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Abstract 

This graduation report describes experimental research carried out on the heated wire 
experiment. In this experiment a hot wire is suspended just below the free surface of 
a liquid. When the power dissipation in the wire is above a certain critica! value, the 
convection caused by the wire is unstable. Due to this instability patches of travelling 
waves separated by coherent structures are formed. 

The main goal of this research was to develop methods to study this pattem formation 
and to compare the results with theory. This theory, basedon coupled complex Ginzburg
Landau equations, prediets properties of the pattem formation and the coherent structures. 

The measuring methods developed during the project are based on several optical 
techniques, e.g. projection of the travelling waves with a laser sheet or surface deformation 
measurements with a position-sensing detector. 

Aside from the experiments to test the predictions made by theory, some experiments 
focused on the physical mechanism of the instability were carried out. 

The newly developed methods were successful. The results of the experiments comply 
with theory. Notall predictions were checked, but with the developed methods it is possible 
to do the necessarily experiments. 
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Chapter 1 

Introduetion 

Many systems that are driven beyond their linear stability threshold spontaneously organise 
in pattems. Examples of pattem formation found in nature are convection, interface growth 
phenomena, directional solidification, eutectic growth, the printer instability, pattems in 
liquid crystals and biophysical systems. Understanding pattem formation requires the 
study of nonlinear partial differential equations. Deriving those for a specific problem is no 
easy task, let alone analysing their solutions. The quest, therefore, is for equations which 
are general enough to describe a wide class of systems which share a common property. 
One of the successful examples is the complex Ginzburg Landau equation which describes 
systems which become linearly unstable through travelling waves. A plethora of striking 
nonlinear phenomena has been found in the solutions of this equation, such as travelling 
pulses, domain walls and turbulence. 

FIGURE 1.1: Cloud streets above the Maldives caused by Rayleigh-Bernard convection 

1 



In this work we concentrate on the dynamics of sourees and sinks. An exhaustive study 
of these elementary excitations was recently completed and it was our goal to devise an 
experiment to test these predictions. As the theory was made for one space dimension, so 
had to be our experiment. In the experiment we study convection waves in a fiuid that 
are driven by a heat from a wire which is suspended just below the free surface of a liquid. 
The cell is long and narrow in one direction, and waves travel in this direction. 

Simular research has been carried out by J.M. Vince and M. Dubois [3],[4) , R. Alvarez, 
M. van Hecke and W. vanSaarloos [5) and G. Gouesbet [6). The extended research ofVince 
and Dubois lead to several results: first they measured a onset curve, this curve indicates 
when the system changes from stabie to unstable as a function of depth of the wire. 
Further experiments of Vince and Dubois concentrated on the relation of the travelling 
wave parameters (wavelength and period) and the depth of the wire. Vince and Dubois 
also researched the amplitude and souree sealing behaviour. They found a sealing of the 
amplitude with the square root of a critical parameter E and showed without ambiguity that 
the inverse of the souree width scales with this same E. The work of Alvarez et al. focuses 
more on the properties of the coherent structures. They found that there was no evidence 
for a long range interaction between the coherent structures. According to their research 
sourees are stationary and symmetrie, they are not unique however. The research of G. 
Gouesbet is somewhat different, he tries to find a driving force for the instability. Based 
on his experiments he derived a model which explains the instability by both Marangoni 
convection and buoyancy driven convection, this model however is as he himself indicates 
"not appropriate", it has to many unknown parameters. 

All previous experiments have one thing in common, their experimental setup was small 
compared to our setup. With this new setup we will try to get more accurate, more precise 
results than ever measured before. To get these result a bigger setup won't be enough: new 
measurement methods have to be developed and tested. Only the appropriate tools will 
reveal the high potential of the larger setup. The goal of this graduation project is develop 
these new methods and use them to research the heated wire experiment and verify the 
predictions made by theory. 
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Chapter 2 

Theory 

This chapter describes the theory of the heated wire experiment. The theory is split up 
into three parts. Section 2.1 gives a brief introduetion to the theory of pattem formation, 
section 2.2 describes the physical background of the experiment and section 2.3 gives a 
mathematica! description of the system in terms of amplitude equations. 

2.1 Introduetion 

side view 
wire 

top view 

FIGURE 2.1: Principle of the heated wire experiment. A long container is filled with liquid, with 
a wire just below the surface. An external power supply is used to heat up the wire. 

In the heated wire system, a wire is suspended in a container, which is partially filled 
with fluid (Fig. 2.1). The wire is placed just beneath the free surface. The long sicles 
of the container are water caoled and kept at a constant temperature of 21.0 ± O.FC. 
When a voltage is applied across the wire, the wire heats the fluid in its vicinity, and if 
the temperature of the wire is high enough two convection rolls are formed alongside the 
wire. When the voltage is increased the convection rolls become larger, but remain stabie 
and uniform along the length of the container. When the power consumption in the wire, 
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Q, gets above a critica! value Qc, the behaviour of the system changes. Above this critica! 
value the system goes from a stabie state with only convection (Q < Qc), to an unstable 
state where waves travelling in the direction of the wire occur (Q > Qc)· To describe the 
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I 
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I 

\Ï 
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/ 

FIGURE 2.2: A typical Hopf bifurcation, amplitude A versus E. For E < 0 there is only one stabie 
mode, when E > 0 on the other hand, oscillating states are possible. 

state of the system, a dimensionless control parameter E can be defined: 

€- Q- Qc 
Qc 

(2.1) 

When E equals zero, i.e. when Q = Qc, the system changes from a steady state, a state with 
convection rolls only, to a state with both convection and left and right travelling waves. 
This corresponds to a supercritical Hopf bifurcation (Fig. 2.2). A bifurcation is called a 
Hopf bifurcation when at E = 0 the eigenvalues of the system are completely imaginary 
(see also [1]) . If there is no hysteresis when E {. 0, the bifurcation is called supercritical 
(Fig. 2.3). 

lAl 

(a) (b) 

FIGURE 2.3: (a) Top branch of supercritical bifurcation, (b) Top branch of subcritical bifurcation, 
showing hysteresis 

Another importation property of this bifureation is its sealing behaviour. This sealing 
behaviour can be derived from the following simplified equation for the temporal growth 
and saturation of the wave amplitude A (see also [1]): 

aA 3 -=EA-cA at ' (2.2) 
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where cis a constant coefficient. This approximation is only valid for small amplitudes (no 
higher order terms) with the appropriate symmetry (if A is the amplitude of a (co )sine wave 
and amplitude A is a valid solution, then also -A is valid, so no term with A2 is allowed). 
When the system in stationary, i.e. ~1 = 0 the sealing behaviour of the amplitude can be 
easily derived: 

tA- cA3 = 0 -+ 

2.2 Two types of convection 

1 
A oe t2 (2.3) 

The dynamics of the heated wire experiment depends on two types of convection. In the 
fi.rst type buoyancy differences caused by the thermal expansion of the fluid cause convective 
motion. The second type, called Marangoni convection, is driven by the temperature 
dependenee of the surface tension. Given a temperature difference on the free surface, the 
surface tension will vary across the surface, initiating convective motion. In this section 
both types of convection will be characterised, and the effect of the two types of convection 
on the dynamics of the heated wire experiment will be considered. 

2.2.1 Buoyancy driven convection 

If there is a vertical temperature gradient present in a fluid, there are two possibilities. If 
the gradient is small, the fluid will conduct the heat. In case of a larger gradient, the fluid 
becomes unstable and the fluid will start to move. 

FIGURE 2.4: A simple sketch of the temperature differences. The temperature difference ~n 
over a distance db causes the buoyancy driven convection. Marangoni convection is a result of 
the temperature difference ~Tm between the side of the container and the fl.uid above the wire. 

In convection several time scales are important. The fi.rst is the buoyancy time scale 
tB, which is defined by the typical acceleration of a fluid packet over the thickness of the 
layer. We have pag~TB = ~' where pis the density at reference temperature T0 , a is the 

B 
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linear expansion coefficient of the fiuid, !lTs is the temperature difference T- T0 , and db 
is the thickness of the fiuid layer (Fig. 2.4). This leads to the following expression for t 8 : 

2 db t ---
B- agllTs (2.4) 

This time scale gauges the driving force of convection. The driving force is concentrated by 
two effects, namely the diffusion of heat, which smoothes the temperature difference, and 
the diffusion of momentum. The heat diffusion time scale can be estimated by consiclering 
the decay of the simplest temperature mode in the temperature diffusion equation, which 
gives: 

(2.5) 

where Kr is the thermal diffusivity. The third time scale that plays aroleis the momenturn 
diffusion due to viscous forces: 

(2.6) 

where v is the kinematic viscosity. With these three time scales a dimensionless quantity 
can he formed, by defining the Rayleigh number Ra: 

tvt(J _l_agllTdg = _l_Ra 
t~ (27r)4 vKr (27r)4 

(2.7) 

Stabie convection starts at Ra ~ 1776 ~ (211" )4, so when the term (2!)4 Ra is larger then 
unity there will be convection, otherwise not. 

2.2.2 Marangoni convection 

As the surface tension of a fiuid is in general temperature dependent, a temperature gra
dient on the free surface will generate a shear stress. The convection caused by this stress 
is called Marangoni convection (also known as thermocapillary convection). 

Marangoni convection can be characterised by the dimensionless Marangoni number: 

(2.8) 

where r - ~ expresses the temperature dependenee of the surface tension 'Y' dm is the 
distance from the sides of the container to the wire, the other coefficients are the same 
as in buoyancy driven convection. The Marangoni number expresses the quotient of the 
stress forces at the free surface and the viscous forces. 

As an example of Marangoni convection, the setup in Fig. 2.5 (adapted from [2]) can 
be considered. In this setup, a rectangular container is filled with a fiuid. The sides of 
the container are kept at 7/.eft and Tright, respectively (Tteft > Tright)· The tension at the 
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T T 
lef\ right 

FIGURE 2.5: Simplified flow with Marangoni convection, in a situation simular to heated wire 
system. 

free surface, in the absence of solutes, can now be described by the following boundary 
condition: 

(2.9) 

with Vx the velocity in the x direction, J.L the viscosity of the liquid and "' the surface 
tension. At the surface the shear stress is balanced by the gradient of the surface tension. 
In this expression Tyx will be positive since both ~ and ~ are negative. As a result of 
this tension liquid is pulled along the surface from the hot region (left) to the colder right 
side. In the absence of buoyancy, this gives rise to the flow depicted in Fig. 2.5. In the 
preserree of buoyancy, the upward flow at the left side will be amplified. 

When a blob of hot fluid reaches the surface, it is pulled apart by the Marangoni effect, 
a process known as Mamngoni disruption. A time scale for this disruption process can 
be estimated by equating viseaus forces to forces along the surface due to surface tension 
gradients as tM = !M, where VM is the Marangoni velocity: 

pv 
(2.10) 

So tM can be expressed as: 

(2.11) 
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2.2.3 Relative importance 

What happens when both types of convection are at play? The fi.rst thing to notice is that 
depending on the depth of the wire, the dominant mechanism changes. 

At large depths, convection is effective because of the large temperature difference 
between the fluid surrounding the wire and the fluid at the free surface. This effect is 
amplified by the fact that during the convective upward motion of the fluid above the 
wire, the temperature drops due to heat diffusion. When the fluid reaches the surface, it is 
already considerably cooled down, rendering the Marangoni disruption less effective. We 
therefore may expect that at large depths, the convection will be dominated by buoyancy. 
This will cause an elevation of the free surface above the wire. 

On the other hand, at small depths, convection is not effective, as the fluid will still 
be of relatively high temperature when it reaches the free surface. This lowers the effec
tive temperature difference driving the buoyancy convection. The Marangoni disruption 
however, benefits from the high temperature, and now is very effective. As fluid is quickly 
pulled away from above the wire, the domination of the Marangoni convection will cause 
an indentation of the free surface. 

2.2.4 Mechanism of instability 

When the power consumption in the wire Q is low, the system is stable. Above a certain Qc 
however, the system loses stability to travelling waves. The mechanisms of this instability 
can qualitatively understood by consiclering the timescales tM and tB discussed earlier. 

A hot blob of fluid travels to the surface in a characteristic time tB, after which it is 
disrupted by the Marangoni convection in a time tM. If tB« tM,heat is transferred to the 
surface very quickly and then it will be transported to the sides very gently, giving rise to 
stabie motion. Ift B » t M, a blob of fluid moves relatively slow to the surface (Fig. 2.6a, b) 
where it will be disrupted very fast (Fig. 2.6c). Due to this fast disruption, the fluid from 
the central regions of the container is pulled upwards. After this movement the fluid around 
the wire is cold relative to its surroundings and the convection will stagnate for a moment 
(Fig. 2.6d). During this brief stagnation a new hot blob will be formed and the cycle is 
complete. 

Adjacent regions will show the same behaviour, separated by a small phase difference, 
giving rise to travelling waves. 
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(a) (b) 

(c) (d) 

FIGURE 2.6: (a,b) Hot blobof fluid moves up due to buoyancy. (c) At the surface Marangoni 
disruption takes place, and the wire is cooled due to convection. (d) A brief stagnation in the 
flow, causes a new blob to form. 
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2.3 Amplitude equations 

This section describes a mathematica! analysis of the heated wire system developed by 
M. van Hecke et. al. [7]. Understanding pattem formation requires the study of nonlinear 
partial differential equations. Deriving those equations is no easy task, let alone analysing 
their solutions. This generic theory describes a wide range of systems which share com
mon properties: the systems are spatially extended and become unstable when driven far 
from equilibrium. This theory is basedon the complex Ginzburg Landau equations which 
describe systems which become unstable through travelling waves. The solutions of these 
equations leads to a wide range of predictions of nonlinear phenomena, such as travelling 
pulses, domain walls and turbulence. This section is meant as an introduetion to the 
mathematica! analysis and its predictions. 

2.3.1 Coupled Complex Ginzburg-Landau equations 

Amplitude equations can he used to describe systems which, when R > Re, form (standing 
or travelling) wave pattems with a characteristic frequency wand wave number q. In order 
to apply the amplitude theory, the critica! wave number qc and the critica! frequency Wc 

should differ from zero when R = Re. If the primary mode is a state with travelling waves, 
the amplitude equations are Complex Ginzburg-Landau (CGL) equations. When also is 
assumed that the primary modes are one-dimensional and a left/right symmetry is present 
in the system, the weakly nonlinear pattem can he approximated by: 

(2.12) 

In this equation the complex amplitudes of the left and right travelling waves are rep
resented by aL and aR. From general bifurcation theory (see Sec. 2.1), it is known that 
near threshold, the amplitude of the waves scales as a ex d. The appropriate amplitude 
equations for systems with left/right symmetry are Coupled Complex Ginzburg-Landau 
(CCGL) equations which have the following form: 

OtAR + soaxAR = EAR + (1 + ic1)a;AR- (1- ic3)1AR I2 AR- 92(1- ic2)IALI2 AR (2.13) 

8tAL- soaxAL = EAL + (1 +iel) a; AL- (1 - ic3) IALI2 AL- 92(1- ic2)IARI2 AL (2.14) 

In these equations c1 and c3 are resp. the linear and nonlinear dispersion of a single mode, 
c2 the dispersive effect from one mode on the other, 92 the mutual suppression of two waves 
and s0 the linear group velocity of the travelling waves. 

It should he noted that if the linear group velocity s0 is of the order d, E can he 
scaled out of the equation by an appropriate rescaling of time and space. This happens for 
example near a co-dimension two point in binary mixtures and lasers [7]. In that case the 
equations are valid uniformly in E. 

However, in most realistic systems s0 is of the order one, and it is not possible to scale 
out E. This renders the equations not uniformly valid in E, so their region of validity is not 
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clear. The reasans for using these equations nonetheless is that as they obey the proper 
symmetry, the equations might very well describe physical systems outside their strict 
range of validity. 

2.3.2 Group velocity 

In the heated wire experiment three types of structures are possible (Fig. 2. 7). The first 
two, called souree and sink, are formed when the coupling coefficient g2 is sufficiently large, 
so that one mode suppresses the other. Patches with solely left or right travelling waves 
will be formed, and the domain borders between the patches are called sourees and sinks. 
The third structure, called shock (Fig. 2.7c), is formed when there is a change in the 
amplitude, due toa partial suppression of one mode. The main difference between sourees 
and sinks is the direction of the nonlinear group velocity s (Fig. 2. 7 ) . When s points 
inwards the border is called a sink, when s points outwards a source. When s points in 
the same direction at both sicles of the structure, a shock is formed. 

s-

lAl 

I 

I 
I 

I 
I 

/ 

/ 

(a) Souree 

-- s- s-

-
lAl lAl 

x x x 

(b) Sink (c) Shock 

FIGURE 2.7: Amplitude lAl vs. location for left (solid) and right (dashed) travelling waves. 

In general, it is not necessarily the case that the phase velocity vph and the nonlinear 
group velocity s are pointing in the same direction. However in the heated wire experiment 
this is the case [7]. This means that what we identify by eye to be sources, indeed are 
sourees according to the definition. 

In the CGL equations, s0 is the linear group velocity, defined by: 

OWc 
so=

Öqc 
(2.15) 

However, for E > 0, the group velocity is different from the linear group velocity. We can 
find an expression for the nonlinear group velocity by consiclering the motion of modulations 
of the linear unstable mode (wc, qc)· This is accomplished by noticing that the CGL 
equations (2.13,2.14) admit single mode travelling waves of the form: 

(2.16) 
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(2.17) 

It is important to remember that in the amplitude equations, the original modes are lost, 
only their amplitude, phase and the direction of the linear group velocity s0 remains. The 
modes of equations (2.16, 2.17) are modulations of the amplitude of the primary mode 
(wc, Qc)· The wavenumber q and the frequency WL and WR are nat the same as Wc and Qc, 

in fact, when t + 0, q also goes to zero, meaning that the wavelength of the modulation 
becomes infinite. When equations (2.16, 2.17) are substituted in the CGL equations (2.13, 
2.14) the following equations are found: 

2 2 
WL = -s0q + c1q - c3aL, 

2 2 2 
aL= aR= t- q 

So we find the nonlinear dispersion relation: 

From these relations the nonlinear group velocity s = ~~ can be calculated: 

(2.18) 

(2.19) 

(2.20) 

(2.21) 

(2.22) 

(2.23) 

As we have a2 = t - q2 , in which a2 > 0, we see that the band of allowed veetors goes 
to zero as t + 0. Therefore, the nonlinear group velocity s approaches the linear group 
velocity s0 , as it should. 

2.3.3 Counting Arguments 

Many patterns to which the CGL equations are applicable have common properties. One 
of these properties is the existence of local structures with a time independent shape and 
speed v. These structures arealso known as coherent structures. The spatial and temporal 
degrees of freedom are not separable, so the structures are stationary within a moving frame 
Ç =x- vt. The profiles of the coherent structures only depend on Ç. By substituting an 
appropriate Ansatz in the CGL equations, ordinary differential equations are formed. 

These ordinary differential equations can be written as a set of first order flow equations 
in phase space. N ow counting arguments can be used to find some general properties of 
the coherent structures. These coherent structures correspond to certain orbits of the 
ordinary differential equations. These orbits conneet fixed points in phase space to each 
other. When an orbit connects a fixed point to another, it is called a heteroclinic orbit. If 
it connects a fixed point to itself, the orbit is called homoclinic. The counting arguments 
are based on determining the dirneusion of the stabie and unstable manifolds of the flow 
near the fixed points. 
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On of the major ad vances of counting arguments is that they are mainly independent of 
the coefficients in the equations. Another advantageous property of counting arguments is 
the fact that counting arguments focus on asymptotic states (simple planes waves), which 
are mainly linear and can be handled analytically, whereas the complete description of 
sourees and sinks contains nonlinear terms. Further information on the counting arguments 
in available in [7]. 

The counting arguments do not prove the existence of coherent structures, nor do they 
give the dynamica! relevant solutions. The counting arguments only give the multiplicity 
of a solution, with the assumption that there are no hidden symmetries. Construction and 
numerical simulation show that there are coherent structures, counting arguments now 
show if a salution is an isolated, unique salution ( or a member of a fini te set of solutions) or 
a member of a one parameter solution. In the first case the counting arguments show that if 
one parameter is changed (e.g. the velocity v), that no solutions exist in the neighbourhood 
of a given solution. But for the second case, there are enough free parameters, so that 
variation of these parameters leads to continuous set of solutions. 

If also is assumed that the veloeities of the sourees and sinks are smaller than the group 
velocity, the following results can be deduced: 

• sourees occur in a discrete set 

• stationary symmetrical sourees are expected. 

• sinks occur in a two-parameter salution (sinks with different veloeities can occur at 
the same time) 

Further analysis of the coherent structures leads to prediction for the sealing behaviour 
of the width of these structures. One can deduce that there exists a certain finite value 
of E, E~0 , so that for E < E~0 there are no coherent sources. Then for E < E~0 there are 
two options: a state with separate souree sink patterns and state where souree and sinks 
are not well separated. When the source/sink patterns are well separated, the sourees are 
non-stationary and their width scales with c 1

. 

In the other state, when the sourees and sinks are not well separated, sourees and sinks 
collide and annihilate. After a certain time there will be a single mode state. 

In both states the width of the sinks scales with c 1
. The critical E~0 can be expressed 

in terms of the linear group velocity s0 and linear dispersion of a single mode c1: 

2 
so 8o E = _ __.,:._--:::-
c 4 + 4c~ (2.24) 

2.3.4 Coneinsion 

The mathematica! analysis prediets several properties of the heated wire system which can 
be checked with experiments. First the basis of the theory will be checked: 

• sealing behaviour of the amplitude A with d 
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• form of the pattem field 

• range of validity of the weakly nonlinear approximation 

When these properties are known further experiments will be clone to verify the other 
predictions: 

• determination of the dispersion relation 

• properties of the coherent structures (including sealing behaviour) 

• group velocity measurements 
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Chapter 3 

Experimental setup 

To experimentally verify the prediction made by the theory in the previous chapter, a 
heated wire experiment has been built. The unstable convection in this system can be 
easily researched compared to the other systems showing simular instabilities. The heated 
wire system is one dimensional and can be controlled with two parameters: the power 
consumption in the wire and the depth of the wire. 

The experimental setup is designed to approximate the ideal, easy to control, infinite 
one dimensional heated wire system. The container is long to minimise the effect of distur
bances at the ends of the container and both the depth and power can be easily adjusted. 

This chapter descrihing the experimental setup for the heated wire experiment can be 
divided in two parts. Section 3.1 describes the container in which the experiment takes 
place. Section 3.2 describes the experimental methods used. 

3.1 Container 

The heated wire experiment takes place in a large container (Fig. 3.1 for a lengthwise view, 
Fig. 3.3 fora cross section), which is 2 metres long, 5 cm high and 3 cm wide. The container 
is filled with silicon oil and just below the free surface of the oil a long resistive wire is 
suspended. The wire is kept stretched by a spring at the end of the wire. In order to study 
the heated wire system the top and bottorn of the container are made of glass. The sides 
are made of brass and cooled with water of 21.0 ± 0.1°C. The cooling circuit is designed 
so that cool water flows into the side from opposite corners (Fig. 3.2).The temperature 
differences of the cooling water before and after passage of the cell are below 0.1 oe at full 
power dissipation in the wire. 

Silicon oil (see appendix B.1 for details ofthe silicon oil used) is used for this experiment 
for several reasons. Since it has a low surface tension its surface does not accumulate dirt, 
which could disturb the system, at the surface. Another reason for using silicon oil is 
its boiling temperature, which is much higher then e.g. water, which would start to boil 
during an experiment (water vapour bubbles will form on the wire, creating an insulating 
film around the wire, causing the wire to heat up, and eventually the wire will melt). 
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FIGURE 3.1: Cross section (length wise, nat to scale) of the container. A resistive wireis placed 
just below the free surface of the silicon oil. The wireis stretched by a spring on one side of the 
container. 1. Glasstop (and bottom), 2. micrometer for height adjustment ofthe wire, 3. spring, 
4. resistive wire, 5. silicon oil. The (inner) dimensions of the container are 200 x 3 x 5 cm. 
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FIGURE 3.2: Top view of the cooling circuit. Cold water flows into the cooling system from 
opposite sides. 

The wire used in the heated wire experiment is a so called resistive wire made of an alloy 
of chrome, aluminium and iron. This material has a small thermal expansion coefficient 
and a small variation of resistance with temperature. The wire used has a resistance of 
about 50 nm-1 (also see B.2) . 

In order to get maximum control and reliability of the power dissipation in the wire, 
the voltage across the wire (and thus also the power consumption (P =';;))is computer 
controlled. To control the power the input voltage has to be steered by a computer, and 
both the voltage across and the current through the wire should be measurable with a 
computer system. Tosteer the input voltage a programmabie power supply has been used. 
This power supply converts a 0 to 10 Volts input signal to a 0 to 60 Volts output. The 
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FIGURE 3.3: Cross section of the container.In this view the cooling circuit is clearly visible. 1. 
glass top & bottom, 2. cooling circuit, 3. resistive wire, 4. silicon oil, 5. brass sides. 
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FIGURE 3.4: Electric circuitry used for the heated wire power control system.R1 = 40 ± 1 kO, 
R2 = 10.0 ± 0.5 kO, R3 = 16.87 ± 0.02 0 , the resistance of the wire is 100.00 ± 0.05 n. 

input for this power supply can be easily generated with a Digital to Analog Convertor 
(DAC). 

The feedback will be determined with an Analog to Digital Convertor (ADC). This 
device however can only measure voltages from -10 to 10 Volts. To measure the voltage 
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across the wire, which exceeds 10 Volts, a voltage divider (two resistors R1 and R2 ) is 
placed parallel to the wire. The current through the wire can be determined by measuring 
the voltage across a series resistor R3 . This voltage can be measure with an ADC. 

The computer system used consists of two parts, a PC and a PhyBUS system. In 
PhyBUS system1 the two expansion cards are used: the first is the 12 bit DAC, the other 
is the 12 bit ADC. The PhyDAS system and the PC are connected toeach other by a PCI 
link2 . 

A small application on a the PC waits for the user to set the desired power. With this 
value the voltage across the wire can be calculated. To steer the programmabie digital 
power supply, a 0 to 10 V signal is supplied to the input of the power supply unit. This 
signalis generated with the DAC. Thus the PC sends a signal through the PCI link to the 
PhyBUS system, a DAC is connected to this busandreacts on this signal by generating a 
certain output voltage. This voltage is used for the input of a programmabie power supply, 
which supplies power to the wire. 

When the output voltage is set, feedback is gathered. This feedback consists of the 
voltage across R2 and R3 . With these two values the voltage across the wire and the 
current through the wire can be calculated. 

The voltage divider consists of two resistors R1 and R2 . The total resistance of the 
divider is 500 times bigger, than the wire resistance, so the error in the current through 
the wire caused by the voltage divider is 0.2%. The voltage across R2 , which is related to 
the voltage across the wire (V2 = R 1

:_
1
R 2 Vwire). With this ratio the voltage across can be 

calculated. 
The second part of the feedback is the current through the wire. To determine the 

current, the voltage over a series resistor R3 is measured with the ADC. The current 
through this resistor is assumed to be the same as the current through the wire (the 0.2% 
error made by this assumption is small compared to the total error made in the value of 
the power). When the exact value of R3 is known, the current can be easily calculated by 
Ohm's Law. 

The software on the PC can now compute the power consumption in the wire (P = V I), 
and adjust the voltage if necessary. This readjustment is done proportionally. With the 
current equipment the power can be adjusted in steps of 0.05 Watt, with a maximum of 
23.5 Watt. 

1 PhyBUS, Physics Bus, is alocal bus implemented in a data acquisition system developed at TUE. The 
system is designed for doing complex data acquisition independent of the computer system cantrolling the 
experiment. Since there are several expansion cards available for this bus the system is very versatile. 

2 PCI, an acronym for Peripheral Component Interconnect, is a 64-bit, though usually implemented as 
a 32-bit, local bus standard developed by the Intel Corporation. lt can run at doek speeds of 33 or 66 
MHz, resulting in a throughput rate of 133 MBps at 32 bits and 33 MHz. 
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3.2 Measurement methods 

Several measurement methods have been developed to gather information from the heated 
wire experiment. The first method described in 3.2.1 is used to measure the frequency and 
amplitude of the waves at a fixed point of the free surface of the fluid. A position sensing 
detector is used to measure surface deformations. The other methods described in 3.2.2, 
use a laser sheet to visualise the heated wire systems. 

3.2.1 Laser beam reileetion measurements 

When the heated wire system is in an unstable state, travelling waves occur at the surface, 
i.e. the surface deforms periodically. This deformation ( the shape of the surface, the 
amplitude and the frequency of the waves) can be measured with a laser and a Position 
Sensing Detector (PSD). 

When a laser beam (5 mW HeNe laser) focused at the free surface, hitsthefree surface 
of the silicon oil the beam is reflected. The angle of reflection is determined by the shape 
of the surface. If the shape of the surface changes periodically, the angle of the reflection 
will do the same. So if the angle of the reflected beam can be measured as a function of 
time, information about the travelling waves can be obtained. 

h 

FIGURE 3.5: Typkallaser beam reileetion at the silicon oil surface 

Using this technique it is also possible to calculate the profile of the waves. When a 
laser beam hits the surface (Fig. 3.5) the beam is reflected at a certain angle () and hits 
the PSD at position x2 . The setup is aligned so that when there are no waves, the laser 
beam hits the PSD perpendicularly at XI = 0. It can be shown that the angle at which 
the laser beam is reflected is exactly two times the angle a of the surface. From the PSD 
signal the distance x2 -XI can be calculated. If the surface deformations are small relative 
to the height h of the PSD, the angle () is given by: 

(3.1) 
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When the free surface of the liquid is scanned using this technique it is possible to get 
the angle at every position of a wave. By integrating these angles over the position, it is 
possible to recreate the shape of a wave. 

Position Sensing Detector 

A PSD is a device made of semiconducting material that can determine the position of 
laser spot focused on its photosensitive area (see also [8]). When a laser beam hits the 
photodiode of the PSD, a small current is generated. This current is distributed to the 
contacts according to Ohms law (Fig. 3.6). When the resistive layer is perfectly homogenous 
this distribution is linearly related to the distance between the contacts and the position of 
the laser spot. The PSD generates a voltage linearly proportional (linearity error~ 0.1%) 
to the position for both the x and y coordinates of the laser spot. The resolution of the 
PSD is limited by thermal noise to 10 nm. The PSD is also very fast, its bandwidth (1 
MHz) is limited by other componentsin the setup toabout 100 kHz. 

R y. t 

y 

R x, l R x.2 

R y.z 

x 

Ü Laser spot P " 4 '"'<'-'"' Electrode 

FIGURE 3.6: General principle of the position sensing detector. A laser spot hits the photodiode of 
the PSD, and a small current is generated. The exact position of the laser spot can be calculated 
from the ratio of Rx,l and Rx,2 for the x-coordinate and the ratio of Ry,1 and Ry,2 for the y 
coordinate. 

The output signal h(t) of the PSD is now filtered (low pass filter, 500Hz), and sarn
pled at 1000Hz using a parallel sampling unit (PARSAM) connected to the PhyBUS. This 
unit is able to convert the ( analog) x and y signals simultaneously to their digital equiv
alents . After applying a Fast Fourier transformation (FFT) on this data, the frequency 
spectrum H(f) is available. With this frequency spectrum the power spectrum P(f) can 
be determined: 

P(f) = H(f)H*(f) = lH(!) 12 (3.2) 
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The squared amplitude of the travelling waves is equal to the area of the corresponding 
peak in the power spectrum. 

3.2.2 Laser sheet measurements 

FIGURE 3.7: Top view of a typkallaser sheet. Due to the convex cylinder lens the laser bundle 
converges so much that the laser rays cross each other and farm a divergent laser sheet. 

One disadvantage of the laser beam reileetion methad is that it is only possible to look 
at one spot at a time. For visualising greater areas a laser sheet methad has been developed. 
In order to create a laser sheet a laser beam is cast u pon a cylinder lens (Fig. 3. 7). If the 
radius of the lens is small enough, the laser rays converge so much that they cross each 
other and form a divergent sheet. The angle of divergence depends on the radius of the 
lens. Two lenses were used in the heated wire experiment. One glass lens with a diameter 
of~ 3 mm (same order as laser bundie diameter), and a bigger perspex lens with a 4 cm 
diameter. The fi.rst lens can be used for two different types of experiments, one of these 
experiments uses a digital camera, the other uses two photodiodes. 

Digital camera measurements 

In order to study coherent structures it is necessary to visualise a larger part of the travelling 
waves. A laser sheet is used to illuminate the entire wire. This laser sheet is created with 
a small cylinder lens, which is placed about one meter from the container (Fig. 3.8). The 
laser used for creating a laser sheet is a 30 m Watt HeNe laser. 

The projection of the wire can now be visualised on a screen, and a digital camera can 
capture the images on the screen. If there is no power consumption in the wire, only the 
shadow of the wire and diffracted laser light is visible. If the power is turned on (but remains 
below the critica! value), convection starts and due to differences in density ( and thus 
refraction index) and surface deformation the width of the laser projection perpendicular 
to the wire gets wider. When the power is raised above the critica! value and the system 
is unstable, this instability is visible in the laser projection. Due to periodical changes 
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Lens 

FIGURE 3.8: Visualisation of the travelling waves with a laser sheet. A laser sheet is cast upon 
the wire from below. Due to diffraction and refraction the sheet breaks up and a broad image is 
formed on a screen. A digital CCD camera (1000 x 1017 pixels) is used to capture these images. 

in the shape of the free surface and local temperature the projection also has a periadie 
character: it clearly shows travelling waves (Fig. 3.9). 

3.2.3 Coupled photodiodes 

In order to measure the dispersion relation both the frequency and the wavelength of the 
travelling waves have to be measured at the same time. The frequency can be measured by 
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FIGURE 3.9: A typical image of the travelling waves taken with a digital CCD camera. 

measuring the period of the waves. One way to measure the wavelength À of the travelling 
waves is to measure the time tlt a wave needs to travel a fixed distance d1 and the frequency 
v of the waves from which the wave number q follows as 2

;. 

With the setup in Fig. 3.10(a) the frequency and the wavelength can be determined 
simultaneously. Two photodiodes (PDl and PD2) are placed behind a screen with two 
small holes at a distance of 1.00 ± 0.01 cm. A wide laser sheet (see Sec. 3.2.2) is used 
to project the waves on the small screen so that the top of the waves moves over the 
tiny holes (Fig. 3.10(c,d)). When a travelling wave passes by the first photodiode the 
output signal of this diode (CHl) shows a sharp peak, after a short period tlt a simular 
peak is visible in the output signal of the second photodiode. The output channels were 
sampled simultaneously with a PARSAM unitand the digitised signals were storedon disk. 
With these data files the time difference tlt between the peaks and the frequency can be 
calculated (the frequency of the signal can be determined by looking at one of the output 
channels and calculate the time between two succeeding peaks in one channel). With this 
data the wavelength À can be calculated. 

d 
V= _L = Àll 

tlt 
(3.3) 

with v the wave speed. When both the wavelength and the frequency are known the 
dispersion relation w(q) can be derived: 

V 
w = 21rv = 21r- = vq 

À 
with 

27r 
q=-

À 

The linear and nonlinear group velocity can be found using this relation. 

N arrow laser sheet 

(3.4) 

In order to get some information on the fluid motion the narrow laser sheet method is 
developed. Opposed to the laser beam reileetion and wide laser sheet method, the narrow 
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FIGURE 3.10: (a) Two photodiodes PDl and PD2 are placed behind a screen with two small 
holes at a distance of exactly lcm. (b) Typical output of the photodiodes ( channel CHl and 
CH2) (c),(d) A travelling wave moving from left to right passes the first hole (with photodiode 
PDl) at timet, and the second (PD2) aftera time tlt 

FIGURE 3.11: A narrow laser sheet illuminates a "slice" of silicon oil. Small particles (e.g. dust) 
are clearly visible and their movement can be viewed. 

laser sheet method is more qualitative in character. It is based on the same principle as 
the wide laser sheet, but the angle of divergence is much smaller. Since the angle is much 
smaller the intensity of the sheet is much higher. When this smalllaser sheet is cast on 
the silicon oil in the container, one "slice" of oil is visible (Fig. 3.11). By changing the 
orientation of the lens it is possible to look at slices at an arbitrary angle with respect to 
the wire. Due to the high intensity of the light , dust particles are clearly visible, and it is 
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possible to track these particles. A good examination of the movement of these particles 
gives information about the flow of the silicon oil (Fig. 3.12). 

FIGURE 3.12: Convection in a fluid, simular to convection in heated wire experiment. A cylin
drical container filled with silicon oil is heated in the centre with a laser beam. (Photo courtesy 
of [2]). 
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Chapter 4 

Digital image processing 

This chapter describes the complete image processing setup and techniques used for mea
surements with the (wide) laser sheet method, where the whole length of the wire is illu
minated. Using this method we want to measure the position and speed of the waves and 
coherent structures. This can be done by capturing the images projected on the screen 
with a digital camera (Sec. 4.1). A digital image processing sequence is necessary to store 
and process the images made with the camera. The sequence consists of two parts. The 
first part of the digital image processing sequence operates in real time and stores image 
information on disc (Sec. 4.2) . To achieve this, data reduction is necessary. The second 
part of the processing sequence is executed after the actual experiment. This post pro
cessing part of the image processing sequence computes the desired data ( the speed and 
position of both the waves and the coherent structures) from the files previously stored on 
disc during the experiment (Sec. 4.3). 

4.1 Digital camera system 

If one wants to study the movement of the coherent structures with the wide laser sheet 
technique, it is necessary to store the image information (Fig. 3.9) in real time. With a 
sequence of these images it is possible to retrieve the speeds of the waves and the position 
and speeds of the coherent structures. To get this information the position of the waves has 
to be determined in every single image. By cernparing two subsequent images the speed of 
the waves can be calculated and when the speed is known the coherent structures can be 
found. When the camera is perfectly aligned it is possible to have travelling waves in only 
the horizontal direction. The position of the waves can now he determined by finding the 
intersectien of a horizontal line and the waves in the image. 

The camera system consists of several parts (Fig. 4.1). The most important parts of 
the setup are the digital camera, a PhyDAS system used for the timing of the camera, and 
the realtime image processing unit, Datacube's MaxVideo 20. The digital camera used for 
this experiment is an 8 bit greyscale camera, with a one megapixel CCD chip. The effective 
resolution is 1000 x 1017 pixels. The camera produces images at a maximum rate of ten 
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FIGURE 4.1: Overview of the camera system used in the experiment. A PhyDAS unit controlled 
by a PC is used for generating timing signals. The the MaxVideo 20/Sun combination is used for 
realtime image processing. The PC is also used for post processing the data stared on the Sun 
workstation. 

images per second. The shutter used is a liquid crystal shutter. This shutter is very easy 
to use, as it is possible to control it with the PhyBUS system, and the shutter is relatively 
fast compared to mechanica! shutters. 

The timing of the shutter and camera is essential to make good images (Fig. 4.2). A 
preset scaler (PSC) and a pulse generator are used to generated the timing signals. Both 
the PSC and the pulse generator are expansion cards in the PhyBUS. A PC is used to 
prepare the PSC, i.e. to load a value in one of the data registers of the PSC. 

The trigger signal for the camera is a 10Hz pulse signal from the pulse generator. When 
this trigger signal arrives at the camera, the camera prepares itself to read out the CCD 
after 30 ms. The PSC is used to count this time and to open the LCD shutter during this 
period. Concurrently with the 10Hz signalastart pulseis sent to the PSC. The PSC now 
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FIGURE 4.2: Timing diagram for the camera system: a pulse generator (PG) generates a 10Hz 
trigger signal. The camera starts to read out its CCD after 30ms. During this read out the 
shutter is kept closed. 

counts down from a predefined number (which is stored in one of the PSC's registers) of its 
CLOCK pulses, with a doek pulse frequency of 1 kHz (the GATE signal indicates whether 
or not the PSC is counting pulses, if so the GATEsignalis a logical "high"). While the 
PSC is counting, the liquid crystal shutter, which is connected via a pulse modifier to the 
GATEsignalof the PSC , is open and laser light reaches the CCD array. Aftera predefined 
time ( < 30 ms) the PSC is finished counting pulses. The GATEsignalis now "low" and 
the liquid crystal shutter will he closed. Now the camera can start to read out the CCD 
array. This is done 30 ms after the trigger signal. When the camera is finished reading out 
the CCD and transferring the image to the Max Video 20 it waits for a new trigger signal 
and the cycle starts all over again. 

4.2 Realtime image processing 

When the camera and the timing are setup properly a continuous datastream is offered to 
a real time image proccessing unit MaxVideo 20. The MaxVideo 20 uses a pipeline archi
tecture which interconnects modules that perform local and non-local image processing. 
The real time system is connected toa Sun workstation with a VME link. The Sun work
station is used for developing software for the real-time system and to store the resulting 
image information. The software used to drive the real-time system is a set of C-callable 
instructions for configuring the image pipeline. The pipeline can aceomadate a data rate of 
20 Mhz (20 images per second). The challenge now is to use this unique facility to achieve 
the greatest information reduction possible. 

The Maxvideo 20 has been used for two purposes. The first purpose was to store ( and 
therefore reduce) the image data, the second purpose was to enhance the image quality in 
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real time. The enhancement was necessary since there is a big difference in laser intensity 
between the center of the image and the sides. 

The data reduction principle is quite simple, if only one line of each image (1000 lines) 
is stored to disc, the data is reduced by a factor thousand. This give rise toa new problem: 
can all necessarily information be retrieved from a single line? 

When one takes a closer look at a typical image of the waves taken by the camera, it 
can be seen clearly that the interesting part of the image consists of only a small band 
of the entire picture (Fig. 3.9) . One horizontal line of the image is sufficient to gather 
most of the characteristics of the wave pattern. The wavelength is directly visible from 
one line. With a series of lines gathered over a longer timespan the frequency and speed 
of the wavescan be calculated. When these properties of the wave are known it is easy to 
find the coherent structures. 

Before the actual measurement this single line has to be choosen carefully: only a 
few lines of the entire image (horizontal lines through the tops of the waves) contain the 
necessary information. A software utility has been written to choose a good line. This is 
done by moving a viewport over the (realtime) camera image with the numeric keypad. If 
the wave motion is visible through the viewport along the entire width of the picture, the 
selected line is considered to be a "good" line. 
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section of space time plot space time plot 

FIGURE 4.3: From every image (at a certain time) one line is copied toa file. In this way a space 
time plot is formed. 

Another problem with the grabbed images is the intensity of the laser light. The laser 
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sheet typically has a Gaussian profile, i.e. the intensity of the laser light is much higher in 
the center then at the edges of the image. The intensity at the edges of the image is also 
lower due to the screen. The diffusive screen does not reileet the laser light isotropically. 
Most of the laser light is reflected in the samedirection as it hits the screen. The diffusivity 
of the screen alters the direction a little bit, but for the edges of the image most light will 
miss the camera. 

In order to get a better intensity distribution the MaxVideo 20 can be used to enhance 
the image data. For this purpose a filter is created befare the actual measurement. 

To make this filter several images are taken in a short period. For each point along 
the previously selected horizontalline the maximum intensity of the laser light during this 
period is stared in a array . This array (high values for the points in the center of the 
image, low values for the points close to the sicles) is used to correct the new images for the 
intensity profile: the edges of the image will be brightened and the waves in these sections 
can be seen much better. 

After selecting a line and enhancing the image quality, the Max Video 20 can be used to 
do the actual data reduction. A software application gives the MaxVideo 20 the instruction 
to copy one horizontalline of the current (realtime enhanced) image. This line is appended 
to a file on disk. Duringa typical meassurement thousands of lines are saved into one file. 
The datastream is reduced to one thousandst of the original datastream (now 1 kB/s, was 
1 MB/s). This much smaller datastream can be written to disc in realtime without any 
problems. 

The resulting file consists of a large series of image lines. Each line gives the position of 
the waves, the position of the line in the file gives time information, so the data in the file 
can be interpreted as a space-time plot (Fig. 4.3). In a space-time plot the movement of 
the waves is clearly visible. The slope of the pattems determines the speed of the waves. 
The coherent structures can alse beseen quite easily. A V-shape pattem indicates a sink, 
a chevron pattem a source. 

4.3 Post processing 

When a measurement is done, the results are stared inaspace-time plot. This plot contains 
a lot of information. Each line of the space-time plot contains a series of cross sections 
with the travelling waves (Fig. 4.3). With thse cross sections, named blobs, some prop
erties (wavevelocity, frequency and coherent structure movement) of the pattem can be 
calculated. 

This section describes a software utility written for use on the x86 platform to extract 
this information. This utilities determines the position of the blobs, calculates their speed 
(wave velocity) and determines the position, nature and speed of the coherent structures. 
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FIGURE 4.4: A blob is a section of the intensity position plot from a line of the space time plot, 
where the intensity of the laser light is above a certain threshold value. 

4.3.1 Blob detection 

The first step in the post processing is blob detection. A blobis a small part of a the cross 
section of a horizontal line and a wave, or a group of adjectent points in a horizontal line 
of the space-time plot with an intensity above a certain threshold value (Fig. 4.4). Blob 
detection is necessary to determine the position of the waves as a function of time. Since 
the wave positions are directly relates to the blob position, blob detection of every blob in 
each line of the space-time plot leads to the desired information of the waves. 

To detect a blob one line of the file is loaded from the data file, then the line is scanned 
for points which have an intensity above threshold. The designed software automaticaly 
connects blobs which are very close to each other. The position of a blob is a weighted 
mean: 

. . L;xi(x) 
blob poslt10n = L: I(x) (4.1) 

In this equation x is the position at which the intensity I (x) is above a certain threshold. 
The summation is over all points belonging to the same blob. The results of the blob 
detection sequence are written in a new datafile. 

4.3.2 Blob matching 

When all blobs in every line are detected, the speed of the blobs can be calculated. This 
is clone by matching blobs in consequent lines. Two consequent lines of the blob position 
data file are loaded into memory. For each blob from the first line the distance to every 
blob, within a maximum distance, in the second line is calculated and stored in a record. 
Now these records are sorted so that the first record contains the shortest distance between 
two blobs. These two blobs are coupled. Since the change of position between two lines 
is small compared to the distance between two blobs, this type of coupling works well. 
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However if one lowers the frame ra te of the camera ( thus increasing the time step between 
two lines), then this methad is not as accurate anymore and a methad using a global best 
match should be considered. All records which contain one of these coupled blobs can not 
be coupled toanother bloband are therefore removed. Now again the first record contains 
the shortest distance between two of the remairring blobs, these blobs can be coupled, and 
so on ... 

The blob matching data is stared in two files. One contains the matching data, the 
other contains the differences of the positions of the blobs in the first line and the matched 
blobs in the second line. These differences are the speeds of the blobs. 

4.3.3 Detecting coherent structures 

A coherent structure can be detected by looking at the speed of the blobs. The coherent 
structures are the domain borders of wave patches with waves traveling to the right ( +) 
and to the left (-). Thus when in one line of the speed data file the sign of the speed 
changes from plus to minus, there should be a sink between those points. On the other 
hand when the sign changes from minus to plus, there is asoure (Fig. 4.5). 

s Souree s Sink 

+ + 

FIGURE 4.5: Inaspace time plot sourees and sinks are clearly visible. A chevron shaped structure 
indicates a source, a V -shape a sink. 

The position of the coherent structure is taken to be equal to the mean value of the 
position of the two surrounding blobs. The software also detects coherent structures when 
the sign does not change directly, i.e. when the speed of the blobs is zero for a moment. 
The position and the nature of the coherent structures are stared into a file. 

4.3.4 Speed calculation of coherent structures 

The coherent structures are also matched in a same manner as the blobs. In this case 
however a souree can only be matched to a souree and sink only to a sink. The matching 
is much more difficult however: due to the nature of the space time plots the coherent 
structures can not be detected in every line. But if it is assumed that they do not move 
much, one can predict were they will reappear and thus match them. 
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4.3.5 Other options 

The post processing software has also some other options, these options can be used to 
export data into more commenly used formats such as a postscript file (blobfcoherent 
structures information) or to convert the raw data from the MaxVideo 20 into the more 
common portable bitmap format PGM. 

4.3.6 Condusion 

The image processing software proofed to be a useful tool for analysing the heated wire 
experiment. Space-time plots give a perfect image of the movement of coherent structures. 
The post processing software works fine under normal circumstances, i.e. with only a few 
coherent structures. Wh en to much coherent structures are present (e.g. when the power is 
raised quickly beyond Qc) the post processing software is not able to detect these structures 
at all. But by finetuning the entire system (both software and projection) results maybe 
improved. 
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Chapter 5 

Experiments 

This chapter will discuss the actual experiments and their results. 

5.1 Onset curve 

In this experiment the power at onset of travelling waves, Qc, is determined as a function 
of the depth of the wire. With the results of this experiment the optimum depth, i.e. 
the depth at which minimal power is necessary to put the system in an unstable state, is 
determined. For experimentsis desirabie to reach high values of E, at this optimum depth 
the smallest amount of power is necessary to reach high E. The dependenee of Qc on the 
depth of the wire reflects the basic physical mechanism of the experiment. The fluid we 
use has density, viscosity and surface tension which is comparable to that used by Vince 
and Dubois. It is therefore useful to compare our measured Qc(d) to that published by 
them. 

5.1.1 lmplementation 

The system was visualised using a wide laser sheet described in Sec. 3.2.2. This method 
was used because it is possible to make a projection so travelling waves, even with very 
small amplitudes, are clearly visible. 

First the wire was aligned with the free surface of the silicon oil. This was done by 
looking at the surface: when the wire is at the surface, the free surface deforms, this 
deformation is clearly visible by looking through the fluid and glass bottom. With the 
micrometer screws the wire was pushed down gently until the deformation disappeared. 
This position of the wireis assumed to be zero depth. This depth is equal to the distance 
between the top of the wire and the liquid surface. Relatively to this depth the wire is 
moved down to a depth d. The error in the depth is 0.05 mm. 

Now the critical power Qc at this depth is measured. This is done by setting the power 
to a certain value Q. If the projection of the wire shows an unstable state, i.e. travelling 
waves are visible, Q is higher than Qc. If the projection remains motionless however ( or at 
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least motionless within a 5 minute period), Q is lower than Qc. The exact value of Qc lies 
between these two limits. The experiment is repeated until the upper and lower border do 
not differ more than 0.50 Watt. 

When Qc is determined fora certain depth d, the system is brought back to its initia! 
conditions. This is done by lowering the power to 0 Watts long enough for the travelling 
waves and coherent structures to disappear. Now the wireis aligned with the surface again 
and lowered to a new depthand the critica! power can be determined again. 

5.1.2 Results & Condusion 

Onset curve 
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FIGURE 5.1: The critical power Qc is determined as a function of the depthof the wire d using 
the laser sheet method. The onset curve measured by Vince and Dubois [4] is also plotted. 

The results of the onset determination are displayed in Fig. 5.1. The onset curve has 
a minimum at rv2 mm, which is in conjunction with the assumption that two effects are 
responsible for the instability of the heated wire system. For small depths (d << 2 mm) 
the Marangoni effect is dominant, for larger depths (d » 2 mm) buoyancy convection is 
the leading effect. This is confirmed by observation of the shape of the liquid surface. For 
small depths (d « 2 mm) the liquid surface is dented confirming the Marangoni effect. 
For larger depths (d » 2 mm) the surface is elevated indicating buoyancy convection. 
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Another indication for the presence of the different effects is the way the instability 
develops. For large depths the instability starts with a "breathing" motion, a synchronous 
oscillating movement, at the fulllength of the wire. For small depth however this breathing 
motion is not visible. 

The shape of the onset curve resembles the shape of the curve measured by Vince and 
Dubois, the difference between the two curves can he explained by the use of a different 
set up (different geometry) and the use of different silicon oil (Vince and Dubois used silicon 
oil with a viscosity of 1 10-5 m2 ç 1 , in our experiment silicon oil with a viscosity of 3.4 
10-6 m2 s-1 has been used, Vince and Dubois also used a different boundary temperature 
(T = 22.0 ± 0.1° C). 

5.2 Qualitative analysis of the fluid movement 

This experiment is carried out to get a general idea of the fl.uid movement and the periodical 
eh araeter of the flow. 

5.2.1 lmplementation 

With the narrow laser sheet method described in Sec. 3.2.3 a slice of silicon oil is brightly 
lit. The movement of small particles in the fl.uid is clearly visible. By twisting the lens it 
is possible to look at planes parallel and perpendicular to the wire. 

5.2.2 Results 

The liquid motion is sketched in Fig. 5.2. The motion of the liquid in a plane perpendicular 
to the wire consist of two phases. First the convective motion is fast, and liquid from regions 
under the wireis transported towards the wire (a), in the second phase the convective rolls 
slow down, until they are almost still. During this slowing down some liquid fl.ows gently 
back to deeper regions. 

lf the setup is observed from above, the liquid (at the surface) moves in paths sketched 
in Fig. 5.2(c). The liquid is launched at an angle from the wire towards the sides. Here 
the liquids cools down and moves back to the wire in a straight line. The launch coincides 
with the start of the fast convective rolls. 

5.3 Amplitude and frequency characteristics 

Theory prediets a relation between the amplitude of the waves and E (amplitude scales 
with d , also see Sec. 2.3.1). This experiment uses the PSD method described in Sec. 3.2.1 
for determining the power spectrum. This method does not determined the amplitude 
directly, but with the power spectrum. When the power spectrum is used disturbances 
(e.g. tremors caused by the air conditioning system) can he easily removed from the PSD 
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FIGURE 5.2: Sketches of observations of the fluid motion in the heated wire experiment. (a) 
In the first stage fast convective rolls are visible and liquid is transported from deeper regions 
towards the wire, (b) later very slow convective rolls are visible, and a very small amount of 
liquid flows back to deeper regions. (c) The liquid at the surface is launched towards the sides at 
an certain angle, whereas it returns almost perpendicular to the wire. (The travelling waves are 
moving from top to bottom) 

signal. The surface of the peak in the power spectrum, corresponding with the frequency 
of the travelling waves, is related to the amplitude squared of the signal. This experiment 
is also used to check if the critical frequency (ex: wc) differs from zero when E ..!.- 0 as stated 
in Sec. 2.3.1. 

5.3.1 lmplementation 

After aligning the wire with the surface, the wire was lowered to a depth of 2 mm. With 
use of the power control software, the power was varied. For each value of the power Q, 
the power spectrum of the PSD signal (this signal was first filtered and digitised) was 
determined with an FFT. 

The first peak in the spectrum corresponds to the travelling waves. Other peaks include 
vibrations of the entire setup caused by the air condition system, and higher order effects. 
The position of this peak in the spectrum determines its frequency. The area covered by 
this peak is equal to the amplitude squared of the signal. 

5.3.2 Results 

5.3.3 Conclusion 

The bifurcation in the heated wire system shows the behaviour expected for a supercritical 
Hopf bifurcation. The amplitude of the waves scales with d as predicted. The predicted 
sealing with d holds until E ~ 0.6, which fortifles the trust in the weakly-non linear theory. 

The frequency has a linear relation to E. 
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FIGURE 5.3: Example of a power spectrum (Q = 6.0 Watt, E = 1.4, d=2 mm). 

5.4 Surface profile 

Theory assumes that the travelling waves can be approximated by travelling harmonie 
waves (Eq. 2.12). This approximation is only valid for the weakly nonlinear pattern. 
Using the PSD method described in Sec. 3.2.1 it is possible to measure the profile of the 
free surface. This is done by integration of the angle a (see also Fig. 3.5) over time. When 
the profiles of the waves are known it can be checked whether or not the assumed pattem 
field (Eq. 2.12) holds in practice. 

5.4.1 lmplementation 

After setting the wire depth to 2 mm, the power was set toa certain value Q, so Q > Qc. 
A laser beam focused on the liquid surface, is refl.ected at the free surface and hits a PSD 
at a certain spot. The laser is focused exactly above the wire, so the position of the spot 
only changes in one direction. In this manner the waves detected by the PSD remain 
one-dimensional and 2D effects are not yet important. 

These changes as function of time are recorded with the PARSAM unit. With Eq. 3.1 
the angle a(t) of the liquid surface relative to the motionless surface, can be calculated 
from the position of the spot. When the angle a(t) is known, the shape of the profile of 
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FIGURE 5.4: The amplitudesquared of the travelling waves as a function of E determined with 
the PSD method. The wire was positioned 2 mm below the free surface of the liquid. 

The results of this experiment are plotted in Figs. 5.4, and 5.5. For small E, i.e. E < 0.6 
the amplitude squared vs. E plot follows a straight line. 
The power spectra can also be used to determine the frequency of the waves. The position 
of the first peak in the spectrum indicates the frequency of the waves. In Fig. 5.5 the 
frequency is plotted as a function of E. Linear regression is also used to determine the best 
fit through the points of the frequency plot: 

f = ao + a1E r = 0.9868 
a0 = (0.123 ± 0.002)Hz 

a1 = (0.86 ± 0.02)Hz 
(5.1) 

the travelling waves can be calculated. Since the wave number q is not known, the actual 
profile can not be calculated, but the shape of the profile indicates when nonlinear effects 
dominate the system. 

The profile has been determined for different values of the power Q so the evolution of 
the profile indicates to which E the weakly nonlinear theory holds. 
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FIGURE 5.5: The frequency of the travelling waves as a function of E determined with the PSD 
method. The wire was suspended 2 mm below the free surface of the liquid. 

5.4.2 Results 

For eight different values of E the profile of the liquid surface ( the profile in one dimension, 
in the direction of the wire) has been calculated. The profiles are displayed in Fig. 5.6, 5. 7. 
In each plot the elevation of the liquid surface is plotted for one period of the travelling 
waves. For E = 0.12 a sine function (f(t) = a0 + a1 sinea:t + a2 )) has been fitted trough 
the measured data to compare the measured data with the theoretica! assumptions .. 

5.4.3 Conclusion 

For E ::; 0.3, or even E ::; 0. 72, the shape of the surface deformation is simular to a sine 
function. These results show that the assumed pattem field holds in practice and even 
holds for reasonably high values of E. 

40 



0.5 

.0.5 

-1 

0.5 

.0.5 

-1 

Measured data -
Curve fit 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 

Time (period) 

(a) t = 0.12 

~ u u u u u u u u 
Time (perlod) 

(c) t=0.3 

0.5 

.0.5 

-1 

0.1 0.2 0.3 0.4 0,5 0,6 0.7 0.8 0.9 

Time (period) 

(b) t = 0.2 

0.5 

-1 

0.1 0.2 0.3 0.4 0.5 0.6 0. 7 0.8 0,9 

Time (period) 

(d) t = 0.72 

FIGURE 5.6: Surface deformation as a function t:. The time axis is scaled to contain one period 
of the wave ( continued in Fig. 5. 7). 

5.5 Dispersion relation 

This experiment tri es to find the relation between the angular frequency ( w) and the 
waverrumher ( q). This relation, known as a dispersion relation, has also been predicted by 
the theory (Eq. 2.21). 

5.5.1 lmplementation 

Using the methad described in Sec. 3.2.3 the frequency of the waves and the time it 
takes for a wave to travel the 1.00 cm distance between the two photodiodes has been 
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FIGURE 5.7: Surface deformation as a function E. The time axis is scaled to contain one period 
of the wave (continued from Fig. 5.6). 
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determined. With these two parameters the waverrumher and angular frequency can be 
calculated (Sec. 3.2.3). Sirree the waves are projected on a screen the actual travelled 
distance is smaller than the 1.00 cm between the two photodiode. A calibration has been 
carried out to find the relation between the fixed distance of 1.00 cm and the real distance 
travelled by the waves in the fluid. 

The dispersion relation is measured at t = 3 (Q=lO Watt) with a wire depth of 2 
mm. To get a wider range of wavelengths the system was first put at another t for several 
minutes (until the typieal waves for this t filled the entire container). Then the desired t 

(i.e. t = 3) was set quickly and the wavelengthand frequency were determined. The waves 
created at a different t change, but remain stabie at t = 3. These waves however have 
a completely different frequency and waverrumher and thus extend the dispersion relation 
plot. 

5.5.2 Results 

In Fig. 5.8 the dispersion relation is plotted. During the measurement waves with a different 
wavelength were created by sourees at the end of the container. The wavelength of the wave 
was totally different from the waves created by sourees in the center of the container. The 
difference in wavelength can be explained by the circumstances at the end of the container. 
At the end of the container there is a small hole. Through this hole the wire leaves the 
container. The sicles of this hole have a good thermal contact with the cooled sicles of 
the container. So in this hole the wire is very close to cooled sides. Sirree the distance to 
the sicles influences the Marangoni effect (Sec. 2.2.2) wave with different wavelengths are 
created at the sides. The regions with these different waves move slowly to the center of 
the container. 

In order to check the predietien made for the dispersion relation (Eq. 2.21), the pre
clietion has been curve fitted with the measured data. The results of this curve fit however 
were not satisfactory. Most of the points are packed close together in a big cloud, a curve 
fit won't work with these points. The other points are all on the straight lines, not on the 
relation predietien by theory. 

5.5.3 Condusion 

Most of the measured data points (80% of all points) are located in a big cloud of points 
indicated in the plot. This indicates that the travelling waves in the system prefera certain 
waverrumher and frequency. This could proof the discrete solution for the sources. 

To check the predicted dispersion relation the experiment has to be carried out a lower 
t, probably t < 0.6. Forthese measurements a new type of measurement using two PSD's 
has to be developed. 
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FIGURE 5.8: Dispersion relation (depth d = 2mm, power consumption P = 10 Watt, t = 3) 

5.6 Annihilation distance determination 

The object of this experiment is to study of the movement of a souree and a sink, just 
befare they annihilate. 

Using the laser sheet methad described in Sec. 3.2.2 it is possible to measure the distance 
between a souree and a sink during an annihilation as a function of the time. 

5.6.1 lmplementation 

The wire depth is set to 2 mm relative to the free surface ( the wire is first aligned with the 
free surf ace, then the wire is lowered 2 mm). 

For each experiment the power was raised to a certain value. The critical parameter t 

was chosen so high that the travelling waves were clearly visible with the camera system 
(t > 1). 

When the power is first turned on, sourees and sinks appear across the entire length 
of the wire. Aftera few minutes, most of these structures have been annihilated and only 
few remain. 

The wide laser sheet methad described in Sec. 3.2.2 is used to visualise the travelling 
waves and the coherent structures. The computer system described in chapter 4 is used 
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to create space-time plots of the annihilation. With these space-time plots the distance 
between a souree and a sink just before an annihilation can be determined. 

5.6.2 Results 

For several annihilations, the distance between the souree and the sink has been determined 
as a function of time. At first sight the distance as a function of the time to annihilation 
resembles a square root or logarithmic function. Since it is not directly clear which of 
these gives the best results plots were made to check the best approximation of the relation 
between the distance and the time to annihilation. The plots for all experiment are available 
in appendix A, a typical example of a square root approximation is given in Fig. 5.9, the 
logarithmic plot in Fig. 5.10. Linear regression has been used todetermine the best curve 

Annihilation at 9 Watt, 2 mm depth 

250r-----~----~-----r----~------r-----~----~-----r----~ 

200 

f .s 150 

100 

50 

10 20 30 40 50 60 70 80 90 
Time to annihilation (s) 

FIGURE 5.9: Distance squared between souree and sinkas a function of the time to annihilation 
with a linear curve fit ( depth d = 2mm, power consumption P = 9Watt, E = 2.6) 

fit. For the square root approximation, the linear relation between the distance squared 
D2 and the time to annihilation t is used: 

(5.2) 
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FIGURE 5.10: Distance between souree and sinkas a function of the time to annihilation with a 
logarithmic curve fit ( depth d = 2mm, power consumption P = 9Watt, E = 2.6) 

In order to check a logarithmic relation a curve fitter has been used to calculated the best 
fit to the following relation between the distance D and the time to annihilation t: 

D = b
0 

ln t- b1 

b2 
(5.3) 

The three coefficients b0 , b1 and b2 represent resp. a distance [mm), time offset [s), and time 
sealing factor [s]. The complete results, curve fit coefficients and plots, are available in ap
pendix A. Four experiments were carried out. Experiment 1, 2 and 3 are relatively "clean" 
annihilations, i.e. noother coherent structures were so close to the annihilating souree and 
sink that they clearly infiuenced the annihilation. Experiment 4 however involves an extra 
sink, which is also very close to the source. This sink does not annihilate but could have 
effect on the annihilation. In experiment 4 two sinks are present an annihilating sink and 
a non annihilating sink, which moves towards the sourees but does not annihilate. 

5.6.3 Conclusion 

Although the square root approximation gives nice results, the logarithmic curve fit gives 
better results (not only does it gives better curve fit results, it is also able to give a good 
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approximation in experiment 4, with two sinks involved). 
For experiment 4 sarnething remarkable takes place. The logarithmic curve fit is accu

rate for the sink that does not annihilate, but is not as accurate for the other sink ( only 
the last points befare the annihilation show a logarithmic profile). 

Based on the experimental results the annihilation distance D as a function of the time 
to annihilation t follows the following relation: 

(5.4) 

Further research has to be done to determine the exact relation of the coefficients (b0 , b1 

and b2 ) and system parameters like E and the frequencies of the waves involved. 

5. 7 Drift 

During several experiments drift of the coherent structures was seen. Sourees and sinks 
where rnaving collectively to one side of the container. By tilting the entire container 
the drift could be infiuenced but the change was not big enough to explain the drift. 
Another experiment showed that the drift was not caused by the depth of the wire. When 
one side of the wire was lowered or raised 0.2 mm relative to the other side, the drift 
remained. Reversing the cooling system, had no infiuence on the drift, so temperature 
differences caused by a nonsymmetrie cooling are not the cause. The drift could be caused 
by an inhamogeneaus wire (e.g. thickness variations), but this has notbeen checked with 
experiments yet. 

Another option is a smallleak at one side of the container; several attempts to stop the 
container from leaking have been made, but the obnoxious silicon oil always found a way 
to escape from the container. In order to definitively stop the leaking a complete revision 
of the container seams inevitable. 

A more fundamental cause of the drifting sourees is perhaps the lack of symmetry, but 
this does not explain why the sourees are always rnaving the same direction. Sourees are not 
always symmetrical, i.e. they can send out waves with a phase difference (and maybe with 
a different wavelength and/or frequency). It seems that sourees are not always symmetrie 
for higher E. Further research is needed to check this effect and the exact infiuence of this 
phase difference on the drift. 
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Chapter 6 

Conclusions & recommendations 

Conclusions regarding the graduation project can be made on two points: how well did 
the newly developed measurement methods work and how well did the results of these 
methods comply with the expected results. 

The newly developed measurement methods all produced useful results. But not all 
types of measurement can be clone with each method. The PSD method can not measure 
wavelengths (two PSD's are needed to measure wavelengths), nor can it give information 
on the position and nature of the coherent structures. It can however be used at very low 
values of E (t: ~ 0.1), with high accuracy. The methods based on a laser sheet method 
however can only produce good results at a higher value of E ( E ~ 1 and higher), but the 
laser sheet methods can be used to determine the wavelength of travelling waves and give 
information about the coherent structures if a space time plot is made. So depending on 
the desired data, one has to choose the appropriate measuring method. 

The results of the experiments have been compared to the predictions made by the 
theory describes in chapter 2. Measurements made with small laser sheet method show 
that the flow in the container complies with the flow predicted by the physical theory. 

The results of the other laser sheet and PSD measurements comply with the mathe
matica! theory, but only for E < 0.6, the weakly nonlinear domain apparently reaches until 
E = 0.6. 

The annihilation distance experiment could not be checked with the theory, but a 
logarithmic relation between the time to annihilation and the distance between the two 
annihilating structures is measured. 

Some predictions however were not ( clearly) visible in the experiments, the sourees 
were moving (drift) and do not appear to strictly unique, the sourees send out waves that 
differ slightly from the waves from other sources. It is not clear yet what causes these small 
discrepancies, further research is necessary. 

The setup has to be refined, the leaking has to be stopped and the drift of the coherent 
structures has to examined more carefully. 

A new measurement method is necessary to study the wavelength a low values of E, 

a coupled PSD setup (simular to the coupled photodiode, but now based on the PSD 
method) could do this: a single PSD already proved to be accurate at very low values of 
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E, two PSD's could determine a dispersion relation at low E. 

Since time was limited during the graduation project most of the experiments have only 
be carried out at one depth (2 mm), and one value of E. To get more reliable results the 
experiments should be carried out at a wide variation of these two parameters. It could 
also be considered to do experiments with different liquids (different types of silicon oil) 
but this will cost a lot of time and should be considered only the physical mechanism of 
the experiment has to be further researched. 

Due to a lack of time no experiments have been carried out to check the sealing be
haviour of the sources. Experiments with the digital camera could be used to study this 
sealing behaviour. 

During the last year the experiment has been build up from a single container with 
a wire, to a controlled experiment with a complete data acquisition system and several 
different measurement methods. The methods proofed to be very useful set of tools and 
are now waiting to be fully exploited. 
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Appendix A 

Results of annihilation distance 
experiments 

The results of the experiment described in Sec. 5.6. are given in this section of the appendix. 
For each experiment three pictures are available: the first picture is a section of the space
time plot, the second picture is a plot of the distance between the souree and sink squared 
as a function of the time to annihilation. The last plot is a plot of the distance vs. the 
time to annihilation. 
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A.l Experiment 1: Annihilation at 9 Watts 

Depthof wire: 2 mm. Power consumption: 9 Watt (t: = 2.6). 
No structures near annihilating souree and sink. 
Curve fit coefficients: 

FIGURE A.1: Experiment 1: Annihilation at 2 mm depth, 9 Watt power consumption 
(E = 2.6) 

(Square root approximation (D2 = a1t) 
a1 = 2.86 ± 0.04 m':2 

Logarithmic approximation (D = b0 ln tt:1
) 

bo = 7.48 ± 0.45 mm 
bl = 12.8 ± 2.0 s 
b2 = 12.4 ± 1.6 s 
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Annihilation at 9 Watt, 2 mm depth 
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FIGURE A.2: Experiment 1: Square root relation (linear curve fit) 

Annihilation at 9 Watt, 2 mm depth 
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FIGURE A.3: Experiment 1: Logarithmic relation (logarithmic curve fit) 
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A.2 

Watts Experiment 2: (Almost) .Free annihilation at 9 

Depth of wire: 2 mm. Power consumption: 9 Watt (< ~ 2.6). 

Some structure near annihiJating souree and sink, but they appear not to interfere with 
annihilation. 

Curve fit coefficients: 

. ''' i •rr tétlt: r , ram 

"jip -' 1$1 - i*Ci 

., .. _ nw tm-

' --- p f?fl!i( -' "1 

·;.- ,'Nj!f lif ii 'f er -" 

, .. WHfitt .. M Gt- ' ar 9 tt 

ï "fd:î? " K ' @ 

'§ 'f 

FwunE A.4: Experiment 2: AnnihiJation near other structure, but other structure is not direct 
invoJved (the other structures are not visibJe in this Picture, there is asinkat the left side and a 
souree at the right si de) 

Square root approximation ( D 2 ~ a
1 

t) 
2 a1 === 2.63 ± 0.07 ~ 

Logarithmic approximation (D ~ bo ln ~) 
bo === 9.46 ± 0.28 mm 
bl ::::: 2.46 ± 0.54 s 
b2 ::::: 2.47 ± 0.49 s 
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Annihilation at 9 Watts, close to ether structure 
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FIGURE A.5: Experiment 2: Square root relation (linear curve fit) 
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FIGURE A.6: Experiment 2: Logarithmic relation (logarithmic curve fit) 
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Experiroent 3: Annihilation at S Watts 

Devth of wire: 2 mtn· power consumvtion: S Watt l< ~ 2.2)· 

No structures near annibilating souree and s1nk· 

: ---·-
-----

"nn

1

· \,.

1

·l., .. 

1

·on •t 2 nun denth, s Watt vo- consullll'tion (epsilart ~ 
FlGUltE J>,..7: E"verilllent 3: ~ .a ~' ~ r 

'.'EH W' '· h 

. :.o .. t . Y;,7;!il f. 1"t . 

'2..'2) 

Curve fit coefficients: 
Square root avvroximation lD' ~ a,t) 

mrn.Z 
al ::::: '2.93 ± o.05 ~ b Logaritbmic avvroximation (D ~ ho In~) 

bo::::: 5.47 ± 0.34 rotn 
bl::::: 6.1 ± 1.3 s 
b2::::: 5.64 ± 0.93 s 
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Annihilation at 8 Watts, 2 mm depth 

Time to annihilation (s) 

FIGURE A.8: Experiment 3: Square root relation (linear curve fit) 

Annihilation at 8 Watts, 2 mm depth 
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FIGURE A .9: Experiment 3: Logarithmic relation (logaritmic curve fit) 
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A.4 Experiment 4: Sink-Source-Sink combination 

Depthof wire: 2 mm. Power consumption: 9 Watt (<: = 2.6). 
Two sinks very to close to source. One sink annihilates with this source, the other first 
moves towards the source, but does not annihilate. 

- -------- - -- - -------·------··---.. - --······____.;.,.-····-··-_ ____.---- ~=·------ -=---~--- --~ ---·----- -- - - - ---~--- ·· 

----- ------- - .. ---- ---V -------- - ---

·-----
-·---___ __:--

-- - -....... ,.._ .. ,,,_,,_. M--.:.._,_, - ---- --- ~ ... :..--

~~--}f-;: .I 
-- -------~~- ............ ~ -

~~.--~.·---~. ··_-.... -.~!;L 
- --- ------- ····-····-----.:...___ - ...._.. ...... ---····-·---~ 

FIGURE A.10: Experiment 4: Annihilation with two sinks involved, a sink that does annihilate, 
and one sink that move towards the souree but does not annihilate 

Curve fit coefficients: 
Square root approximation (D2 = a1t + a0 ) 

Active sink: 
ao = -35.5 ± 9.0 mm 
al = 6.06 ± 0.10 mm

2 

s 

Logarithmic approximation (D = b0 ln tt:1
) 

Active sink: 
bo = 18.3 ± 8.3 mm 
bl = 59 ± 36 s 
b2 = 46 ± 32 s 
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Passive sink: 
ao = 211.9 ± 7.6 mm 
a1 = 2.87 ± 0.09 mm

2 

s 

Passive sink: 
bo = 3.27 ± 0.20 mm 
bl = 3.43 ± 0.81 s 
b2 = 0.14 ± .0.05 s 
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Annihilation, w~h another sink closeby 
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FIGURE A.ll: Experiment 4: Square root relation (linear curve fit) 
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Annihilation, with another sink closeby 
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FIGURE A.l2: Experiment 4: Logarithmic relation (logarithmic curve fit) 
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Appendix B 

Specifications 

B .1 Silicon oil 

All specifications are for T = 21.0° C. 
Kinematic viscosity v = 3.397 10-6 m2 s-1 

Density p = 892.4 kgm-3 

Surface tension ry = 18.3 10-3 Jm-2 , r = ~ = -0.1 10-3 Jm-2 K-1 
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B.2 Resistive wire 

Brand name: Kanthal DSD 
Composition(%): Cr(22), Al(4.8) , Fe(73.2) 
Diameter: 0.2 mm 
In Fig. B.1, the current through the wire as a function of the voltage across the wire is 

Resistance of wire in caoled silicon oil 

Vo~age (V) 

FIGURE B.1: Determination of the resistance of the wire (linear curve fit) 

plotted. The resistivity of the wire is derived from the slope of the plot. Since I = ~ the 
slope of the graph equals ~- The resistance of wire Rwire = 100.00±0.05 n. The resistance 
of the wire does not change significantly when the power through the wireis raised. 
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