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Introduction 

Critical phenomena may be studied in various different ways. The principle of critical point uni
versality indicates an analogy between critical points in a wide variety of physical systems. For 
example, many features of the magnetic, superfluid, superconducting and ferroelectric transitions 
are quite similar to those found in pure fluids or mixtures [1,2]. In the case of fluids, the study of 
critical phenomena is associated closely to the field of hydrodynamics. Many investigations have 
been troubled by the dynamics of pure fluids near their critical point and the interest was arisen in 
the effect of the anomalous behaviour of several fluid properties on the dynamics of equilibration. 
In earthbound experiments, the strong coupling between gravity and compressibility severely com
plicates the study of this behaviour. For this reason, many experiments dealing with critical point 
phenomena are performed in a low gravity (ot microgravity) environment. Means to achieve such 
an environment are provided by drop tubes, towers and shafts, parabolic flights with an aircraft 
and sounding rockets [3], all with a limited duration of the low gtaviry period of the order of sec
onds or minutes. However, for the study of equilibration in critical fluids it is essential to retain 
longer periods of low gravity which are found only in a satellite, examples of which ate a space-
shuttle or a spacestation. This thesis mostly deals with an experiment, performed in the micrograv
ity environment of a spaceshuttle in orbit, on heat transfer in a pure fluid near to its critical point. 

1.1 A Fluid 

Everyone can recognize a liquid. It is popularly defined as a fluid which, if placed in a closed vessel, 
at once conforms to the shape of the vessel without necessarily filling the whole of its volume. The 
first property distinguishes it from a solid and the second from a gas. This simple definition is 
worth a closer examination for, although it is quite adequate for most purposes, it does not go very 
deeply into the relationship between solids, liquids and gases. 

For most simple substances a cleat distinction can be drawn between the solid state on the one 
hand and the fluid states, liquid and gas, on the othet. If a fluid is cooled then it changes to a solid 
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state at a temperature which is a function of the applied pressure. At this melting temperature the 
solid and one of the fluid states can exist in mutual equilibrium. Only at the triple point can a 
solid phase be in equilibrium with both liquid and gas phases. 

Figure The (P,T) Phase Diagram. 
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The change from solid to fluid or from one fluid phase to the other is a sharp one at which the 
characteristic equilibrium properties of the substance change discontinuously. Such properties as 
the density, energy, heat capacities, coefficients of thermal expansion and of compressibility, and 
dielectric constant all have different values in the two phases. At the triple point the change from 
solid to liquid is less drastic than that from liquid to gas. However, at high pressures the situation 
is very different, for whereas the solid-fluid discontinuities are but little affected by the pressure, 
the size of the liquid-gas discontinuities decreases, slowly at first, but then with increasing rapidity 
as the two states finally become indistinguishable at the liquid-vapour critical point (CP in Figure 
1.1). The existence of such an endpoint to the liquid-vapour coexistence curve implies an interest
ing characteristic; a fluid at point p, which might be said to be 'obviously' a liquid, can be changed 
to point s, 'obviously' a gas, first by heating at constant volume to q, expanding at constant tem
perature to r, and cooling at constant volume to s. At no point in this thtee-stage transformation 
has a change of phase occurred, and no dividing meniscus would have been observed in the vessel. 

1.2 The Critical Point 

The classical view of the critical point is that it is the state at which the densities of the coexisting 
phases are equal, and is also the highest temperature and pressure at which (dP/dV)T is zero. It has 
not been easy to study experimentally the behaviour of a fluid in the neighbourhood of its critical 
point. The difficulties arise from the unusual mechanical, thermal and optical properties of the 
fluid in this region. As one approaches the critical point, the heat capacities at constant pressure 
and at constant volume diverge which makes it hard to reach thermal equilibrium. Even slow 
changes of pressure are more nearly adiabatic than isothermal, and cyclic changes lead to hystere
sis. Also, as the densities of the two phases approach each other the dividing meniscus becomes 
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first faint and then* very hazy, and the measurement of the exact temperature of its disappearance 
needs great care. 

But perhaps the most prominent feature is the divergence of the isothermal compressibility at 
the critical point; many of the exciting phenomena which can be observed in critical fluids are 
directly related to this. The density of a critical fluid, both on a local level as from a macroscopic 
point of view, becomes drastically sensitive to small disturbances. Microscopically, large density 
fluctuations occur spontaneously. The spatial extent of such density fluctuations may be described 
by a correlation length, which diverges also at the critical point. The occurrence of these large den
sity fluctuations causes the phenomenon of critical opalescence, i.e. the strong scattering of light tra
versing a critical fluid. The observation of the system is made harder by this strong scattering of 
light which can lead to complete opacity at the critical point. 

Macroscopically, the large compressibility induces the most severe restraint in the experimental 
obtention of the critical state [4]. In the earth's gravitational field, a critical fluid is being com
pressed under its own weight and large gradients of density arise in a vessel of a few centimetres 
high; critical conditions can only be reached in a very limited way and local properties may no 
longer be identified with those of the fluid as a bulk. In addition to this, the high value of the iso-
baric thermal expansion coefficient results in a diverging Rayleigh number and this leads inevitably 
to convective motion when temperature disturbances are imposed on the critical system. 

All these effects make precise equilibrium measurements unusually difficult, and good agreement 
between critical constants measured in different ways is hard to achieve. 

1.3 History 

Many of the basic facts of critical phenomena were observed more than a century ago, while other 
aspects have been discovered only in recent years. It was already in 1869 that Andrews [5] discov
ered in the course of his measurements of the critical behaviour of carbon dioxide the, above men
tioned, phenomena of critical opalescence. Since then, critical fluids have been studied extensively. 
Not much later, in 1873, Van der Waals succeeded in describing, at least qualitatively, the liquid 
and the gas phase with one single equation - the Van der Waals equation of state [6J. This equa
tion, however, did not predict the occurrence of scattering and it was not until the beginning of 
this century that a qualitative explanation of this phenomenon was given due to the work of Ein
stein [7], and Ornstein and Zernike [8]. 

In the 1940's, Guggenheim [9] realized that the coexistence curve of a fluid system is not para
bolic as the Van der Waals theory predicts, thereby inspiring the subject of critical-point expo
nents. The generally accepted conjecture is to describe near to the critical point the asymptotic 
behaviour of physical quantities, along selected paths in the phase diagram, in terms of simple 
power laws. With these power laws, critical exponents and power-law amplitudes are defined. In 
the early 1960's Heller and Benedek [10] came to recognize that the critical exponents were signifi
cant entities worthy of special attention in their own right and the study of critical phenomena 
came to focus more on the values of these exponents. Among these exponents, certain relations 
exist which are led by an assumption which has come to be called the scaling hypothesis. Widom 
[11] was largely responsible for the first clear and coherent mathematical exposition of the scaling 
hypothesis. In 1971 Wilson [12] developed the renormalization group theory for critical phenom-
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ena in connection with phase transitions. This mathematical theory explains in detail and with 
accuracy how these phase transitions occur. 

Until the end of the 1980's, both theoretical and experimental efforts have concentrated mostly 
on the derivation and measurements of the exponents and constants, and the relationships 
between them [2,13-16]. The study of fluids, however, belongs, in a general sense, to the field of 
hydrodynamics. In studying the anomalous behaviour of critical fluids and measuring the usual 
universal exponents, it was this hydrodynamic part which was little appreciated and it is precisely 
the anomalous behaviour of several thermodynamic functions which complicates the study of the 
dynamics of pure fluids near their critical point. Many troubling results have been reported which 
were related to these phenomena. O n a workshop in 1989 on thermal equilibration near the criti
cal point [17], it was Onuki who pointed out the importance of what has come to be known as the 
piston effect on the thermal response of a critical fluid to heating. 

The mechanisms of heat transport governing the thermal response of a fluid sample to heating 
are well known. Under conditions where convective and radiant heat transport are suppressed, the 
only true heat-transport mechanism is thermal conduction and this leads to the usual assumption 
that the thermal diffusivity governs the transient thermal response of a fluid sample to heating. In 
the approach to the critical point of a pure fluid, where the thermal diffusivity is predicted to van
ish, one would then expect heat transfer in the sample to slow down dramatically. Interestingly, 
pioneering microgravity experiments conducted over the last decade [18,19] demonstrated that, far 
from the slowing down presumption, heat seems to be transferred very rapidly in near-critical flu
ids. Indeed, equilibration time constants of a few seconds have been observed under conditions 
where hours or days would be expecred on the basis of thermal conduction alone. O n earth, such 
fast equilibration could arise from strong convective flows [20] but this mechanism could not be the 
agent in a space experiment. 

Following these early observations in space experiments, theoretical work [21-24] showed that the 
"critical speeding up" phenomenon may be attributed to the increased importance of the isentro-
pic temperature change in the bulk of the fluid. Fundamentally, this piston effect is not a mecha
nism of true heat transport; rarher, it is a temperature change associated with isentropic 
compression of the fluid. Heating at the boundary causes thermal expansion of the adjacent fluid 
and, in a constant volume system, a pressure increase everywhere in the fluid. This pressure 
increase results in an essentially isentropic increase in temperature and density throughout the 
fluid. Thus there is a homogeneous temperature rise in the fluid which, although caused by appli
cation of heat at the boundary, is entirely independent of heat transport mechanisms except in a 
thin boundary layer. Experimental results soon followed, confirming the expected rapid and uni
form thermal response in a near-critical fluid, ground-based [25] and from experiments in space [26-
29]. 

The present conjecture is that thermal equilibration has an early, rapid stage based on the piston 
effect, as well as a later, slow stage. The early stage lasts only a few seconds, and leaves the near-crit
ical fluid with an inhomogeneous temperature distribution that is close to the boundary tempera
ture. The later, slow stage of thermal equilibration is governed by the thermal diffusivity. 
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1.4 Motivation 

In a simple fluid the thermal conductivity is one of the thermodynamic quantities that has been 
shown, both theoretically and experimentally, to diverge when the critical point is approached. 
Some others are the isothermal compressibility, the isobaric thermal expansion coefficient and the 
specific heats, at constant pressure and at constant volume. These effects are related to the increase, 
both in spatial extent and amplitude, of the density fluctuations in the fluid on a microscopic scale 
[30-32]; hence the associated rates of divergence are interrelated. This interrelationship has been the 
subject of quite a number of theoretical and experimental studies. 

The above-mentioned quantities all play a role in the flow of energy through a sample, and 
hence in the relaxation of the system to equilibrium after local heating or compression. As a conse
quence, the determination of the value of the thermal conductivity by experiment is always com
plicated by the requirement to know, or to determine simultaneously some other quantities. 

Quantitative experimental corroboration of the theories that have been developed to account for 
the anomalous behaviour is, especially close to the critical point, incomplete [33-35]. For the reasons 
outlined in paragraph 1.2, it has not been possible to probe reliably either the thermal conductiv
ity or the thermal diffusivity of a sample at the critical density much closer to the critical point 
than about 100 mK [36]. Thus experimental verification of the true singular behaviour has been 
indirect and has relied upon extensions of the theory into a region farther from the critical point, 
where it is necessarily less exact, but whete comparisons with experiment have been possible. 

This thesis sets out to study the processes of heat transfer in a locally heated fluid as close as pos
sible to the critical point. 

1.5 Outline of the Thesis 

The processes of heat transfer are studied in a controlled way. A measuring technique is used, sim
ilar to that introduced by Becker and Grigull [37-40], in which the propagation of a plane thermal 
stepwise disturbance into an otherwise homogeneous sample is observed by interferometry and by 
temperature measurements. The fluid under investigation is sulphurhexafluoride (SF6). 

Chapter 2 starts with a brief overview of the properties, dynamic and static, of a fluid near its liq
uid-vapour critical point that are encountered in this thesis. Then, the evolution is considered ana
lytically of the temperature-density field in a compressible fluid, following a plane thermal 
disturbance into an otherwise homogeneous sample. Apart from showing the profound influence 
of the piston effect on the thermal behaviour, the analytic exercise in this chapter suggests a new 
method to determine the isochoric specific heat near to the critical point. 

Experiments have been performed in a microgravity environment (g ~0) in space and in the 
earth's gravity field (g =1) on the ground. The experiments in space were carried out in ESA's Crit
ical Point Facility (CPF) [41], which was flown in the cargo bay of the spaceshuttle Columbia dur
ing the SpaceLab IML-2 mission. The experiments in our laboratory at the 'Van der Waals-
Zeeman Instituut' wete executed utilizing a set up which resembles CPF. The experimental equip
ment is discussed in Chapter 3. 
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Because of its essentially non-invasive nature, interferometry is used as a technique to monitor 
the behaviour of the density of critical fluids. In Chapter 4 we discuss the conversion of an inter-
ferogram to a density distribution and we suggest a procedure for the determination of the thermal 
diffusivity by analysis of interferograms. 

Interferometry hinges on the relation between the density and the refractive index of the fluid. It 
is generally assumed that this relation is most accurately described by the Lorentz-Lorenz relation 
[42]. However, this relation is only approximate and it was far from evident that this approximation 
is sufficiently accurate for our purpose. In Chapter 5 we describe precision measurements of the 
refractive index and the density of SFg in a region around the critical density. Our results show 
that the Lorentz-Lorenz relation is not suited to describe this relation around the critical density 
with the accuracy we desire. 

Finally, in Chapter 6, we will present the results from the space experiment concerning heat 
transfer in critical systems. We will start by giving a general impression of the space experiment 
before attention is given to some specific analysis features. The subsequent detailed presentation of 
the results is divided into three main subjects: the quantitative understanding of the piston effect, 
the measurement of the thermal diffusivity and the determination of the isochotic specific heat by 
the newly developed method. 



Heat transfer in critical 
fluids 
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This chapter starts with a brief overview of the properties, dynamic and static, of a fluid near its 
liquid-vapour critical point that are encountered in this thesis. Then, the evolution is considered 
of the temperature-density field in a compressible fluid, following a plane thermal disturbance into 
an otherwise homogeneous sample. Gravity-driven phenomena in a critical fluid are discussed in 
the last section. 

2.1 The critical state 

2 .1 .1 T h e r m o d y n a m i c relations 

The thermodynamic behaviour of a fluid is described by means of a relation between parameters 
defining its state: the pressure p, the density p (or molar volume v ) and the temperature T. The 
thermodynamic static or equilibrium properties may be obtained by the mutual derivatives of 
these and the (molar) entropy s . The specific heats at constant pressure c and at constant volume 
cr, which measure the heat absorption from a temperature stimulus, are defined by 

[dT (2.1) 

where x = p or v. The isothermal and adiabatic compressibilities, KT and Ks, measure the 
response to a pressure stimulus. These are defined by the relation 

l/3v 
v\dp), P\3pJ, 

(2.2) 

where y = T or s . 
defined by 

Also there are the coefficients of thermal expansion, a and as vhich winch are 
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a ^ ( l l = -p(ll' <2-3> 
where z = p or s. 

It follows from these definitions that these quantities are not independent of one another. Partic
ularly useful relations among them are 

M c , - c „ ) = -a-l (2.4) 

T 
cr(KT-K,) = -af,, (2.5) 

The specific heat and compressibility are positive for all T, hence eqs. (2.4) and (2.5) imply that 
cp > c,. and KT > Ks '. From eqs. (2.4) and (2.5) it is elementary to obtain that 

c/cv = Kr/K,- (2.6) 

Other familiar relations that will be utilized in this thesis are 

a / « , = I -c/cv (2.7) 

c„/a. = - - U l f l . (2.8) P WL 

2.1.2 Power laws 

The generally accepted conjecture is to describe the asymptotic behaviour of the various properties 
of a fluid near its liquid-vapour critical point (CP), along selected paths in the phase diagram, in 
terms of simple power laws. With these power laws, critical exponents and power-law amplitudes 
are introduced. For an exact treatment of this conjecture we refer to e.g. ref. [14]. 

In the power law description, it is assumed that the properties vary (asymptotically on approach
ing CP) as a simple power of the distance to CP, expressed either in temperature, density or pres
sure. With T, , p, and pt denoting the temperature, density and pressure at the critical point 
respectively, we introduce i , the reduced temperature difference, t = {T- Tc)/T , and, analo
gously, <t>, the reduced density difference, (|> = (p -p c . ) /p, and y , the reduced pressure difference, 
V = (P-P,)/Pc • One then has, in the limit x -> 0, 

P,KT = rT~T (2.9) 

t In particular, as T —> Tc , cp»cr and KT»KS . 

$ Customarily, in literature the symbol 71 is used for the reduced pressure difference . To avoid confusion with the 
value 7t , a different symbol is used. 
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Jc A -a 
c = -Z 

Pc a 
(2.10) 

where the path is the critical isochore. r and A are called the critical power-law amplitudes and y 
and a the critical exponents. Along the critical isotherm, the variation of the pressure with density 
is given by 

\|/ = D|<|>| sign(Q), 

and for T < 0 , the asymptotic shape of the coexistence curve is given by 

(2.11) 

Bi~x)p 
(2.12) 

where D and B are the amplitudes and S and ß the xponents. 

From eqs. (2.4)-(2.8) it follows that the divergences of av and A", are equal to that of cv, and 
that the divergences of c and a are equal to that of KT. 

A relevant length scale in the description of critical behaviour is the correlation length \ which 
characterizes the spatial extent of the fluctuations in the local density. This correlation length is 
believed to be the only length scale needed to describe the properties of a critical system [13], and is 
represented by 

with 40 the amplitude and v the critical exponent. 

(2.13) 

A schematic phase diagram of a fluid near its critical point is given in fig. 2.1 in the {p, T}-
plane. Indicated are the critical point CP, the critical isochore (p = p, for T > Tc) and the curve 
picturing the coexisting liquid and vapour densities (7"< Tc). The power laws are defined asymp
totically (T —¥ Tc) along these paths (except of course eq. (2.11)). 

Figure I l lustration of the density-temperature phase diagram. 

Systems near a critical point are classified in terms of universality classes that depend on the 
dimensionality of the system and on the number of components of the order parameter. Systems 
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that belong to the same universality class have the same values for the critical exponents. Pure flu
ids near their critical point belong to the universality class of three-dimensional Isinglike systems 
with one order parameter. Thus, the critical exponents are not fluid-dependent and their values are 
equal to those derived for the Ising systems [14,15,43], Table 2.1 lists the values for these exponents 
derived by using the renormalization-group method [15,43,44]. 

Table 2.1 Universal critical exponents. 

a=0.11 ß=0.325 Y=1.24 5=4.815 v=0.63 

Among the various critical exponents general relations exist. Pure thermodynamics implies 

y = ß ( S - l ) = 2 ( l - ß ) - a (2.14) 

and the principle of universality gives us 

dv = 2 - a (2.15) 

where d is the dimensionality of the system (for simple fluids: d = 3). For a number of ampli
tudes one also has interesting interrelationships (see e.g. refs. [45-48]). 

2 . 1 . 3 Transport propert ies 

Basic transport parameters are the thermal conductivity X, the thermal diffusivity DT and the vis
cosity T| . On approaching the critical point, the thermal conductivity is known to diverge. This 
may be reasoned following a simple, heuristic atgument. As usually accepted, we wtite the heat 
flux j as a linear function of the temperature gradient. Such an approximation, widely known as 
Fourier's law, defines phenomenologically the thermal conductivity. Thus, we have [49] 

j = -XVT . (2.16) 

One may argue that when the correlation length h, (see eq. (2.13)) becomes latge, the heat flux 
scales like j~Z,VT. With eq. (2.16), this implies that, sufficiently close to CP, X behaves roughly 
as \ . Indeed the critical exponent for X is equal to 0.57 [50], only slightly different from that of \ . 

The thermal diffusivity describes the behaviour of a fluid in a non-static temperature distribu
tion and is related to the thermal conductivity through 

DT = X_ 
(2.17) 

l> 

Unlike the thermal conductivity, the thermal diffusivity vanishes on approaching the critical point 
since the divergence of X, although considered strong, is less than that of cp. Near the critical 
point, DT should satisfy a Stokes-Einstein relation [51-53] 

^ = ^ T <2-18) 

where RD is a dimensionless universal amplitude. The viscosity displays a weak divergence [53], 

t | - ( ß o ^ ) C . (2-19) 

10 
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where Q0 is a system-dependent constant and Ç is a universal critical exponent equal to 0.063 [50], 

2.2 Heating a critical fluid 

To describe the processes of heat transfer in terms of the transport parameters, we consider the 
transient heating of a critical fluid confined in a fixed volume V, initially at uniform temperature 
and in equilibrium with its surroundings. The transient heating of the fluid is accomplished by the 
application of a heat flux q. into the fluid, at a heater surface 5,, deposited on a substrate entirely 
contained within the fluid. The heat is generated at constant power, starting at time f = 0. Since 
during the heating process heat may be dissipated from the fluid into the various walls of the 
fluid's container, we will have to consider the effect of this as well. We will study the evolution of 
the temperature-density field in the fluid over a period of time following the start of the heating. 

2 . 2 . 1 H e a t transfer equat ion and the P i s t o n Effect 

In order to find an expression for the temperature field in a locally heated fluid, one might investi
gate the problem theoretically by seeking solutions of the fully non-linear Navier-Stokes equa
tions, subject to appropriate boundary conditions but in the absence of a gravitational field. This is 
a very complicated task and, therefore, two somewhat simpler approaches have been adopted in 
literature. Both of these approaches recognize the existence of two different time scales, namely an 
acoustic time scale ranging from microseconds to milliseconds and a conduction time scale rang
ing from seconds to hours or, in fluids very near their CP, even days. In the first simplified 
approach [24], the unsteady linearized Navier-Stokes equations are solved separately in both 
regimes. In the second approach [22,23] only time scales much longer than typical acoustic times are 
regarded and, starting from the general equation of heat transfer which expresses the law of conser
vation of energy, a heat transfer equation is derived which only has to take into account the ther
mal conduction and compression-work terms, ignoring fluid flow effects. 

The existence of these two time scales is most readily understood by considering the pressure. 
On the (short) acoustic time scale, local fluctuations, caused by heating, propagate through the 
fluid as pressure waves; the pressure is neither constant in time nor spatially uniform. On the 
(longer) conduction time scale, the pressure in the system is essentially spatially uniform though 
not necessarily constant in time. For the purpose of the experiments described in this thesis, it is 
sufficient to look only at time scales much longer than typical acoustic times and therefore more 
convenient to adopt the second approach. The heat transfer equation [54], describing the thermal 
field in a non-viscous compressible fluid, then reduces to [22,23] 

Without the first term on the right hand side eq. (2.20) is the familiar Fourier equation governing 
heat conduction in incompressible fluids at rest, where temperature changes occur through ther
mal diffusion at constant pressure. However, in general, in a fluid kept at constant volume the 
pressure increases with time when heating. The first term on the r.h.s. of eq. (2.20) describes the 
effect of this. It represents a mechanism known as the 'Adiabatic Effect' (AE) or 'Piston Effect' 
(PE) [21-24], Equation (2.20) shows that, for time scales much longer than acoustic times, this pres-
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2 - Heat transfer in critical fluids 

sure term acts uniformly across the entire fluid thereby leaving any existing temperature gradients 
unaltered. 

The importance of the pressure term hinges on the factor ( 1 - cv/c )(dT/dp) which depends on 
the ratio of the specific heats and on the isochoric thermal pressure coefficient (dp/dT) , two equi
librium thermodynamic quantities. Typically, in fluids the pressure coefficient varies weakly and 
the ratio of the specific heats is of order unity. However, for a fluid near its liquid-vapour critical 
point, whereas (3p/9T)p behaves smoothly, the ratio of the specific heats cv/c decreases strongly 
on approaching CP. Consequently, the contribution to the temperature dynamics of a variation of 
pressure with time in a fluid close to CP may differ significantly from the effect far away from CP. 
The second term on the r.h.s. of eq. (2.20) (the conduction term) contributes only in the region 
where temperature gradients are present. This term often is simplified to DTAT\ disregarding the 
spatial dependence of A.. Indeed, numerical simulations show that, with heating pulses typical to 
the experiments described in this thesis, the resulting temperature and density changes are suffi
ciently small for the various thermodynamic coefficients of the fluid to be considered constant [29]. 
The vanishingly small thermal diffusivity of a critical fluid renders the second term on the r.h.s. of 
eq. (2.20) small; the temperature change due to a gradient slows down dramatically on approach
ing CP. Physically, the fact that the thermal conductivity diverges means that all heat generated in 
a heater is transmitted directly into the fluid and not in the heater substrate in accordance to Fou
rier's law (eq. (2.16)). However, the heat is confined in a very thin layer of fluid close to the heater. 
Actually, the rapid heating and expansion of the fluid in the boundary layer generates a uniform 
compression of the bulk of the fluid which causes an isentropic temperature increase throughout 
the fluid. The first term on the r.h.s. of eq. (2.20) expresses just this isentropic temperature 
increase: 

dT (dT\ dp _, . „ 
di={Tp),i + D^T- <2-21> 

Effectively, the relative contribution of the pressure term to the temperature dynamics increases on 
approaching CP. Close to the critical point, the different characteristics of the two terms have sig
nificant consequences which need to be understood before one attempts to make measurements of 
any transport parameter. 

A one-dimensional representation of the expected temperature profile in the fluid after the onset 
of heating is visualized in fig. 2.2. The fluid is heated from the left. In this figure, the diffusion 
layer at the heater side and the additional uniform temperature increase of the bulk fluid fb(i) 
caused by the PE are indicated. The accent circumflex on quantities refers to the differences from 
their initial values. It should be realized that, with the instantaneous increase in temperature of the 
entire fluid, a temperature gradient is created between the fluid and the fluid's container walls, ini
tializing an outward flow of heat through these walls immediately after the onset of heating. At 
these walls, a diffusion layer will arise also as is shown in this figure. These walls, at which no heat 
is generated, are referred to as the 'cold' walls. 

t The difference being the term DTV(\nX)VT , which takes into account the spatial dependence of the thermal con

ductivity. Generally, this term is negligible in comparison to DjAT . 
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Figure The temperature prof i le after the onset of heat ing. 
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2 . 2 . 2 Isentropic temperature rise 

This section is devoted to the calculation of the temperature rise in the bulk following transient 
heating, in the approximation that the various thermodynamic coefficients do not vary during 
heating. In order to find an expression that describes this bulk temperature rise, we will start by 
considering the temperature rise in the bulk when a quantity of heat A<2 is introduced into a small 
subvolume V, of the fluid, whose total volume is V = V, + V,. If the fluid is free to expand so as 
to avoid any change in pressure, the temperature and volume of V, will change by 

AT, 
A6 

pViCp 
(2.22) 

AV, = a„V,AT. (2.23) 

respectively. But now, as a second step, the pressure is increased so as to reduce the entire volume 
by an amount AV back to its original value V, thereby cancelling the expansion represented by 
eq. (2.23). This is accomplished without any entropy exchange, as described by the adiabatic coef
ficient c^. Substituting AV = -AV, into the definition for c^, eq. (2.3), and utilizing eqs. (2.7) 
and (2.22), yields the temperature rise in V2, 

AT, 
-AV,1 -(c/c,)_ 

V a„ 
rAT", A g 

pVc, 
(2.24) 

The subvolume V, undergoes the same adiabatic temperature increase. The resulting rise in the 
average temperature (7*) for the whole volume is the sum of direct heating on V, and the adia
batic contribution, 

A(T) = y A T l + rA7\ 
Ag 

P V c / 
(2.25) 

and is determined, as to be expected, by c„, the constant volume specific heat. 
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2 - Heat transfer in critical fluids 

Dividing up the process envisioned above into two steps is not essential. The pressure and 
entropy changes can occur simultaneously so as to keep the total volume unchanged at all times. 
We may reformulate eq. (2.24) to continuous heating of a critical fluid, so that for a heat flux q 
the temperature rise outside of the boundary layer in the bulk fluid is: 

dTb (<7-<7/V, c„ 
(2.26) dt P,Vc,. ^ c 

In eq. (2.26), q, represents the heat losses to the cell walls in a real experiment. As explained ear
lier, these losses from the sample must be taken into account, for the diffusion layers at these cell 
walls (shown in fig. 2.2) act as inverse pistons, or more clearly; isentropic cooling begins simulta
neously with the isentropic temperature rise. 

Ferrell and Hao [55] studied analytically such a combined heating-cooling process, accounting for 
the available (for heat exchange) surface area of the container walls and the transport properties of 
both the fluid and the walls. They present the time dependence of the bulk fluid temperature fol
lowing the introduction of a pulse of heat Q into the fluid all at one instant (t = 0) . Avoiding the 
long-term behaviour of the fluid, when the developing boundary layers reach the size of the char
acteristic length of the cell, we reproduce from their work the solution of eq. (2.26) in their spe
cific case: 

f i,(t) = ( l - - J—§-exp( f* )e r fc (7 f* ) , (2.27) 

(2.28) 

(2.29) 

cpJp,Vc 

vhere erfc(=l-erf) is the complimentary error function and 

t* = t/t,. 

The characteristic time tc for the isentropic equilibration is defined as: 

Here 

, , ( c , , / c * ) - l ^ o,S, 
l~*r- v iLTTcJ (Z3°) 

represents (cp/c\, - 1 ) / V times a weighted sum over the surface areas Si of the N different wall seg
ments i ; the weight depends on the inverse thermal impedance ratio a,, defined as 

0", = = = , (2.31) 

where Xl is the thermal conductivity and Di the thermal diffusivity of the material of the i th wall 
segment. 

Ferrell and Hao [55] analyzed eq. (2.27) and concluded that, as CP is approached (7"-> T ) and 
the fluid thermal impedance drops below that of the walls, a crossover takes place from a rapid 
decrease in characteristic time rc , relatively far away from Tc, to a weak increase in tc, propor
tional to the square of the constant volume specific heat. 
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Heating a critical fluid 

Complementing the work of Ferrell and Hao [55], for the case that energy is applied to the fluid, 
not instantaneously but continuously, eq. (2.27) is modified to 

l - ( c , / c „ ) , 
r,,(r) = y(. '' jq(l'*)cxp(f*)eY(c(J77')dt\ (2.32) 

where q(t) represents the time dependent energy flux to the fluid. If further, heating pulses of con
stant flux are utilized to stimulate the fluid then q(t) = q f and eq. (2.32) becomes accordingly 

l - (c . , /c„) r i— 
TiAt) = qs yc '' Jexp(f'*)erfc(Vf*)<ft (2.33) 

u 

which after some algebra leads to 

th(t) = qAl \l* - I + cxp(r*)ei-fc(V^)] , (2.34) 
L \jn J 

where 

l - ( c A ) 
* B t ' pcVcv • ( 2 3 5 ) 

This Ä represents an apparent amplitude in eq. (2.34). Obviously, A strongly depends on the dis
tance to CP. Close to CP, where tl scales proportional to c1- (in the region where a , « I and 
(r, / c ) « 1 ), it follows from eq. (2.35) that A scales proportional to c„. 

Now, it is interesting to look at the critical dependence of the behaviour of the bulk temperature 
rise following transient heating. Analysing eq. (2.34) reveals two limiting cases. Far from T , 
where the thermal impedance of the fluid is much larger than that of the boundaries of the system, 
i.e. 0"/» I , eq. (2.34) reduces to 

f,,(t) = 9 f 4 n X 5 < [ 2 ^ - 7 Ü l - e x p ( f * ) e r f c ( V f * ) } ] (2.36) 

which indicates that the total surface area of the fluid's container is the most important parameter 
for the determination of the heat-loss. The prefactor in the temperature increase is then dictated 
mainly by the ratio JDJ/X , the thermal impedance of the fluid. As CP is approached and the ther
mal impedance of the fluid drops below that of the boundaries of the system, eventually o~;«l , in 
which case eq. (2.34) yields 

( N xs V' r 
t,,(t) = q, X"7=H [ 2 , ^ - V ä 1 -exp(r*)erlc(V^)}]. (2.37) 

As can be seen, for this particular limiting case it is the transport properties of the boundaries that 
govern the thermal behaviour of the system. At first sight this is somewhat surprising since one 
would rather expect the temperature rise in the bulk f;,(r) to vanish as the isochoric specific heat 
diverges. A closer look at eq. (2.37) uncovers that the expected slower temperature increase is 
incorporated in eq. (2.37) into the second term between brackets which counteracts the first term 
faster and longer for higher values ot r( . Interestingly, in either case — far from or close to Tt - for 

15 



2 - Heat transfer in critical f luids 

t»t: a simple relation is obtained which predicts an isentropic temperature change proportional 
to the square root ot the heating time. 

2 . 2 . 3 B o u n d a r y layers and the P i s ton Effect 

Now that the piston effect has been explored, the attention is directed to the boundary layers and 
the influence of the PE on these. In appendix A, the differential equation (2.21) is solved for a 
constant power heat source at the interface of fluid and wall in the approximation that the various 
thermodynamic coefficients do not vary during heating. Expressions are found for the temperature 
field near the heater as well as at the 'cold' walls. 

Without the PE or at constant pressure the temperature field 11 ;,(.v, t) is given by eq. (A.22); 

t,,,,(x, 0 = ^ T 2 7 Z V ierfcf—£=), (2.38) 
2JDTt 

where ierfc is the integrated complimentary error function. The solution is one-dimensional in the 
direction perpendicular to the heater surface. The effective diffusion layer thickness, xt.. , that is 
implied by eq. (2.38) is 

c-M = « / S j i e r f c f — ^ = W r ' = -JnDrt. (2.39) 

In this situation, the generated heat is divided between the fluid and the heater substrate by a con
stant ratio (eq. (A.21)). For a temperature field as described by eq. (2.38) it is possible, in an exper
iment, to find directly the thermal diffusivity D, and the thermal conductivity X, by fitting 
eq. (2.38) to (7\ x, t) -data sets. 

However, the inclusion of the PE introduces additional heat flows at all boundaries and, conse
quently, changes the temperature profile, as indicated in fig. 2.2. At the 'cold' walls these addi
tional heat flows lead to a temperature profile as calculated in appendix A. With 

-VS - X/(2JDT',) ' (2.40) 

the temperature profile in the fluid tf(xht) at the boundary segment / may be written as 
(eq. (A.14)): 

t,(x,. t) = TkW-j-^-qfAGix,*,!*), (2.41) 

where G(x*. /*) is a function defined by eq. (A.16). 

At the heater itself, the PE also affects the boundary layer. The additional temperature rise dis
turbs the constant ratio at which the generated heat is split up between fluid and substrate and 
results in a time dependent heat flow into the fluid (see eq. (A.24)). Since the calculations above 
are based on a constant heat flow into the fluid, this is bothersome. However, as advances from the 
results in appendix A, the PE and its consequences are completely additive and the heat flow may 
be separated into a constant heat flow following from the isobaric case (eq. (A.21)) and a time 
dependent heat flow outwards as a result from the PE. In this view, the heater serves both as a 
'heater surface' and as a 'cold' wall and results as obtained earlier are still valid. The temperature 
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Heating a critical fluid 

profile, though, is no longer a simple profile like eq. (2.38) but a sum of eqs. (2.38) and (2.41). In 
fig. 2.3 the expected temperature profile near the heater is displayed as well as the temperature 
profile in the isobaric case simply added to ti,(t). The shaded area in this figure represents the 
effect of the PE on the shape of the temperature profile. 

Figure 2.3 Temperature profile at the heater. 

dT -tj,„{.Xlvt) + th{t) 

If the transport parameters are to be derived from the resulting temperature profile at the heater, 
it would be preferable if the position dependent part of this profile, Tf(xh, t) - f;,(/), may be con
sidered as equal to the temperature profile tt P(x,f) in the isobaric case; i.e. we would like the 
shaded area in fig. 2.3 to be insignificant. Some algebra leads to: 

T,{xh,')-T,M 
g/A 
1 +0-,, 

I 
a,S, 

G(x„*,t*) 
(2.42) 

As shown in appendix B, the second ratio on the r.h.s. of eq. (2.42) is a ratio between two 
smooth functions, which is always smaller than 1, tends to unity for x —> 0 and for t -> <*> and 
tends to zero for x —> =° and for t —» 0. The interesting part is within the effective size of the 
boundary layer, xcjj , where x*/ Jt* < Jn/4 (see eq. (2.39)). In appendix B it is shown that, for t is 
of the order tc, this ratio is close to 0.5. 

When we look at the prefactor on the r.h.s. of eq. (2.42), we again may consider two limiting 
cases. For o , » 1 , or far from Tt , this factor is just the ratio between the surface of the heater Sh 

and the sum of surfaces of all surrounding walls Slol. For o , « l , or close to Tc, the thermal 
impedances of the walls come into play, making this term a weighted ratio. When Sh«SUll and the 
thermal impedance of the heater is not much lower than that of the other walls, this factor is much 
smaller than 1. In appendix B, its value for the actual experimental set up is calculated. 

It can be deduced from the aforesaid that we may approach the temperature profile near the 
heater by a sum of the temperature profile in the isobaric case and the isentropic temperature rise 
in the bulk when the surface area of the heater is much smaller than the total of the surface area of 
the surrounding walls or the thermal impedance of the heater is much larger than that of the other 
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walls. Such an approach would simplify largely the determination of the transport parameters out 
of the resulting temperature profile. 

2 . 2 . 4 D e n s i t y changes 

In order to find an expression for the changes in the density field, we first write 

dt {dT)pdt {dp)Tdt {ZA3> 

It we substitute (dp/dt) from eq. (2.21) into eq. (2.43), we obtain after some algebra the expres
sion 

^--p«if->^r; 
dt r ' [ d t 

It is convenient to introduce the deviation from temperature uniformity 

ST(x,t) = T{x,t)-Tb(t), (2.45) 

where Th(t) is the bulk temperature. If we realize that the PE-term in eq. (2.21) is just the time 
derivative of the isentropic bulk temperature change and that, consequently, the second term on 
the r.h.s. of eq. (2.21) represents the time derivative of &T(x, t), substituting (dT/dt) into 
eq. (2.44) leads after some algebra to 

dp dTh dTh dST 
dt = - pa'-dF - P « ^ A 7 = - <>«,-* - P a « ^ T ' (2 '46) 

a relation that enables us to find the density field from the corresponding temperature field. 

Equation (2.46) readily demonstrates that the PE alters the density essentially proportional to 
the temperature, regardless of the distance to the critical point or of the way heat is applied to the 
fluid. When the fluid is heated, starring from a uniform temperature profile, the second term on 
the r.h.s. of eq. (2.46) is, in the region outside the developing boundary layer - i.e. in the bulk - , 
by definition zero. Therefore, provided that the possibly existing density gradients are small 
enough, simultaneous measurements of temperature and density in the bulk can provide the isen
tropic thermal expansion coefficient a , . 

2.3 Bulk temperature induced boundary layers 

Earlier, it has been pointed out that, actuated by the PE, at every boundary a diffusion layer will 
start to develop the moment the fluid is heated. Hence, the temperature-density fields at bounda
ries at which no heat is generated, i.e. the 'cold' walls, are dictated by the evolution of the bulk 
temperature. In the preceding sections the temperature-density field has been determined for a 
specific rise of the bulk temperature, namely the one associated with linear heating. In this section, 
we will consider the developing temperature-density field at the 'cold' walls for an arbitrary bulk 
temperature rise. 
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2.3.1 Temperature lag 

An example of the temperature changes at a 'cold' wall is displayed in fig. 2.4. Indicated are the 
bulk temperature change th(r), the deviation from temperature uniformity in the fluid at the 
boundary segment i 87"(A-,, t) and the temperature profile in the wall material t,(A\ t). 

Figure 2.4 Temperature change near a 'cold ' wal l . 

X: - « - 0 

It turns out to be possible to deduce a simple relation between the bulk temperature change and 
the average temperature change (t) in a layer of thickness L at a 'cold' wall. This average temper
ature change may be expressed in terms of the bulk temperature change as follows: 

(T) = ( i - A r ) 7 V (2.47) 

so that the 'reduced temperature lag' AT is defined as the relative contribution of the temperature 
changes in the boundary layers to the average temperature change. This definition implies 

Tt ;(t)U 
t)dX: (2.48) 

In order to work out further the description of A7 , we transcribe the integral part in the Lapla 
space: 

L 

^(Th(s)-rf(x„s))dx,. 
0 

Substituting from appendix A eq. (A. 10) into eq. (2.49) one finds 

( I + a,) L 
l\e'fo dX: 

( 1 + a,) L V s 
\-e " " ' 

The Laplace transform of the r.h.s. of eq. (2.50) is (56]; 

(2.49) 

(2.50) 
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C, 2 PT(~ 1 -e 4zV'-"> 
(i + o,.)iW 7t J 27(7^0 l ' 

and, with eq. (2.39), eq. (2.48) becomes 

Ji(£/.v,.,)-
ai 2 jDTt r l _ c 16(1-»//) 

A- = (T^Z^F'-* 2,V(r^77/" • <2 5 2> 
where 7,,* = th(u)/th(t). Substituting y = J\ -u/t and restricting the analysis to the case in which 
the developing boundary layer is much smaller than L (xeff«L), the integral, ƒ, in eq. (2.52) 
b 

" J " dy. (2.53) 

Equation (2.53) shows that I is determined by the history of the bulk temperature change. Hence, 
in the interpretation in a real experiment, the evaluation of AT depends on the evolution of the 
bulk temperature. For a monotone bulk temperature change, it is found easily that 0 < I(t) < 1 and 
an upper limit for AT may be given. 

The combination of eqs. (2.52) and (2.53) leads to: 

Ar(r) = gjt, (2.54) 

a, 2 \DT 
C = (YT^)L^'' <2-55> 

showing that when I is time-independent Ar simply is proportional to Jt. Equation (2.55) 
implies a very strong decrease in the factor g as CP is approached since both o, and DT vanish on 
approaching CP. Equation (2.54) can be expressed conveniently in terms of xefJ (eq. (2.39)): 

(I +cr,)7t L M') = rrr^z^i- (2.56) 

Not surprisingly, for xeff«L we find A r « l . 

It follows from eq. (2.53) that 1 is time-independent if Th* can be written as a function of the 
variable u/t. In appendix C it is shown that, in that case, t,,(t) must be proportional to ? in 
which case / can be calculated easily as a function of u . The result is shown in fig. 2.5. It can be 
shown more generally that for any realistic time dependence of T,,(t) the time dependence of / is 
of little consequence. 
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Figure 2.5 ƒ as a function of u. 

2 . 3 . 2 Excess dens i ty 

In order to explore the effect on the density field, we define, in analogy with the deviation from 
temperature uniformity, the deviation from density uniformity 5p(x, t) = p(x, t) -ph(t), where 
p,,(r) is the bulk density. The density profile that correponds to the temperature profile in fig 2.4 
is displayed in fig. 2.6, in which p,,(r) and Sp(jt,., r) are indicated. The density profile in the 
boundary-layer results from a temperature profile at spatially uniform pressure, therefore: 

5pO, t) = - p a 5T(x, t). (2.57) 

Whereas the temperature changes in the boundary layer are smaller than the bulk temperature 
change, the density changes in the boundary layer are larger than the bulk density change. 

Figure Density change near a 'cold' wall. 
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5p(.v,. ty 

Diffusion 
layer 

dp 

Analogous to AT , we may define a 'reduced excess density' A by: 

<P> = (1 +Ap)p,,, (2.58) 

where (p) is the average density change. Note the sign in this relation. Equation (2.58) implies 
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p Li p,,(o 
o 

so that A represents the relative contribution of the density changes in the boundary layers to the 
average density change in a layer of size L . In order to relate Ap to AT, we first realize that the bulk 
density change p,, relates to the bulk temperature change t/, as: 

Phi1) = -pasfh(t) . (2.60) 

Substituting eqs. (2.57) and (2.60) into eq. (2.59) and utilizing eq. (2.7) results in an expression 
for Ap in terms of the temperature profile and finally in terms of Ar ; 

L 

IpT^-fi-K"* (2.61) 

where 

' g = - - ' ,, w — I • (2-62) 

Whereas we could conclude easily that AT diminishes on the approach to CP, in the case of A 
we have to look closer because of the divergence of cp/t\ . Far from CP, where c /cv is of order 
unity, we may conclude that, for xcll«L, also A « l . Furthermore, for a , » I , the critical 
dependence that remains is 

%<*fe-\}jDT, (2.63) 

implying an increase in •£ approaching CP considering the increase of c /cr and the weak 
decrease of JD~T . As CP is approached and the thermal impedance of the fluid drops below that of 
the boundaries of the system, eventually o~,«l , in which case eq. (2.62) yields (with eq. (2.31) 
and (2.17)) a critical dependence as 

£ ~ I — - — J. (2.64) 

Interestingly, eq. (2.64) shows that, eventually, £ decreases on approaching CP as the inverse of 
the specific heat at constant volume. The actual location of the maximum depends of course on 
the fluid and the wall material concerned. In fig. 2.7, an example is given for a 8 mm layer of SFg 
at a quartz wall, where / = 0.5 . 
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Figure 2.7 The critical dependence of £. 

10000 

In conclusion, for any realistic bulk temperature rise the relative contribution of the changes in 
the temperature-density field at a 'cold' wall to the change in average temperature-density field 
scales like the square-root of the heating time. Such a simple description allows the determination 
of p,,(7) by the measurement of <p(/)> , which together with the simultaneous measurement of 
f 1,(1) can provide a, as eqs. (2.58) and (2.60) combine to 

<p(r)> = -pa , ( I + •Eji)tl,(t). (2.65) 

As long as the effective diffusion layer thickness is much smaller than the layer over which is aver
aged, the relative contribution of the Jt -term is small. Moreover, in cases where this contribution 
is not entirely negligible, knowledge of the time-evolution of th(t) allows a reasonable estimate for 
'£ (see eq. (2.62)). Subsequently, the otherwise difficult to measure value of cv is determined easily 
from as on account of their interrelationship as expressed by eq. (2.8); the other quantities in this 
expression are well known and finite, even near CP. 

2.4 Gravity effects 

On earth the behaviour of fluids near their critical point is strongly influenced by gtavity. In the 
gravitational field, the large compressibility of such fluids induces two major effects; a stratification 
of the fluid fotming a density gradient and a strong increase of the susceptibility for convective 
instability as expressed by the Rayleigh number. In the next sections these gravity-driven phenom
ena are discussed in order to elucidate the requirement for strongly reduced gravitational levels, 
such as provided by Spacelab. In the last section it is argued that gravity also may be put to advan
tage when it is used to monitor the average density of a fluid sample. 

2.4.1 Density stratification 

In the discussion up to this point it has been assumed that the fluid is macroscopically homogene
ous. Therefore, the regions over which the integrations are carried out, or through which a beam 
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of light propagates, were supposed to be characterized by spatially constant values for the thermo
dynamic values p, p and T. On earth, a critical fluid is subject to a gravitational force and it will 
be compressed under its own weight. This is compensated for by a gradient in the pressure (the 
hydrostatic pressure profile) which, in thermal equilibrium, is given by 

dp = -gMpdh, (2.66) 

where /i is the direction of the acceleration of gravity g and M is the molar mass. Using eq. (2.2) 

it is found that this results in a density gradient given by 

dA-gMplK- (2.67) 

Due to the divergence of KT at the critical point, the actual critical conditions are reached only 
very marginally and local properties may no longer be identified with those of the fluid as a bulk. 

In fluids near their critical point, already in small cells density differences are found that, other
wise, are found typically only on an atmospheric scale. To illustrate this, an example of the stratifi
cation for SF6 for different temperatures near Tc is shown in fig. 2.8. Each curve is labelled by its 
temperature difference from 7", . 

Figure Gravity induced density gradients. 
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As a consequence of such substantial density gradients, small volumes at different heights within 
the sample will not be in the same thermodynamic state and the response of the fluid to a plane 
thermal disturbance will be strongly dependent on height. Also, the transmission and scattering of 
light will not merely depend on the value of the refractive index but also on its derivative. A ray of 
light is deviated in an inhomogeneous refractive index field (see Chapter 4). 

2.4.2 Heating a critical fluid 

The response of a critical fluid to a tempetature stimulus was calculated in the absence of a gravita
tional field. In gravity, apart from complications resulting from the density stratification, one has 
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to consider the susceptibility of a near-critical fluid to convection. Convection instabilities are gov
erned by the Rayleigh number [49] 

gMpa li^dT 
Ra = J- , (2.68) 

i l DT 

where dT is a temperature difference over a height h in the direction of gravity. The high value of 
the isobaric thermal expansion coefficient leads inevitably to convective motion when temperature 
disturbances are imposed on the near-critical system. 

The phenomenon of convection in compressible fluids has been addressed by several authots [57-
61]. Boukari [61] expects from earlier studies that the critetion for the onset of convection changes 
from the Rayleigh criterion [57] to the Schwatzchild criterion [58] when a critical fluid is brought 
closer to the critical point. According to this criterion, convection is suppressed when gradients in 
the direction of gravity are smaller than the adiabatic temperature gradient [59] 

(Vr)- = ^C10-3- <2-69) 

Boukari [61] concludes that the adiabatic temperature gradient represents a stabilizing factor against 
thermal convection for a critical fluid. Although, according to these findings, a critical fluid is 
more stable than predicted by the Rayleigh criterion, convection remains a serious concern. A 
quick calculation of (V7").ld for SF6 shows that its value is close to 1 mK/cm at p, and tempera
tures within 1 K from 7", . The gradients that occur in the experiments described in this thesis 
often exceed this value. 

To a large extent, positive temperature gradients in the direction of gravity may be avoided by 
conveniently facing the heater downwards. Generally, heating this way the denser parts are found 
lower into the fluid, in which case convection does not occut. However, due to the PE, gradients 
will appear on all walls of the fluid's containet, including vettical walls at which convection is lia
ble to arise. Since one likes to observe the system patallel to the stratification, i.e. parallel to the 
heater, in a real experiment these vertical boundaries are impossible to exclude from the field of 
view. Therefore, whenever convection arises, the field of view most likely will be distutbed by it. 

2.4.3 The two-phase region 

Below the critical temperatute, a fluid may be in a state of two coexisting phases with different 
densities for the vapour (pr) and the liquid (p,) phase. In a gravitational field, the liquid phase is 
always situated in the lower part of the sample containet. The actual position of the meniscus is 
determined by the difference in density between vapour and liquid (as is detetmined by the dis
tance to the critical tempetature), the average density and the geometty of the sample container. It 
follows from the classic law of tectilinear diameter that, at temperatures sufficiently close to T( , 
\{p, + p,) = p r . As a consequence, for an average density equal to the critical density the meniscus 
will be at the volumetric middle of the containet. When the avetage density is diffetent from the 
ctitical density, on approaching the critical temperatute, the meniscus will always move away from 
this middle. This may be clarified as follows: In a container of fixed volume, two processes take 
place when the sample is heated. The first is that the liquid evapotates; the density of the vapour 
increases and the volume that the liquid takes up decreases. The second is that the liquid expands; 
the density of the liquid decteases and the volume it takes up increases (The vapour is more easily 
compressed and does not expand due to the expansion of the liquid). The effect of the second 
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increases for higher liquid volumes and, since for an average density equal to the critical the menis
cus remains in the middle, we may conclude that the two effects cancel each other out at critical 
density. For an average density below the critical, the effect of the first dominates while the second 
dominates for average densities above the critical. Hence, except at critical density, the meniscus 
will move away from the middle when the temperature is raised towards the critical temperature. 

Thus, the position of the meniscus may conveniently be used to determine the average density of 
the contained sample relative to the critical density. Moreover, the disappearance or reappearance 
of the meniscus on crossing the critical temperature provides an excellent means to fill the con
tainer at critical density, especially when the equation of state of the fluid concerned is not well 
known. 
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Experiments have been performed in a microgravity environment (g ~0) in space and in the earth's 
gravity field (,?=1) on the ground. The experiments in space were carried out in ESA's Critical 
Point Facility (CPF) [41], which was flown in the cargo bay or the spaceshuttle Columbia during 
the SpaceLab IML-2 mission. The experiments in our laboratory at the VWZI were executed uti
lizing a set up which resembles CPF. The basic concept of CPF originates from our research group 
at the VWZI, and parts of the flight equipment were actually provided by us. Nevertheless, the 
instrument as developed by ESA set some limits to the possibilities for our experiment [62]. We 
start with a description of the facility. 

3.1 The Critical Point Facility 

CPF has been developed for the ESA Microgravity Research Program to support scientific investi
gations into the behaviour of transparent fluids near their critical point. Inputs to its specifications 
were given by various European and American investigators. It provides to a critical sample the 
precisely defined and extremely stable thermal environment required to take full advantage of the 
(I-gravity environment, together with a number of optical diagnostic systems. The facility is con
ceived to run experiments automatically from a predefined timeline, but it supports a space to 
ground communication system allowing to monitor the experiment in real time and to modify this 
timeline from earth. 

3.1.1 Outline of the CPF 

The CPF consists of two interconnected units: the experiment drawer and the electronic drawer. 
Core of the experiment drawer is the thermostat chamber, into which exchangeable Thermostat 
Units (THU's) can be mounted. Each T H U holds an experiment-dedicated Sample Cell Unit 
(SCU). During IML-2, CPF was located in the upper part of a 19 inch SpaceLab Rack when five 
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THU's were used for five different experiments. The exchange of THU's between experiments was 
performed manually by a SpaceLab crew member. 

The T H U chamber is located between the Optical Input and Output Systems (OIO). The 
experiment drawer furthermore houses the Analog Electronic Box, which contains the T H U Ther
mal Control System (TCS) and electronic drivers for other SCU directed operations (Experiment 
Dedicated Equipment: EDE). The electronic drawer contains highly stabilized power converters 
and the central Data Handling System (DHS). 

The CPF runs experiments according to a predefined programmed timeline that has been 
defined by the corresponding investigator and loaded into the CPF's memory. This timeline can 
be modified in real-time from the ground during the experiment's run, when requested by the 
investigator. 

Th e various elements mentioned in this outline are described in the following sections. 

3.1.2 The Thermostat Unit 

The T H U (fig. 3.1) is cylindrically shaped (height 196 mm; diameter 140 mm) and uses the "gra
dient reduction" principle [63]. This implies that only one main temperature sensor is employed for 
regulation purposes; temperature gradients are reduced by proper mechanical construction, proper 
arrangement of heaters and the use of thermocouples and Peltier elements as differential sensors. 
Low thermal resistivity of the structure and the use of Peltier elements, both between T H U and 
the investigator-specific volume and between T H U and a heat exchanger, enable fast changes of 
the temperature set point (Tset) of the thermostat and thus substantially reduce the experiment 
duration. In addition to providing thermal control, each T H U has optical and electrical interfaces 
to enable stimuli and diagnostics to interact with the test fluid. 

Figure A simplif ied cross-section of the THU and HEX. 

investigator-specific volume 
(115x60mm diam.) 

Two test cells (each 
containing a f lu id 
being investigated) 

Heating foils surround 
this cylinder 

Sizes (mm) Height Diameter 

Outer 196 140 

Middle 170 100 

Inner 115 60 

Heat Exchanger 

The actual T H U consists of three coaxial aluminium shields, the middle one being surrounded 
by Joule heating foils, with torus-shaped Peltier elements on the top (TPE) and bottom (BPE). 
The two inner shields are mounted directly onto one baseplate (BPL). Between the Peltier ele-
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merits on baseplate and topplate (TPL) a cylindrical SCU can be mounted, with a length of 
115 mm and a maximum diameter of 60 mm. To increase speed of exchange of heat with the 
environment, when mounted in its chamber the T H U is pressed against a Peltier driven heat 
exchanger (HEX). The HEX controls the main heat input/output from ambient to the T H U . For 
temperature regulation and operation of the EDE, the T H U is equipped with three p24 electrical 
connectors which are engaged automatically when the T H U is inserted in CPF. 

3.1.3 A Sample Cell Unit 

When using the CPF the investigator has to deliver his sample in a (dedicated) SCU. It use is made 
of the interferometer diagnostics, the facility designed Interferometer Unit (IFU) forms part of this 
SCU; the remaining part, hereafter referred to as Sample Cell (SC), may be defined by the investi
gator, within the specifications of the interface control document [62]. 

For temperature stabilization and control the SCU is mounted in the investigator specific vol
ume of the T H U (see fig. 3.1). For IML-2 the CPF T H U design is identical for all experiments; 
thus all T H U ' s have basically the same thermal regulation characteristics. Small differences in 
SCU design are accounted for by the capability to adapt certain regulation parameters after 
mounting the SCU into the T H U . 

For operation of the TCS, the SCU should contain three temperature sensors but no heaters; the 
sensors are required for regulation (SCUr), monitoring (SCUm) and overheating protection pur
poses. It is, however, possible to integrate sample heaters, additional sensors and/or other EDE in 
the SCU . The regulation sensors and the EDE harness between SCU and T H U are part of the 
SCU. Two SCU's have been designed for the experiments described in this thesis, which are dis
cussed in section 3.3. 

3.1.4 The optical diagnostics 

The optical diagnostic systems present visual data by means of which rhe thermodynamic phe
nomena in the samples can be explored. There are two sources of illumination, green (555 nm) 
light-emitting diodes (LED's) and a 1 m W laser beam at 632.8 nm. The laser beam is split into a 
wide beam (12 mm dia.) of 0.06 m W and a narrow beam (0.6 mm dia.). These light sources are 
combined within the optical system to form two observation channels. Their geometry with 
respect to the T H U is shown in fig 3.2. Of the optical components in this figure that are merely 
numbered a list is given in table 3.1. 

In the upper channel, interferometry (IF) images (Twyman-Green type [64]) are formed using the 
wide laser beam. The input of the laser beam is on the side of the T H U and the output of this IF 
channel is on top. The IF images are recorded by means of a C C D camera and a Minolta 9000 still 
camera. The field of view is circular with a 12 mm diameter. In the present configuration, the IF 
system is not optimized for our SCU. The implications of this are discussed in chapter 4. 

t The use of such EDE may however, in some configurations, slightly degrade the quality of regulation. 
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Figure 3.2 CPF thermostat and optical system block diagram. 
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Table List of optical components. 

nr. component nr. component 

1 Polarizing beamsplitter cube 13 Selfoc fibre guide 

2 Mirror 14 Rotating disk/ selector disk 

3 Shutter 15 Objective 

4 Beam expander 16 Absorber 

5 Window 17 Neutral density filter 

6 Retardation plate 18 Diffusor 

7 Diaphragm 19 Baffle 

8 Beamsplitter 20 Green filters 

9 Reference fibre + diffusor 21 Spike filter + beam stop + baffle 

10 Bandpass filter 22 Pinhole - shutter mechanism 

11 Lens 23 Beam monitor diode 

12 Optical connector 24 

In the lower channel, several types of measurement are conceivable. At the input of this channel, 
on the side below the IF channel input, one finds both the LED's and the narrow laser beam. The 
LED's allow direct visual observation of the sample by the same cameras that are utilized to record 
the IF images. The field of view is circular with a 12 mm diameter. The phenomena of critical 
opalescence and bubble formation in the two-phase region may be observed this way. The video 
(CCD) camera and/or a photocamera acquire the images from either the direct visualisation or the 
IF channel as selected by the automatic timeline program running the CPF. 

The narrow laser beam is utilized to study light scattering by the sample. Small Angle Light Scat
tering (SALS) data from 0° to 30° is collected with a dynamic range of 10 by means of a linear 
diode camera (LDC). The 20 first pixels of this LDC measure the beam attenuation in transmis
sion (turbidity). In the SALS diagnostics, the investigator selects at any time the number of scans 
that the LDC will make, with an average calculated based on 1 to 256 scans. The investigator also 
selects the scan frequency, from 13.3 to 1.66 kHz. Unfortunately, the SALS system including the 
turbidity did not function properly during the IML2 mission and no worthy results could be elic
ited from the SALS data. 

Wide Angle Light Scattering (WALS) is collected at 7 discrete angles between -38° and 90° by 
means of a photomultiplier tube (PMT). The WALS set up consists of eight optical fibres, which 
are periodically scanned at 0.1 Hz by the PMT using a selector disk; seven fibres at the discrete 
angles and, for laser intensity calibration, one fibre to monitor the intensity of the input laserbeam 
with an accuracy of 0.05%. Besides these scans every 10 seconds the dark current is measured. The 
WALS measurement is the integration of the photomultiplier signal over the time that it is 
exposed to a fibre output, i.e. 250 ms. 

The performance of these methods is listed in Table E.2 in Appendix E. 
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3-1.5 The Thermal Control System 

Thermal conrrol is based on thermistor temperature sensors (YSI precision) mounted in a wheat-
stone bridge. A thermistor is a semiconductor device, the electrical resistance of which varies 
strongly with temperature; nominally, at 45°C the resistance is 4600 Q, with a temperature coeffi
cient of approximately 4%/°C. The bridge consists of 5 ppm/K resistors (Philips MPR24) and is 
stabilized further by locating it in a recess in the T H U just below the BPL. Two thermistors, one 
in the BPL and one in the SCU (SCUr), are involved in the regulation circuitry as main sensor for 
two different modes of operation; a third one, located in the SCU (SCUm), is not part of the reg
ulation circuit but act as an independent monitor of the SCU temperature. 

The secondary sensor system consists of three differential thermocouples and two Peltier ele
ments. The Peltier elements actually consist of a large number of thermocouples in series, yielding 
a sensitivity at least equal to that of the thermistor bridge. Their advantage over the latter is that 
they are "passive" sensors, hence they do not generate heat. However, they can only be used to 
measure a temperature difference between their two end plates. The thetmocouples monitor the 
temperature differences between the BPL and TPL and the BPL and upper and lower halves of the 
2 n d shield (the Outer Thermal Shield: OTS) respectively; the Peltier elements (TPE & BPE) in 
fact measure axial temperature gradients across the SCU. 

A complex algorithm converts the output of the sensor circuits to inputs for the PWM 
(Pulsewidth Modulated) input currents for the heaters on the OTS and for the TPE & BPE. 
Pulsewidth modulation is required to minimize the power budget for the system; however, to 
reduce EMI inside the T H U the heater current is routed via a PWM —> D C circuitry. 

The electric circuitry and the microprocessor and software for these operations are located on 
five PCB's in the Analog Electronics Box. 

There are two modes of operation: 

MODE 1: Coarse Mode, used for quick heating up or cooling down. The BPL thermistor is the 
main sensor, the TPE & BPE are used to monitor the temperature differences between SCU and 
TPL and BPL and to enhance the reduction of these differences. 

MODE 2: Fine Mode, used in stable operation for accurate control of the SCU temperature and the 
gradients across it. The SCUr is the main sensor, the TPE & BPE are only used in the sensor 
mode. 

In the fine mode the SCU temperature can furthet be changed in a controlled way according to 
two scenarios: a quench or a ramp. A quench is a fast, precisely defined temperature step up or 
down. It is executed by changing the T s e t and in parallel activating the TPE & BPE for the time 
required to move the corresponding amount of heat to or from the SCU. In a ramp the T s e t is 
'continuously' changed by small steps so as to make the SCU temperature change linearly in time. 

With this arrangement the following performances are obtained. 

• Range of operation: 30 —> 70 °C 

• Mode 1 heating/cooling rate 36/10 K/hr 

• Power dissipation @ 45 °C: (typ.) 7 W 

• Mode 2 stability @ 45 °C (static or in ramps): < 20 uK/hr 

• Mode 2 temperature gradient (at the sample): < 10 uK/cm 
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• Quench steps: 0.1 mK below 1 mK, 

1 mKfor 1-100 mK 

• Quench rate: 25 mK/s 

• Minimum speed of ramps: 0.3 mK/min. 

3.1.6 The Experiment Dedicated Equipment 

The CPF contains a number of devices, which are not considered to be part of the basic set of 
stimuli or diagnostics of the facility, but are implemented on request of one or more users. This 
Experiment Dedicated Equipment (EDE) is part of the CPF design, but the actual device is pro
vided by the user; it is only accessible through an electrical interface. Of these EDE the following 
elements are - for functional reasons - more or less integrated in the TCS: 

• three additional thermistors; 

• a Voltage Source System (VSS); 

• a Current Source System (CSS). 

The bridges for the additional thermistors are designed to match the same type of thermistor as 
used in the TCS. The three thermistors can individually be switched to "high sensitivity" mode 
(power dissipation = 12 uW), "low sensitivity" mode (power dissipation = 0.75 uW) or off. Addi
tionally, one thermistor can be switched to "pulse heating"; in this mode the sensor is used as a 
heater, delivering 5.65 m W of power to the sample. The thermistors - as EDE — are operated 
trom the timeline. All three thermistors have been utilized in our set up. 

The VSS is a system, that is intended to deliver to the SCU a calibrated voltage of up to 500 
VDC, e.g. for creating an electrical field in the sample fluid; it is not allowed to draw any power 
from it. The VSS has not been utilized in our experiment. 

The CSS is intended to supply a well defined amount of heating power to the sample, by deliver
ing a calibrated electrical current to a resistance heater inside the cell. This current ranges from 0 
to 1 Amp. in steps of 20 (iAmp. The CSS has been utilized in our experiment. 

3.1.7 The Data Handling System 

During the time that CPF experiments are running on board Spacelab, the investigator receives 
telemetry data on the ground to monitor the progress of the experiment and to provide a basis for 
real time decisions concerning the subsequent execution of the experiment. 

All the scientific and housekeeping data generated by the CPF are displayed in real time (or 
replayed after every period of loss of contact with Spacelab) and updated once per second. The 
video images from the CPF are displayed in real-time, at the television rate (30 frames per second) 
during short, pre-selected periods, and continuously at a reduced fate of one image every six sec
onds. Voice contact with the crew can be established while the crew is executing CPF-related tasks. 
All data sent to the ground is recorded and made available to the investigator after the mission, 
together with the pictures taken by the camera. This may take some time though, usually about 
half a year. 

Although the CPF runs automatically according to a predefined program, the investigator can 
also interact with the CPF during an experiment on the ground or during the mission, to modify 
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the way that the experiment is running and in particular to modify the predefined program. While 
carrying out the experimenr, the onboard operation itself can be modified by issuing commands 
from a dedicared microcomputer, part of the CPF command Electrical Ground Support Equip
ment (EGSE). This feature of the CPF has proven to be absolutely essential for reaching the scien
tific objectives of our experiment. 

Additional to the NASA site in Huntsville (Al, USA), from which the modifications to the time
line were executed, the course of our experiment was monitored by a site in Amsterdam, called 
D U C (Dutch Utilization Center). As part of the remote centers project by ESA, under project-
name CRESCENDO (Center for REmote SCience ENhancement by D U C Operations), the 
National Aerospace Laboratory (NLR) established a site at NLR Amsterdam to enable quick, pre
liminary analysis of the scientific and housekeeping data. In fact, the real time decisions to modify 
the experiment timeline were based mainly on the result of this analysis. 

3 . 1 . 8 T h e a u t o m a t i c t ime l ine program 

All the timelines are predefined by the investigators and are stored in the CPF's memory before the 
launch. As soon as the crew has inserted a T H U in the CPF and initiated the corresponding exper
iment, the CPF runs automatically according to that timeline. This automatic timeline program is 
called the Experiment Parameter Table (EPT). Each experiment has an EPT. Each EPT consists of 
a header and up to 1024 sequential steps called action points. The header specifies information 
such as the value of T c and the duration of the experiment, along with parameters for regulation 
and quench purposes. Each action point defines the time that the action will last and up to four 
commands that control the stimuli/diagnostics of which the first is reserved for temperature con
trol purposes. 

3.2 The Laboratory Equipment 

The set up at the VWZI served several purposes; to prepare the MIM3-SCU for experiment, i.e. 
fill it at critical density, and to perform two experiments, being the one to study the transfer of 
heat at g =1 and the one to investigate the telation between the density and the tefractive index. 
The light scattering experiments are not suited for a "on ground" comparison because of the influ
ence of the gravitational density gradient (eq. (2.67)) near CP on light scattering [65-69]. 

As mentioned in the introduction to this chapter, the lab equipment resembles the CPF. The 
optical arrangement in relation to the T H U is displayed in fig. 3.3, of which the numbered com
ponents correspond to those listed in table 3. E The optical diagnostic methods of the lab equip
ment are direct visualization by illumination of the sample with halogen light and interferometry 
of the Twyman-Green type where use is made of an expanded He-Ne laser beam (wavelength of 
632.8 nm). The image that originates from illumination by halogen light is magnified largely on a 
screen. The IF images are recorded on video along with the time in tenth of seconds. In order to 
correlate the video images to the temperature data provided by the TCS, a LED is placed in the 
output path of the IF channel that is flashed each time a heat pulse is initiated. 
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Figure 3.3 THU and ground optical arrangement. 
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The ground-TCS is identical to the CPF-TCS. Consequently, the ground-TCS is able to regu
late a T H U (including SCU) that is designed for CPF and offers the same thermal capabilities and 
EDE stated in section 3.1. In contrast to the CPF, the ground facility does not run according to a 
predefined timeline; each action, such as a temperature change or a heat pulse, needs to be com
municated to the TCS manually through a computer. A program called 'Snoopy' issues these com
mands to the TCS and stores the temperature and housekeeping data at a rate of once per second. 

The filling of the SC's was performed with a standard filling set up. The filling equipment was 
connected to a SC either by a valve or a capillary, depending on the SC concerned (see the descrip
tion of the SC's in the next section). The SC's were filled inside the T H U in order to control the 
temperature accurately. The connection between SC and filling equipment was possible through a 
small opening in the baseplate of the T H U . 
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3.3 The Sample Cell Units 

Two SCU's have been designed for the experiments described in this thesis; the SCU that was uti
lized for the space experiment, referred to as MIM3-SCU after ESA's namegiving to the experi
ments on CPF, and the SCU for the investigation into the relation between the density and the 
refractive index of SFg near its CP, hereafter referred to as DER-SCU. Thermistors enable the 
measurement of the temperature with a sensitivity of 10 |J.K. The MIM3-SCU accommodates of 
the EDE three additional thermistors and the arrangement for the CSS. In the following sections 
the several parts of these two SCU's are presented. 

3.3.1 The interferometer unit 

When use is made of the interferometer diagnostics, one finds the IFU on top of the SC. In the 
centre of this unit, a cube beamsplitter divides the incoming laserbeam into parts of equal inten
sity, downwards to the SC and sidewatds to a mirror. The reflections are recombined by the beam
splitter resulting into interference. The quality of the interferogram is determined by the surface 
quality of all optical elements (including those in the SC); their quality is pitch polished, 20-10 
scratch-dig [70], and their surface flatness is smaller than one tenth of the wavelength of the laser 
light. Figure 3.4 shows a schematic drawing of the optical set up for the IFU that was designed for 
our SCU's. 

Figure The optical set up for the IFU. 

t 

1. Beamsplitter 
2. Wedges 
3. Beamexpander 
4. Tilt mirror 
5. Sample Cell 

The elements in this dtawing specific to the IFU, i.e. 1 to 4, are regarded below. The two sample 
cells (5 in fig. 3.4) are discussed in sections 3.3.2 and 3.3.3. 

The cube beamsplitter (1 in fig. 3.4) consists of matched pairs of right angle prisms cemented 
together. The hypotenuse of one prism has a 50% reflection coating. According to the specifica
tions [70], the beam deviation is within 3 arc minutes. The part of the laserbeam that is directed 
towards the sample cell is required to be parallel to the optical axis within 1 arc minute (as will be 
discussed in section 3.3.2) so that a correction of the beam direction is needed. The correction of 
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the beam direction is cared for by two wedge prisms (2 in fig. 3.4) at the laser light-entrance of the 
IFU, in front of the beamsplitter. Pure geometrical optics implies that by combining two equal 
wedges in near contact, and independently rotating them about an axis parallel to the normals of 
their adjacent faces, a ray can be steered in any direction within a narrow cone determined by their 
wedge angle. 

Primarily, the field of view is determined by the smallest opening in the path of the laserbeam 
which is 12 mm. When the resulting interferogram is projected at maximum size on a film of 
500x500 pixels, a resolution of at best 24 |J.m/pixel is reached. To improve the resolution, a 
beamexpander (3 in fig. 3.4) that expands a factor 3 is utilized, resulting in a field of view of 
4 mm. The tilt mirror (4 in fig. 3.4) in the IFU is adjustable in order to obtain the desired number 
of fringes and the angle of them with respect to an arbitrary axis in the interferogram. 

3.3.2 The Spaceflight Sample Cell Unit 

Our spaceflight SCU is designed for two different types of experiments and, therefore, it houses 
two chambers for the experiments that are performed. The experiment that looks at the transfer of 
heat by imposing a plane thermal disturbance to the fluid is performed in what we refer to as the 
interferometry chamber. The experiment in which the scattered light from a laserbeam is collected 
is performed in the scattering chamber. 

THE INTERFEROMETRY CHAMBER. The core of the interferometry chamber is the heating plate. It 
is a very thin layer of gold deposited on a quartz substrate. The heat is generated by running an 
electric current through this layer utilizing the CSS. Density changes in the fluid adjacent to the 
gold layer are monitored using the IF images. As a part of the interferometry system, this chamber 
accommodates a mirror. One part of the laser beam that builds the interferogram enters the fluid 
parallel to the gold layer and is reflected by this mirror so that it passes along the heater a second 
time and leaves the fluid through the entrance window. Inside the interferometry chamber, the 
temperature is measured by two YSI precision thermistors as EDE; one in the fluid and one 
behind the heater in a mounting hole inside the quartz substrate. The third EDE thermistor is 
placed in the housing of the IFU to measure the SCU's temperature at an additional location 
besides the locations of the SCUr and SCUm (see page 32). A schematic of the interferometry 
chamber is displayed in fig. 3.5-

The heater substrate is cut out of a synthetic quartz cylinder of 20 mm diameter and 16 mm 
height at 1 mm distance from and parallel to the symmetry axis. The field of view of the interfer
ometer allows observation of the fluid up to a distance of 3 mm normal to the heater. The gold 
layer is deposited by vaporization and measures a height of 14 mm, is 18 mm wide and 20 nm 
thick, except for two 1.5 mm wide and 1 | tm thick edge layers. Wires are connected to the heater 
with silver epoxy through the edge layers. The total resistance of the gold layer R is measured to be 
3.6 Q. To the bottom of the heater substrate a 4 mm thick piece of synthetic quartz is optical con
tacted, coated with silver by vaporization to serve as the mirror. The mirror surface flatness is 
smaller than one tenth of a wavelength and is perpendicular to the heater within 1 arc minute. 
This quality is necessary since we want a ray of laser light to cover a fluid layer smaller than the res
olution of the IF images which is of the order of 10 |Im. For a 16 mm path travelled twice, this 
leads to the requirement for the heater to be parallel to the optical axis within 1 arc minute and for 
the mirror to be perpendicular to it within the same accuracy. The window is 8 mm thick and has 
a surface flatness at both sides smaller than one tenth of a wavelength. 
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Figure 3.5 Schematic of the interferometry chamber. 
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The thermistor in the fluid is located approximately 9 mm from the heater. The time constant 
(the time required for a thermistor to indicate 6 3 % of a newly impressed temperature) is 1 second 
in well stirred oil and 10 seconds in still air. In SF6 of critical density the time constant has been 
measured to be about 3 seconds. In appendix D the response of the thermistor to changes in the 
bulk temperature of the fluid is derived. The outcome is that the surface temperature of the ther
mistor should follow that of the bulk fluid more and more closely as T -^ Tc. The thermistor in 
the substrate is located 4 mm from the heater. Unfortunately, due to an extreme offset of this par
ticular thermistor, it could not be used at its highest sensitivity. For the impact of this see section 
6.2.2. 

THE SCATTERING CHAMBER. The scattering chamber enables light scattering measurements as 
well as direct visualization (see fig. 3.2). A top view of the scattering chamber is displayed in 
fig. 3.6. The arrangement of the WALS optical fibres is indicated as well, in contrast to the SALS 
arrangement which did not function. 

The scattering chamber is manufactured completely from synthetic quartz (Homosil). It is a hol
low cylinder with inner diameter of 10 mm, outer diameter of 25 mm and of 15 mm height. Both 
on the inside and outside, additional segments are glued in order to eliminate refraction of the 
main beam at the cylinder walls. With these segments the width of the chamber becomes 5.6 mm. 
The WALS fibres for the large angles (66° - 90°) are directed towards the centre of the chamber. In 
positioning the WALS fibres for the light scattered over smaller angles (22° - 38°) it is accounted 
for the refraction at the flat interfaces. The direction of these fibres is sketched underneath the top 
view in fie. 3.6. 
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Figure 3.6 Top view of the scattering chamber including the arrangement of the 
WALS optical fibres. 
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In the spaceflight SC, the two chambers are interconnected amounting to a total volume of 
approximately 6 c m . The complete spaceflight SCU is displayed in fig. 3.7. Two basic require
ments precede the design towards an experiment dedicated SCU: the requirement for the SC to 
withstand the pressures that may be expected for a fluid near to its critical point and the require
ment to be able to fill the SC to the critical density. For the SC material aluminium was chosen 
because it combines a high thermal conductivity with a relatively low heat capacity accelerating the 
equilibration of the SC after a tempetature change of the T H U . Furthermore, it has a relatively 
low specific weight and is easy to manipulate. With regard to the second requirement, in section 
2.4.3 it is explained that the position of the meniscus is a measure for the distance to the ctitical 
point. When the meniscus disappears or reappears at the volumetric middle of the SC on crossing 
T respectively from below or above, the density of the fluid sample is critical. Therefore, the SC is 
designed to be symmetrical about a plane perpendicular to the field of view. 
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Figure 3.7 The Spaceflight SCU. 
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Altogether six wires are present inside the SC; two for each of the two thermistors and two cur
rent leads to the goldlayer. These wires are led through the walls of the SC by a four pin and a two 
pin lead through respectively. These lead throughs are meant for vacuum purposes but are pres
sure-tested up to 100 bar. Instead of a valve it is chosen to use a capillary to fill the SC. Up to the 
moment of the construcrion of this SC, there was no valve available that was leak-tight over a 
period of at least a year. All orher openings are closed by vi ton O-rings. 

3.3.3 The Sample Cell Unit for refractive index measurements 

The experiment in which the relation between the density and the refractive index is determined is 
carried out with the DER-SCU. Here, too, interferometry is used and thus an IFU is part of the 
DER. The same IFU as in the M I M 3 is utilized, but without the wedges and the beamexpander. 

t For logistic reasons, NASA requires the SCU to be mounted in the Spaceshuttle half a year prior to the launch. 
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The aluminium SC is designed to allow easy calculation of its interior volume and to be symmetri
cal about a plane perpendicular to the field of view. It houses one large chamber that accommo
dates the obligatory mirror, as displayed in fig. 3.8. This mirror is glued to a mirror holder which 
in turn is pushed by a spring to a window at the top. The mirror holder contains eight holes in 
order to enable the fluid to circulate freely inside the chamber, even in the two-phase region. At 
the bottom of the chamber one finds an opening to a valve enabling the filling of the chamber. 
Viton O-rings close the SC. 

Figure The density-refractive index SCU. 
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The main purpose of this SC is to enable the determination of the density and the refractive 
index of various contained samples of SFg of different densities. The density of each sample is cal
culated out of the corresponding mass and the total volume of the chamber. The mass is found bv 
determining the difference in weight between a filled and an empty DER-SCU. Therefore, the 
chamber volume is as large as possible as the design allows. Taking into account the basic require
ments pointed out in section 3.3.2 on page 39, the chamber is shaped as a cylinder of approxi
mately 25 mm diameter and 37 mm height. The chamber volume is calculated instead of 
determined experimentally because the high accuracy with which all measures are known promises 
a higher accuracy this way. In fact, the calculation amounts to a volume of 14404.4±3.5 mm at 
48°C [71]. 

The relative distance to the critical density of a contained sample is measured below CP in terms 
of the distance of the meniscus to the volumetric middle of the container (see section 2.4.3). The 
meniscus is imaged for each sample separately. In order to be able to calibrate the size of the image, 
on the side of the window adjacent to the fluid a circular marker of approximately 6.8 mm diame
ter is carved that is imaged together with the meniscus. 

The refractive index is determined by measuring the difference in optical path between a filled 
and an empty DER-SCU of the distance from window to mirror inside the chamber. As will be 
discussed in chapter 5, this distance must be known to great precision. This has been taken care of 
by the use of an auxiliary piece while gluing the mirror to the mirror holder, so that the distance 
between mirror surface and top of the mirror holder is determined exactly by the length of this 
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piece which is 10.010 mm. The spring pushes the mirror holder to the quartz window keeping the 
mirror holder fixed w.r.t. the window. Still, changes of the distance from window to mirror are 
imaginable due to possible window distortion as a result of pressure changes or due to expansion of 
the mirror and the mirror holder as a result from changes in the temperature. By using a 0.5 inch 
thick window significant distortion is avoided as is evidenced by the interferograms. The choice of 
material for mirror and mirror holder enables to neglect expansion effects [71]. 
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Density changes in the fluid can be monitored by the use of interferometry because they affect the 
optical path in the arm of the interferometer passing through the fluid. In this chapter we discuss 
the conversion of an interferogram to a density distribution and we suggest a procedure for the 
determination of the thermal diffusivity by analysis of interferograms. 

4.1 Interferograms 

Interference results from the recombination of the two parts of a beam of light which is divided by 
the beamsplitter in the IFU (see fig. 3.4). The actual interference order at a location in an inter
ferogram depends on the optical path lengths of both parts. In this section, we present the basic 
interference order equation and our method to determine the interference order in interferograms. 

4.1.1 Interference order 

An example of an interferogram when the fluid is homogeneous is displayed in fig. 4 .1 . The grey, 
horizontal belt in the interferogram is where the fluid meets the (transparent) quartz substrate, i.e. 
the heater. The area below it depicts the fluid. The spot in the centre of the picture originates from 
the narrow laser beam and is not part of the interferogram. The z-axis we chose along the direc
tion of gravity in earth-bound experiments and the y -axis perpendicular to it in the plane of the 
interferogram. The .r-axis is along the optical axis, perpendicular to the plane of the interferogram. 

At a location (v, z) in the interferogram, the interference order k(y, z) is determined by the dif
ference in optical path length between two rays that meet at (v, z), of which one leads through the 
fluid and the other follows the arm of the interferometer towards the IFU-mirror (see fig. 3.4). 
When the fluid is homogeneous in every (y, z) -plane, the path of the ray through the fluid is at all 
times parallel to the heater, along the optical axis. Changes in the density of the fluid along the 
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path of such a ray correspond to an average change in refractive index An(y, z) which, conse
quently, changes the optical path difference at (y, z) in the interferogram. The corresponding 
change in interference order, Ak(y, z), then relates to the laser light wavelength, A, the path length 
of light in the sample, L, and An(y, z) according to: 

Ak(y,z) = -rA"(y, z) • (4.1) 

Figure An example of an interferogram. 
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4.1.2 Interferogram analysis 

When the fluid is homogeneous, the optical path of the arm through the fluid is equal for all posi
tions (y,z). In this case the fringes in the interferogram are straight and the number and their angle 
w.r.t. an arbitrary axis are determined by the tilt in the tilt mirror in the other interferometer arm. 
Thus, the fringes are equidistant as is displayed in fig. 4 .1 . Therefore, k(y) for a specific z takes on 
the form of a periodic function. In the small region of the fluid that is monitored by interferom
etry, generally the density of the fluid is just a function of z ; e.g. upon heating with the gold plate, 
in a plane parallel to the heater the fluid remains homogeneous. Therefore, at z\ after a time At, 
the change in interference order Ak(y, z,) is equal for all y, and k(y, z,) + Ak(y, z,) remains a peri
odic function of which only the phase differs from that of k(y, z, ) . By means of Fourier transfor
mation of k(y, Z|), it is possible to determine accurately the period and the phase of the leading 
component of this periodic function and, ergo, a difference in interference order. 

The determination of order differences by means of Fourier transformation at many z -positions 
leads to a Ak(z) of which the values do not exceed an order difference of 0.5; phase differences 
between two (periodically equal) functions are determined within a multiple of 2n. Therefore, in 
order to find the underlying An{z), the Ak(z) needs to be "unwrapped". Usually, this unwrapping 
is accomplished unambiguously. However, in some cases it has proved to be impossible to perform 
this unwrapping to a satisfactory level. Unfortunately, these datapoints had to be discarded. 
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4.2 Inhomogeneous density fields 

In eq. (4.1), the interference order Ak is independent of the x-position of the observation plane of 
the interferogram since the starting point is that the light travels along a straight path through the 
fluid. However, near the heater, density gradients will arise upon heating resulting into an inho
mogeneous refractive index field in which light is deviated according to Snell's law. Fortunately, in 
the bulk of the fluid the light is not deviated since the bulk response to local heating generally is 
homogeneous (PE) and the gradients in the boundary layers at the window and mirror merely 
affect the optical path length but not the direction of the propagating light. To a large extent, the 
effect of the deviation of the light rays may be dealt with conveniently by proper focusing of the 
optical system [37]. In this section we review the paths of light rays through inhomogeneous fields 
and proper focusing. 

4 . 2 . 1 D e v i a t i o n o f Light Rays 

It is implicitly assumed that geometrical optics can be applied to describe the propagation of light 
through the inhomogeneous sample. The condition [64] for this is that the relative change of the 
refractive index over one wavelength is small, hence 

\dn 1 —— « — . 
ndz A 

(4.2) 

Due to the density gradient following linear heating, light rays passing through the sample will 
meet with higher density and hence with higher values of the refractive index, the further away 
from the heater they pass through the sample. Therefore the rays will be bend away from the 
heater. This bending is governed by the generalization of Snell's law, which states that for one ray 

/7(ï)cosr)(î) = constant (4.3) 

where r>(;) is the angle between the ray and the horizontal plane as illustrated in fig. 4.2. 

Figure Geometry of a l ight ray passing th rough an optically inhomogeneous 
sample. 

In order to obtain a relation z(x) for the path of the ray, eq. (4.3) has to be differentiated with 
~ . / 7 - < . . . . 

respect to i. Since — = tant}, this yields 
ax 
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\dn 
ndz dx 

And, z(x) is determined by the differential equation 

d\ 

dx dx 
tand 1 + 

dzY)dV 
dx) dx 

(4.4) 

(4.5) 

As an example, we present in fig. 4.3 the light paths for beams entering a sample of carbondiox-
ide, subject to the earth's gravitational field. They are reprinted from ref. [72]. We see that, much as 
expected, the light rays are curved stronger in areas of higher gradients. Very close to CP, where 
the fluid is highly stratified in a small region, this leads to the phenomenon of ray crossing. 

Figure Gravity induced deviation of a beam of light in a critical sample at 
various temperatures; the dashed line indicates the level at which p=pc 
(the meniscus). 

? T, T = T - 0 . 0 0 6 K 

4.2.2 The parabolic approximation 

When the fluid is heated by the gold layer, light rays will meet with higher density the further 
away from the heater they pass through the sample. Therefore the rays will bend away from the 
heater as illustrated in fig. 4.4. Also indicated are the path of the undeviated ray and the virtual 
straight path inside the fluid deduced from the exit angle f> of the light ray. In the interferometry 
chamber, through the sample, the light overpasses a distance D (= 16 mm) twice as the beam is 
reflected by the mirror, so that L = 2D. The mirror position is represented in fig. 4.4 by the 
dashed line in the middle of the heater to account for this double passing. 

46 



Inhomogeneous density fields 

Figure Schematic representation of the path of a ray through the sample. 
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In order to find the actual path of the ray we turn to eq. (4.5) by which the path is determined in 
an inhomogeneous field. Ignoring higher order terms, we find for a ray entering parallel to the 
heater at zn '• 

\dn 
ndz 

1 dn d n 

ndz dz2 

I 

24' (4.6) 

When we assume that the gradient of the refractive index is constant along the path of the ray, the 
second term on the right hand side of eq. (4.6) vanishes. In this approximation the light path 
describes a parabola and, therefore, often is called the parabolic approximation (PA). 

When rays are deflected, the interferograms no longer can be described in terms of plane wave-
fronts and imaging effects become important. Under these conditions Ak(\. z) is no longer inde
pendent of x. The corrections to be made to eq. (4.1) to account for refraction by the fluid are 
given by Hauf and Grigull [73] for the case that the detection plane is placed in the focal plane of 
the middle of the sample (in our configuration the mirror). In "The parabolic approximation" on 
page 105 (section E. l ) , it is calculated under which experimental circumstances the PA is valid. 

In the PA the intersection of the undeviated path and the virtual path lies halfway the sample, 
i.e. at the mirror, and, therefore, focusing of the detection plane onto the mirror means that a ray 
entering at a height z0 will meet the detection plane at the same height as the undeviated ray 
would. The advantage of focusing this way is that at all times the same correspondence exists 
between the entrance location of a light ray and its position in the interferogram, independent of 
the deflection angle. Furthermore, the image of the fluid adjoins the image of the heater resulting 
in a maximum resolution without overlap between the two. However, a correction to eq. (4.1) is 
necessary. 

By the curvature of the light ray the geometrical path inside the fluid is increased. An essential 
property of image formation by an optical system is that there exists for each point, within certain 
limits, an image point such that the optical path is the same by any of the possible routes through 
the optical system. This means that it is possible to trace both the teal light ray as well as the unde-
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viated ray to the same point so that both the optical paths are equal. Imaging this way enables the 
use of eq. (4.1) without corrections. Both Becker [37] and Svensson [74] found that, in the PA, the 
increase in optical path is compensated for by focusing on x = 2 /3L. Still, focusing in this way 
introduces a dependence on time of the imaged position. For more accurate approximations of the 
light paths no plane exists for which the interference order in the entire interferogram is described 
by eq. (4.1). 

4.2.3 Influence of the cold walls 

The temperature profile at the heater is generally given by eq. (A.23). In section 2.2.3 it is argued 
that the deviation from uniformity may be approximated by the constant pressure result of 
eq. (2.38). However, near the entrance window and the mirror the profile is disturbed by the tem
perature gradients that arise near these 'cold' boundaries. In order to determine the effect of this 
on the interferogram we solved numerically the light paths through the fluid for a two-dimen
sional density field. An exact calculation of the density field in two dimensions both near the 
heater as well as near these boundaries proves to be a very complicated task. Since we expect the 
disturbance of the general profile perpendicular to the heater to be only a small side effect, we start 
with an approximated density field. For this approximation we turn to the temperature profile at 
the 'cold' boundaries far from the heater, i.e. eq. (A. 14). The effect of the bulk temperature change 
on the profile near the 'cold' boundaries we extrapolate towards the heater according to 

t u z , t ) = {tl.„(z,r) + tlM}f"i'):5T(X't), (4.7) 
Th(t) 

where ST(x, t) is determined by eq. (A. 14). The corresponding density field follows from this tem
perature field simply by the application of eq. (2.46). The outcome of the numerical simulations is 
that for situations where the parabolic approximation is valid, the effect of the 'cold' boundaries 
on the interferogram is negligible. 

4.3 Shadow evaluation 

In interferometry, usually, the components of the superposition are supposed to be parallel beams, 
so that imaging effects are not important. However, from the previous sections it has become clear 
that, when dealing with inhomogeneous fluids, proper focusing is of paramount importance. In 
the laboratory equipment we were able to arrange the optics to our requirements, but this was not 
possible for the CPF. In the actual CPF configuration, for our SCU neither the C C D nor the pho-
tocamera optical systems are focused in either of the two ways suggested in section 4.2.2, i.e. on 
the mirror or on x = 2/3L. Consequently, for the region close to the heater, where dn/dzïO, 
serious corrections to eq. (4.1) are required; these involve the interference order as well as the 
image position. Unfortunately, this makes the 'image restauration' unnecessary complex and 
greatly reduces the accuracy with which the p(z) -profile can be determined. The determination of 
DT from p(z), based on eq. (2.38) therefore becomes unfeasible and the development of an alter
native procedure is required. 
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4.3.1 The appearance of a shadow 

In the PA, focusing onto the middle of the sample, i.e. the minor, results in an obvious relation 
between the locations in the fluid and in the interferogram; the image of the fluid adjoins the 
image of the heater so that the space-coordinates just are scaled by the magnification of the optical 
system. When the optical system is focused differently, or, analogously, when the film of the cam
era is positioned at a location different from the image plane of the mirror, upon heating with the 
gold-plate a 'shadow' will arise in the interferogram between heater and fluid. In order to clarify 
this phenomenon, a schematic representation of the path of a ray in the PA passing through the 
sample entering at position z0 parallel to the heater is displayed in fig. 4.5. 

Figure Schematic representation of the path of rays th rough the sample and the 
optics t o the image plane and camera-f i lm. 

x=0 mirror x=L optics 
plane 

The ray entering the interferometry chamber parallel to the heater will exit under an angle v) 
w.r.t. the heater. From the previous section 4.2.2, in the PA a ray entering at height z0 leaves the 
cell seemingly coming from the mirror at this height z0. When 5W' is the linear magnification of 
the optics, a ray entering at height ; will meet the image plane at position z" according to 

3KV (4.8) 

When the camera-film is positioned at a distance F from this image plane, the ray will meet the 
film plane differently w.r.t. to a ray undeflected by the sample as indicated in fig. 4.5. When 9{_ is 
the angular magnification of the optics so that the (exit) angle r) is magnified to a through 

a = 5Vi3 , 

the deviation A;' w.r.t. the undeflected ray in the film plane is: 

(4.9) 

Az' Fa = F9{û (4.10) 
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Thus, accounting for the magnification M in the film plane, in the PA a ray entering at position z 

will be detected at a position z' according to 

z' = Mz + F9®. (4.11) 

Since all rays will bend away from the heater, locating the film at a position different from the 
image plane of the mirror causes a part of the interferogram to be unexposed by the beam passing 
through the fluid. N o interference will happen in this region leading to what appears to be a 
'shadow' adjacent to the position where the heater is projected (z' = 0 ) . An example of such an 
interferogram is displayed in fig. 4.6. 

Figure An example of a shadow adjacent to the heater. 

In order to relate the imaging properties to the refractive index (or density-) gradients in the 
sample, we define an average gradient along a ray g„ by 

- ' f1 1 f Idn 
dz dx, (4.12) 

where L is the total length of the ray through the sample. Ignoring terms beyond x in eq. (4.6), 
we find for a ray entering parallel to the heater at z0 : 

g„ 
\_dn 
ndz 

L~\ Idn 

~d7 
(4.13) 

Note that in the parabolic approximation 

According to eq. (4.4), the angle ô then i 

\_dn\ 
ndz),, 

» = Lg„ • 

(4.14) 

(4.15) 
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The real path of a ray entering at z0 may leave the cell seemingly coming from the mirror at a 
different height than z0 (see also section E.1.2). To account for this difference Az„, at the mirror, 
we rewrite eq. (4.11) to the general relation describing the detection in the film plane of a ray 
entering parallel to the heater: 

z' = M[z + Az,„(z, «)] + F3Vls„(z> t). (4.16) 

Ignoring terms beyond xA in eq. (4.6), we find for a ray entering parallel to the heater at z0 : 

L 1 dn d n 
24 n dz dz 

(4.17) 

Not surprisingly, in the parabolic approximation Az„, = 0 . 

4.3.2 An alternative procedure 

The density field following heating by the gold-plate will have a gradient high at the heater (z = 0) 
and decreasing with increasing distance from the heater. Figure 4.7 shows two types of deviations 
(I and II) w.r.t. a parallel beam as a result of this kind of density field. In this figure, the detected 
position (z') at the film plane is displayed versus the entrance distance (z) to the heater. When the 
deviations are such that Z|'<z2 ' for zl <z2 , the size of the 'shadow' is determined by the detector 
position of the ray entering at z = 0 . This we will refer to as a type I deviation. For a ray entering 
at position z = 0, the detector position z' is just a function of g„. The refractive index gradient is 
proportional to the density gradient, which at z = 0 is proportional to the heat-flux from the 
gold-plate into the fluid. This leads to the conclusion that for a constant heat-flux, in the PA the 
imaged position z'(z = 0) is a constant in time. Thus, a type I deviation results in a constant size of 
the 'shadow'. 

Figure Deviations w.r.t. t o a parallel beam of a beam passing th rough a density 
f ield fo l low ing heating at one side. 

shadow 
type I 

However, for relatively small times, the density gradient near the heater rapidly decreases with 
increasing distance from the heater. Just as in the case of the strong stratification in a small region 
very close to CP, this leads to the phenomenon of ray crossing (see fig. 4.3). The ray entering at 
- = 0 will cross other rays and will meet the film plane further away from the apparent heater than 
some other rays and, consequently, the size of the 'shadow' is determined by another ray. This sit-
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uation we call a type II deviation. In type II, the size of the 'shadow' is determined by a ray enter
ing at position z = I, for which: 

d4 = o. 
dz 

Utilizing eq. (4.16), condition (4.18) reads 

dg„ M r, d,. , 

Ife =-™ZL1+^ (AzJ 

(4.18) 

(4.19) 

When the parabolic approximation is valid, i.e. gn is described by eq. (4.14) and Azln = 0, 
eq. (4.19) implies that (for type II) the size of the 'shadow' is determined by a ray entering at posi
tion z, for which 

m,.. 9An dp 
~F<HLdn ' 

(4.20) 

\dn where - -T- is assumed constant along the path of the ray. Combining eq (2.38), that describes the 
temperature deviation from uniformity, and eq. (2.57), that relates the temperature and the den
sity, leads to: 

and 

where 

d p 

1Ï 

With eq. (4.20) z, is found: 

paPq /•„*•„ '•I erfc 
X si< U-./Ö 

exp -
/rc/V I 4Dr' 

x s, 

(4.21) 

(4.22) 

(4.23) 

K1 . 
zj = -ADTt\n\ —• JnDTt K, 

(4.24) 

K,-= 
JAn dp 

FJiLdïi' (4.25) 

After substituting Zj from eq. (4.24) into eq. (4.16), again in the PA and utilizing eq. (4.21), some 
algebra leads to: 

z/ = 5tfZ0jj=Çexp(-Ç2) + erfc(Ç) (4.26) 

where 
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Ç 2s-]n(r / f ,„) /2 : (4.27) 

and 

nDT 

1fpQ-p\dnF9{L 
S,, X ndp 'M 

(4.28) 

(4.29) 

Equation (4.26) gives the position in time of the shadow front upon heating with a constant 
heat flux in the PA. In an experiment, from the evolution of this shadow front the value of DT 

may be determined (see section 6.4). In section E.l we show that, generally, for heating times 
much smaller than tm the PA can be used to describe accurately the shadow front development. 
Close to CP tm is large so that, for realistic heating times, the PA is applicable. Furher away from 
CP, where t becomes of the order of realistic heating times, numerical inversion has been used to 
determine DT. 

To give an idea as to the values of Z0 and tm in the critical region of SF^, in fig. 4.8 both are dis
played versus the distance to Tt for a power density of 0.5 W/m and the CPF optical layout for 
the C C D camera. The CPF optical layout is listed for both the C C D camera and the photocamera 
in Table E.l on page 111. For this case, in fig. 4.9 z, is displayed for 5 different temperatures in a 
wide range above r up to 100 seconds after the onset of heating. Each curve is labelled by its cor
responding temperature difference from 7"( . 

Figure Z0 and tm versus the distance to Tc for SF6 and CPF-optics. 
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4 - Interferometry 

Figure 4.9 zf\n time for various temperatures. 
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Density and refractive 

In this chapter we describe precision measurements of the refractive index and the density of SF(, 
in a region around the critical density. The refractive index is determined with the help of the IFU 
as described in section 3.3 and the density is determined in the traditional way. Previously, either 
the density or the refractive index was determined experimentally and the Lorentz-Lorenz relation 
[42] was used to find the one quantity out of the other. However, the Lorentz-Lorenz relation is 
only approximate and it was far from evident that this approximation is sufficiently accurate for 
our purpose [75]. Our results show that the Lorentz-Lorenz relation is not suited to describe this 
relation around the critical density with the accuracy we desire. 

5.1 Linearity of n(p) dependence 

In order to determine density changes in a fluid by measuring the change in interference order in 
an interferogram (eq. (4.1)), an accurate relation between n and p for the density range of interest 
is required. It is generally assumed that this relation is most accurately given [42] by the Lorentz-
Lorenz expression: 

"^1 = Op, (5.1) 
n +2 

where Q is the Lorentz-Lorenz constant dependent only on the fluid system. By expanding 
eq. (5.1) around the critical density, one obtains 

P-PI"/"1X"'2 + 2) fP-P^"-2-1^ k2 + 2Ï3».2-2 
6« . I P. I _0 3 

(5.2) 
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5 - Density and refractive index 

where nc is the critical refractive index. Using literature values for nc and p r one finds that for the 
density range 0.5p f<p< 1.5p, the Lorentz-Lorenz expression is approximated, with a precision 
better than 1%, by the linear relation 

n- nc = C((i, (5.3) 

where 

C= . (5.4) 
6 nr 

For the density range 0.95pr< p< 1.05pf the precision is even better than l%o. Literature values of 
the critical point are given in table 5.1. 

Equation (5.3) suggests that the relation between the density and the refractive index around the 
liquid-vapour critical point is fixed completely by the values for nr and p,.. If knowledge of the 
Lorentz—Lorenz constant is presumed, determination of either nc or pr then suffices to fully estab
lish the n(p) -relation. However, although obviously it is possible to linearize around pr, this chap
ter will show that on the basis of the Lorentz-Lorenz relation a wrong slope is found for the n(p) -
relation. This in contrast to what usually is assumed in the literature. It was found that our data for 
n versus p cannot be described within experimental accuracy by the Lorentz-Lorenz relation. 

When eq. (5.3) may be applied, eq. (4.1) shows that a simple linear relation exists between inter
ference order and density in the critical region: 

Ak = FAp , (5.5) 

where F= 

5.1 Critical values for SF6. 

author(s) (K) 

P, 
(kg/m3) (-) 

Q 
(m3/kg) 

sample 
purity 

(mol%) 

318.78 725 - 99.9 
Wentorf [76] (1955) 318.82 740 - 99.9 

iMakarevich et ai. [77] (1968) 318.71 738.7 - 99.995 

Rathjenetal. [78] (1973) 318.63 740 - 99.95 

Kijima [79] (1973) 318.78 725 - 99.994 

Watanabe et al. [80] (1977) 318.70 740 - 99.997 

Huijser et al. [69] (1983) 318.697 730 1.093 8.35-10'5 -
Jany and 

Straub [36] (1987) 318.68 741 1.0891 7.8810"5 -
Klein and 

Feuerbacher [19] (1987) 318.70 730 - -
Biswas and 

Ten Seldam [33] (1989) 318.71 745 - 99.993 

Wyclalkowska et al. [81] (1997) 318.727 742 - -
this wo rk (1998) - 740.5 1.08712 7.717-10-5 99.998 
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Experimental procedure 

5.2 Experimental procedure 

The measurements for this experiment were performed in the CPF thermostat with the DER-
SCU (see section 3.3.3), using the laboratory equipment (section 3.2). As with all the experiments 
described in this thesis, SFg was obtained from the firm Messer Griesheim in Duisburg, Germany, 
with a guaranteed purity of 99.998 Vol.%. The foreign residue consists mainly of oxygen 
(<5 vpm), nitrogen (<5 vpm), water (<2 vpm), fluorhydrogen (<0.1 vpm) and tetrafluormethane 
(<5 vpm). 

The basic steps in an experimental run are evacuating the SCU, then filling it to close to critical 
density during which the refractive index (w) is monitored, and finally measuring the actual den
sity p and the position z„, of the meniscus with respect to the volumetric middle of the container, 
which is a measure of the distance to pr («„,- (p - p,.), see section 2.4.3). The actual experimental 
scenario incorporated 17 runs of different densities around the critical density, but, as explained 
hereafter not all steps were executed on each run. 

The position of the meniscus is determined at two temperatures slightly below Tr, respectively 
Tc-\ 10 m K a n d Tr-30 mK. Since, for a density slightly off-critical, the meniscus moves away from 

the middle when the temperature is raised, in principal the distance to CP may be determined 
more accurately closer to Tr . However, closer to CP the fluid is more susceptible to small distur
bances, such as heat absorption from the light beam. Moreover, there is the problem of increase of 
the time needed for system equilibration, due to the well-known critical slowing down. Therefore, 
the increase in resolution of the meniscus position will be counteracted by a decrease in accuracy 
because of these effects. These may, of course, also affect the sample at the temperatures chosen; 
since, however, the impact cannot be determined a priori, we have let the analysis of the data 
decide on this issue. 

The density of each sample is calculated out of the sample mass and the total volume of the 
chamber. The larter is known with great accuracy (0.25%o, see section 3.3.3). The mass of the 
sample was found by determining the difference in weight between the evacuated SCU and the 
SCU with its sample. The weighing was performed utilizing a Mettler balance type B5C1000, in 
principle capable of weighing with an accuracy of 0.1 mg. Since the weighing is influenced by a 
change in either the temperature, the density or the humidity of the air, or in atmospheric pres
sure, great care has to be taken to keep the environment conditions for the SCU as constant as pos
sible during and in between the weighing. Moreover, the sample mass is only about 1.25% ofthat 
of the SCU. As a consequence, in the determination of sample mass this high accuracy is never 
obtained. A more realistic figure is about 5 mg, equivalent to an uncertainty of 0.5%o. 

The refractive index is determined by monitoring the change of the optical path length in the 
arm of the interferometet passing through the fluid, while filling the SCU from vacuum to around 
the critical density. A homogeneous change in density is shown in an interferogram by a collective 
movement of the fringes in the field of observation in one direction. The interference order is pro
portional to the total geometrical path length in the fluid and the change in refractive index (see 
eq. (4.1)). Since, during filling, the refractive index changes from 1 to 1.09 approximately and the 
path length is about 20 mm, the interference order change is close to 3000! Thus, by counting 
fringes at an arbitrary location in an interferogram, the refractive index of the sample may in prin
ciple be found to within less than 0.5%o. 

t This is of course limited by the requirement to keep the meniscus in the field of view. 
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5 - Density and refractive index 

In order to keep the fluid inside the SCU in single phase and to avoid density stratification in the 
sample (cfr. eq. (2.67)), the filling is performed at a temperature of 48 °C (approximately 2.5 °C 
above Tr). At this temperature, the sample content is homogeneous in both the start and end situ
ation. Because the refractive index solely depends on the density and not on the temperature, 
eq. (4.1) may be used. Unfortunately, filling this way a meniscus cannot be utilized to establish 
whether the density is close enough to critical. Instead, the a near-critical density is attained on the 
basis of the corresponding pressure at 48 ' C . A drawback of this procedure is that often, after low
ering the temperature to below Tr, it was found that the position of the meniscus was outside the 
range for proper application for the accurate determination of zm. In fact, the success score was 
very poor and a large series of trial fillings were required to obtain 17 runs. 

An alternative procedure consists in determining the order change while emptying the SCU. The 
advantage of this is that the cell can be filled on the basis of the meniscus position. However it is of 
utmost importance that, when opening the valve to empty the cell and start the fringe counting, 
temperature and pressure are equal on both sides of the valve, so as not to induce a large distur
bance in the fluid. Such a disturbance would result in chaotic fringe movement, making the 
change in interference order undetectable. It turns out to be extremely difficult to bring about this 
thermal equilibrium. Furthermore, in emptying, it was hard to assure a slow and smooth monoto
nous decrease in pressure. As it is, these experimental difficulties cause a large deterioration of 
accuracy in n (to about 3%). Therefore, the first procedure was preferred. 

5.3 Meniscus position analysis 

As discussed in chapter 3, the DER-SCU is a cylindrical cell the axis of which is, for the optical 
measurements, positioned horizontally. In this arrangement the meniscus will appear in the mid
dle, when the sample is exactly at critical density. Therefore, in the analysis the data on the density 
and the refractive index obtained from the various runs were plotted as a function of the position 
of the meniscus. It is shown easily that for a cylindrical geometry, with the gravity vector perpen
dicular to the longitudinal axis, the average density (p„) as a function of meniscus position is given 
by 

where p, and p„ are the densities for the liquid and the vapour phase respectively and P=zm/Dc, 
where D. is the diameter of the cylinder. For small values of P eq. (5.6) is approximated by: 

P..-P CM = " ( P z - P , , ) ^ (5-7) 

where PCM~(PI + P,.) / 2 'S t n e average of the vapour and liquid densities. This average is described 
by the rule of Cailletet-Mathias: 

B ^ - l ' = 1 + A\X\ , (5.8) 
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Meniscus posit ion analysis 

where A = 0.722 [36]. The linear expression of eq. (5.7) represents the relation between the devia
tion from pCM and the meniscus position with a precision better than l%o for the range 
-0.1 </><0.1 ; for the range -0.2 < P< 0.2 the precision is still better than 1%. 

When using eq. (5.7) in the interpretation of experimental data a practical problem arises, due to 
the fact that P has to be determined from an enlarged image of the cell on a screen. Since the 
T H U and the optics are exchanged between measurement steps, the magnification cannot be fixed 
with sufficient precision. Therefore, in practise the meniscus position is scaled rather to the diam
eter of the circular calibration marker on the window (see section 3.3.3). Equation (5.7) then 
becomes 

4ß,„ 
P,-PCM = ^ ( P z - P j - P , , , . (5.9) 

where Pm = zm/Dm and Dm is the diameter of the marker. Equation (5.9) shows that, plotting of p , 
versus Pm for the various runs, pCM can be obtained as pCM = p„(P,„= 0) . Subsequently, the criti
cal density may be found by application of the rule of Cailletet-Mathias (eq. (5.8)) when A and T 
are known. 

Equation (5.9) also shows that the slope of such a plot is dependent on (p / - p„), hence on the 
distance to the critical temperature (see eq. (2.12)). In fact, combining eqs. (2.12) and (5.9) we 
find for /^„-values at the same average density but at two different temperatures, T, and T, : 

/'T, ,ß n D A T, - T - , 
/UT1) = ( - ) / y T , ) - - - r s - i _ . ( 5 , o , 

Note that this relation is independent of p / ;. Therefore, a plot of P,„(T, ) versus P„,(t2) f ° r the vari
ous runs is expected to be linear. This plot enables scaling of P,„{\] ) and />,„(T,) , to be discussed in 
section 5.4, in order to use all />ra-data (at both temperatures) in a single pi: versus P plot. 

The critical density can be found also from rhe intersection of two plots pa versus P for two 
different temperatures. According to eqs. (5.9) and (5.10) this intersection (P:, p j is given by: 

4 D r o 2 f i [ ( _ X 2 ) P _ ( _ T i ) P ] 

I -A (5.11) 

The value for the critical density found in this way must agtee, of course, with the values found by 
the previously mentioned method. A possible discrepancy might come from a wrongly assumed 
height for the position of the volumetric middle of the container. Such an incorrect height will not 
reveal itself directly out of the previously mentioned plots since it does not affect their slopes. 
Therefore, eq. (5.11) provides a means to check this height. 

As shown in section 5.1, the relation between « - « r and p - p , . is also expected to be linear. 
Hence nt can be found analogous to the determination of pr. Combining the (pa, n, Pm) -data sets 
will finally also yield the required «(p) -relationship as will be discussed in section 5.4. 
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5 - Density and refractive index 

5.4 Results and discussion 

Since the position of the meniscus at a certain average density depends on the temperature dif
ference with Tr, we have to determine the distance to Tr at which we measure Pm. When using 
optical cells the general consensus is that Tr should be identified with the temperature at which 
the fluid is observed to decompose from one phase into a two-phase (liquid-vapour) system. Sev
eral difficulties, some experimental and some related to the properties of the fluid itself, may be 
encountered in the precise location of this phase separation. In general, the precision will always be 
limited by the thermal stability of the thermostat. With the excellent thermal stability of our T H U 
however, it is the characteristic behaviour of the critical fluid, especially in the gravitational field, 
which limits the precision. In pure fluids in gravity, a major problem is the close phenomenologi-
cal similarity of the continuous equilibrium density profile in the one-phase region to the discon
tinuous two-phase density profile. This similarity introduces some arbitrariness in the precise 
onset of phase separation, but the phenomenology could be reproduced to within 5 mK . In view 
of this arbitrariness, it could well be that the actual value of Tr differs from the estimated value. 
We will come back to this later. 

Table 5.2 Experimental results. 

density Pm at r . - 1 1 0 : mK Pm at r . - 3 0 m K refractive index 

736.511 .4.56 

747.202 11.27 14.55 

735.609 .5.36 -7.14 

742.898 3.46 5.38 

739.288 -1.65 -2.06 

739.705 0.41 2.24 

738.802 -1.57 -5.10 

•740.399 1.69 2.97 

741.857 2.80 3.20 1.08724 

1.94 2.26 

1,3.74 18.21 1.08819 

.60.30 -84.40 1.08174 

-37.20 -52.20 1.08386 

734.151 -8.70 -12.90 1.08629 

740.746 1.29 0.97 1.08711 

732.068 -11.29 -16.45 1.08601 

-7.50 -10.40 

The experimental results are given in table 5.2. In fig. 5.1, the density measurements at T -
110 mK from 12 runs are displayed versus the position of the meniscus, together with a linear fit 
through the data. This linear fit results in pCA,(t,) =739.79±0.1 kg/m' and a slope of 68±2 kg/m , 
yielding p r=739.61±0.1 kg/m" . In fig. 5.2, the same 12 density measurements are displayed versus 
the meniscus position at 7J.-30 mK. The linear fit now returns pCM(z2) =739.96±0.2 kg/m with a 
slope of47±3 kg/m' , giving p r=739.91±0.2 kg/m' . This leaves us with an apparent difference in 

t The scale of the measurement thermistor is absolute only to within 100 mK but is reproducible to within 100 Ü.K. 
Since it was not the objective of this work to determine Tc, we did not bother to calibrate this thermistor. 
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Results and discussion 

the values of p,. between both temperatures, although just within the experimental error of both 

fits. 

Figure 5.1 Density vs meniscus posit ion. 
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As a next step, we compare the values for the slopes (see eq. (5.9)) at these two temperatures to 
values that can be derived from the literature. To this end we calculate p, and p r from eq. (2.12), 
using values for the critical amplitude B and exponent ß found experimentally for SFg by Jany 
and Straub [36], With B = 1.87 and ß = 0.338 , the slope at T.-l 10 mK is approximately 70 kg/m3 

and at Tr-30 mK is 45 kg/nr . In view of the uncertainty in Tc, we consider this a fairly good 
agreement. 

The reliability of the Pm data is assessed with the aid of eq. (5-10). We have plotted in fig. 5.3 
Pm(xt = 0.11 / Tr) -values vs. Pm(x2 = 0.03/ Tc) -values for 17 values of the average density. This plot 
demonstrates an excellent constant value for the slope of 0.717±0.01. However, on the basis of 
eq. (2.12) this figure is not consistent with the 7",.-value estimated by observing the phase separa
tion. To obtain consistency we have to assume a value ß =0.256. Conversely, using the universal 
value ß=0.325, we can estimate Tr on the basis of fig. 5.3 and eq. (2.12). In doing so, we find a 
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5 - Density and refractive index 

critical temperature which is only 15 mK higher than our estimated value; in view of the arbitrari
ness in the direct optical determination of the phase separation temperature (see the first paragraph 
of this section), such a systematic error is quite défendable. Hereafter we will use the latter value 

for T. 

Figure 5.3 P„, at 7>1 10 mK vs ƒ>,„ at 7>30 mK. 
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The newly identified Tr does not explain the apparent difference in values for p,. as found by the 
linear fits at both temperatures. This difference must be attributed to the finite accuracy by which 
the volumetric middle of the cell (cell axis) can be established. According to eq. (5.11) the fits in 
figs. 5.1 and 5.2 should intersect at />

);l=-0.6%. However, P: =0.8%, corresponding to a possible 
systematic error of 0.095 mm in the determination of the cell axis. As this discrepancy lies within 
the experimental error, we have chosen to shift our calibration accordingly in order to obtain self-
consistency of our data. If we subtract 1.4% from the /^„-values, a fit of Pm{ix) versus P ( i ,) 
yields: 

P,,^\) = (0.717 + 0.008)/>w(T2)-(1.4 + 2)- 10 (5.12) 

nicely corresponding to the offset given in eq. (5.10). If we scale the Pm-values at t , to a value at 
T, on the basis of eq. (5.12) and fit to a unified (pa, Pm) -plot (see fig. 5.4), the result is: 

p„ = 740.73±0.14 + (67 + 2)/3.1; (5.13) 

The corresponding critical density to this fit is p,.= 740.52 + 0.14 kg/m . To the uncertainty in the 
critical density we have to add the uncertainty in the calculated volume of the container, i.e. 
0.025%. Therefore, we find 

p = 740.510.3 kg/rrf . (5.14) 

Analogously, by plotting the data of 7 runs n versus Pm we find for the critical refractive index 

= 1.087122+ 1.3 • HP . (5.15) 
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Figure 5.4 A uni f ied plot of pc versus Pm 

Pm (%) 

Finally we plot values for the refractive index from seven runs versus the corresponding pa -val
ues, of which three are obtained from /^-values inserted in eq. (5.13). This plot, together wirh the 
linear fit, is shown in fig. 5.5. The result is: 

n= nr+ K(p -pr) 

K=( 1.29±0.01)- lCT'mVkg (5.16) 

Figure Refractive index (n) vs density (p). 
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It can be seen from table 5.1 that our experimental value for p r fits well within the range of liter
ature data. The value for nr from our experiment seems rather low. The latter may possibly be 
attributed to the fact that, as discussed in section 5.1, in the interpretation of refractive index data 
quite commonly the Lorentz—Lorenz relation is involved. This relation can be used to predict with 
some accuracy the value of nc if p r is known (e.g., judging from table 5.1, with an accuracy of 
0.5%). However, one cannot infer similar accuracies for ne-\, nor so for the detivative 
(dn/dp)p _ p . For such quantities the accuracy is reduced by typically an otder of magnitude. 
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5 - Density and refractive index 

To stress this point, we have plotted in fig. 5.5 nLL, which is the 'theoretical' refractive index 
curve, based on our experimental nr, pf and the corresponding value for the Lorentz-Lorenz con
stant as given by eq. (5-1), which amounts to Q=7.717-10 . The corresponding slope then is 
1.20-10 m /kg, which differs about 7% from our experimental value. 

To conclude, the experiment described in this chapter has provided, in a straightforward way, 
accurate and independent data on the critical density and the critical refractive index, together 
with the s(p) dependence for the critical region. Our results show that, in contrast to the experi
mental practise, in the critical region of SFg one should be careful in using the Lorentz-Lorenz 
relation when the value for the derivative (dn/dp) is important for the interpretation of experi
mental results. 
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Heat transfer -
Experimental results 

In this chapter we will present the results from the space experiment concerning heat transfer in 
critical systems. We will start by giving a general impression of the space experiment before atten
tion is given to some specific analysis features. The subsequent detailed presentation of the results 
is divided into three main subjects: the quantitative understanding of the PE, the measurement of 
the thermal diffusivity and the determination of the specific heat at constant volume utilizing the 
PE. 

6.1 General results 

6.1.1 Exper imenta l scenario 

The actual experimental temperature scenario was as follows. The sample was first heated to 
T- r =2500 niK (48 °C) at which appreciable time (>2 hrs) was allowed for it to reach thermal 
equilibrium (i.e. become homogeneous). It was then cooled in steps to 1025, 325, 125, 45 and 
finally 15 mK above Tr. At Tr+ 15 mK, a cooling ramp at a rate ot 13.333 mK/hr was initialized 
and maintained until the crossing of Tr was confirmed by observation of phase separation. The 
sample was again homogenized at T- 7",.=2500 mK and cooled, in steps,, to 2000, 1500 and 
800 mK above Tt and then, in ramps, to 450, 150, 50, 30, 10, 5, 2 and 1 mK above Tr. Finally, 
the sample was heated slowly to T. + 100 mK to check for hysteresis effects. 

Following each change in temperature, various waiting periods were employed in an attempt to 
improve approximate thermodynamic equilibrium. However, the IF images indicated that true 
equilibrium was never reached, but that with specific precautions a 'quasi-steady state' could be 
achieved within reasonable time, e.g. at T- Tr= 1 mK in 3 hours and after approaching with a 
slow ramp (2 mK/hr). The fluid was considered to be in a 'quasi-steady state' when the density 
changes were decreased to a degree that the fringes in the interferograms moved significantly less 
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than their typical movement following local heating of the fluid, 
checked by the set up in the D U C . 

D unng the this 

When, at a set temperature, a steady state was obtained, constant-current heating pulses were 
applied to the fluid by the plate heater. The power delivered to the system by the plate heater var
ied between 1 and 200 p:W (corresponding to approximately 5 mW/m and 1 W / m respectively 
at the heater ) and the pulse duration was varied between 1 and 5 minutes. 

6.1.2 The critical temperature 

The apparent critical temperature, on the scale indicated by the measurement thermistor, was 
determined at the time of filling which was several months before the mission. For several reasons, 
it was appropriate to verify this value during the actual experiment. In the earth's gravity field, T 
was located by observing the fluid's decomposition from one-phase into two-phases. However, in 
micrograviry, where the critical fluid is not stratified, direct observation of the fluid close to Tt is 
troubled by the phenomenon of critical opalescence. Moreover, in micrograviry it is difficult to 
distinguish between the large density fluctuations just above Tt and the occurrence of real bubbles 
and drops just below Tc. Fortunately, light scattering near CP offers a convenient tool to locate 
Tr. Phenomenologically, light scattering near CP may be explained by the phenomenon of critical 

opalescence: the closer to CP, the higher the intensity of the scattered light [1,7,8]. 

Whereas on earth the influence of the gravitational density gradient severely complicates the 
application of this method (see section 2.4.1), in micrograviry its advantage is obvious since the 
fluid's density remains critical throughout the fluid when T. is approached. Therefore, during the 
experiment, the critical temperature was re-determined by analysis of the WALS signals during the 
slow cooling ramp of the test cell through Tr. It was found by the location of the peaks in the scat
tering intensity in the WALS channels that the Tr of the sample was 25 mK below that deter
mined on earth (on the scale of the sensor). In fig. 6.1, the scattering intensity is displayed for 
three different WALS channels while crossing the newly identified Tc. 

Figure WALS at 22°, 30° and 38° during crossing of Tc Each curve is labelled by 
its corresponding fibre. 

t Note thar the total power to the system is divided between fluid and substrate. 

66 



General results 

By observing the fluid through direct visualization periodically during this cooling ramp, though 
obscured by the above mentioned effects, the crossing of Tr was confirmed by phase separation. In 
fig. 6.2 the direct visualization of the fluid at 10 mK below Tc is displayed. Due to the shape of the 
scattering chamber the field of view is a rectangle of 5x8 mm. The bright spot in the centre due to 
the narrow laser beam is just visible. The sample contents was checked again on earth several 
months after the mission by the position of the meniscus in crossing Tr. We found that there is no 
measurable leakage and we conclude that the difference is a consequence of thermistor drift. As the 
thermistor drift is negligible during the individual measurement runs, this drift is of no conse
quence for the experiments. 

Figure Coexisting phases at 10 mK below 7"rin \xg visualized. 

6.1.3 Heat flows 

In fig. 6.3 the expected heat flows following heating by the gold plate are displayed schematicly. 
The double line arrows refer to the initial division of the generated heat between the fluid and the 
substrate, causing the appearance of a diffusion layer in the fluid adjacent to the heater. Part of the 
heat that enters the fluid by diffusion is transferred immediately by the PE causing a homogeneous 
rise in the temperature in the entire sample. The thus created temperature difference between the 
fluid and its surroundings will introduce additional heat flows which are represented in this figure 
by the single line arrows. 

Figure Schematic display of heat f lows dur ing heat ing w i th the plate heater. 

Heater 

Generated 
heat 

PE induced 
heat f lows 
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In the space experiment, altogether 66 heating runs were performed. During and following a 
heating run, two mechanisms of temperature change were certainly apparent. From the IF profiles 
we clearly see a diffusive thermal boundary layer (bent fringes and/or a growing 'shadow') and 
from detailed analysis we determine a rapid spatially-uniform fringe shift which must be inter
preted as a homogeneous density change in the bulk of the fluid. The latter information is 
obtained across the parts of the interferograms representing the bulk (far away from the developing 
boundary layer). An example is shown in fig. 6.4. It is notable that density variations in the bulk 
can not be observed by 'the naked eye' because changes are less than 1% of the original fringe pat
tern. Moreover, our analysis confirms that the PE does not alter any existing density gradients in 
the sample but acts uniformly across the fluid (see for instance fig. 2.2), as also indicated by Gue-
noun et al. [82]. 

Figure 6.4 Interferometry fr inges (a) before heating (t=0 s), and (b) at t ime t=57 s 
after the onset of heat ing. 

The mechanisms of heat transfer were explored experimentally in a wide dynamic range. After 
the mission, by detailed analysis, the useful dynamic range was established critically. As a result, 
data from some heating runs were discarded in the quantitative investigation, based upon three 
different arguments. Firstly, already during the experiment, we realized by the real-time analysis in 
the D U C that in some occasions the fluid had not reached a 'quasi steady state'. Only after the 
mission we discovered that in some of these occasions indeed the inhomogeneities proved to be 
too big to handle. Secondly, analysis also showed that in some occasions a current was applied that 
was too low for an accurate determination of either the PE by the temperature measurements of 
the bulk, or the DT by the density measurements through interferometry. Thirdly, the analysis of 
the interferograms at temperatures closer to Tc than 5 mK turned out to be troubled too much by 
the critical opalescence to extract any worthy results from it. 

68 



Data analysis 

6.2 Data analysis 

As far as heat transfer is concerned, two sorts of data were provided for analysis, i.e. temperature 
data and interferograms. Temperature sensors are present in the fluid, the heater substrate and the 
cell boundaries. The fluid sensor measured the temperature of the bulk, the substrate sensor was 
intended for determination of the division of the pulse heat and the sensors in the cell boundaries 
enabled the monitoring of thermal equilibrium. Interferograms cover the boundary layer, from 
which DT is determined, and a significant part of the bulk for bulk density change measurements. 

6.2.1 Temperature and density 

The readings of the various thermistors were acquired by CPF each second. The temperature indi
cation was in the form of a difference from the set Température of the thermostat, Tsa, i.e. the tem
perature at which the transient hearing runs were performed, which, in turn, is defined in terms of 
the difference to Tr. Since, moreover, it was possible to "null" the thermistors at any time, their 
readings could be obtained at a maximum resolution. 

The capability of the fluid thermistor to trace accurately the fast, isentropic temperature changes 
in the bulk, as we approach the critical point, is a matter of serious concern. To investigate this 
issue, simple calculations of the thermistor response have been made (appendix D) from which a 
conclusion arises that the thermistor response gets better and better as Tr is approached! The phys
ical reason for the good response near to Tr is that the heat flow through the boundary layer 
around the thermistor gets larger as the thermal conductivity of the fluid increases. 

The sensitivity of the temperature measurements was A 7V 7"= 10" , which allowed the determina
tion of the bulk temperature changes associated with the gold layer heating pulses. In our set up, 
the sensitivity of the density measurements was Ap/p=10" , which, however, did not permit the 
accurate determination of the corresponding small bulk density changes. The larger density 
changes of the bulk resulting from changes in Tia could be measured easily. 

6.2.2 Heating pulses 

In order to accomplish the transient heating of the fluid at constant power, constant-current heat
ing pulses were applied to the fluid by the plate heater. As pointed out in section 2.2.3, the total 
power dissipated by the plate heater, 2>, does not go entirely to the fluid but part of it (q,) is 
absorbed by the quartz substrate. This energy decomposition is dictated by the thermodynamic 
and transport properties of the fluid and the quartz (appendix A). Knowledge of the precise 
amount of energy that enters the fluid is of paramount importance for the solution of eq. (2.34). 
An obvious relation for the power q^ that goes into the fluid is: 

T 

In order to calculate the dissipation ratio q/qf, here it is assumed that heat travels inside both the 
quartz and the fluid according to the well known Fourier equation with a constant power source at 
the interface. In appendix A it is shown that the dissipation ratio is equal to the inverse impedance 
ratio of the fluid and the heater substrate, a;,. Nore that the PE temperature rise in the fluid close 
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to the heater is included in the heat-loss term as the heater surface also is regarded as a heat-loss 
wall, thereby leaving qf time independent (see section 2.2.3). 

Figure 6.5 shows a plot of the fraction of the total energy that enters the quartz, q,= q/T , at dif
ferent distances to Tr. The solid line represents predictions arising from the calculated dissipation 
ratio where fluid properties are taken from the equation of state (EOS) by Abbaci and Sengers [81] 
and diffusivity values are used from the measurements by Jany and Straub [36]; the data points are 
derived from fits to temperature versus time profiles measured by the thermistor in the quartz 
plate. It shows that less and less energy goes to the substrate as Tc is approached, thanks to the 
decreasing thermal impedance of the fluid (see appendix A). 

Figure Fraction of to ta l delivered energy that enters the heater substrate. 
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The discrepancy between measurements and predictions may be attributed to several possible 
sources of error in the derivation of q, from the measurements. In the calculation of the tempera
ture profiles to which the measurements are fit, the assumption is that of two half infinite bodies 
with a heater at their interface. Whereas the error that is introduced by this assumption is negligi
ble for the actual dissipation ratio at the heater, for the temperature change at the location of the 
thermistor in the substrate this is not the case. Actually, one expects to measure a lower increase in 
temperature than predicted at this location, due to inevitable losses to the substrate surroundings. 
Indeed, far from Tr the measurements show this tendency. Approaching Tt another effect 
becomes increasingly important to the temperature rise at the location of the thermistor. When 
most of the dissipated energy goes to the fluid, the temperature increase due to the PE of the fluid 
around the substrate and the thermistor wires becomes significant in comparison to the heat com
ing directly from the heater. Therelore, close to Tc one expects to measure a higher increase in 
temperature than predicted. Taking also into account the reduced sensitivity of the thermistor in 
the substrate (see section 3.3.2), the comparison between measurements and predictions is consid
ered satisfactory. 

Far from CP the thermal properties of SFg are well known from g=\ literature data, while in the 
approach to CP the increasing uncertainty in these properties is of decreasing importance to the 
calculation of the dissipation ratio. For the reasons outlined above we consider the measurements 
of the dissipation ratio less accurate than the calculated one and henceforth, the literature values 
[36,81] have been used to calculate the temperature dependent fluid-quartz impedance ratio. This 
ratio further is used in eq. (6.1) for solving the heat transfer equations on the fluid's side. 
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6.2.3 Apparent wall properties 

In order to implement eqs. (2.34), (2.36) and (2.37) for comparisons with the data of the isentro-
pic temperature rise in the bulk, the transport properties and the surface area of all the cell walls 
need to be determined. This is not an easy task because of the complex geometry of the cell and 
the several different materials utilized in its construction. Among the various materials of construc
tion we have identified the five most significant in view of their relative contribution to heat losses. 
These five materials exhibit the highest inverse thermal impedance values together with apprecia
ble surface areas for heat exchange. Table 6.1 lists these parts and their corresponding inverse 
impedance and surface area values. The inverse thermal impedance values are provided by the 
manufacturers while the surface areas are evaluated by simple geometrical considerations. 

However, calculating the surface areas - available for heat exchange - in a configuration of such 
complexity is expected to give only very conservative values since the possibility cannot be 
excluded that minor geometrical imperfections can have a large effect. Indeed, preliminary calcula
tions taking into account the individual wall materials gave an unsatisfactory correlation between 
predicted and measured isentropic temperature changes. Therefore, as customarily adopted in the 
literature, it seems appropriate to include all effects in just one single set of phenomenological 
parameters which will be referred henceforth as the apparent inverse thermal impedance, ^/ JD„ , 
and the apparent surface area, 5„, of the container walls. Values for these parameters may be 
obtained from a "best fit" procedure of eq. (2.34) to experimental data. The values produced in 
this way are also included in table 6.1. As shown, the apparent inverse thermal impedance is, as 
expected, in the order of magnitude of the specified impedances but the apparent surface area 
indeed turns out to be larger than estimated. 

Table 6.1 Inverse thermal impedance and surface area of wal l materials. 

Wall material 
Inverse thermal impedance Surface area 

X/jD, (Ws1/2/m2K) 5, (mm2) 

Aluminium 2 4 104 240 

Synthetic quartz 6 10^ 540 

Fused silicon £ IQ2 690 

Kel-F 5 [ 02 470 

Invar (NILO-36) 8 10J 100 

Apparent properties 6 103 2.5 10* 

6.3 Piston Effect 

In order to detetmine the thermal conductivity or diffusivity to within say 1 mK from the critical 
point, a microgtavity environment is of special value because it provides a means to eliminate den
sity stratification and convection. From the early stages of this work it was realized however [21-24], 
that under these conditions another process of temperature change in a fluid (referred to as the 
adiabatic effect (AE) or piston effect (PE)) becomes of increasing significance during any transient 
heating as CP is approached. Fundamentally, this PE is not a mechanism of true heat transpott 
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(contrary to the statements made in some of the literature) but it is an energy transfer effect. It is a 
bulk response to local heating resulting from isentropic compression in a finite sample. Heating at 
the boundary of such a sample causes thermal expansion of the adjacent fluid layer and, conse
quently, a pressure increase everywhere in the fluid. This pressure increase results in an essentially 
isentropic increase in temperature and density uniform throughout the fluid. Various experiments 
confirming the uniform rapid thermal tesponse in a near-critical fluid have been reported by Bou-
kari et al. [25), who used ground-based equipment, and by Klein et al. [26], Bonetti et al. [27], Straub 
et al. [28] and Michels et al. [29] working on microgravity platforms. 

The interpretation of the PE in a practical system is complicated by the fact that it introduces an 
additional heat flow through the walls surrounding the fluid. During the rapid uniform tempera
ture increase these walls remain colder than the fluid itself and a boundary layer develops at these 
walls: energy will flow out of the fluid, cooling it again by adiabatic expansion. Ferrell and Hao [55] 
were the first to study analytically the PE including this secondary effect, following a model in 
which the fluid is initially at a uniform temperature that is different from that of the container. 
They concluded that this secondary effect depends on the ratio between thermal properties of the 
wall material and those of the fluid; since the latter exhibit singular behaviour near the critical 
point, the fraction of heating power dissipated through thermal conduction, in terms of distance 
to the critical point, will depend strongly on actual thermal parameters of the walls. Beysens et al. 
[83] experimentally confirmed this effect qualitatively. However, to account for it in a quantitative 
way one has to calculate the overall cell wall parameters which, for most actual cell configurations 
cannot be accomplished with reasonable accuracy. 

However, such a quantitative desctiption of the PE is necessary if measurements of the transient 
temperature increase in a fluid near the critical point are to be used to study the thermal conduc
tivity or diffusivity in the near-critical region. This is because the contribution of the PE generally 
must be eliminated trom the measurements of temperature rise before they are interpreted in 
terms of a simple conduction equation. 

Part of this thesis concerns a quantitative description of the PE in measurements in a sample of 
near-critical SF6 under microgravity conditions, following a heating with constant power at a flat 
boundary surface in a range down to T- T= 1 mK. This should enable a separation of the PE 
from true heat transport effects in data of measurements on the thermal conductivity or diffusivity 
in the near-critical region of pure fluids. The results described in the next section show consist
ently the role of the PE in a pure critical fluid surrounded by finitely conducting boundaries [84]. 

6 .3 .1 Results a n d d i scuss ion 

It has become cleat that the thermal properties of the wall material play a significant role in the 
actual quantitative temperature change of the PE. Attention is directed to the comparison between 
the values of the fluid's inverse thermal impedance with the values of the same property of the wall 
materials. Figure 6.6 displays the inverse thermal impedance values against the distance to T . It 
can be seen clearly that for T- Tr< -200 mK the fluid's inverse thermal impedance attains a value 
higher than the apparent inverse thermal impedance of the walls, while for T- T< -40 mK the 
fluid even becomes more conductive than any wall material. The notion that the finite thermal 
impedance of the walls governs the energy losses to the surroundings then implies that neat 
T- T.= 200 mK a conduction crossover takes place as regards the thermalization time of the sample. 

This is better demonstrated in fig. 6.7 where the characteristic time tr (eq. (2.29)) is plotted with 
respect to distance to Tr. It is seen that far away from the critical temperature, tc appears to 
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decrease rapidly as Tr is approached. Getting closer to Tr it starts to level off gradually and finally 
a weak rise is observed proportional to c2

v (see section 2.2.2 on page 14), revealing clearly the 
crossover to a new equilibration regime. For the fitcurve presented in fig. 6.7 the best fit values 
through our data have been employed for the apparent inverse thermal impedance and surface area 
(see section 6.2.3). 

Figure Comparison between the inverse thermal impedance of the fluid and the 
wall materials. 
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Figure 6.7 Variation of the characteristic time, t„ with the distance to Tr 
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Figure Theoretical predictions of isentropic temperature rise in our sample fluid 
accounting for heat losses to the heater substrate and through the other 
surrounding walls. 
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The influence of the finite thermal impedance of the walls to the thermal response of our sample 
during heating at the boundary, is illustrated in fig. 6.8. This is a 3D plot of the predicted isentro
pic temperature increase in the bulk (eq. (2.34)) versus heating time and distance to the critical 
point. For clarity, predictions for only one value of dissipated power are presented. Fit values of 
the apparent thermal impedance and surface area (see section 6.2.3) have been employed in the 
calculations. Upon inspection of the graph, the square-root time dependence [eq. (2.37)] of the 
temperature increase is recognized. At a specific time after the onset of heating, this graph also 
shows that, as T. is approached, there is a characteristic levelling off of the temperature increase. In 
view of the anomalous behaviour of the thermodynamic properties in this region, this may seem 
surprising. However, this can be understood when one realizes that far from CP the strongly diver
gent thermal impedance of the fluid governs the behaviour, whereas close to CP the weakly diver
gent cv is the leading property. A little further from Tr the theoretical curves exhibit a prominent 
peak which becomes higher and broader further in time. This peak originates from the competi
tion between a decreasing q^ [eq. (6.1)] and an increasing tr as x increases (for T > 1 0 ). 
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Figure Thermistor readings relatively far f rom CP dur ing heat pulses of constant 
power and predictions by eqs. (2.34), (2.36) and (2.37). 
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Typical readings from the thermistor located in the fluid are shown in fig. 6.9 and fig. 6.10 for 
eight heating runs together with the predictions according to eq. (2.34) and the limiting cases of 
eqs. (2.36) and (2.37). We see that our thermistor responses are essentially synchronous with the 
onset of heating, an important feature of the PE which is nor found when dealing with thermal 
conducrion alone. Comparison wirh the predictions signifies the validity of eq. (2.34). The limir-
ing cases can be regarded as two complementary conrributions to the observed behaviour 
[eq.(2.34)], in which the size of each contribution depends on the distance ro Tc. These figures 
also demonstrate that for temperatures closer to Tt than 100 mK the limiting case of eq. (2.37) is 
applicable. Again, this complies with the notion that the fluid's thermal impedance drops below 
that of the apparent value of the surroundings shortly above 7",+ 100 mK. Apparently, at Tr+2.5 K 
T is still not large enough for the other limiting case [eq. (2.36)] to hold. Necessarily, the interme
diate states shown in these two figures do not permit the use of either of the limiting equations as 
their contributions are comparable. 
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Figure Thermistor readings relatively close to CP dur ing heat pulses of constant 
power and predictions by eqs. (2.34), (2.36) and (2.37). 
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A comprehensive set of measurements is presented in fig. 6.11 where the observed isentropic 
temperature rise in the bulk is plotted against T- Tr at different times after the onset of heating. 
The data are normalized with respect to the total dissipated power P entering the fluid [eq. (6.1)] 
in order to facilitate the presentation. Solid lines are best fits through the data. In concurrence to 
the main features outlined theoretically in connection with fig. 6.8, fig. 6.11 shows nicely the 
characteristic levelling off of the temperature increase close to Tr as well as the idea of a peak fur
ther away from Tr. Unfortunately, we have not measured far enough from Tc to witness also accu
rately the temporal behaviour of the peak in the temperature rise. A closer look at fig. 6.11 reveals 
that at small times the temperature increase falls behind the theoretical one. This is because in the 
theoretical curves the experimental response time of the temperature reproduction (a combination 
of both the response times of the thermistor and the CPF, amounting to approximately 3-4 sec
onds) is not incorporated. The experimental data, of course, exhibit this response time. In the 'the
oretical' predictions of figs. 6.9 and 6.10, it has been accounted for. 
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Figure Experimental data of isentropic temperature rise per Wat t of dissipated 
power at several t imes dur ing heat ing runs versus the distance to Tr 
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Figure 6.12 shows the measured amplitude A as well as the predicted Ä (see eq. (2.35)) versus 
the distance to the critical point. Again, the experimental data is in good agreement with the pre
dictions manifesting the significance of the role of the properties of the surrounding walls to the 
thermalization of a critical fluid. 

Figure Comparison between predictions and experiment as regards the 
ampl i tude it 
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6.3.2 Conclusions 

The present study provides new theoretical and experimental information regarding the mecha
nisms of heat transfer in a near-critical fluid. Two dominant mechanisms have been identified: a 
diffusing thermal boundary layer adjacent to heated surfaces and a homogeneous isentropic tem
perature change across the entire volume of the sample. The present study was motivated by the 
paucity of information in the literature regarding the behaviour of the PE in a real experiment of 
transient heating of a near-critical fluid with bounding walls of finite thermal impedance. 

The isentropic temperature rise that follows transient heating of a near-critical fluid has now 
been determined in a microgravity environment and is described remarkably well by a further 
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development of the theoretical model proposed by Ferrell and Hao [55], The important feature of 
this description is that the equilibration process is profoundly influenced by the thermal properties 
of the solid surfaces bounding the fluid even though the isentropic heating effect itself is uniform 
throughout the bulk of the fluid and is independent of existing gradients. This influence is clearly 
illustrated by fig. 6.7 where the crossover to a new equilibration regime is observed as Tc is 
approached. 

The thermal behaviour of the container can be characterized in the description by means of a 
single set of phenomenological parameters enabling even in a container of complex geometry the 
separation of the PE from true heat transport effects in a quantitative way. This conclusion will 
permit subsequent analysis of the longer-term transient behaviour to determine the thermal con
ductivity and diffusivity of the fluid near to the critical point. 

6.4 Thermal difrusivity 

The processes of heat transfer are studied in a controlled way. A measuring technique is used, sim
ilar to that introduced by Becker and Grigull [37-40], in which the propagation of a plane thermal 
stepwise disturbance into an otherwise homogeneous sample is observed by interferometry. Due to 
the divergence of the isobaric thermal expansion coefficient this method becomes increasingly sen
sitive closer to the critical point, so that a very small heat input is required, allowing the introduc
tion of thermal gradients covering a wide range of values. Analysis of the density profiles have 
resulted in experimental values for the thermal diffusivity in a range down to 5 mK from Tc. 

6.4.1 Methods for the determination of the thermal diffusivity 

Originally, it was intended to determine spatial density profiles at several times upon heating with 
the gold layer, out of which DT can be found accurately by fitting to (p ,x,t)-data sets. Unfortu
nately, as discussed in section 4.3, we were forced to turn to an alternative procedure which is 
based on the development of the shadow that arises in the interferograms adjacent to the image of 
the heater. In "Shadow evaluation" on page 48, the position of the shadow front in time upon 
heating with a constant heat flux is calculated in the PA. Out of the calculations we may conclude 
that, in the PA, the shadow development can be characterized by two types. At the onset of heat
ing the shadow starts to grow, gradually levelling off to a maximum which is reached at a time tm, 
referred to as type II. From that time on the shadow remains at its maximum size :WZ0 , referred to 
as type I. Both types can be described by the same two parameters tm and Z 0 . The general behav
iour of the shadow front z'f in the PA is sketched in fig. 6.13, in which the two types, tm and 5WZ0 

are indicated. 

Consequently, from the shadow front development, it may seem straightforward to find both Z0 

and tm enabling the subsequent determination of DT out of the definition for tm (eq. (4.28)). For 
instance, the value of Z0 is derived easily from the plateau value of zj (type I) and the value of tm 

can be found by determining the time at which the behaviour changes from type II to type I. 
Obviously, the accuracy in the determination of DT by this method hinges on the accuracy in the 
determination of both Z0 and t„,. Where Z0 might be determined accurately by averaging the pla
teau value over a substantial time (although time is limited in a space experiment), the accurate 
determination of tm is much harder to attain. Principally, the accuracy is limited by the time-reso-
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lution of the IF images. During IML2, the images were displayed generally only at 1/6 Hz 
although in some events the images were displayed at 30 Hz. For small values of tm this posed seri
ous problems for its determination. But on top ofthat, in the last part of type II, by nature, z'f lev
els off to its plateau value in a smooth manner, appearing to have reached already type I. For this 
reason, it was very difficult to distinguish between the two types near t = tm. The combination of 
the above mentioned complications reduces considerably the accuracy in the determination of tm 

by this method, typically to approximately 10%. 

Figure 6.13 Shadow front movement in the PA. 
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Another difficulty that arises in the application of the method described above is in the approach 
to CP. Looking at the critical dependence ol both Z0 and tm, we see that both diverge approaching 
CP: 

_£ _ T-0.67 (6.2) 

4 
(6.3) 

Necessarily, in order to capture in a IF image type I behaviour, on approaching CP a compressed 
image and considerable heating time is needed. In the present optical configuration of CPF it 
turned out that, in our time-limited space experiment, the captured behaviour of zl was totally 
type II for temperatures closer than 1000 mK to Tr (at T- Tr = 500 mK tm~\ hr for a power den
sity of 0.5 W/m and the optical layout for the C C D camera). Moreover, in those cases where type 
I behaviour was detected, the light paths did not concur to the PA (see section E. 1) causing a 
severe complication. Hence, although at first sight the abovementioned method looks promising, 
in practise it is unfeasible. 

A practical method to derive DT out of the shadow front development is to fit eq. (4.26) to z'f 
when its behaviour is still type II. This fit comprises the two parameters Z0 and tm. Moreover, 
although Z0 depends on many quantities, of these we consider the only real unknown quantity to 
be DT. We may rewrite eq. (4.29), which defines Z0 , into: 

7 = ±i/_L!^ 
° K2ShDTcp • 

Using the thermodynamic relations (2.7) and (2.8), eq. (6.4) can be expressed as: 

(6.4) 
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• A ^ i i ' K2S„DTAd?J 
(6.5) 

Apart from DT and the ratio of the specific heats, the thermodynamic quantities in this expression 
behave smoothly near CP and therefore these values are well known from the g = 1 literature. 
Furthermore, on approaching CP the ratio of the specific heats can be neglected rapidly, while in 
the region where this ratio may not be neglected, theoretical values can be used safely as the result
ing uncertainty in the ratio contributes only little in the value of Z0 . For these reasons we consider 
DT as the single unknown thermodynamic quantity in the expression for Z0. The power density 
to the fluid, q/Sh (see section 6.2.2), is known to a satisfactory level. Relatively far away from Tc 

the transport properties concerned (A. and DT) are known, while in the approach to CP the 
increasing uncertainty in these properties is of decreasing importance to the calculation of the 
power density to the fluid. The 'optical' quantity K2 (eq. (4.25)) we consider to be known (see 
chapter 5). Since tm depends only on Z0 and Dr, we allow a fit of eq. (4.26) to the development 
of the shadow front to be reduced to one parameter, i.e. DT. The one parameter fit (O.P.F.) was 
used in those cases where the PA was applicable. This fit was provided by a data analysing program 
called Igor Pro by WaveMetrics, Inc.. In those cases where the PA was not applicable we used 
numerical inversion (N.I.) to determine DT. 

6.4.2 Results and discussion 

Of the 66 heating runs carried out in the space shuttle finally only 28 were found to be within use
ful dynamic range (see section 6.1.3) for analysis. Only at temperatures closer to Tr than 200 mK 
the PA was applicable, in which case the O.P.F. could be used. The results of the thermal diffusiv-
ity measurements along the critical isochore are summarized in table 6.2. This table consists of the 
applied determination method, the temperature difference with Tr at which the measurements are 
performed, the current that was utilized to accomplish the heating and the resulting DT including 
its accuracy. The accuracies resulting from the O.P.F. are standard deviations which are produced 
by the fitting program. The accuracies resulting from the N.I. are estimated with an "eyeball" fit
ting procedure. Our data can be approximated adequately in terms of a power law relation by the 
formula 

_o 0.868 ± 0.006 2 

DT= (1.77±0.03)- 10 (T-Tc) m7s 

over the full measured temperature range, 

able 6.2 Measured thermal diffusivities. 

(6.6) 

method T- Tr (mK) current (mA) DT (KT10 m 2 s ' ) 

1 N.I. 2468 6 38±3 

2 N.I. 2468 6 40+5 

3 N.I. 2468 6 42±3 

4 N.I. 2468 6 41±4 

5 N.I. 2468 4 39±4 

6 N.I. 2000 3 31±3 

7 N.I. 1500 6 25±4 

8 N.I. 1500 6 26±4 
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Table Measured thermal diffusivities. 

nr. method T- Tc (mK) current (niA) D r (KT10 m2 s 4 ) 

9 N.I. 1500 3 27±3 

10 N.I. 1025 3 17±1 

11 N.I. 800 6 15±2 

12 N.I. 800 6 13±2 

13 N.I. 800 6 14±2 

14 N.I. 450 3 9±1 

15 N.I. 325 1.5 6.6±0.2 

16 O.P.F 150 3 3.32±0.10 

17 O.P.F 106 3 2.27±0.08 

18 O.I'.F 100 6 2.43*0.08 

19 O.P.F 100 4 2.62+0.08 

20 O.P.F 50 6 1.25±0.04 

21 O.P.F 50 2 1.24±0.05 

22 O.P.F 50 2 1.28±0.07 

23 O.P.F 45 1 1.13±0.08 

24 O.P.F 30 4 0.87±0.02 

25 O.P.F. 30 3 1.01±0.07 

26 O.P.F 10 5 0.35±0.03 

27 O.P.F 5 7 0.18+0.01 

28 O.P.F 5 3.5 0.17+0.01 

Generally, the shadow front developments are fit well by the expected behaviour, either in the 
PA (eq.(4.26)) or as calculated numerically. Examples close to Tr, where the PA is valid, are shown 
in fig. 6.14 together with the one parameter fits. Since the sizes of the shadows at low currents usu
ally are smaller, the accuracies are less accordingly. In fig. 6.15, examples are shown from heating 
runs for which the PA is not applicable. Also shown in this figure are numerical predictions to 
which the shadow front development is compared. In some of these occasions the behaviour was 
not very sensitive to Dr, leading to lower accuracies correspondingly. 

Figure 6.14 The shadow front close to Tc 
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Figure The shadow f ron t far f rom Tr 
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In fig. 6.16, our O^-values are displayed versus T- Tr. This figure also includes earth-based 
results by Feke et al. [85] and Jany and Straub [36], which both deduced their values of DT from 
light scattering. In this figure, the results by Feke et al. [85] are represented by a fit through their 
data and the results by Jany and Straub [36] are represented by a power law description as given in 
their paper. These two sets of data are in mutual agreement. In the temperature range where our 
data and the light scattering data overlaps, our data agrees fairly well with both abovementioned 
results. Considering the full temperature range our data give rise to a slightly larger slope in the 
lower panel of fig.6.16 than those of Jany and Straub [36]. The earth-based results by Letaief et al. 
[86] are consistent with our data down to 7"r + 100 mK, but closer to Tr their data exceeds signifi
cantly all data considered above. Less recent, earth-based measurements of DT along the critical 
isochore have been reported by Saxman and Benedek [87] and by Braun et al. [88], both results of 
which are significantly lower than all data considered above. 

In a microgravity environment, the only other measurements of Dr that have been reported are 
those by Wilkinson et al. [89], the experiment of which was performed also with the CPF on the 
same Space Shuttle mission as this work. They deduced Devalues from density changes associated 
with the late stage of thermal equilibration. Their values of DT including error bars are displayed 
also in fig. 6.16. In the temperature range where both sets of data overlap, the measurements are in 
mutual agreement with the exception of the two values closest to CP at 7*c+5 mK, at which our 
results are lower. Although this discrepancy is found only in these two values directly, it is also sug
gested by the temperature behaviour of DT that is implied by the full range of the measurements 
(eq.(6.6)). We have not yet discovered a convincing explanation for this discrepancy. A possible 
cause of it may come from a wrongly assumed value of Tc, the effect of which is greater closer to 
T . Whereas in the earth's gravity field the precise location of Te by observation of phase separa
tion may introduce a systematic error, we believe that, as concluded from fig. 6.1 in section 6.1.2, 
we were able to determine Tr well within 1 mK. However, it is noted that Wilkinson et al. [89], 
using the same procedure to locate Tr, found that the ^reproducibility of Tr was greater, close to 
2 mK. Still, an error corresponding to this accuracy cannot explain the discrepancy. We are 
inclined to argue that the inconsistency is due to the nature of the methods. We have deduced DT-
values from an early, rapid and local response of the fluid to a relatively large temperature distur
bance, in contrast to the late, slow stage of thermal equilibration in which the.temperature itself is 
seemingly in equilibrium revealing only its behaviour through the subsequent evolution of the 
density distribution. 
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Thermal diffusivity 

Figure The thermal diffusivity versus temperature difference to Tc In the middle 
the temperature ranges studied by the various authors are indicated. 
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6.4.3 Conclusions 

Measurements of DT of SF6 in a range of 5 mK < T- Tc < 2.5 K are performed in a microgravity 
environment, closer to CP than heretofore reached in earth based experiments. The measured val
ues of DT are in fairly good agreement with published earth-based light scattering measurements. 
A discrepancy is found for values closer to Tc than 10 mK with the only other measurements pub
lished this close to CP. A convincing explanation for this discrepancy has not yet been found. A 
possible cause lies in the difference in the process which is observed by the two methods; we have 
deduced Devalues from the early, rapid and local response to a thermal disturbance whereas in 
the other microgravity experiment values were inferred from slow and non-local behaviour in the 
late stage of thermal equilibration. 

83 



6 - Heat transfer - Experimental results 

6.5 Isochoric Specific Heat 

As mentioned in section 2.2.2 the Piston Effect is closely connected with the value of the isochoric 
specific heat r„, which diverges weakly at the approach to CP (see eq. (2.10)). The isochoric spe
cific heat plays an important role in the development of practical equations of state [81] and in the 
formulation of the behaviour of the thermal conductivity equation [90,91]. The experimental deter
mination of this quantity in the critical region, however, has proven to be very difficult. Various 
methods have been employed for its measurement [92-98), all based on the determination of the 
change in temperature, following a calibrated heat input. The most cumbersome complication is 
that generally the heat capacity of the high pressure container is substantially greater than that of 
the sample; combined with gravity-driven convection this leads to spurious heat losses, which 
makes it difficult to ensure enough accuracy for the heat input figure. 

Since the availability of a microgravity environment has enabled the quantitative measurement 
of the PE -as elaborated in this thesis- an entirely new method is proposed here [100]. This method 
is based on the fact that the PE essentially transfers work into heat by isentropic compression in 
the bulk of the sample. Therefore, simultaneous measurement of the bulk temperarure and density 
changes enables the determination of the isentropic thermal expansion coefficient (a , , defined in 
eq. (2.3)), which is directly related to cv (see eq. (2.8)). The work, in this experiment, is generated 
by local heat input into the sample. The amount of heat, actually flowing into the sample fluid is 
less important; it only has to be sufficient to generate density and temperature changes that can be 
measured conveniently. This novel, intrinsically accurate method is applicable to all compressible 
fluids. It is especially in the critical region of definite advantage because of the fluid's anomalous 
behaviour, which severely complicates interpretation of measurements in the earth's gravity field 
(see section 2.4). 

The importance of a well established microgravity environment in the application of the above-
mentioned method has been evidenced in this work. Already small disturbances in the gravity level 
(gravity jitter) show a clear break down of the isentropic correspondence between temperature and 
density changes in the bulk. 

Unfortunately, the possibilities of this method were recognized only during the stage of data 
analysis, after the mission was completed. As a consequence the data for c„ presented in this thesis 
were extracted from measurements done for a different putpose. Although this allows to establish 
the potential of this method, the actual accuracy of the measurements is far less than can be 
achieved in a dedicated experiment. 

6.5 .1 M e t h o d o f analysis 

In order to determine cv from the experiment data we rewrite eq. (2.3) and (2.8) as 

<•„ = - ( p o O - ^ f ^ l ' <6-7> 

-PC, = M l (6.8) 
Tt(t) 
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The determination of a, therefore requires simultaneous measurement of the bulk temperature 
change, Tt(t), and the bulk density change, ph(t). 

In principle, the bulk temperature is registered at a rate of 1 Hz by the thermistor located in the 
fluid. When the bulk of the fluid starts heating up, the thermistor will be part of the 'cold walls', 
discussed in section 2.3. As a consequence, the thermistor reading will lag behind the temperature 
it is monitoring. This thermal lag is established easily by analysing the data. Close to CP, this 
might raise some concern; therefore, this matter is discussed in detail in appendix D. 

As explained in section 2.3 the direct determination of Pt(t) is not possible, due to boundary 
effects. The intetferogram actually records a density change (p(t)), averaged over the lightpath, 
and eq. (6.8) should (see eq.(2.62) & (2.65)) be replaced by 

-pa, 
<P(')) ( I + %Jt) (6.9) 

with 

(1 +0, )M 
(6.10) 

By a fit of Af/1 to the Tb(t) -profile from the actual experiment, the value of / = /(u) can be found 
(see fig. 2.5). 

The fact that the fluid's container is finite constitutes a point of attention, regarding interpreta
tion of the experimental data. Eventually, at some time t = td, one of the developing boundary 
layers will reach the position of measurement of either Tt(t) or (p(/)>. By restricting the analysis 
to data for which t < td, this problem can be avoided. An estimate of td can be made on the basis of 
eq.(2.39) which describes the effective diffusion layer thickness. This estimate was confirmed by 
analysing the data. 

According to eq.(6.9), a plot of <p(r)) versus Tk(t) during heating generally will show the behav
iour as indicated by the solid curve in fig.6.17. The dashed straight line in this figure is the asymp
totic behaviour towards the origin, i.e. for small times, the slope of which is determined by - p a 
A fit of eq.(6.9) to <p(0> versus Tb(t) may yield the values of both - p a , and E. When £ is 
known, (p(r)> can be plotted versus Tt(t)( 1 + T,Jt) yielding a straight line equal to the asymptotic 
behaviour. Since we presume knowledge of £ to within reasonable accuracy, we applied a linear fit 
to the latter plot. 

Figure A sketch of the density change versus the simultaneously measured 
temperature change dur ing local heat ing. 

Tb(t) 
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6.5.2 Results and discussion 

From the body of available experimental data altogether 15 useful runs were obtained. For these 
runs, data for determination of cv were obtained from the response of the sample to changes in 
7*sel. Clearly, it would have been preferable to use the gold layer heater to generate the PE required 
for cr measurement. However, for the measurement of DT, the PE has to be kept small. Therefore, 
the DT measurements cannot be used to determine cv. In selecting the useful runs, it was found 
that some were disturbed by gravity jitter or the Tb(t) -profile was too irregular to adhere to the 
theoretical model as discussed in section 2.3. The results of the measurements of - p a , along the 
critical isochore are summarized in table 6.3. This table consists of the temperature difference with 
Tr at which the measurement was performed, the way in which Tx[ was changed (see 
section 3.1.5), referred to as thermal disturbance, and the resulting -pa , including its accuracy. 
The accuracies are standard deviations which are produced by the fitting program (Igor Pro by 
WaveMetrics, Inc.). 

Table Measured values of (-pas). 

T T t vs thermal nr. / - / (mK) ,. , r disturbance 
-pa, (kg m 3 K_1) 

1 2468 step to 1 K 18.4*0.3 

2 2468 step to 2 K 19.4±0.3 

3 2000 step to 1.5 K 19.7±0.6 

4 1500 step to 0.8 K 21.0±0.5 

5 1025 step to 325 mK 21.1±0.2 

6 660 step CO 468 mK 21.1±0.2 

7 450 tamp of 250 mK/ht 22.7±0.4 

8 325 step to 100 mK 24.3*0.4 

9 168 step to 150 mK 27.O1O.4 

10 150 tamp of -100 mK/hr 23.9±0.8 

11 125 step to 45 mK 26,2±0.2 

12 106 step to 100 mK 25.9±0.8 

13 50 ramp of -20 mrC/hr 26.2±0.2 

14 30 ramp of-40 mK/hr 29.71O.7 

15 5 ramp of 95 mK/hr 32.3*1.4 

It must be reminded here that true equilibrium of the fluid was never reached, as pointed out in 
section 6.1.1, before the fluid was thermally disturbed. The residual drift in the density in a 'quasi 
steady state' was unimportant for DT measurement, since it could be neglected in comparison to 
the relatively large density changes in boundary layers (related to a ) following local heating. 
However, for cu measurement this drift is important since to the relatively small isentropic density 
changes in the bulk it is often significant. This drift results from the late stage of equilibration and 
is completely additive to the bulk density changes due to the PE. Therefore, in order ro separate 
the two effects during the thermal disturbance, we employed a baseline correction based on an 
extrapolation of the pre-disturbance behaviour of the fluid. However, it is unclear to what extent 
this baseline correction may account for the behaviour of the boundary layers along the optical 
path. At this point an impression of rhe inaccuracies of this baseline subtraction may be obtained 
from the scatter in the results. 
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In fig. 6.18 examples are shown of simultaneous measurements of the PE-induced temperature 
and density changes during a thermal disturbance, as determined by the abovementioned proce
dure (after baseline correction). In this figure the density changes are represented by the interfer
ence order changes. It shows that the density and the temperature respond in a similar way to a 
disturbance, as is to be expected by the mechanism of the PE. Note that interference order and 
temperature are measured in different positions in the fluid, but outside the boundary layers. Most 
prominently the similar response is displayed for runs 5 and 8 in which fluctuations in the heating 
power give rise to the wavelike modulation in both the temperature and the density measure
ments. As expected, all displayed runs in this figure exhibit a thermal lag. Interestingly, for run 15, 
the increase in density seems to fall behind the increase in temperature after some 200 seconds of 
heating. This can be explained by a noticeable decrease in -pa , as, for this run, the temperature 
difference to Tr is increased relatively large. A fit of Af/1 to the Tt{t) -profiles, in order to deter
mine / (u ) , yielded values of u between 1 and 2. The subsequent determination of E(T) through 
eq.(6.10) was done with the aid of the equation of state (EOS) developed by Wyczalkowska, Das 
and Sengers [81]. We notice that at this point, considering that £ ( T ) appears just in a correction 
term, it is sufficient to turn to an EOS instead of trying to incorporate extrapolations of (scarcely 
available) experimental data. 

Figure Measurements of bulk temperature and density changes. 
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In fig.6.19, a typical example is given of <p(/)), converted from the measured order changes 
according to eq.(5.5), displayed versus Tt(t)(l + T,Jt). Ideally, in agreement with eq.(6.9), this 
should result in a straight line through the origin. However, in practise, both for small values as for 
large values a deviation from this line to lower values is seen (although barely visible in this plot). 
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The small values correspond to small times at which a simple time shift (thermal lag correction) to 
the temperature data (as mentioned in the previous section) does not provide an accurate correc
tion to the effect of the response time of the thermistor, tr. The deviation at large values, corre

sponding to large times, is expected when after a time of the developing boundary layers 
will reach a position at which either Ti,(t) or (p(t)) is observed. In that case, the temperature 
measurement will be higher or the density measurement will be lower. Therefore, the linear fit 
through this plot is restricted to times t for which 3tr< t< td. Both time limits are indicated in 
fig. 6.19 by dashed squares. 

Figure A plot of <pM> versus Tb(t)C\+T>/t). 
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The values of -pa , are converted on the basis of eq.(6.7) to values of cy. In this conversion, Tc 

(necessary since we know only T- Te) and (dp/dT)p are taken from the scaled crossover EOS by 
Wyczalkowska, Das and Sengers [81]. The uncertainty in these values is much smaller than the 
experimental accuracy in the determination o f - p a , . For p we use our own measured value pc (see 
chapter 5). In fig. 6.20 the measured values of cv are displayed together with earth-based results by 
Straub and Nitsche [97], which are represented by a power law relation, and the values given by the 
EOS. It shows that our results are in good agreement with the EOS but are smaller than the exper
imental values by Straub and Nitsche [97]. More recent, microgravity measurements by Straub, 
Haupt and Eicher [98] reveal values for c„ in line with the EOS and, therefore, also in agreement 
with our results. The evaluation of these measurements by Haupt and Straub [99] in a region close 
to Tr has resulted in a power law relation which is displayed also in fig. 6.20. It shows that in this 
region more measurements by the present method are necessary in order to compare effectively the 
results by the two methods. 
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Figure 6.20 A double logari thmic plot of cv versus T-Tc. 
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In accordance to the expected asymptotic behaviour (see section 2.1.2), in the measured temper
ature range, c„ can be represented in terms of a simple power law (see eq.(2.10)) with added to it a 
temperature independent background term, as suggested by the renormalization-group method 
[15,43,44]. Using the universal value for a (=0.11), a fit to the present data results in 

326(+25)T +234(±58), (6.11) 

where R is the gas constant. Unfortunately, the presently obtained accuracy does not permit an 
accurate fit through our data that could decide onto the value of the exponent a . The limited 
accuracy must be attributed to the fact that both the SCU and the experimental scenario were not 
optimized for this particular investigation, as mentioned in the introduction of this section (6.5). 
Still, simultaneous measurement of temperature and density changes to obtain - p a appears to be 
a particularly convenient way for probing the theory near CP. Clearly, in a possible follow up of 
this part of the investigation, a great improvement in experimental accuracy may be obtained. The 
temperature measurement may be improved by using smaller sensors as, generally, this will reduce 
both the temperature lag and the response time. The accuracy in the density measurement would 
gain enormously by an improvement in approximate equilibrium before the thermal disturbance is 
applied. Apart from possible improvements in thermal stability of the T H U and SCU, this may be 
accomplished by longet waiting periods, a smaller volume of the sample and limiting the number 
of (heat producing) sensors and high thermal impedance elements within the fluid. More accurate 
knowledge of the influence of the boundary layers in the optical path may be obtained by choosing 
carefully the heating profile. Finally, rhis influence may be reduced by a greater distance between 
the window and mirror, for which materials should be used with the highest possible thermal 
impedance. 

Interestingly, simultaneous measurements of the bulk temperature and density changes show 
that already small disturbances in the gravity level (gravity jitter) break down the constant, isentro-
pic correspondence between the bulk temperature and density. In fig. 6.21, the time-derivative of 
the temperature and the density are displayed versus time upon a change in 7"sc, from 7̂  + 125 mK 

t o Tr+ 45 mK, together with the corresponding gravity level detected by one of the SAMS gravity 
sensors inside the space shuttle (the one next to CPF) [101], Note that the time scales of the two 
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graphs differ by a factor 100! Exactly at the moment a small disturbance in the gravity level (-10"4 

g) was detected, a reaction was observed of only the density and not the temperature. A compari
son between all disturbances of this kind observed by the gravity-level monitor of the space shuttle 
[101] and the fluid's reaction showed each time the same effect. A possible cause could simply be a 
disturbance in the measurement geometry, but a decisive explanation of this phenomenon we 
haven't been able to come up with and new measurements are needed to clarify this issue. Still, we 
conclude that in the interpretation of PE-data deduced from microgravity experiments, special 
attention should be paid to gravity jitter. 

Figure Illustration of the isentropic character of the 7"-p response and its break 
down due to gravity jitter. The dashed vertical line indicates the start of 
the gravity jitter. The actual size of the disturbance in the gravity level is 
displayed in the upper part. 
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In the earth's gravitational field, applying known methods, the density stratification in the criti
cal region due to the hydrostatic pressure profile distorts the measurement of cv to an extent that, 
for SF6, reliable data much closer to Tc than 50 mK is not to be expected. For a proper assessment 
of the asymptotic behaviour of c„, for measurements it is unavoidable to turn to a microgravity 
environment. With the introduction of the present method, two methods have been utilized to 
measure cv in a microgravity environment. The scanning radiation calorimeter with which Straub 
et al. [98] measured, provided excellent results in agreement with an existing EOS [81]. To confide 
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in this method, the inhomogeneities inevitably introduced by this method were measured and cal
culated to be relatively small and their influence on the measurement of c, was calculated to be 
within 1%. However, although the temperature distribution is measured in this method, no direct 
measurement of the density distribution is possible. Investigations into critical anomalies show 
that results are influenced strongly by remaining inhomogeneities in the density and the possibility 
cannot be excluded that these inhomogeneities are present. In addition, this method hinges on the 
accuracy with which quantities like the thermal impedance, the heat input, the heat capacity of the 
container and the mass of the sample can be determined. The present method on the other hand 
enables the direct observation of both the temperature and the density profile, and in principle 
depends only on the accuracy with which the relation between the density and the refractive index 
is known. Furthermore, the present method allows other types of measurements near CP ro be 
performed on the same sample, which is often not unwelcome in a costly and time-limited space 
experiment. In view of the abovementioned reasons, isentropic thermalization in micrograviry 
provides a necessary, complementary method to accurately determine cv in the critical region of 
pure fluids. 

6 . 5 . 3 C o n c l u s i o n s 

A new method to determine the isochoric specific heat in a micrograviry environment is devel
oped, based on the occurrence of the PE. Values of cv are obtained in a range of 5 mK < T- Tr < 
2.5 K. The measured values of cv are in good agreement with both an existing scaled crossover 
EOS and results from a micrograviry experiment, but differ from earth-based measurements. The 
accuracy was limited because the experiment was not optimized to perform these measurements. 
Apart from the improvements, based upon theoretical and experimental information in this thesis, 
that can be employed in future experiments of this kind, it is noted that special attention should be 
paid to gravity jitter. 

Given the difficulty in measuring cv in the critical region, isentropic thermalization in micro-
gravity provides a necessary, complementary method to accurately determine cv in the critical 
region of pure fluids. Moreover, we have shown that simultaneous measurements of temperature 
and density - in micrograviry - offer an excellent tool for assessing the quality of existing equations 
of state in the near critical region. 
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Temperature profile in 
boundary layers 

This appendix is devoted to the calculation of the local temperature of the fluid and its surround
ing walls when this system is heated by a constant power source. The heat is generated on the sur
face of one of the walls and propagates perpendicular to this surface into the fluid and into the 
heater substrate; i.e. a plane thermal disturbance. The temperature profile is calculated near the 
heater and near boundaries where heat flows out, both in the fluid and in the walls. The surfaces 
are considered to be flat thereby allowing the calculations to be restricted to one-dimension per
pendicular to these surfaces. It is assumed that, initially, the fluid's temperature is uniform and 
equal to that of its surrounding walls. The various temperatures are defined as deviations from the 
uniform initial temperature. The various thermodynamic coefficients are assumed not to vary dur
ing heating. 

As a first step it is realized that the term in the heat transfer equation (2.21) containing the pres
sure represents just the contribution of the PE and that this term is not space dependent. There
fore it may be replaced by the time derivative of the uniform bulk temperature Th(t). In this way, 
the equations including boundary conditions to be solved tor the fluid are: 

rfr,(A-,,r) _ dT,,(t) = DjPTJ(xj1t) 

dt lit dx2 

Tl(xl.O)= 0 u > 0 

rf7-,(0,/)= q, ,(t) 

dx X 
Tf(x„t)= Th(t) ;A--»OO, f>0 

t>0 (A.1) 

where X is the thermal conductivity, DT the thermal diffusivity and at each wall segment i defined 
seperately, the space-coordinate xt and the heat flux per unit surface to the fluid </,,(/). 

For the N different wall segments, we have the usual Fourier equation including boundary con

ditions lor each segment i : 

93 



A - T e m p e r a t u r e prof i le in boundary layers 

dT,(x, t) d2T,(x, t) 
T,(x, 0)= 0 ,x > 0 

dTjiO, t)_ qtU) 
dx ~ T7 ; ( > 0 (A.2) 

,t>0 

where T,(x. 0 represents the temperature, q:(t) the heat flux per unit surface, Xt the thermal con
ductivity and D, the thermal diffusivity of the / th wall segment. The boundary conditions that 
link the two temperature profiles at each segment ; are: 

Tf(x~ 0 ,0 = T,(0, 0 ;f>0 (A.3) 

?/.,(0 + <7,(0 = ô , ( 0 . (A.4) 

vhere Q,(f) is the amount of heat produced on the surface of the / th wall per unit surface. 

In order to solve this set of equations, we introduce the Laplace transforms 

Tf(Xj,s), Tj{x,s) , Th(s), qjj(s), q^s) and Q,(s), where 

f (A-, S) = f F (x, t)e-> dt. 

Now, for each wall segment i eqs. (A. 1) and (A.2) may be converted into 

Tj - gf,inrs-"^xp[rxi^-\ + Th 

and 

(A.5) 

(A.6) 

7", = q-.-r—-H/2exp 

After some algebra, boundary conditions (A.3) and (A.4) result in: 

q~7.i = QF,-Tlrs
,l2~=F,, 

(A.7) 

(A.8) 

X, DT 
1 + 7 - 1 — (A.9) 

On approaching the critical point, where X diverges and DT vanishes, /•"• tends to 1. 

First, we proceed with the calculation of the temperature profile at the 'cold walls'. In these walls 
no heat is produced, so 2 ( 0 = 0 and the first term on the r.h.s of eq. (A.8) disappears. Then, sub
stituting eq. (A.8) into eq. (A.6) leads for the ; th segment to: 

94 



Tj = r^l-(l-F,.)exp(-*,.J^jj. (A.10) 

and 

T, = ThF,^V\-x\-y (A.11) 

Equations (A. 10) and (A. 11) both show that the temperature at the i th wall (Tf(Xj = 0, t) or 
r,(x = 0, 0 ) is proportional to the temperature of the bulk (Th(t) ), independent of the actual time-
profile of Th(t) and it follows that the ratio between the two is constant in time: 

T, (0,0 
LL-L-L = F . (A.12) 
Th(t) 

The actual profile near these walls may only be found when the exact behaviour of the bulk tem
perature is known. In paragraph 2.2.2, the temperature increase of the bulk of the fluid is calcu
lated for a constant heat flux and is given by eq. (2.34). In Laplace space this is: 

r„ = ̂ [ H « - * - ' ( j ' « + - y _ i ] , (A.13) 

where Ä'is a constant proportional to the heat flux. 

Substituting eq. (A.13) into (A. 10) and (A. 11) and transforming to normal space leads to the 

desired temperature profiles [56]: 

r,(.v,, f) = Th(t) - ( 1 - Fj)KtcG(x,*, (*) (A.14) 

and 

Tj(x,t) = F,KtcG(x*,t*), (A.15) 

withx,*sA,/(2A /zV t) , x* = x/(2jD^tc), t* = t/tc and 

G(p.q) = 2jqier{c(-^y erfcf-^1 + exp(2p + q) erfcf-2, + Jq\. (A.16) 

Here, ierfc is the integrated complimentary error function erfc: 

ierfc(.v) = f erfc(jc')</y. (A.17) 

For x = 0 , it follows that Kt,G(0, r*) = Th(t). 

Substituting eq. (A.13) into (A.8) with Q(t) = 0 and transforming to normal space gives us the 

heat flow through the i th wall [56]: 

If.iW = ~F,K J7t{\ - exp(t*)erfc(J?)} . (A.18) 

In order to calculate the temperature profile near the heater, the first term on the r.h.s. of eq. (A.8) 
must be included. With i = /i and Q(t) = QQ eqs. (A.10) and (A.l 1) are modified to 
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A - Temperature prof i le in boundary layers 

and 

DT = Th\ 1 - ( I - F,)exp( -x„ J J - J [ + g ^ ^ - M e x p ^ , ^ 

r4 = ^ e x p ( - ^ ) + e0( l - ^ , ^ V ' « e x p ( - . v j g . 

(A.19) 

(A.20) 

When there is no adiabatic temperature rise, i.e. at constant pressure, the usual relations [37) for the 
heat flow and for the temperature profile are found [56]: 

<//(') = Q0F„ (A.21) 

QaF„. Ti.i,(xipt) = —=r— 2jDTt ierfc 
2 J / V 

(A.22) 

where the subscript /; means at constant pressure. The dissipation ratio qs/q, , addressed in section 
6.2.2, is equal to F~h - I = o~/;. 

Including adiabatic temperature rise, in order to find the temperature profile in the fluid, we 
may simply add the two results of eqs. (A. 14) and (A.22): 

T,(Xj, /) = T,,(t) + -±^2jDÇtierfc\^= | - ( 1 - F h)KttG(x;\ t*). 

The same holds for the heat flow and, consequently, 

(A.23) 

</,(') = QoFi,--F^Fl:Kjil[\-cxp(r*)cric(J?)]. 
JF) i, 

The temperature profile in the heater adds up to 

(A.24) 

T„(x, t) = FhKti.G(x*, t*) + QoiF'' ' V / p T r ierfc (A.25) 
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The PE near the heater 

This appendix is devoted to the calculation of the relative contribution of the PE to the tempera
ture field near the heater for the geometry of our set up. We set out to determine the significance 
of the shaded area in fig. 2.3. The ratio between this shaded area and the temperature field in the 
isobaric case is offered by eq. (2.42). We start off with the term that is given by the r.h.s. of 
eq. (2.42): 

l + ah G(x ,*,/>) 

24? ierfc 

(B.1) 

where the subscript i refers to a wall segment i, the subscript h refers to the heater substrate 
(i = h), a, denotes the inverse thermal impedance ratio between fluid and the ith wall material, 5, 
denotes the surface area of the ith wall material, G is the function given by eq. (A. 16), xt* is the 
reduced space coordinate at the heater (eq. (2.40)) and C the reduced time coordinate 
(eq. (2.28)). The term (B.l) is a product of two ratios which are treated separately. 

The second ratio in (B.l) is a ratio between two smooth functions which may be rewritten to: 

X(xf,C)=\-

erfc -p= - exp(2jf/ + f) erfc -!j= + Je' 
If) IV? 

(B.2) 

2 J i* ierfc 
,</**, 

With y = xi*/jc and ierfc(x) = exp(-x2)/ Jn - œrtc(x) , (B.2) may be rewritten to: 
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B - The PE near the heater 

m. = î 

expQ/2 + J?)er(c(y + J?) y, 
cxp(y2)cr(c(y) 

— exp(/)erfc(j) 

In 'Handbook of mathematical functions' [102] the following inequality is presented: 

, < -^exp(x2)erfc(x) : 
7 ^ + 2 2 

( * > 0 ) . 

Utilizing this inequality, we may rewrite (B.3) to 

m = i 
f?(y+ -ft* + J(y + H*)1 + i2)(Jy2 + a, - j ) 

with 4/7t < a, < 2 and a2 -
 a\ • 

When x = 0 , T = 0 in which case a, = 4/7r and (B.5) reads: 

^.(0, /*) = 1 1 1 1 

& 

(B.3) 

(B.4) 

(B.5) 

(B.6) 

Since a, > a, this term is always smaller than 1. For t -» «•, immediately we see that this term 
asymptotically goes to 1. A minimum is found close to /* = 1 where ^ (0 , I) = 0.5 . For f—>0, 
a2 -> a, and ^.(0, f->0) -» 1 . 

When x —» °o or ( —» 0, jy —> °° in which case a, —» 2 and, consequently, a2 ~~* 2 . We see that for 
,ƒ/*«;>—>~ and a, = Ä, -> 2 (B.5) reduces to 

3Ç. = I 

( j + 7 r + 2)(772 + 2-7) r + 2 - r 
(B.7) 

Within the effective size of the boundary layer, xrn, where y< Ju/4 (see eq. (2.39)), we see in 
fig. B.l that for a given t i^ practically remains constant. 
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Figure B.1 ^ w i t h i n xe ff 
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In fig. B.2 the behaviour of %_ at x = 0 is displayed as a function of C . From fig. B.l we may con
clude that this behaviour is characteristic for the boundary layer. 

Figure B.2 ^ a t x=0. 

0.01 0.1 10 100 

Now that we have explored the second ratio in (B.l), we turn our attention to the first. We may 
consider two limiting cases. For o , » l , or far from the critical point, this ratio reduces to a ratio 
between the surface of the heater Stl and the sum of surfaces of all surrounding walls S . For 
a , « 1 , or close to the critical point, this ratio yields 

o,,S, 
(B.8) 

5>A I-
The thermal impedance and the surface of the heater substrate are readily available. As adopted in 
section 6.2.3, instead of trying to find for each wall segment the thermal impedance and the sur
face, the net effect of all walls is described by a single set of phenomenological parameters referred 
to as apparent values. Using the values given in table 6.1, for the two limiting cases, we have: 
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B - The PE near the heater 

• 8% for o , » l (B.9) 

for a , « 1. (B10) 

We may conclude that the combined value for the term described by (B.l), within the effective 
size of the boundary layer and for times t< \0tr, is always smaller than 5%, decreasing on 
approaching the critical point. Moreover, far from the critical point a/t is of order unity so that, in 
that region, (B.l) is even a factor of two smaller, i.e. 2 .5%. 

100 



Time independent 
integral 

In this appendix we show that when Th* = G(u/i), Tb(t) must be proportional to r in which case 
the integral I [eq.(2.53)] is time independent. Subsequently, / is calculated as a function ot u . 

We start with a general function f(x) defined for x > 0 . The assumption is that 

(C.1) 

(C.2) 

(C.3) 

(C.4) 

then 

When /i is a continuous function then 

h(x<*) = ( / i ( . v ) )" , (C.6) 

and in particular 
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f(y) %•) 

This implies that 

ƒ ( ! ) M f(y) 

Then 

f(xy) = g(x) • ƒ(>)= û y j • f(y) 

When 

*»-M-



C - Time independent integral 

h(ea) = (h(e)Y1-- (C.7) 

For y = ea, cc = In v and, necessarily, 

h(y) = ( / l ( f ) ) l n > = (? '" ' ' (<')) '" ' = (eln.v)ln*W _ ylnM«). (C 8 ) 

It follows that 

ƒ(*) = ƒ( I ) • h(x) = ƒ( 1 ) • *'"*<«> = /I • A-M . (C.9) 

When Th(t')-x/, Th* = (u/tf and / is easily calculated. In terms of the variable ysjl -u/t, 
for which eq.(2.53) becomes 

/ = J( l-y2)V 
0 

we find for the value u the relation 

;M = J ( 1 - / ) rfy = y( 1 - y-f\0 - j - 2 u / ( 1 - y T rfy 

Consequently 

With /0 = 1 and / 1 / 2 = -r, / t / 2 for k is a positive integer can be calculated easily. 

(C.10) 

2njy2( 1 -y2f~'dy = 2 J - J(l - y2fdy + j( 1 - y2f~X dy 
0 0 0 

2^^-i-V- (C.11) 

2u , 
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Thermistor response 

To derive the response of the thermistor to changes in the bulk temperature of the fluid, the fol
lowing situation is considered: 

T= Tn lor 

T= T0 + a[l + ^ for (D.1) 

T= T„ + at., for 

This corresponds to a constant heat input between / = -tlu,ul and ; = rl:ctll with an isentropic 
response in the bulk fluid. By taking the Fourier transform, the spectrum density 5(w) at angular 
frequency CO is obtained, which is: 

S(co) = - A s i n ù ^ ' W ^ k o ) 
TCO)2 V 2 J V 2 ) 

(D.2) 

where 5(A) is the Dirac Delta function. Fourier analysis is employed here because the solution of 
the heat flow problem in which the bulk temperature has a simple harmonic variation with time is 
known, as a standard problem in linear acoustics. Equation (D.2) shows that the Fourier spectrum 
is heavily weighted towards low frequencies (much as expected). If we assume now that the ther
mistor is a homogeneous sphere of radius R then the temperature is: 

T0 + A}0(k,i,r)exp(iwi) (D.3) 

with j 0 is the spherical Bessel function of order zero, k:lt = J-ia/D,,,, Dlh is the thermal diffusiviry 
of the thermistor material, /• is the radial coordinate and A is a constant. For i > R it is then: 

T0 + 7"|exp(/(flf) + -exp{ ((tor -k'r)} (DA) 
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D - Thermistor response 

where the first term is the initial temperature, the second is the Fourier component in the bulk, 
and the third is the thermal boundary layer at the surface of the thermistor (B is a constant). The 
prime denotes properties of the fluid. Note that the thermal boundary layer takes the form of an 
outward-going thermal wave which attenuates rapidly with increasing r because of the imaginary 
part of k'. 

The two boundary conditions which determine the constants A and B are those requiring conti
nuity of temperature on and of heat flow through the surface r = R . The result is that: 

AJo(kR) = y ^ y (D.5) 

where 

(XV kR \Ji(kR) 

' = irkTTJÏTRJMkRJ (D-6) 

Notice that, if ƒ « 1 , the surface temperature of the thermistor follows almost exactly the bulk 
temperature of the fluid at angular frequency co. Now, as T -» 7", , the ratio X/V goes to zero and, 
since D' = DT—>0 the term kR/(] +ik'R) also vanishes. Furthermore, as co -> 0, both the term 
kR/( 1 + ik'R) and the ratio of Bessel functions go to zero. 

The net result of all this calculation is that, the surface temperature of the thermistor should fol
low that of the bulk fluid more and more closely as T —» Tc. 
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Optical matters 

E. 1 The parabolic approximation 

In this section we consider the parabolic approximation (PA) for rays through the inhomogeneous 
refractive index field resulting from heating with the gold plate. 

E. 1.1 C o n d i t i o n s for the parabol ic approx imat ion 

In the PA, the assumption is that along the path of a ray the refractive index gradient (and with 
that the density gradient) does not change. In fig. 4.4 on page 47 we see the path of a ray through 
a sample of length L with a density gradient in the z-direction. In order to find the actual path of 
this ray, we turn to eq. (4.5) by which the path is determined in an inhomogeneous field: 

d~ z 
1 + \dx) ( ndz 

When along the path of a ray inside the sample (0 < x< I ) 

(E.1) 

(E.2) 

and, besides the change in the refractive index gradient, the change in the refactive index n itself is 
relatively small, so that 

C,E 

\_dn 
ndz 

\_dn 
ndz 

\_dn\ 
ndz)x = o 

(E.3) 
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E - Optical matters 

we arrive ar the well known relation for the path of a light ray in the PA [103], for a ray entering par
allel to the heater (\-r\ = 0 ) at height z0 : 

and 

dz 
dx 

\_dn\ 1 1 
ndz)xv7. 

\_dn 
nd 

(E.4) 

(E.5) 

Both conditions (E.2) and (E.3) determine the experimental circumstances for which the PA is 
valid. 

To derive the values for C, and C, for specific experimental circumstances, i.e. distance to CP 
and input power density, we consider both values in terms of the density gradient. Because the 
density gradient is most large nearer to the heater, we may write: 

C < (-—} fdp 

ndp) \dz)z = 2„ 
(E.6) 

Out of the temperature field near the heater as described by eq. (2.38) and the relation (2.57) it is 
found that 

-r^-f erfc ——= (E.7) 

out of which the density gradient at z = z0 can be found. As an example, in fig. E. 1, C, is dis
played versus the distance to Tr for a ray entering at 100 )tm from the heater, for power densities 
of 0.2 and 0.5 W/m after heating for 60 seconds. 

Figure C\ vs temperature for two different power densities. 

C, KT3 -

10 10 10 
T-Tc (mK) 

10 

We see that for all temperatures, at distances of at least 100 (lm from the heater and within 60 sec
onds, condition (E.2) is met when the power density is below 0.2 W/m . For power densities up 
to 0.5 W/m", it seems that between 5 and 100 mK from Tr one has to be careful in interpreting 
the results for distances as close as 100 |Im from the heater. 
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The parabolic approximat ion 

To find Q for specific experimental circumstances, utilizing eq. (E.7) we may write 

C7 

erfc 
2JD,t 

erfc 

In order to find the density gradient at x = I , we need to find the distance to the heater, zL, at 
which the ray leaves the cell. With eq. (E.4) we find: 

L_dn(dp 
2ndp\dzjz< 

(E.9) 

As an example, in fig. E.2, a contour plot of C2 is displayed versus the distance to Tr and versus 
the entrance distance to the heater z0 of a ray. The power density in this example is 0.5 W/m~ and 
the time after the onset of heating is 60 seconds. 

Figure A contour plot of C2. 
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10 

We see that in these experimental circumstances condition (E.3) is not always met. For rays enter
ing closer than ±200 (1m from the heater for almost the complete temperature range the PA is not 
explicitly applicable. 

In regards to the 'shadow', we look at conditions (E.2) and (E.3) for the ray that determines its 

size in the PA (entering the sample at height z = z,). For this specific ray, these conditions amount 

to: 

Lihutp 
ndpdzjz= At 

(E.10) 
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E - O p t i c a l matters 

C, = 

, zr+ Az 

- 1 

erfc 
2JDTt 

1 , (E.11) 

where Az is the distance that the ray travels inside the fluid in the z-direction. In the PA this dis
tance, Az,M, is (eq. (E.4)): 

Az,, 
\_dn\ Ü 
ndzjz, 2 

(E.12) 

In fig. E.3, both C, and C, are displayed for the rays that determine the size of the shadow in 
the PA, Zf, at 5 different temperatures in a wide range above Tc, i.e. at 1, 10, 100, 1000 and 
3000 mK from T( . The curves higher in the graph correspond to temperatures further away from 
Tr. It is seen directly that, for these rays, the first condition is satisfied but the second not quite, 
implying that the paths of these rays do not follow the PA to a desired accuracy. 

Figure C| and C2 in t ime for z^at various temperatures. 
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E. 1.2 The accuracy of the parabolic approximation 

In this section we calculate the accuracy of the PA in predicting the position in the film plane of a 
ray traveling through the inhomogeneous density field following linear heating. 

We consider the path of a ray in an inhomogeneous density field following linear heating. Since 
in such a density field the refractive index gradient will always decrease along the path of a ray (it 
bends away from the heater), the real path will be less deviated and will exit the fluid under a 
smaller angle (w.r.t. the heater) than in the case of the PA. In fig. E.4 the real path and the path in 
the PA are sketched, displaying that the real exit angle ô is smaller than the exit angle in the PA, 
ûPA. Furthermore, as shown in this figure, the virtual path inside the fluid of the real path crosses 
the middle of the sample a distance Azm further away from the heater than the entrance height of 
the ray. In the image plane of the mirror the position of the ray will be different accordingly and, 
to calculate its position in the film plane, it is the height of this virtual crossing which replaces the 
entrance height of the ray, as represented in eq. (4.16). 
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The parabolic approximation 

Figure E.4 Schematic representation of the real path of a ray through the fluid 
compared to the path in the PA. 

x=0 

HEATER 

Az„ 

•Ô 

•&P 

x=L * 

In order to determine the accuracy of the PA, we first write 

z' = zPA - Az', 

where, according to eq. (4.14) and (4.16), 

zPA(z, t) = Mz(t) + FOiLg,, PA(z, t) , 

Az(z, t) = F<XL{gllPA(z, t)-g„(z, t)] - MAzJz, t) 

and 

'\dn\ 
!»-^Z-t) = {lî)}th 

(E.13) 

(E.14) 

(E.15) 

(E.16) 

When the path of a ray is approximated by the PA, the error in the calculation of the position in 

the film plane then is determined by the ratio 

Az 
ZPA 

(E.17) 

When gjz. t) and Az,„(z, t) are approximated by eqs. (4.13) and (4.17), one finds 

1 dn d n 
Az(z, /) = <M\ -— -_ 

n'dz dz j 
6 :W 24 

(E.16 

Not surprisingly, in the parabolic approximation Az' = 0 . 

For a density field following linear heating, by applying eqs. (4.21) and (4.22) one finds after 

some algebra 

- 3 - - m>m-(m)'] (E.19) 
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E - Optical matters 

where t= t/1 and Z=Z/ZQ. We see that for both optical layouts (CCD camera and Minolta) 
Az(z, / ) > 0 , since (ML)/{Flt)<4 (for F < 0 Z 0 < 0 ) . The ratio of (E.17) then is: 

1 

Az1 

* PA 

24 / . 
exp F9i {Fit, 

•e r fc -

(E.20) 

In fig.E.5 a contour plot of Az'/z'PA is displayed versus the reduced values z and t. From this plot 
we can conclude that, much as expected, the PA is more accurate further away from the heater 
(z = 0). This plot also shows that for a ray entering at a specific height z0, the accuracy of the PA 
depends on the time, with a maximum at a time dependent on z0 . 

Figure E.5 A contour plot of Az'/z'PA versus z and t. 
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7\s a last step, we need to look at the rays zit) that determine the size of the shadow in time. 
When we apply eq. (4.24) in eq. (E.20) we find: 

Azy 

*7 

l ML I (MLY 
I Flt~ 2<V\FltJ 

1 + 2 . -

(E.21) 

-In A/Z 

pr f r l . / - I n . / f l 

In fig. E.6 the value of Az'/z'r is displayed versus the reduced time f for SFg and the CPF optical 
layout of the C C D camera. When we compare AzVzV to the experimental accuracy in the deter
mination of the shadow, which is in most cases of the order of percentages, fig. E.6 shows that for 
t< t /100 and for t> \0tm the effect of the departure from the PA to the size of the shadow is neg
ligible in comparison to the size calculated in the PA. 
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CPF Optical details 

Figure The effect of the departure f rom the PA to zAn t ime 
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In terms of realistic heating times, power density and distance to Tr, looking at fig. E.6 and 
fig. 4.8, the result above suggests that for temperatures closer than about 100 mK from Tc the PA 
can be used safely in the determination of the size of the shadow. Up to 1 K from Tc the correct
ness of the PA heavily depends on the power density, where for even higher temperatures the 
shadow evaluation cannot be performed on the basis of the PA alone. Numerical simulations of 
the light paths through the fluid for a two-dimensional density field (including wall effects as 
described in section 4.2.3) support these conclusions. 

E.2 CPF Optical details 

Optical layout for the CPF. 

<M. / ' (mm) 9i 

CCD 1.404 60.87 1.341 

Minolta 3.00 -263.38 0.69 
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E - O p t i c a l matters 

CPF Optical diagnostic methods. 

C P F 
optical 
d iagnost ics Visual isa t ion A t t e n u a t i o n 

Interferometry 
( T w y m a n - G r e e n ) SALS W A L S 

Light source LED light He-Ne Laser He-Ne Laser He-Ne Laser He-Ne Laser 

1 m W 0.6 rnW. 1 mW 1 m W 

0.6mm diam. 0.6 mm diam. 0.6 mm diam. 

Field of view 12 mm diam. 0.63 mm diam. 12 mm diam. - -
(at object) 

Detection 

Detector C C D camera 20 first pixels of C C D camera Linear C C D Photomultiplier 

Photocamera SALS C C D Photocamera (Peltier-cooled, 

512 pixels) 

(1 angle at a time) 

Angles 0°-30° -22, -30, -38, 66, 

74, 82, 90°, 

laser input réf., 

dark signai 

Sensitivity 10~3-10'7W/pix. 10-6-10-10W/pix. 10'8-10-12 w 

Intensity 6 bits/pixel 16 bits linear 6 bits/pixel 8 bits 12 bits 

resolution (CCD digital (=0.2%) (CCD digital (logarithmic) (logarithmic) 

downlink) downlink) (=5.5%) (=0.35%) 

Acquisition 30 f'ps 1 Hz or averaged 30 fps 1 Hz or averaged Avetage over 

300 ms per angle, 

7 cvcles/min 

Downlink 3 0 f p s & 1/6 Hz 1 Hz 3 0 f p s & 1 6 H z 1 Hz 7 cycles/min 

rate 

Resolution 40 (im (CCD) - Fringe density: 0.25° 2° 

(at object 20 Urn (photoc.) 25 mm' (photoc.) 

10 mm' 1 (CCD) 

Note: the SALS date are averaged over sets of four pixels before downlink 
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LISTS 

F. 1 Nomenclature 

In the following subsections the symbols used in this thesis are given, with their dimensions if 
applicable, followed by a short description. 

F.l . l Symbols 

A - critical power-law amplitude for the isochoric specific heat 

Ä K-W apparent amplitude (see section 2.2.2) 

B - critical power-law amplitude for the asymptotic shape of the coexistence 

curve 

cx J-mol' -rC~ specific heat at constant x 

d - dimensionality of the system 

D - critical power-law amplitude for the variation of the pressure with density 

along the critical isotherm 

D( m diameter of a cylinder (see section 5.3) 

Dm m diameter of the circular marker (see section 5.3) 

DT m -s' thermal diffusivity 

'L s system dependent constant (see section 2.3.2) 

F m distance between image plane and film plane (see section 4.3-1) 

g m s ' acceleration of gravity 

gtl m' average gradient (see section 4.3.1) 

(J s system dependent constant (see section 2.3.1) 

h m height 

/ - normalized temperature integral (see section 2.3) 

j W-m" heat flux 

k - interference order 
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F - Lists 

K v m -N" compressibility at constant y 

K, mol-m' fluid dependent parameter (see section 4.3.2) 

K2 mol-m" optics dependent parameter (see section 4.3.2) 

L m path length of light in the sample 

M kg-mol' molar mass 

M' - linear magnification (see section 4.3.1) 

M - linear magnification in the film plane (see section 4.3.1) 

n - refractive index 

!A£ - angular magnification (see section 4.3.1) 

p N-m~ pressure 

P W power 

P - reduced meniscus position (see section 5.3) 

Pm - reduced meniscus position (see section 5.3) 

Cf W generated heat 

q j W heat flow into the fluid (see section 2.2.2) 

<?/ W heat losses to the cell walls (see section 2.2.2) 

Q J amount of heat 

Q irr -kg' Lorentz-Lorenz constant (see section 5.1) 

Q{) - system dependent constant in the power-law description for the viscosity 

P(l - Rayleigh number 

^D universal amplitude (see section 2.1.3) 

S J-mol" -K" entropy 

S m surface area 

t s time 
t( s characteristic time for isentropic equilibration (see section 2.2.2) 
tm s time after which the behaviour of the 'shadow' changes from type II into 

type I (see section 4.3.2) 

T K temperature 

Tset K set temperature of the thermostat (see section 3.1.2) 

v m 'mol molar volume 

* in' fixed volume 
x m spatial coordinate (in interferometry along the optical axis) 

y m spatial coordinate (in interferometry perpendicular to the optical axis and 
parallel to the surface of the heater) 

z m spatial coordinate along the direction of gravity (in interferometry per
pendicular to the optical axis and to the surface of the heater) 

^o m maximum size of the 'shadow' (see section 4.3.2) 

x reduced value of A" 

x Laplace transformed value of X 

x difference from the initial value of x 

x reduced value of x 

\x) average value of X 
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Nomenclature 

F. 1.2 Greek symbols 

CC - critical power-law exponent 

a . K thermal expansion coefficient at constant z 

ß - critical power-law exponent 

y - critical power-law exponent 

r - critical power-law amplitude for the isothermal compressibility 

Ö - critical power-law exponent 

Aj- - reduced temperature lag (see section 2.3.1) 

Ap - reduced excess density (see section 2.3.2) 

Ç - critical power-law exponent 

T\ N- s -m ' viscosity 

r3 rad angle be tween light ray and heater surface (see section 4.2.2) 

X W- i r f K" thermal conductivity 

A m laser light wavelength 

\A - parameter (see section 2.3.1 ) 

V - critical power-law exponent 

£, m correlation length 

cj0 m critical power-law amplitude for the correlation length 

p molm"' density 

pCM molm" average of p, and p(, - rule of Cailletet-Mathias (see section 5.3) 

Pl mol-m" liquid density 

p,. mol-m'' vapour density 

G - thermal impedance ratio of a wall and the fluid (see section 2.2.2) 

T - reduced temperature difference 

(J) - reduced density difference 

\|/ - reduced pressure difference 

F.1.3 Indices 

a apparent value (see section 6.2.3) 

b in the bulk of the fluid 

c critical value 

eff effective value 

f of the fluid 

h of the heater 

i of the rth wall 

P at constant pressure 

5 at constant entropy 

tot the sum of all values 

T at constant temperature 

V at constant volume 

w of the wall 
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F - Lists 

F.2 List of acronyms 

AE Adiabatic Effect 

BPE Bottom Peltier Element 

BPL Base Plate 

CP Critical Point 

CPF Critical Point Facility 

CRESCENDO Center tor Remote SCience ENhancement by DUC Operations 

CSS Current Source System 

DHS Data Handling System 

DUC Dutch Utilization Center 

EDE Experiment Dedicated Equipment 

EGSE Electrical Ground Support Equipment 

EOS Equation of State 

EPT Experiment Parameter Table 

ESA European Space Agency 

HEX Heat Exchanger 

IF Interferometry 

IFU Interferometer Unit 

IML-2 International Microgravity Laboratory #2 

LDC Linear Diode Camera 

LED Light Emitting Diode 

NASA National Aeronautics & Space Administration 

NLR Nationaal Lucht- en Ruimtevaartlaboratorium 

(National Aerospace Laboratory) 

OIO Optical Input and Output system 

OTS Outer Thermal Shield 

PA Parabolic Approximation 

PCB Printed Circuit Board 

PE Piston Effect 

PMT Photo Multiplier Tube 

PWM Pulse Width Modulated 

SALS Small Angle Light Scattering 

SAMS Space Acceleration Measurement System 

SC Sample Cell 

SCU Sample Cell Unit 

SCUm Sample Cell Unit monitoring thermistor 

SCUr Sample Cell Unit regulating thermistor 

TCS Thermal Control System 

THU Thermostat Unit 

T N O Nederlandse Organisatie voor Toegepast Natuurwetenschappelijk Onderzoek 

T N O TPD T N O Technisch Physische Dienst 

TPE Top Peltier Element 

TPL Top Plate 

VSS Voltage Source System 
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Summary 

This thesis deals with the transfer of heat in pure fluids in the neighbourhood of the liquid-vapour 
critical point in the absence of gravity. In particular, an experiment is described which took place 
in the low gravity environment of a spaceshuttle in orbit. 

The study of critical phenomena in fluids is troubled seriously by the dynamics of pure fluids 
near their liquid-vapour critical point. In the earth's gravitational field the divergence of several 
quantities leads to a strong stratification of the density and the advanced appearance of convective 
motion. Together with the phenomenon of critical opalescence, the precise measurement of ther
mal quantities close to the critical point becomes unusually difficult and good agreement between 
critical constants measured in different ways is hard to achieve. Consequently, the study is facili
tated substantially by turning to a low gravity environment. In the described space experiment a 
measuring technique is used, similar to that introduced by Becker and Grigull, in which the prop
agation of a plane thermal disturbance into an otherwise homogeneous sample is observed by 
interferometry and by temperature measurements. SFg was chosen as the fluid under investigation 
mainly because of its convenient critical values for the pressure and the temperature. 

As Onuki already pointed out, on the thermal response of a critical fluid to heating one needs to 
account for what has come to be known as the piston effect. Fundamentally, this piston effect is 
not a mechanism of true heat transport; rather, it is a temperature change associated with isentro-
pic compression of the fluid. In chapter 2 the respons of the temperature-density field in the 
absence of gravity to the applied way of heating is considered analytically. It confirms the pro
found influence of the piston effect. In particular, it confirms the conclusion by Ferrell and Hao 
that, because of the piston effect, the thermal properties of all materials with which the contained 
critical fluid comes in contact with, play an important role in the thermal behaviour of the critical 
fluid. The as found quantitative description of the piston effect enables to predict in any geometry 
the piston effect, with which the contribution of the piston effect can be eliminated from the 
measurements of temperature changes before they are interpreted in terms of a simple conduction 
equation. This is necessary because, as in this investigation, from these kind of measurements often 
the thermal diffusivity is determined. An important additional result of the analytic exercise in this 
chapter is the proposal for a new, intrinsically accurate method to determine the isochoric specific 
heat, which is difficult to measure for fluids in general but even more so close to the critical point. 
This method is based on simultaneous measurements of temperature and density changes. 

The space experiment was performed using a custom-made test cell mounted in ESA's 'Critical 
Point Facility' which was part of 'Spacelab' in NASA's 'Spaceshuttle Columbia' during the IML-2 
mission. The experimental equipment is described in chapter 3. The complete set up offers, 
besides the desctibed experiment, the possibility for light scattering experiments. Unfortunately, 
the functionality of this part appeared inadequate for a thorough investigation. As a consequence 
the light scattering results are not discussed in this thesis. In a project like this one, because of its 
uniqueness, partial failure is quite défendable and this project shows once more the limitations ot 
experimenting in space. Therefore, this thesis may be regarded, besides a scientific dissertation, as 
a report on a space-related project. 

Density changes in the fluid were monitored by interferometry because of its essentially non
invasive nature. In the applied Twyman-Green interferometry the recombination of two parts of a 
beam of laser light results in an interferogram. The density changes can be followed because they 
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affect the optical path of the part passing through the fluid, thereby affecting the interference pat
tern in the interferogram. A difficulty arises because light rays are deviated in an inhomogeneous 
density field resulting in a non-trivial relation between a light ray and his optical path. To a large 
extent, this effect may be dealt with conveniently by proper focusing of the optical system. Unfor
tunately, the CPF optical system, also utilized by other experiments, was not in an optimum con
figuration for our experiment and the development of an alternative procedure to determine the 
thermal diffusiviry was required. This procedure returns knowledge of the density distribution of 
principally one dimension less than the intended procedure which led to less accurate results than 
hoped for. The conversion of an interferogram to a density distribution and the alternative proce
dure are discussed in chapter 4. 

The applied interferometry is based upon the relation between the density and the refractive 
index of the fluid. It is generally assumed that this relation is most accurately described by the 
Lorentz-Lorenz relation. However, this relation is only approximate and it was far from evident 
that this approximation is sufficiently accurate for our purpose. For this reason we have conducted 
precision measurements in our laboratory of the refractive index and the density of SFg in a region 
around the critical density, presented in chapter 5, utilizing a set up which resembles CPF. Our 
results show that, for SF^,, the Lorentz-Lorenz relation is not always adequate when, as in our case, 
the slope of this relation plays an important role. Of the determined critical values for the density 
and the refractive index, we find that the latter differs significantly from the up to now assumed 
value. 

The results of the space experiment, discussed in chapter 6, confirm our understanding of the 
piston effect both qualitatively and quantitatively. Furthermore, we find that the thermal proper
ties of all materials with which the contained critical fluid comes in contact with can be described 
by a single set of phenomenological parameters, with which even in a container of complex geom
etry the piston effect can be separated from true heat transport effects. This allowed the determina
tion of the thermal diffusiviry as close as 5 mK to the critical point. The resullts closer to the 
critical pomt than 10 mK differ significantly from the only other measurements this close by 
Wilkinson et al., which was also a space experiment. A possible cause lies in the difference in the 
process which is observed by the two methods; we have deduced values from the early, rapid and 
local response to a thermal disturbance whereas Wilkinson et al. inferred values from slow and 
non-local behaviour in the late stage of thermal equilibration. 

Finally, the space experiment has demonstrated that the newly developed method to determine 
the isochoric specific heat provides a necessary, complementary method for an accurate determina
tion in the critical region. Although the space experiment was not optimized for this method, the 
results are in good agreement with both an existing equation of state and results from the micro-
gravity experiment by Straub et al., but differ from earth-based measurements. With improve
ments, suggested in this thesis, in future experiments of this kind, this method offers an excellent 
tool for assessing the quality of existing equations of state in the near critical region. 
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Dit proefschrift behandelt het transport van warmte in enkelvoudige stoffen in de buurt van het 
vloeistof-damp kritiek punt in een zwaartekrachtsvrije omgeving. In het bijzonder wordt een expe
riment beschreven dat heeft plaatsgevonden in de laag-zwaartekrachts omgeving van een tuimte-
veer in een baan om de aarde. 

De studie naar kritieke verschijnselen in vloeistoffen wordt ernstig bemoeilijkt door de dynamica 
van enkelvoudige stoffen in de buurt van het vloeistof-damp kritiek punt. In het zwaartekrachtveld 
van de aarde leidt de divergentie van verschillende grootheden tot een hoge mate van dichtheids
stratificatie en het versneld optreden van convectie. Samen met het verschijnsel van kritieke opales-
centie is daardoor het verrichten van preciese metingen aan thermische grootheden dichtbij het 
kritieke punt buitengewoon moeilijk en is overeenstemming tussen op verschillende manieren 
gemeten kritieke waarden moeilijk te bereiken. In een laag-zwaartekrachts omgeving wordt een 
belangrijk deel van deze problemen omzeild. In het beschreven ruimte-experiment is een meet
techniek gebruikt, overeenkomstig met die geïntroduceerd door Becker en Grigull, waarbij de res
pons van een homogene vloeistof op een vlakke thermische verstoring wordt gevolgd met behulp 
van interferometrie en temperatuur metingen. Vanwege zijn gunstige kritieke waarden voor de 
druk en temperatuur is SF6 als meetstof gebruikt. 

Zoals Onuki als eetste heeft benadtukt moet bij de respons van een kritieke vloeistof op verwar
men rekening gehouden worden met wat bekend is geraakt onder de naam 'piston effect'. Het pis
ton effect is fundamenteel gezien geen mechanisme van warmte transport; het is een tempetatuur 
verandering die samenhangt met isentrope compressie van de vloeistof. In hoofdstuk 2 is de res
pons van het temperatuur-dichtheids veld op de toegepaste manier van verwarmen in een zwaarte
krachtsvrije omgeving nauwkeurig doorgerekend. Deze berekingen bevestigen de diepgaande 
invloed van het piston effect. Met name bevestigen deze de conclusie van Ferrell en Hao dat, door 
het piston effect, de thermische eigenschappen van alle matetialen waarmee de kritieke vloeistof in 
zijn vat in aanraking komt een belangrijke rol spelen in het gedrag van de kritieke vloeistof. De 
berekende kwantitatieve beschrijving van het piston effect maakt het mogelijk om in een willekeu
rige geometrie het piston effect te voorspellen, waarmee de bijdrage van dit effect kan worden geë
limineerd uit metingen van de temperatuursverandering voordat deze worden geïnterpreteerd in 
termen van een simpele warmtegeleidingsvergelijking. Dit is nodig omdat, zoals in dit onderzoek, 
uit dit soort metingen vaak de thermische diffusiviteit wordt bepaald. Een belangrijk nevenresul-
taat van de berekeningen in dit hoofdstuk is het voorstel voor een nieuwe, intrinsiek nauwkeurige 
methode om de isochore soortelijke warmte te bepalen, welke lastig te meten is bij vloeistoffen in 
het algemeen en in de buurt van het kritiek punt in het bijzonder. Deze methode is gebaseerd op 
simultane meting van temperatuur- en dichtheidsveranderingen. 

Het tuimte-experiment is uitgevoerd met een zelf-ontwikkeld drukvat dat werd geplaatst in 
ESA's 'Critical Point Facility' (CPF) die, gedurende de IML-2 missie, op zijn beurt onderdeel was 
van 'Spacelab' in NASA's 'Spaceshuttle Columbia'. In hoofdstuk 3 is de experimentele opstelling 
beschreven. De complete opstelling biedt behalve het beschreven experiment in principe ook de 
mogelijkheid tot het doen van lichtverstrooiings-experimenten. Helaas bleek de functionaliteit van 
dit deel ontoereikend voor een gedegen onderzoek waardoor de lichtverstrooiings-resultaten niet 
beschreven zijn in dit proefschrift. In een project als deze is doof zijn unieke karakter een gedeelte
lijke uitval niet onverwacht en dit project toont dan ook eenstemeer de beperkingen aan van het 
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doen van een experiment in een ruimtelaboratorium. Dit proefschrift kan daarom naast een 
wetenschappelijke verhandeling ook gezien worden als een verslag van een bij de ruimtevaart 
betrokken onderzoeksproject. 

Dichtheidsveranderingen in de vloeistof zijn bekeken met behulp van interferometrie vanwege 
zijn, in essentie, niet verstorende karakter. In de toegepaste Twyman-Green interferometrie resul
teert de recombinatie van twee delen van een laserlichtbundel in een interferogram. De dichtheids
veranderingen kunnen worden gevolgd doordat zij het optische pad beïnvloeden van het deel van 
de laserlichtbundel wat door de vloeistof gaat en daarmee het interferentiepatroon in het interfero
gram. De moeilijkheid hierbij is dat door dichtheidsgradienten lichtstralen worden afgebogen en 
een niet-triviale relatie ontstaat tussen een lichtstraal en zijn optische pad. Belangrijk is hier, voor 
een relatief eenvoudige analyse van het interferogram, een gerichte focusering van de optiek. 
Helaas was de optiek in de CPF, waar meerdere experimenten gebruik van maakten, niet in een 
voor ons optimale configuratie waardoor de noodzaak ontstond een alternatieve procedure te ont
wikkelen voor de gewenste bepaling van de thermische diffusiviteit. Deze procedure levert kennis 
van de dichtheidsverdeling op van in feite een dimensie minder dan de beoogde procedure, waar
door het resultaat minder nauwkeurig is dan gehoopt. De conversie van een interferogram naar 
een dichtheidsverdeling en de alternatieve procedure zijn beschreven in hoofdstuk 4. 

De toegepaste interferometrie is gebaseerd op de relatie tussen de dichtheid en de brekingsindex 
van de vloeistof. Het is algemeen geaccepteerd dat deze relatie het best beschreven wordt door de 
Lorentz-Lorenz relatie. Deze relatie is echter een benadering en het was zeer de vraag of deze bena
dering voor ons doeleinde voldoende nauwkeurig is. O m deze reden hebben wij metingen aan de 
dichtheid en de brekingsindex rondom de kritieke dichtheid van SF6 verricht, gepresenteerd in 
hoofdstuk 5, met behulp van een opstelling in ons laboratorium welke in wezen dezelfde is als die 
gebruikt voor het ruimte-experiment. Deze metingen laten zien dat, voor SF6, de Lorentz-Lorenz 
relatie niet altijd toereikend is wanneer, zoals in ons geval, de afgeleide van deze relatie een belang
rijke rol speelt. Van de hiermee bepaalde kritieke waarden van de dichtheid en de brekingsindex 
blijkt de laatste significant af te wijken van de tot nu toe aangenomen waarde. 

De resultaten van het ruimte-experiment, beschreven in hoofdstuk 6, bevestigen ons beeld van 
het piston effect zowel kwalitatief als kwantitatief. Daarnaast blijkt dat de thermische eigenschap
pen van alle materialen waarmee de kritieke vloeistof in zijn vat in aanraking komt te beschrijven is 
met een enkele set van fenomenologische parameters, waarmee zelfs in een vat van complexe geo
metrie het piston effect gescheiden kan worden van echte warmtetransport effecten. Hiermee is het 
mogelijk gebleken de thermische diffusiviteit te bepalen tot 5 mK van het kritieke punt. De metin
gen dichterbij het kritieke punt dan 10 mK verschillen significant van de enige andere metingen zo 
dichtbij van Wilkinson e.a., ook een ruimte-experiment. Een mogelijke verklaring ligt in het ver
schil in het proces wat is bestudeerd; onze resultaten zijn afgeleid van de vroege, snelle en lokale 
respons op een thermische verstoring terwijl Wilkinson e.a. het langzame en niet-lokale gedrag in 
het late stadium van thermische relaxatie hebben bekeken. 

Tenslotte heeft het ruimte-experiment aangetoond dat de nieuw ontwikkelde methode om de 
isochore soortelijke warmte te bepalen behalve complementair ook noodzakelijk is voor een nauw
keurige bepaling in het kritieke gebied. Hoewel het ruimte-experiment niet geoptimaliseerd was 
voor deze methode komen de resultaten goed overeen met een bestaande toestandsvergelijking van 
Sengers e.a. en resultaten van het ruimte-experiment van Straub e.a., maar verschillen van metin
gen op aarde. Met verbeteringen zoals geadviseerd in dit proefschrift in mogelijke vervolg-experi-
menten is de nieuwe methode zeer geschikt om de kwaliteit van bestaande toestandsvergelijkingen 
voor het kritieke gebied vast te stellen. 
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