0021 0.0034 
experiment 7 0.86 1.40 0.011 0.017 
experiment 8 0.52 1.20 0.0067 0.010 
experiment 9 0.52 1.70 0.0067 0.010 
experiment 10 1.38 0.94 0.018 0.0069 
experiment 11 1.03 1.00 0.013 0.0052 
experiment 12 0.69 0.94 0.0088 0.0035 

Table A.3: The theoretica! characteristic times Tadv, r/li11 and Tdif 1 related to the time 
interval after which the vorticity profile is obtained (l:lt). 

Exponential model Exponential model Uniformly 
(whole domain) ( only the core) magnetised disc 

experiment 1 0.0047 0.018 0.0028 
experiment 2 0.0042 0.016 0.0023 
experiment 3 0.0049 0.019 0.0024 
experiment 4 0.0060 0.021 0.0048 
experiment 5 0.0049 0.017 0.0030 
experiment 6 0.0043 0.017 0.0028 
experiment 7 0.0030 0.017 0.0018 
experiment 8 0.0032 0.019 0.0025 
experiment 9 0.0035 0.025 0.0025 
experiment 10 0.0066 0.019 0.0051 
experiment 11 0.0060 0.022 0.0042 
experiment 12 0.0041 0.014 0.0026 

Table A.4: Errors for the exponential model and the model of the uniformly magnetised 
disc. 
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Figure A .1: Contour plots of the vorticity production for each experiment stated in table 
A.1. Experiments 1 - 3 are plotted in the first row with contour interval 0.3, 0.6, and 1.2 
s-2

, and with the contours ± 0.015, ± 0.03, and± 0.06 s-2 , respectively. Experiments 4 -
6 are plotted in the second row with contour interval 0. 06, 0.12, and 0. 24 s-2 , and with the 
contours ± 0.003, ± 0.006, and± 0.012 s-2

, respectively. Experiments 7 - 9 are plotted 
in the third row with contour interval 0.2, 0.4, and 0.8 s-2 , and with the contours ± 0.01, 
± 0.02, and± 0.04 s-2

, respectively. Experiments 10 - 12 are plotted in the last row with 
contour interval 0.025, 0.05, and 0.1 s-2

, and contours ± 0.00125, ± 0.0025, and± 0.005 
s-2, respectively. 
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Figure B.1: Contour plots of the vorticity production according to the magnetic point
dipole model for the values of the parameters a, h and Ix as used in the experiments. First 
row: experiments 1 - 3, contour interval 0.003, 0.006, and 0.012 s-2 and the contours 
± 0. 000075, ± 0. 00015, and ± 0. 0003 s-2

, respectively. Second row: experiments 4 - 6, 
contour interval 0.0018, 0.0036, and 0.0072 s-2 and the contours ± 0.000045, ± 0.00009, 
and ± 0. 00018 s-2

, respectively. Third row: experiments 7 - 9, contour interval 0. 0064, 
0.0128, and 0.0256 s-2 and the contours ± 0.00016, ± 0.00032, and± 0.00064 s-2, re
spectively. Last row: experiments 10 - 12, contour interval 0. 001, 0. 002, and 0. 004 s-2 

and the contours ± 0. 000025, ± 0. 00005, and ± 0. 0001 s-2
, respectively. 



65 

0.2 0.2 0.2 

0.1 0.1 0.1 
t _t -~ ( Il!. Il! 

1,, 0 ~ 0 ( 0 

""' " ". ". . : l t ... ... 
$ $ 

-0.1 -01 -0.1 'i 

:, ·; 
-0.2 -0.2 

-0.2 -O.l(pa/j,B,/-{f.,/iltl_,,,0.1 0.2 -0.2 -O.l(polj,B,/-9.,,liJt)-O.l 0.2 -0.2 
-0.!(polj,B,1-{f.,/ilt)..,,.,°.l 

0.2 

7..5110-l 7.Sx 10-l 7..5 J. 10-) 

" ' · . { .· 
• 2.s 

" 
.2.5 ;· .2.s 

~ ·~. -· ( -· l· Il!. 
0 .... 0 i. 0 

" " " .... . ,. ~-2.5 
::;;" 

<>_25 " $-2.5 . : ,:" 
: ., 

-5 -5 -5 

-1_;5 -1c'.s -7J.s -5 
-

2
d,,,,,e,/-9m,1a..>_;: 

7.5 -5 
-2(g.r,,e,/-9m,1at>.!5 

7.5 -5 
-

2
d,,,,,e,/-9m,1at>_;: 

7.5 
x 10_, x ID-> x 10-> 

0.075 0.075 0.075 

0.05 0.05 0.05 

t0.02S a-0.025 t0.025 ... 
-· 

~ 
;. 

î.. <!1 " •· ( i. 
" " " 'fi ... 

·l 
.... -: .... 

<>-0.025 <>-0.025 <>-0.025 -
-0.05 -0.0S -0.05 

-0.075 -0.075 -0.075 

-0.075 -0.0S -a~n9m,tiJt>= 0.05 0.075 -0.075 -0.05 -OIJ,2J;,e~/ltl= 0.05 0.075 -0.075 -0.0S 
-OIJ,2J;,e,/-9m,tiJt)!: 

0.05 0.075 

6
x 10-> 

6
x 10-J 6110-> 

.. 
" 

_t2 ~2 
" 

?2 " 
Il!. 

,._:;· 
î.. ./,' î 

~o 1,, 0 (o 
.r· " .·~·· " 'i ... .... t <>_2 " " 

s. _2 -2 

" ... ... ... 
-6 ~ ~ -6 ... -~.e,/-9m,lilt)_: 6 ... 

-t,.,,,e ,/-9m,lilt)_: 
6 ... -~.e,/-9m,lilt)~ 6 

110-J x 10-1 110-> 

Figure B.2: Comparison between experiments and the theoretical model of a magnetic point
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Figure C.1: Contour plots of the vorticity production according to the exponential model 
for the values of the parameters a, h and Ix as used in the experiments shown in figure A .1, 
with the same contour interval. First row: experiments 1 - 3, a = 3. 0, 2. 9, and 3.1 and 
R(z) = 16.5, 16.6, and 16.3 mm, respectively. Second row: experiments 4 - 6, a = 2.3, 
2.3, and 2.2 and R(z) = 18.5, 18.3, and 18.4 mm, respectively. Third row: experiments 
7 - 9, a = 2.0, 1.9, and 2.0 and R(z) = 10.2, 10.1, and 10.4 mm, respectively. Last 
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Figure C.4: Cross-section of the vorticity production profile at ~ 0 of the exponential 
model ( dotted line) related to the experiments (symbols). Plots for the comparison with 
experiments 1 - 3 are shown in the first row, for experiments 4 - 6 in the second row, f or 
experiments 7 - 9 in the third row and for experiments 10 - 12 in the last row. 
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\ 

a R(z) Bm(z) error error 
(mm) (T) (whole domain) ( only the core) 

experiment 1 3.0 16.5 0.132 0.0047 0.018 
experiment 2 2.9 16.6 0.130 0.0042 0.016 
experiment 3 3.1 16.3 0.127 0.0049 0.019 
experiment 4 2.3 18.5 0.0666 0.0060 0.021 
experiment 5 2.3 18.3 0.0672 0.0049 0.017 
experiment 6 2.2 18.4 0.0695 0.0043 0.017 
experiment 7 2.0 10.2 0.0886 0.0030 0.017 
experiment 8 1.9 10.1 0.0836 0.0032 0.019 
experiment 9 2.0 10.4 0.0830 0.0035 0.025 
experiment 10 2.1 13.5 0.0269 0.0066 0.019 
experiment 11 1.9 13.2 0.0291 0.0060 0.022 
experiment 12 1.9 13.3 0.0278 0.0041 0.014 

Table C.1: Variables from the exponential model obtained from the experiments. 
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Figure D.1: Contour plots of the vorticity production according to the homogeneous mag
netised disc model for the values of the parameters a, h and Ix as used in the experiments 
shown in figure A.1, with the same contour interval. The theoretica[ plots for experiments 
1 - 3 are shown in the first row, for experiments 4 - 6 in the second row, for experiments 
7 - 9 in the third row and f or experiments 10 - 12 in the last row. 
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Figure D. 2: Comparison between experiments and a theoretical model of a uniformly mag
netised disc. Plots for the comparison with experiments 1 - 3 are shown m the first row, 
for experiments 4 - 6 m the second row, for experiments 7 - 9 m the third row and for 
experiments 10 - 12 in the last row. 
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Figure D.3: Cross-section of the vorticity production profile at ~ = 0 of the theoretical 
model of a uniformly magnetised disc ( dotted line) related to the experiments (symbols). 
Plots f or the comparison with experiments 1 - 3 are shown in the first row, f or experiments 
4 - 6 in the second row, for experiments 7 - 9 in the third row and for experiments 10 - 12 
in the last row. 



experiment 1 
experiment 2 
experiment 3 
experiment 4 
experiment 5 
experiment 6 
experiment 7 
experiment 8 
experiment 9 
experiment 10 
experiment 11 
experiment 12 

J (MA/m) 
1.085 
1.033 
1.086 
0.980 
0.993 
0.986 
0.885 
0.797 
0.829 
0.858 
0.859 
0.821 

77 

Table D.l: The experimental values of the circular current density J, from which the 
average value of the circular current density laverage for the magnet used in experiments 1 
- 6 (a = 12.5 mm, d = 5 mm, laverage = 1.03 MA/m), and the magnet used in experiments 
7 - 12 (a = 6.25 mm, d = 5 mm, laverage = 0.841 MA/m) is determined. 
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Figure E.1: Time evolution of the experiments (left) and simulations (right) with Reh 
248, Rev = 159, ~ = 0.88, ~ = 0.4, and the contour interval is 0.25. ~ = 3.18 (first row), 
.j; = 6.36 (second row), ~ = 9.54 (third row), ~ = 12. 72 (fourth row), and T = 15.9 (last 
row). 
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Figure E.2: Time evolution of the experiments (left) and simulations (right) with Reh = 
79.5, Rev = 50.9, ~ = 0.96, ~ = 0.8, and the contour interval is 0.2. T = 4.07 (first row), 
T 8.14 (second row), T = 12.21 (third row), T = 16.28 (fourth row), and T = 20.35 
(last row) . 
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Figure E.3: Time evolution of the experiments (left) and simulations (right) with Reh = 
79.5, Rev = 127, ~ = 1. 76, ~ = 0.8, and the contour interval is 0.1. T = 4.07 (first row), 
T - 8.14 (second row) , T = 12.21 (third row), T = 16.28 (fourth row), and T = 20.35 
(last row). 



Appendix F 

Technology assessment 

Geophysical vortex structures are often quasi-two-dimensional due to stratification in 
oceans and the atmosphere, the rotation of the earth, and the geometry of the atmosphere 
and the oceans. The process of interaction between these vortices, called 2D turbulence, 
plays an important role in meteorology and in oceanography. For instance, these interac
tions infiuence the transport of properties like heat, energy, momentum, and chemical and 
biologica! components. Therefore, a better insight in these interactions provides a better 
understanding of the atmosphere-ocean system, and is hence relevant for a study of the 
World's climatology. In order to unravel the fundamental properties of 2D turbulence, 
experimental, theoretica!, and numerical research is carried out. This report describes a 
study aimed at some fundamental aspects of electromagnetically generated 2D vortices, 
which are used in an experimental study of 2D turbulence. 
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