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Chapter 1 

INTRODUCTION 

1.1 Background 

Homogeneous condensation is the vapour to liquid phase transition in the absence of foreign 
particles. The first stage of homogeneous condensation is the nucleation process. A number 
of vapour molecules come together forming a stabIe nucleus (critical nucleus), typically of the 
order of 100 molecules, that can grow further to a macroscopic droplet. This size of a nucleus 
is in between the scales on which a proper description on the basis of microscopic physics or 
macroscopic physics can be applied, and therefore very interesting from a fundamental point of 
view. Although subject of investigation for almost a century, the nature of the critical nucleus 
is still puzzling. Treating such a small particle as a macroscopie liquid drop, as it is done in 
the classieal nucleation theory, seems rather questionable, whereas attempts to describe the 
nucleus by statistical mechanics appeared not to be successful either. 

Studies on homogeneous nucleation concentrated so far on the transition from the vapour 
phase to the liquid phase for unary systems like water and n-nonane in partieular, and binary 
systems consisting of, for example, aqueous solutions of alcohols and acid-water mixtures. 
Recently, also the nucleation of metal vapour in the phase transition into the solid state has 
become topic of research. 

Homogeneous condensation plays a role in a wide variety of environment al and industrial 
processes. In the field of atmospheric sciences homogeneous nucleation is recognized as an im­
portant mechanism for droplet formation in the atmosphere. Most of the atmospheric aerosols 
originate from heterogeneous nucleation on existing nuclei such as ions, dust particles raised 
by wind, and volcanic dust particles. Investigations of atmospheric aerosols indicated that 
the production of a considerable part of the droplets (up to 25 % of the total aerosol mass 
present in the atmosphere) may be attributed to homogeneous condensation. In the upper 
atmosphere droplets are formed by binary, or heteromolecular, nucleation of sulphurie acid and 
water molecules. 

On a regional scale and short time scale, cloud formation in the atmosphere of course is 
relevant to weather forecast. But also on a more global, and larger time scale the formation of 
concentrated sulphuric acid particles is of major importance. The atmospheric ozone depletion 
is partially attributed to chemical reactions catalysed by nitric acid-water droplets that were 
originated by condensation on the sulphuric acid-water particles. Because of the relevance to 
atmospheric processes, a lot of nucleation and condensation studies were dedicated to the sul­
phuric acid-water and nitric acid-water mixtures [e.g. Mirabel and Clavelin (1978), Wyslouzil 
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2 Introduction 

et al. (1991), and Rudolf (1994)]. 
Examples of homogeneous condensation in industrial processes are condensation of heavier 

hydrocarbons in natura! gas, and the possible eleaning of smoke gas by separation of con­
densate. We will focus on the first example because it is most relevant to the present study. 
Natura! gas consists mainly of methane (about 80 vol%, composition of Groningen natural gas), 
and furthermore of about 19 vol% nitrogen, and numerous other substances, mainly heavier 
hydrocarbons like pentane, nonane, benzene, etc. The phase behaviour of natural gas is deter­
mined to a large extent by these heavier hydrocarbons. When the gas mixture is brought into 
a supersaturated state, homogeneous condensation may take place as was shown by Muit jens 
et al. (1994). They subjected natural gas from initia! pressures up to 50 bar to a continuous 
expansion in an expansion eloud chamber. When the expansion was strong enough dropwise 
condensation was observed. The measured onset points of condensation, called Wilson points, 
are shown in the pressure~temperature phase diagram of 1.1. In the initial state the 
gas is undersaturated, indicated by the saturation ratio S being smaller than unityl. During 
the expansion, the saturation curve is crossed (here S = 1), and inside the coexistence curve a 
supersaturated state is obtained (S > 1). The measured Wilson points are situated in the coex­
istence region of the natural gas mixture above the critical temperature of the main component 
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Figure 1.1: Pressure~temperature ph ase diagram of natural gas with condensa­
tion onsets measured by Muit jens et al. (1994). Solid curve, Coexistence curve 
of Groningen natural gas. Squares, state of the natural gas before the expansion. 
Circles, Measured onset points. Arrow, change of state by an adiabatic expansion. 
Dashed arrow, example of possible isothermal retrograde condensation. 

methane. We will refer to this region as the supercritical region. From the st rong deviation 

1 For a unary system the saturation ratio is usually taken as the ratio of the actual vapour pressure, and the 
saturated vapour pressure that prevails over a flat liquid surface. In chapter 2 we shall introduce a definition of 
the saturation ratio that is applicahle to the mixtures that we are dealing with. 
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from thermodynamic equilibrium of the condensation onset, they concluded that the droplets 
were formed by the homogeneous nucleation process. 

The specific shape of the coexistence region in Fig. 1.1 is a result of real gas properties of 
the natural gas mixture. The infiuence of these real gas e:ffects on homogeneous condensation 
has not been studied so far. The objective of this study is to describe experimentally as weIl as 
theoretically homogeneous nucleation in the supercritical region of n-alkanejmethane mixtures 
taking into account the typical real gas properties. 

For our investigations we chose a binary mixture exhibiting similar condensation behaviour 
in the supercritical region to that of natural gas. This avoids the complexity of the cornposition 
of the natural gas mixture, while the real gas e:ffects approximately remain the same. The mix­
tures n-nonanejmethane and n-decanejmethane proved to be most applicable in our situation. 
The coexistence region of these mixtures largely overlap the coexistence region of natural gas. 

In the mixtures mentioned, at a tot al pressure above a few bar, interactions between the 
molecules are na longer negligible, the resulting real gas e:ffects reveal themselves in the con­
densation behaviour. In the gas phase, the solubility of the heavy hydrocarbon increases with 
pressure. This is expressed in the shape of the gas-liquid equilibrium curve corresponding to a 
fixed fraction of the heavy hydrocarbon. At a given temperature, depending on composition, 
the curve starts bending backwards, into the direction of the critical point of methane. This 
way it forms an envelope of a two-phase region. Bringing the gas mixture with given compo­
sition into a state inside this envelope, condensation will occur until gas-liquid equilibrium is 
achieved. 

A consequence of the shape of the coexistence curve is the possibility of forIlling condensate 
by so-caIled retrograde condensation; i.e. when starting from initial conditions above the phase 
envelope, and reducing the pressure at constant temperature, the coexistence region is entered. 
Now, at a further reduction of pressure condensation will occur. 

A way to obtain a supersaturated vapour to measure nucleation rates is to subject an 
initially undersaturated mixture to a sudden expansion. For nucleation studies this is of ten 
done in (piston) expansion chambers and shock tubes. When the expansion is fast enough, the 
change of thermodynamic state develops adiabatically and temperature faIls with pressure, the 
vapour will become supersaturated, and homogeneous nucleation will start. 'Ne have built a 
speciaIly designed pulse expansion tube, which actually is a shock tube, to study homogeneous 
nucleation at high pressures up to 100 bar2

. In shock tubes rapid and weIl defined waves can be 
generated to create a well shaped nucleation pulse, moreover, no moving parts are necessary, the 
complications in design and operation that would arise at high pressures can thus be avoided. A 
major drawback of the pulse expansion tube in comparison with expansion chambers is formed 
by the necessity of opening the tube to replace the diaphragm af ter each experiment, through 
which the purity of the test gas mixture could be influenced disadvantageously. The design and 
performance of the pulse expansion tube are the subjects of chapters 4 and 5. 

2The term high pressure(s} is used throughout the thesis. It refers to the pressures that are typically for the 
coexistence region of the real gas mixtures studied, i.e. 10 - 100 bar. 
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1.2 Homogeneous nucleation 

The first stage of any condensation process is the nucleation process. When foreign nuclei 
are present, sueh as dust particles, irregularities of walls and windows, nucleation eau take 
plaee at these foreign nuclei very near the state of phase equilibrium. This proeess is called 
heterogeneous nucleation. Because in general the supersaturation of the vapour is low, the 
subsequent condensation proceeds slowly. 

In contrast, we speak of homogeneous condensation when no foreign nuclei are present. 
This is a non-equilibrium process where condensation takes place in the form of droplets. 
Because first the condensation nuclei must be forrned out of vapour molecules, a state of high 
supersaturation is required to obtain a droplet cloud. Since the saturation ratio is much larger 
than unity, the growth of droplets will be a fast process. 

The following thermodynamic considerations explain why a state of (large) supersaturation 
is required for homogeneous nucleation to occur. In any equilibrium or undersaturated state 
of a gas, due to statistical density fiuctuations, the gas molecules will form clusters of several 
molecules. Since the chemical potentialof the liquid is higher than the chemical potentialof the 
gas, these clusters tend to disintegrate again. So, a stable size distribution of clusters will be 
present which is very close to a Boltzmann distribution. When a vapour is in a supersaturated 
state, the chemical potential of the liquid is lower than the chemical potentialof the vap()ur. 
In this case it would be favourable for the molecules to be in the liquid. Still, there is a barrier 
to take before droplets become stabie. To create a droplet, also a droplet surface must be 
formed. The formation energy of a droplet surface is positive and therefore this will hamper 
the nucleation process. 

In Fig. 1.2 the Gibbs free energy of droplet formation /::;.G for a one component vapour is 

dG 

r 

Figure 1.2: Gibbs free energy of droplet formation as a function of droplet radius. 

given as a function of cluster size. In the undersaturated state (8 < 1), t:.G is a monotonically 
rising function of droplet radius r, because the formation of a surface as wen as the formation 
of bulk liquid require a positive amount of energy. When the vapour is supersaturated (8 > 1), 
t:.G will form an energy barrier. In this case, the formation energy of the surface, which is 
proportional to the surface area of the duster, and thus proportional to radius squared, is still 
positive. However, the energy gain by condensation into bulk liquid is proportional to the third 
power of the radius, and for large droplets this will always exceed the surface term, thus leading 
to an energy harrier. 
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The cluster with a size corresponding to the maximum of the !J.G function is called the 
critical cluster. This cluster is in unstable equilibrium with the vapour. Clusters that are 
larger than the critical cluster will grow further, while clusters smaller than the critical size 
tend to evaporate again. In case of multi-components, !J.G is a function of the number of 
molecules of all components present in the cluster, but the general idea of the energy barrier 
remains unchanged. 

The nucleation rate, i.e. the rate at which droplets are formed per unit time and space, is 
determined by the number of critical clusters in the vapour formed by statistical fluctuations. 
Clearly, when a critical cluster collides with another vapour molecule it is over the top of the 
en!')rgy barrier and the droplet will grow further. In general terms the nucleation rate can be 
expressed as: 

J = K exp( -!J.G* IkBT) , (1.1) 

where T is the temperature, kB Boltzmann's constant, and Kakinetic prefactor. The height 
of the energy barrier c::"G* is a function of the supersaturation. When the supersaturation is 
increased, the energy barrier will become lower, and the critical cluster size will shift to smaller 
droplets. The nucleation rate appears to be extremely dependent on the supersaturation. 

Several nucleation theories have been developed to predict the nucleation rate, for unary 
systems as weIl as for muIt i-component systems. The various theories are especially different 
in the models applied to calculate !J.G. We adopted the binary Classical Nucleation Theory for 
our theoretical calculations. 

The extreme dependency of nucleation rate on supersaturation will be exploited in our 
experiment to obtain a nucleation pulse; this will be discussed in chapter 4. Measurements of 
nucleation rate as a function of supersaturation for different mixtures and at different conditions 
will be presented in chapter 6. 

1.3 Literature survey 

The evolution of homogeneous nucleation theory starts with the work of Volmer and Weber 
(1926), Becker and Döring (1935) and Zeldovich (1943). They developed the classical nucleation 
theory. The main assumption in the theory is the capillarity approximation; clusters of only 
100 molecules or less are treated as macroscopie droplets with a surface tension corresponding 
to a flat liquid surface. The theory predicts the rate at which critical clusters are formed in a 
supersaturated vapour. Clusters larger in size than the critical cluster will grow to macroscopie 
droplets while clusters smaller than the si ze of a critical cluster tend to evaporate again. Since 
the introduction of the classieal nucleation theory several attempts were made to improve 
the theory for two reasons: First, the capillarity approximation was considered to be rather 
unsatisfactory for slieh small clusters, and second, the success in eomparison with experiments 
turned out to be limited to a restricted number of substances. 

The Classical Nucleation Theory was extended to binary mixtures by Reiss (1950). The 
Gibbs formation free energy is here a function of the two components present in the mixture 
and the nucleus. The kinetic prefactor given by Reiss appeared not to be appropriate and was 
later refined by Stauffer (1976). 

Several attempts to improve the classical theory have been made. Katz and Wiedersieh 
(1977) modified the kinetic part of the theory in order to avoid the use of Maxwell demons. 
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Later, Girshic and Chiu (1990) focused on the consistency of the theory. By introducing an 
ad hoc correction they forced the Gibbs free energy to be zero for clusters of one molecule. 
Although these modifications seem to reduce the discrepancy between theory and experiment 
a little, they are still not considered to be satisfactory. 

Another way to calculate the free energy of the cluster was proposed by Lothe and Pound 
(1962) on the basis of arguments from Statistical Mechanics. The success of this approach was 
limited. Nucleation rates differed by 12 orders of magnitude from the classical theory, but did 
not always coincide satisfactorily with experimental results. 

Recently, some quasi-phenomenological theories were developed. It started with the model 
of Dillmann and Meier (1991), where the free energy was calculated on the bases of a statistical 
mechanical model of Fisher (1967). ATolman length was introduced, and unknown parameters 
were related to properties of real gases, such as the second virial coefficient and expressions for 
pressure and density. The new theory proved to be very successful in predicting nucleation rates 
over a wide range of substances. Variations up on this approach were described by Kalikmanov 
and Van Dongen (1993), and Laaksonen et al. (1993). 

Another interesting recent approach is the density functional theory of Zeng and Oxtoby 
(1991). However, for complicated molecules like n-nonane the required intermolecular potentials 
are not yet available with sufficient accuracy. 

Fundamentals of homogeneous nucleation can be found in the book of Abraham (1974). An 
extensive review on the topic is given by Springer (1978). Recent developments in theory and 
experiment are covered in a review article by Oxtoby (1992). 

The first quantitative experiment al investigation of homogeneous nucleation was performed 
at the end of the 19th century by Wilson (1897). He measured the supersaturation at which 
droplets were formed out of water vapour in a carrier gas in an expansion cloud chamber. The 
first binary nucleation experiments were done by Flood (1934) on a water-ethanol mixture. 
He found fair agreement with a variation on the classical theory in a simple piston expansion 
chamber. Beside the expansion cloud chambers and piston cloud chambers, nucleation was 
studied with diffusion cloud chambers, invented by Franck and Hertz (1956), in expansion 
tubes (Wegener and Lundquist 1951), and supersonic nozzles (Wegener and Pouring 1964). An 
attractive feature of these latter two gasdynamic techniques is the high cooling rate that can 
be achieved. During several years a lot of substances were investigated, in particular water, 
n-nonane, other n-alkanes, and alcohols. 

Until the mid 60's of this century, it was only possible to measure the Wilson points. The 
supersaturations reported, agreed fairly weIl with classical theory, mostly within 25%, but due 
to the enormous sensitivity of nucleation rate to supersaturation, the predictions for nucleation 
rates still could be very pOOI. 

In 1965 Allard and Kassner (1965) developed a piston expansion chamber in which the initial 
expansion was followed by a small recompression. This recompression decreased the supersat­
uration again and therefore the nucleation process was quenched af ter a short period of time. 
Because a state of supersaturation was maintained at a lower level, the formed droplets kept 
on growing until they became of macroscopie size at which they could be detected photograph­
icaIly. This method is known as the nucleation pulse method. Since the number of droplets 
can be measured, and the duration of the nucleation pulse is known, the actual nucleation rate 
can be determined. Schmitt (1981) developed an improved piston expansion chamber in which 



1.4 Thesis overview 7 

toluene, and ethanol (Schmitt et al. 1982) were studied. Wagner and Strey (1981) refined the 
nueleation pulse method by employing a two piston eloud chamber. They also measured droplet 
concentration and size by means of a light scattering method based on Mie theory. 

The diffusion eloud chamber for nucleation studies was further refined by Katz and co­
workers (Katz and Ostermeier 1967, Katz 1970). A temperature gradient maintains a station­
ary saturation profile from bottom to top plate. Still, in first instance only critical supersatu­
rations were measured. In 1989 Hung et al. reported nucleation rates of n-nonane measured in 
a diffusion eloud chamber. 

In 1983 Peters (1983) made the shock tube suitable for measuring nucleation rates by 
placing a constriction in the low pressure section of the tube. This generated a nucleation 
pulse in the high pressure section. This idea was further improved (Peters 1987) by moving 
the observation station to the endwallof the high pressure section. Droplets were detected 
by a 90° Mie scattering method. Nucleation rates and droplet growth rates of several vapours 
were reported (Peters and Paikert 1989). Good agreement between droplet growth rates and a 
droplet model of Gyarmathy (1982) was observed. Looijmans et al. (1993) improved the post 
nucleation pressure history by replacing the constriction by a Iocal widening. 

Some of the nucleation studies aimed at the effect of carrier gas on nueleation. In the 
shock tube study of Barschdorff (1975) nucleation of water in helium, argon and air did not 
show different carrier gas effects on critical supersaturation. Viisanen et al. (1993) measured 
nucleation rates as a function of supersaturation of water in Argon, Krypton, and Xenon. Also 
they did not find any influence of carrier gas nature on nueleation. Heist et al. (1994) reported 
a decrease of nucleation rate with total pressure of I-propanol in helium and in hydrogen, 
measured in a diffusion cloud chamber at elevated pressures up to 40 bar. They also found that 
helium has a larger pressure effect on nueleation than hydrogen. 

1.4 Thesis overview 

The homogeneous nueleation and droplet growth in the mixtures n-nonanejmethane and n­
octanejmethane at high pressures are subject of this thesis. A theoretical model on the basis 
of the classical nucleation theory is employed, and the results will be compared with those of 
high pressure experiments in a new nucleation pulse expansion tube. 

In chapter 2 the binary classical nucleation theory will be treated extensively. An extension 
of the classical nucleation theory is described in chapter 3 to take into account the real gas 
properties affecting nucleation at high pressure. Numerical results of the new model will be 
shown. 

Chapter 4 describes the experiment al method adopted in this study. We developed all 
expansion tube based on the nucleation puise method. The nucleation puise method enables the 
separation of the nucleation stage from the droplet growth stage in homogeneous condensation. 
The gas dynamics involved in the nucleation puise expansion tube will be described. 

Chapter 5 deals with experimental set-up and procedure. The design and performance of 
the nucleation puise expansion tube will be described. Much attention is paid to the optical 
techniques for measuring droplet size and concentration. Also a method to determine the initial 
mixture composition on the bases of the droplet growth will be described. 

In chapter 6 the results of high pressure nucleation and droplet growth experiments are 
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reported. A comparison with the classica! nucleation theory, and with a recentIy developed 
phenomenoiogical nucleation theory by Kalikmanov and Van Dongen (1995) will be made. 
Experimenta! data concerning the composition of critica! clusters will be specified. 

Discussion and conclusions follow in chapter 7. 
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Chapter 2 

BINARY CLASSICAL NUCLEATION THEORY 

2.1 Introduction 

Several nucleation theories have been developed since the twenties of this century. They all 
were based on the idea of an imperfect vapour consisting of single molecules and clusters of 
various sizes, that are present due to statistical density fluctuations. When the vapour is super­
saturated some clusters become that large such that they will grow further to form macroscopie 
droplets. The oldest and still most frequently used theory is the Classical Nucleation Theory 
based on the Capillarity Approximation: clusters of several molecules are assumed to have the 
thermodynamic properties of macroscopie liquid droplets. 

In this study the classical theory was chosen to predict nucleation behaviour of the gas 
mixture subject of investigation, and to compare the calculations with experimental results. 
Despite the somewhat unsatisfactory capillarity approximation for clusters of 10-100 molecules, 
it has proven to give reasonable agreement to experimentally obtained nucleation rates for a 
wide range of substances. The classical theory is rather easy to apply for numerical calculations. 
Furthermore, the fundamentals of the theory are quite understandable. 

The original binary classical theory by Flood (1934) and Volmer (1939) was based on the 
homomolecular theory of fluctuations. In 1950 Reiss (1950) came to a full extension of the 
unary classical theory to a binary system, which is referred to as the standard theory. The free 
energy was calculated as a function of both components present in the cluster. The critical 
cluster was no langer top of a one-dimensional energy barrier, but it was located on the saddle 
point in a two-dimensional surface. Growth of clusters beyond the critical saddle point was 
assumed to follow a path of steepest descent. Later, the kinetic part was improved by Stauffer 
(1976) who stated that the "current" of clusters was not only determined by steepest descent, 
but by a combination of kinetics and the shape of the free energy surface. 

Some controversy arose about the correct use of the Gibbs-Duhem relation in the standard 
theory (Renninger et al. 1981, Doyle 1981, Wilemski 1984). The discussion motivated Wilem­
ski to formulate a revised version of the classical theory (1984, 1987, 1988). He introduced 
a droplet model in which a surface layer surrounds the liquid bulk of the droplet, which is 
based on the description of the gas-liquid interface by Gibbs (1961, 1982). The surface layer is 
allowed to have a composition different from the bulk. By applying the Gibbs-Duhem relation 
to the bulk, and the Gibbs absorption relation to the surface, a thermodynamic consistent 
droplet model was obtained. The composition of the bulk liquid is obtained by solving the 
Kelvin equations. Although the revised theory gives better results than the standard theory, 

11 
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it still predicts same unphysical behaviour. For example, in a n-propanol/water mixture it 
predicts a multivalued onset curve of nucleation; a nucleation rate of 1011 cm-3s-1 is found at 
three different water activities at fixed n-propanol activity and temperature. A different droplet 
model was deseribed by Flageollet-Daniel et al. (1983), who developed a lattice model for the 
cluster surface based on the interface treatment of Guggenheim (1967). A simplification of 
this model, called the explicit cluster model, was proposed by Laaksonen and Kulmala (1991). 
This model has appeared successful in predicting nucleation rates, despite it does not obey the 
Kelvin equations. 

In the next sections the binary classical theory will be described based on the approaches 
by Wilemski for the thermodynamic droplet model, and by Stauffer for the kinetic part of the 
theory. 

2.2 Binary homogeneous nucleation theory 

The nucleation rate is the number of droplets formed per unit time and space. It is expressed 
in the following form: 

(1.1) 

K is a kinetic prefactor, t::..G* in the exponential is the Gibbs free energy of formation of 
a critical droplet l , kB is Boltzmann's constant, and T is the temperature. The energy of 
formation t::..G( n}, n2) is a function of the numbers of particles of species 1 and 2 in the droplet. 
When the gas-vapour mixture is in a supersaturated state, the t::..G(nl, n2) plane exhibits a 
saddle point (fig. 2.1). The position of this saddle point is considered to represent the critical 
nucleus. The critical nucleus is in unstable equilibrium with the surrounding vapour, and the 
saddle point forms the lowest passage over an energy barrier. Clusters passing over this barrier 
will grow to macroscopic droplets. Different models have been employed to calculate t::..G. In 
eNT, Gibbs' capillarity approximation is used to describe the clusters on the basis of classical 
thermodynamics. In the next section the Wilemski approach to the classical droplet model is 
described. 

2.2.1 Classical drop let model 

In the macroscopie model of the revised classical theory of a droplet and surrounding binary 
vapour, the droplet consists of bulk liquid with numbers of bulk molecules ni and n~, and a 
surface layer with numbers of surface molecules n~ and n~ (see fig. 2.2). Bulk and surface are 
considered to be in thermodynamic equilibrium and the droplet is assumed to be incompressible. 

1 DoG is the Gibbs free energy. Phase transitions generally take place at constant pressure and temperature. 
In a system with fixed pand T, chemical equilibrium is characterized by an extremum of the Gibbs free energy. 
When the extremum is a (local) minimum, the system is in a stabie equilibrium state, when it is a maximum 
the system is in a meta-stable state. To find the critical droplet we therefore look for the maximum of DoG. 
However, since the pressure in the droplet is larger than in the surrounding gas, the total free energy G is not 
the sum of the G's of the subsystems droplet and gas phase. When it is assumed that the vapour pressure p 
before, and rI af ter the formation of the droplet are the same, then the Gibbs free energy of droplet formation 
equals the increase of the Helmholtz free energy DoF. For summation of the Helmholtz free energy of the 
subsystems it is only required that T is held constant, p is allowed to be different. It is then possible to write: 
b.G == F'(vapour-drop) F(vapour) (Abraham 1974) 
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AG 

Figure 2.1: Gibbs free energy surface of binary clusters as a function of the numbers 
of molecules nl and n2. In this example component 2 is in a supercritical state. The 
Gibbs free energy of formation of a cluster containing only "2" molecules therefore 
increases monotonously. The other component shows for n2 = 0 the energy barrier 
of a supersaturated vapour. 
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The number of surface molecules is an excess number, defined as nS = n nl 
- nV

, where n is 
the total number of molecules in the system, and nV is the number of molecules in the vapour. 
The excess molecules n; do not contribute to the droplet volume Vi. The presence of the surface 
layer with surface area A in the droplet model, implicitly takes into account the effect of surface 
enrichment; the eoncentration of species 1 and 2 near the surface ean differ from the interior 
composition. Aeeording to this droplet model, the free formation energy is (Wilemski 1984): 

/::,.G (p - pl)V1 + aA + 2: (tt: - ttnn~ + 2: (tt: - tti)n:. (2.1) 
i=1,2 i=1,2 

Chemical potentials ttl and ttr are evaluated at pressures pi in the droplet and pV of the sur­
rounding vapour respectively. p is the total vapour pressure before the droplet was formed, 
and a the surfaee tension. Because bulk liquid and surfaee are assumed to be in thermody­
namie equilibrium, tti = tt!, bulk and surface molecules can be taken together in Eq. (2.1): 

I nl , n2 , p, T: constant I 

A, nl ", n/ 

Figure 2.2: Droplet model in the revised binary classic al theory with a gas-liquid 
surface layer of excess molecules according to Gibbs (1961). 
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n; = n: + ni. If we define the difference in chemical potential between droplet and vapour as 
6..JLi = JL:(pl, T) - p,'j(pV, T), and furthermore assume that the formation of clusters does not 
lead to a change of vapour pressure p (i.e. pV = p), then 6..G can be written as 

6..G = (pV - pl)V1 + oA + L 6..JLin~. (2.2) 
i=1,2 

The saddle point of this 6..G plane is determined by 

O!C:I = 0, i = 1,2. 
, sp 

(2.3) 

Combining Eqs. (2.2) and (2.3) together with the Gibbs-Duhem relation for the bulk, 

SldT - V1dpl + L n~dJL~(pl, T) = 0, (2.4) 
i=1,2 

and the Gibbs adsorption equation for the surface, 

SSdT + Ad(l + L n:dJL: = 0, (2.5) 
i=1,2 

we arrive at: 

6..JLi = o. (2.6) 

In deriving the last result, we used the Laplace relation pi = pV + 2(l jr, and the expressions for 
the volume and surface area of a spherical droplet, Vi = l:i n\vi = ~7rr3 and A = 47rr2

• 

Using the incompressible fiuid approximation JL\(pl, T) = JL\(pV, T) + Vi(pl - pV) in which 
Vi is the partial molecular volume of species i, one arrives at the so-called Gibbs-Thomson or 
Kelvin equations: 

"* 2(lVi 
u JLi + -- = o. 

r 
(2.7) 

In this equation 6..* JLi = JL\ (pV , T) - JLi (pV, T). 
As stated by Wilemski (1987), all variables in these equations are functions of bulk com­

position only. Therefore, at the saddle point only the bulk composition can be obtained from 
these equations. The method described by Laaksonen et al. (1993) to calculate ni and n\ can 
not be applied here because the surface molecules do not contribute to the droplet volume in 
this model. The Gibbs free energy of formation of a critical cluster at the saddle point follows 
from Eq. (2.2), with ÊlJLi = 0, because the critical cluster is in (unstable) equilibrium with the 
surrounding vapour: 

1 
6..Gsp = 3(lA. (2.8) 

To obtain this result, again the Laplace relation, and the expressions for the droplet volume 
and surface area were substituted in Eq. (2.2). 
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2.2.2 Kinetics 

In the preceding section an expression for the formation Gibbs free energy of a critical cluster 
was derived on the basis of the classical droplet model. As was explained in the introduction, the 
nucleation rate is proportional to a Boltzmann factor exp( -LlG* /kBT), multiplied by a kinetic 
prefactor K. This kinetic prefactor takes into account the deviation from a pure (equilibrium) 
Boltzmann distribution of the number of critical clusters in a supersaturated vapour, and the 
possibility that clusters of a size larger than the critical size still may evaporate. 

The kinetics of binary nucleation was first considered by Reiss (1950). He only considered 
growth and evaporation taking place by addition and loss of single molecules, and he assumed 
the "trajeetory" of the growing droplets through the saddle point of the LlG function in (nI, n2)­
space to follow the direction of steepest descent. Katz (1966) extended the kinetic factor of 
the unary kinetics to associated vapours, whereby cluster growth can take place by addition 
of small clusters as will be the case with methanol vapour. The kinetics of binary nucleation 
theory was modified by Staufi'er (1976). He generalised the kinetic factor of Reiss by considering 
associated vapours, and demonstrated that the assumption of steepest descent was invalid. In 
this section an expression of the kinetic prefactor for binary nucleation is derived following 
Staufi'er's approach. 

The microscopic-small clusters present in the binary gas mixture will contain molecules of 
both components. In theory, any configuration of nl molecules of species "1", and nz molecules 
of species "2", forming a (nI, n2)-cluster, is conceivable. The ensemble of all clusters forms a 
two-dimensional lattice in (nI, n2)-space. Continuous processes of collisions of clusters with 
single molecules, or, less likely, with other clusters, and dissociation of clusters change the size 
of the clusters involved. A (nI, n2 )-cluster can be formed by coalescence of two smaller clusters, 
or by dissociation of a larger cluster. A (n}, n2)-cluster can disappear by coalescence with 
another cluster, or by dissociation into smaller clusters. These reactions will take place all over 
the (nb n2)-lattice. If the gas mixture is in an equilibrium state, all the processes cancel, thus 
maintaining a stabie size distribution of clusters. 

In the case of a nucleation or condensation process the reactions do not cancel any more, 
thereby forming a net current j ft + 1; over the lattice surface (Fig. 2.3). Our objective 
is to calculate this current in the neighbourhood of the (nI, n2) values corresponding to the 
saddle point in the LlG surface, as this is considered to be related to the nucleation rate. 

The change of the actual time dependent concentration of (nl> n2)-clusters C( n}, n2) due to 
tho coalescence and dissociation processes is given by the equation: 

de(nl, n2) 
dt = {iJijA(nl-i, n2- j)C(nl n2 ,8ij A(nl' n2)C(nb nz) 

'YijA( nl, n2)C(nl, n2) + 'YijA( nl +i, n2+ i)C( nl +i, n2+ i)} . (2.9) 

In this equation ,Bij is the impingement rate on a unit area of clusters of size (i, i). When they 
behave like ideal gas molecules, iJij = C(i,i)JkBT/21'imij, with mij the mass of the cluster. 
A(nl,n2) is the surface area of a (n},n2)-cluster, 'Yij gives the rate of evaporation per unit 
cluster surface area, The first and last term in the equation represent the formation of (nl' n2)­
clusters, while the second and third term describe the destruction of these clusters (see fig 2.4). 
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J2 

J1 

Figure 2.3: The (nI, n2)-lattice. 

In our treatment we will take the eondensation eoeffieient, whieh is the fraetion of the 
eolliding (i, j)-clusters that will stick to the (nI, n2)-cluster, to be unity. This assumption 
is usually made in the literature for the simple reason that real values are unknown. The 
evaporation coeffieient 'lij is unknown. It ean be determined by referring to the equilibrium 
state. In equilibrium no net change of cluster eoneentration of any size takes place; the detailed 
balanee condition requires that each forward process has to be balanced by its reverse process: 

(2.10) 

In this equation e(nl' n2) represents the equilibrium concentration of (nI, nz)-clusters, and it is 
expressed by the Boltzmann expression, 

(2.11 ) 

where N is the number of single molecules in the gas mixture. Since we are dealing with a 
supersaturated state, this ean not be a real equilibrium. Af ter all, for clusters larger than the 

(n1"i,n;,d) (i ,i) (n1,n2) 

·00 
8~ 

0::1'0 

(a) )~o + ----+ 

'f<t~ -o .0 0 0 0 
0 .0 

(n1+i,n2+j) (n1,n2) (i,j) 

0::1'0 

~~~~ (b) ~~~o ----+ + 8~ 
~~~ .00 

0cP.0 

Figure 2.4: Formation of a (nI, nz)-cluster by coalescence (a) and dissociation (b). 
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critical the equilibrium concentration c(nt, n2) is a function increasing with cluster size 
according to the Boltzmann expression, as !:J.G decreases with cluster size. To force the system 
to remain in equilibrium, so-called Maxwell demons are introduced to remove all clusters above 
a certain size, larger than the critical size, from the system, dissociate them, and put them 
back as single molecules. This way a constrained equilibrium is obtained. 

Substitution of "tij, obtained by applying the detailed balance condition Eq. (2.10) to the 
constraint equilibrium state, in Eq. (2.9) leads t~: 

(2.12) 

Cluster-cluster interactions are less likely than dusters growing by addition of single molecules 
or by addition of small other clusters containing only a few molecules. The change in size may 
then be regarded as continuous and the following expansion can be made for small i and j: 

j( . ') JC ) .aj(x,y) .aj(x,y) 
x-z,y-) - x,y =-z ax -J {)y (2.13) 

Rewriting Eq. (2.12) with Eq. (2.13) yields: 

"".(./ a {A( ) ( ) [CCn1,n2) C(nl+i,n2+ j )]} 
- L- L-ZfJij- nt, n2 c nl, n2 ( - C . . 

i j ant e nI,n2) c nt+ z,n2+J) 

""'f.) a {AC )( ) [c(nI,n2) C(nt +i,n2+ j )]} - L- L-JfJij- nt, n2 ent, n2 -..' 
i j an2 e(nll n2) e(nl +2, n2+ J) 

(2.14) 

The concentration C is a function of time t, nl, and n2. Eq. (2.14) can be considered as a 

conservation law; write J = ft + 1;, and V' n C)~l ' 1:l~2)' so 

ac ~ 
+V'n·J=O, (2.15) 

with 

Applying again the expansion of Eq. (2.13) the equations convert to 
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We now recovered the nucleation rate expression of Stauifer (1976), 

The two-dimensional tensor R(nl, n2) is the so called growth rate tensor: 

R 

The elements of R are given by: 

Rll 2:Il,Bij A(nl,nz) 
i j 

i j 

R22 = 2: 2:)2 /1iJA( nl, nz). 
i j 

(2.16) 

(2.17) 

(2.18) 

(2.19) 

The oif diagonal elements arise from incorporation of mixed clusters with "I" molecules as weIl 
as "2" molecules. When only interaction with monomers takes place, R becomes diagonal, i.e. 
R1Z R2l = 0, and also Ru /11A(nb n2), R22 /1zA(nl, n2), with impingement rates of 
single molecules and /12. 

The nucIeation rate is by the solution of Eq. (2.17), which is a time dependent equation. 
An analytic solution of this equation can be obtained by considering the steady state nucIeation 
rate, which is of particular interest. A quasi steady state will be maintained as long as the 
nucIeation process does not alter much the initial number of single molecules in the gas mixture. 
Then the (nb n2)-cIuster concentration is constant for each cluster size: 

-~"--:.:.. = o. (2.20) 

Studies concerning the relaxation time required to attain the steady state, predict values of the 
order of microseconds (Abraham 1974). Since the time scales of our interest are much larger, 
but still small enough not to cope with vapour depletion, we shall assume the nucleation process 
to be quasi-steady. 

The steady-state nucleation is described by the equations: 

(2.21) 
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subject to the boundary conditions: 

1· (C) l' (C) lm - = 1; lm -
nl.210 C nl.2-OO C 

o. (2.22) 

The first boundary condition expresses the fact that for very small clusters the steady state 
solution will approximate the equilibrium distribution. The other boundary condition repre­
sents the removal of large clusters from the system to preserve the steady state. It is called the 
Szi1ard boundary condition. The steady-state solution is very insensitive to the cluster size at 
which the condition is applied. 

When the inverse of R the identity V x VifJ = 0, and the cur1 of Eqs. (2.21) lead t~: 

(
1 1 ~) V n x ~R- . J o. (2.23) 

Using the expression for the equilibrium distribution Eq. (2.11), this can be rewritten as 

(2.24) 

This equation has to be solved to obtain the direction of the cluster current or nucleation rate 
J near the sadd1e point. 

To be able to proceed we make the assumption that the direction of J is constant in the 
neighbourhood of the sadd1e point. A1so the variation of the kinetic matrix R near the sadd1e 
point is neg1ected. Furthermore, for calculational convenience we assume R to be diagonal, 
i.e. no "mixed" clusters are involved in the nucleation process. Stauffer (1976) makes plausible 
that this latter assumption does not have consequences for the final result of the derivation. 

The "saddle point region" is defined as the region where the Taylor expansion up to the 
second order is a sufficient approximation: 

(2.25) 

Here mI = nl - nl,sp and m2 = n2 - n2,sp, and the tensor D contains the second derivatives 
of the free energy G evaluated at the saddle point (e.g. 2D12 = fjZG I anI an2 2D2I ). It 
is convenient to introduce a rotated coordinate system with the x and y-axis parallel and 
perpendicular, respectively, to the direct ion of the saddle point current J;p: 

(2.26) 

Since we assumed the direction of the saddle point current J:p to be constant in the saddle 
point region, the x-component becomes Jx = J Spl whereas the y-component vanishes. In the 
steady state \7 n . J = 0, and therefore Jx must be independent of x, so lr(Y) is only a function 
of yin the saddle point region. Now the following "Ansatz" is made for the saddle point region: 

(2.27) 

with W a width factor that has to be determined. 
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Figure 2.5: Rotated (x,y)-coordinate systern with the origin in the saddle point 
SP of the ó.G surf ace. The curves correspond to constant levels of ó.G. 

First, we will determine the angle 4>. For this purpose we expand Eq. (2.24) into 

(2.28) 

Since R is constant, JI = Jspe-Wy2/kBT cos 4>, and J2 = JspcWy2/kBT sin 4>i Eq. (2.28) ean be 
rewritten as 

-R'ïl JspeWy2/kBT( -2Wy/kBT) sin2 4>­

Rïl JspeWy2/kBT( -2Wy/kBT) eos2 4> = 

Rïl JspeWy2/kBT cos4>(2mIDI2 + 2m2D2Z)/kBT­

R;;}J.peWy2/kBT sin4>(2mIDn + 2mzD lz )/kBT. 

Af ter dividing by 2Jspe-w'!J'lkBT /kBT this yields 

-RilW( -mI sin 4> + m2 cos rjJ) sin2 rjJ 

cosrjJ(mlDl2 + m2D22) 

Rï} W ( -mI sin rjJ + mz cos 4» cos2 4> 

R'ïl sin4>(mID ll + mZ D12)' 

This ean be rewritten af ter the introduction of the dimensionless raHos r 
-W/D I2 , dl -Dll/D12' and d2 = -DZ2 /D IZ as 

-we -mI sin 4> + m2 cos cP) sin2 cP 
r cos cP(ml m2dz) 

Af ter sorne rearrangements we obtain 

wr( -mi sin rf> + mz cos cf» cos2 cP 

sin cf> ( -mIdI + mz). 

(w sin3 4> + wr sin cP cos2 
cf> - r cos cP - dl sin 4> )ml + 

(-w sin cf> cas2 cf> wr cos3 cf> + rdb cos cf> + sin cf> )m2 O. 

So, Eq. (2.24) has become of the farm Flmj + F2mz 0 which is supposed to be valid 
in the whole saddle point region. Since mI and mz vary independently, both Fl and F2 must 
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vanish: 

Fl -w sin3 </> - wr sin </> cos2 </> + r cos </> + dl sin </> = 0 

F2 -wrcos3 </> - wsin2 </>cos</> + rd2 cos </> + sin</> = O. (2.29) 

These equations are solved by 

w (sin </> cos </»-I(tau </> + rdz)/ tau </> + r / tau </> 

tan </> = s + .j S2 + r, (2.30) 

where s = Hd l rdz). 
The steepest descent approximatiou of Reiss (1950) would give cot2</> (dl - d2)/2, as 

a result of 8Dxx/8</> = 0, with = DuCOS2</> + 2DI2 cos </>siu</> + D 22 Siu2 </>. This only 
corresponds to the solution of Eq. (2.30) if r 1, i.e. the impingement rates of "I" and "2" 
molecules are exactly equal. 

2.2.3 Nucleation rate 

The direction of the nucleation current is known in the saddle point region, its magnitude is 
left to be determined. We return to Eq. (2.17). 

Af ter multiplying this equation by R- I (~), and transforming to the (x,y)-coordinate sys­
tem, we calculate the line integral of the x-component of the equation, over a path parallel to 
the x-axis, i.e. parallel to the saddle point current J;p, across the "mountain ridge" of the !:lG 
surface: 

1+00 ( 1 0 1 R-·J --dx 
o x c(x,y) 

- - -- dx-l 1+00 8 (C(X, y)) 
o 8x c(x,y) -, (2.31) 

where (R-I. i)x denotes to the x-component of the vector (R-I. i). The lower integral bound 
o corresponds to small clusters near the origiu of the (nb n2)-plane, and the upper bound 00 

refers to large clusters at the ot her side of the "mountain ridge". These bounds correspond to 
the boundary conditions of Eq. (2.22). The result 1 of the integral can easily be understood by 
applying the boundary conditions to the second integral in Eq. (2.31). 

Because of the appearance of the factor ~ in the integral, the neighbourhood of the saddle 
point will have the largest contribution to the integral. Accordingly, the lower bound of the 
integral can be extended to minus infinity. Applying again the assumptions for the saddle point 
region, (R is constant, and i Jxëx) , (2.31) can be transformed into: 

1 1+00 1 
(J"jRav ) -(-)dx, 

-00 ex, y 
(2.32) 

where an "average growth rate" Rav is introduced: 

(2.33) 

which results from transforming the inverse R- l matrix from the original (nbn2)- to (x,y)­
coordinates. 
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The total nucleation rate Jtot is now obtained by integration of the current Jx(Y) over Y 
near the saddle point: 

Jtot Rav /+00 (/+00 _( 1 )dX) -1 dy = RavcspZ. 
-00 -00 ex, y 

(2.34) 

The total nucleation rate proves to be the product of the average growth rate Ra,ll the steady­
state saddle point concentration csp = N exp( -flGsp)jkBT), and the Zeldovich factor Z defined 
by 

Z /
+00 (/+00 c( 0 0) ) -1 /+00 (/+00 )-1 

-00 -00 c(x:y)dx dy= -00 -00 exp«flG-flGsp)jkBT)dx dy. (2.35) 

To evaluate Z, flG is expanded into a Taylor series arOlllld the saddle point in the (x, y)­
coordinate system, up to the quadratic term: 

with the second derivative matrix D r evaluated in the rotated coordinate system, e.g. 
!éPflG(x, y)j8x2 = Du cos2 cp + D22 sin2 cp + 2D12 cos cP sin cP. 

(2.36) 

The main contribution of the integral within the brackets at the right hand side of Eq. (2.35) 
at any fixed Yo is found near the maximum of flG(x, Yo) as a function of x. The curve connecting 
the maxima at various y is called the ridge in the saddle point region (see Fig. 2.6). The position 

Figure 2.6: The ridge in the saddle point region, indicated by the dashed line. On 
the ridge t::.G attains a maximum as a function of x. 

of the ridge is found by: 

:x (flG(x, Yo) flGsp ) ! (x2 D:x + 2xyD~y + y2 D;y) O. (2.37) 

The solution of th is equation yields yjx = - D~xj D;y for the ridge. Substitution in Eq. (2.36) 
gives the value of flG flGsp on the ridge: 

(2.38) 



2.2 Binary homogeneous nucleation theory 23 

The factor W is given by W = det(Dr)jD~", det(D)jD~x' Writing W' -D~x, and keeping 
in mind that the first derivative of ~G(x, y) with respect to x is equal to zero on the ridge, 
we obtain: ~G(x,y) - ~Gsp(x,y) = Wy2 - W'x2• Af ter substituting this in Eq. (2.35), the 
Zeldovich factor can be evaluated easily: 

(2.39) 

The final result Jtot RavcspZ is the same result as the one found in one-component 
systems, but now an average growth rate is present: 

Ra,; = det(R)j(Rll sin2 </> + R22 cos2 </> 2R12sin </>cos </», 

and 

(2.40) 

(2.41) 

(2.42) 

Note: In the limit that the saddle point approaches either the nl or the n2 axis, the kinetic 
prefactor does not turn into the kinetic prefactor of the unary theory. This error is due to the 
integration over the nucleation fiuxes near the saddle point. If the pass over the saddle point 
is too steep, which will occur in the limit of unary condensation, this continuous treatment 
fails. A second problem in the limit of unary nucleation is the error introduced by setting the 
lower bound of the integration over y to -00 which cannot be appropriate here. Wilemski 
(1975) proposed an ad hoc correction to satisfy the limit. Shugard et al. (1974) dealt with this 
problem by not integrating over the nucleation fiuxes near the saddle point, but keeping the 
summations in the calculation. They found a dependence of the nuc1eation rate on summation 
boundaries. 
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Chapter 3 

NUMERICAL CALCULATIONS FOR 

n-NONANE/METHANE 

3.1 Introduction 

In ehapter 2 the binary classical theory was outlined. The theory has been applied mainly to 
aqueous solutions, and mixtures of alcohols [e.g. Flageollet-Daniel et al. (1983), Mirabel and 
Clavelin (1978), Strey and Viisanen (1993), Zahoransky and Peters (1985)]. In these studies 
the gas phase was assumed to behave as an ideal gas. Non-ideal behaviour was present only 
in vapour activities not satisfying Raoult's law, while the vapour phase activities could be 
calculated on the basis of thermodynamie consistency equations, e.g. the van Laar equations. 
Furthermore, in these studies both components in the vapour phase were in a supersaturated 
state, far below their critical temperature. 

This ehapter describes an extension of the binary eNT. The Redlieh-Kwong-Soave equation 
of state (RKS) has been implemented in the droplet model of CNT. In this way, both non-ideal 
behaviour of the gas phase and real gas properties of the vapour-liquid phase transition are dealt 
with. With the extended model nucleation rates ean be ealculated of mixtures at high pressures, 
and at eonditions that one of the components is in a supercritieal state. Numerical results are 
presented of the mixture n-nonanejmethane, in the eoexistence region at temperatures where 
retrograde condensation is possible. 

3.2 A re al gas model for /).G 

Calculation of the nucleation rate according to CNT requires a thermodynamic description for 
the gas and liquid mixture taking into account all real gas effects involved in the nucleation 
process. 

To calculate f::J.G of the critical nucleus, we have to tackle two problems. First,· the ther­
modynamic properties of the two phases must be described by an equation of state (EOS). 
Then, by solving a linear combination of the Kelvin equations (2.7), the bulk composition of 
the critical droplet can be found: 

(3.1) 

For given pand T, all quantities in this equation are known functions of droplet bulk compo­
sition only, which follow from the EOS. 
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Second, it is not possible to evaluate mixture properties from the properties of the pure 
substances; methane is in a state in which no pure liquid methane can exist. Surface tension, 
which is a very important parameter determining the height of the energy barrier t::.G in Eq. 
(1.1), will thus be estimated by using an empirical correlation known as the Parachor method. 

From several available equations of state we selected the Redlich-Kwong-Soave and the 
Lee-Kesler-Plöcker (LKP) equations (Reid et al. 1987), because they proved to be well appli­
cable to alkanes. The RKS equation is of the cubic type and therefore relatively simple from a 
calculational point of view. The LKP equation of state is a transcendentalone, thus computa­
tionally more complex. It is applicable, however, over a wider range of reduced temperatures. 
To compare both EOS to test their suitability to our application, we calculated the equilibrium 
molar volume of the liquid 8.'l a function of temperature and pressure. The molar volume is 
a very important parameter in our model because of its appearance in the Kelvin equations 
and in the surface tension correlation. The results obtained were compared with experimental 
data of Shipman et al. (1966). Although RKS is known for its poor prediction of liquid molar 
volume, results obtained by RKS when Peneloux' correction (Reid et al. 1987) was included 
turned out to be far better than LKP results in predicting the molar volumes (RKS, less than 
0.8 % deviation from experimental data; LKP, up to 6 % deviation). For this reason, the RKS 
equation of state was used for all thermodynamic calculations throughout this work. 

The RKS equation has the following form: 

RT b 
(3.2) P 

where 
0.08664RTc 

a= 
Pc 

and 

with 
f(w) 0.48+ 1.574w - 0.176w2

• 

In these equations, Ris the universal gas constant, VRKS is the molar volume (subscript m is 
1eft out to avoid confusion with mixture properties in the remainder of this text), w is Pitzer's 
acentric factor, and the subscript c refers to the critical point. For a mixture, a and bare 
evaluated from the pure component values using the mixing rules 

The quantities Yi in the above expressions denote the molar fractions of the components, both 
in the vapour and liquid phases. From now on, however, we will use Xi for the liquid molar 
fractions. In the last mixing rule, thc interaction parameter is introduced. lts value is deter­
mined by a fit to experiments (Knapp et al. 1982). Numerical data are found in appendix A. 
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The RKS equation is known to yield too large values for the liquid molar volume V. The 
correction term proposed by Peneloux (Reid et al. 1987) reads 

v = VRKS - C, (3.3) 

where V is the corrected molar volume and 

( )
RTc 

C = 0.40768 0.29441 - ZRA -. 
Pc 

ZRA is the Rackett compressibility factor of the substance under consideration. For a mixture, 
the correction term is obtained by using the conventional mixing rule 

From the above equations, an expression for the chemical potential can be derived in ana­
lytical form in a standard way by integration of the pressure with respect to volume keeping T 
and n; constant (obtaining the free energy F as aresuit), and then taking the derivative with 
respect to ni. In this way an expression of the form Jl. J(T, V, Yi) is obtained. For the liquid, 
of course, Yi is replaced by Xi. 

The partial molecular volumes are found by substituting the mixing rules into the RKS 
equation and applying standard expressions from thermodynamics for the partial volumes (NA 
denotes Avogadro's number), 

f)VRKS VRKS - X2--- - Cl, 
f)X 2 

f)VRKs 
VRKS + Xl-f)-- Cz· 

Xz 

(3.4) 

(3.5) 

In these equations the Peneloux correction has been used. Because of the use of the incompress­
ible fiuid approximation in deriving the Kelvin equations (2.7), the molecular liquid volume has 
to be calculated at pressure p" outside the droplet. Using chemical potentials and molecular vol­
umes obtained from (3.2) (3.5) in Eq. (3.1), a solution for the droplet bulk composition 
is found, and I:l * Jl.i and Vi are known. 

With this it is possible to calculate the droplet radius from either one of the Kelvin 
equations written in the form 

2aVi 
r= --. (3.6) 

I:l * Jl.i 
The critical free energy barrier, I:lGsp , is now obtained from Eq. (2.8), provided that the surface 
tension is known. 

Several correlations exist for the surface tension, most of which need the pure component 
values as their input. Sin ce relevant temperatures are above the critical temperature of methane, 
these correlations can not be used for the mixture under consideration. Arelation that ean 
be used for our purposes is the Macleod-Sugden correlation (Reid et al. 1987), an expression 
obtained by the best fit to experiments. It reads 

(3.7) 
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in which superscripts i and v refer to liquid and vapour, respectively. The parameters Pi 
are the so-called parachors of the components. Originally, Macleod suggested to calculate 
these from molecular structures; however, bet ter agreement with experiments can be obtained 
by empirically fitting the parachor values to measurements. For our calculations, the values 
obtained by Deam and Maddox (1970) are used. We note that the parachor method is a 
fit on bulk composition. This is consistent with the fact that, as a solution of the Kelvin 
equations, bulk compositions are obtained which are substituted into Eq. (3.7) in order to 
find the surface tension of the droplet. A limitation of this method is the lack of a proper 
correction for the curvature of the droplet surface which is still subject of discussion in literature 
(Tolman 1949, Thompson et al. 1984, Nijmeijer et al. 1992). 

What remains to be calculated, is the kinetic prefactor K of expression (1.1) in which the 
second derivatives of t::.G at the saddle point position with respect to the total numbers of 
molecules, ni and n~ are present. As was already pointed out in section 2.2.2, we have no 
information concerning the excess numbers ni and n~. According to Wilemski (1987), the best 
one can do is using Reiss' original expression for t::.G, i.e., 

L n!t::.*tLi +oA (3.8) 
i=1,2 

keeping a constant at the value of the critical droplet l . The shape of the t::.G surface obtained 
in this way is approximately correct in the vicinity of the saddle point. 

For the impingement rates ,Bi present in the growth rate tensor R [Eq. (2.18)], the ideal 

expression {3i = Pil VkBT /27rmi is used, where Pi is the number density of monomers of species 
i, and mi is the molecular mass. It is expected that the values of {3; only have a slight effect 
on the nucleation rate. 

No special attention has been paid to the limiting case of unary nucleation. It may be 
expected that a small overestimate of the nucleation rate appears, when the position of the 
saddle point is too close to the nl-axis. This might occur in the low pressure limit, in which 
only a little methane will be dissolved in the droplets. A more extensive treatment of this 
matter is given by Wilemski (1975). 

Finally, we introduce a supersaturation S, which will be used in presenting results of our 
calculations 

s= (3.9) 
Yl,eq 

where Yi and Yi,eq are the molar vapour fractions of n-nonane2 in the supersaturated state 
and at equilibrium, respectively. The equilibrium molar fraction is calculated by equating the 
chemical potentials in the vapour and the liquid for both components at given pand T. We 
emphasize that this definition is not used in the calculation of nucleation rates. The reason 

1 Recently, Oxtoby and Kashchiev (1994) established a method 'to determine the total numbers of molecules 
n; in the critical dusters on the basis of Thermodynamica. Combination of this method with CNT yields in 
addition to the number of bulk molecules n\, the number of "surface" molecules n; in the critical cluster. With 
this knowledge it is possible to construct a more consistent kinetic prefactor than described in this chapter. 

2Regarding all binary mixtures subject of study in this thesis, the following convention is made: component 
1 is the less volatile component of the mixture; in the case of a vapour and inert carrier gas, component 1 
represents the vapour component. 
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for using the supersaturation ratio in representing the results is that S is considered to be the 
driving force behind the condensation process. 

The calculations described are implemented in a FORTRAN numerical code. Calculations 
can be performed for n-alkanes (up to n-dodecane) with several carrier gases. The numerical 
data for the mixture n-nonane/methane, used in the present calculations, are listed in the 
appendix A. The program code is available upon request. 

3.3 Results and discussion 
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Figure 3.1: Contour plot of the free energy surface in the vicinity of the saddle 
point. T = 240 K, p = 40 bar, and Yl = 1 X 10-4 (S ~ 8). The value of b.G at the 
saddle point is 65.5 kBT; eontours correspond to increment steps of 1 kBT. 

A plot of a typical free energy surface according to Eq. (3.8) for the n-nonane/methane mixture 
is shown in Fig. 3.1. The conditions are: T 240 K, p = 40 bar and the molar fraction of 
n-nonane in the gas Yl = 1 X 10-4 corresponding to a saturation ratio S ~ 8. The cri tic al cluster 
consÎsts of 66 nonane molecules and 11 methane molecules. During nucleation, the saddle point 
is passed in the direction <p indicated by the arrow. 

Figures 3.2 and 3.3 show the nucleation rate as a function of supersaturation with the 
pressure as a parameter for two different temperatures. The model predicts a large effect of 
total pressure on the nucleation rate. At :!ixed supersaturation, increasing pressure induces 
an increase of nucleation rate by several orders of magnitude demonstrating real gas effects 
in homogeneous nucleation. Apart from this phenomenon, the generally observed exponential 
dependence of nucleation rate on supersaturation at given total pressure and temperature can 
also be seen in the :!igures. 

The interaction of nonane and methane in the nucleation process also comes forward when 
the composition of the critical cluster is considered. The saddle point of Fig. 3.1 already 
indicated the presence of methane in the critical cluster. In Fig. 3,4 the molar fractions of 
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Figure 3.2: Nucleation rate in the mixture n-nonanejmethane as a function of 
supersaturation with the total pressure as a parameter, T;::: 240 K. 

methane in the critical cluster and in the corresponding equilibrium liquid state are plotted as 
a function of pressure at fixed supersaturation and temperature. The methane molar fraction 
increases from approximately 0 at low pressure to 0.11 at 40 bar. The methane fraction in 
the critical cluster is less than in the equilibrium liquid composition at the same conditions. 
In Fig. 3.5 the surface tension of the critical cluster is shown as a function of total pressure, 
at fixed temperature and supersaturation. The increasing amount of methane in the critical 
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Figure 3.3: Nucleation rate in the mixture n-nonanejmethane as a function of 
supersaturation with the total pressure as a parameter, T ;::: 260 K. 
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represents the composition of the critical droplet at supersaturation S 20. The 
dashed curve refers to equilibrium liquid; T = 240 K. 
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cluster lowers the surface tension from 2.7 x 10-2 Nim to 1.9 x 10-2 Nim at 40 bar. The height 
of the energy barrier 6.Gsp which depends on the cluster composition, and in particular on the 
surface tension, decreases also with total pressure at fixed temperature and supersaturation. 
This explains the increase of nucleation rate with total pressure. 
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Figure 3.5: Surface tension as a function of pressure for fLxed values of super­
saturation and temperature. The solid curve corresponds to the critical droplet 
composition; the dashed curve refers t9 the equilibrium composition. 
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In Figs. 3.2 and 3.3 the nucIeation rate was plotted as a function of supersaturation S. It 
has to be realized here that the saturated nonane vapour density itself depends on the mixture 
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Figure 3.6: Pressure dependence of the equilibrium gas composition of the mix­
ture n-nonane/methane. Dashed curve, nonane molar fraction in the gas phase at 
vapour-liquid equilibrium at 240 K as a function ofthe mixture total pressure. SoJid 
curve corresponding equilibrium n-nonane vapour density. 

total pressure, as is shown in Fig. 3.6. Due to real gas effects, the solubility of nonane in thc 
gas phasc increases, resulting in an increasc of thc equilibrium nonanc concentration YI,eq and 
therefore an even stronger increase of equilibrium nonane vapour density PI,eq, at pressures 
above 20 bar. So, S is not a measure for the actual nonane vapour density wh en nucIeation 
rate curves at different pressures are compared. In Fig. 3.7 the nucleation rate is plotted as a 
function of nonanc vapour density PI which is obtained from the relation PI yI/V", where 
V" is the molar volume of the gas mixture. The J - p--curves shift to the right at higher total 
pressures. The nucIeation rate does not decrease monotonously with pressure at fixed n-nonane 
density. In the range of nucleation rates plotted in the diagram, the 1 bar curve crosses the 
10 bar curve at 0.17 mol/m3 , and the 20 bar curve at 0.28 mol/m3 . The non-monotonous 
behaviour of nucIeation rate with total pressure at fixed n-nonane density can also be observed 
in Fig. 3.8. In this plot the nucleation rate is given as a function of pressure (solid curve) with a 
fixed nonane vapour density of PI = 0.25 mol m-a. The dashed curve shows the nucleation rate 
if not methane, but an inert carrier gas is added. The pronotmeed difference between binary 
nucIeation under real gas conditions and unary nucleation with au inert carrier gas is clear. 
Adding methane to nonane first shows astrong increase of nucleation rate, due to the lowering 
of surface tension caused by the presence of methane in the critical cluster. So, initially this 
effect dominates the effect of decreasing supersaturation with pressure. At higher pressures, 
the situation is reversed and finally, when pressure is high enough, thermodynamic equilibrium 
is attained again. Adding an inert component to a nonane vapour of fixed density shows a 
monotonically decreasing nucleation rate with (inert) gas pressure, this being a result of a 
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Figure 3.7: Nucleation rate in the mixture n-nonanejmethane as a function of 
nonane vapour density for different total pressures at T = 240 K. 
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higher energy barrier due to the increase of liquid chemical potential, while vapour chemica! 
potential is not changed much, this is known as the Kelvin-Helmholtz effect. Recently, a 
reduction of the nucleation rate with increasing total pressure of I-propanol in helium and in 
hydrogen was experimentally found by Heist et al. (1994) in a special high pressure diffusion 
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Figure 3.8: Nucleation rate as a function of pressure for a fixed nonane vapour 
density PI = 0.25 mol m -3 .. Solid c)lIve, lNlOnane/met~ane mixture calculated with 
binary nudeation thèory. ':rj~bed'c'ürvéT 'CNTfor n-rmhane with an inert carrier 
gas; T = 240 K. 
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Figure 3.9: p T diagram with !ines of constant nucleation rate for a gas mixture 
with molar fraction D-nonane Y1 = 1 X 10-4• The outer curve corresponds to vapour­
!iquid equilibrium for given nonane fraction. The labels denote the nucleation rate 
in cm-3 s-l. 

Finally, in Fig. 3.9 a p - T phase diagram is shown of a n-nonanejmethane mixture with 
a nonane molar fraction of 1 x 10-4 . The outer curve, on which the gas mixture with given 
nonane concentration is in equilibrium with the liquid phase, forms the boundary of the two­
ph ase coexistence region. Inside this envelope, lines of constant nucleation rate are drawn, 
lines representing higher nucleation rates are found further inwards the coexistence region. 
Furthermore, lines of given nucleation rate ferm "retrograde curves", and they all appear to 
converge to the critical point of the mixture. 

3.4 Conclusions 

The classical binary nucleation theory has been extended with a thermodynamic model taking 
into account real gas effects. For calculating chemical potentials and molar volumes the RKS 
equation of state was applied, surface tension was modeled with the Parachor method. This 
model allows the theoretical study of homogeneous nucleation of real gas mixtures in the co­
existence region, such as the n-nonanejmethane mixture, subject of the calculations presented 
in this thesis. The model prediets for this mixture an increase of nucleation rate with pressure 
when supersaturation and temperature are fixed. Due to real gas effects, an increasing amount 
of methane is present in the critical droplet with increasing pressure, as also occurs in equilib­
rium condensation. The presence of methane in the critical cluster lowers the surface tension, 
and therefore the free energy of formation is lowered, leading to an enhanced nucleation rate. 

We have only presented calculations for the n-nonanejmethane mixture. However, it is to 
be expected that similar results are found in other mixtures at high pressures, when interactions 
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between the mixture components are present. An example is the n-nonane/nitrogen mixture. 
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Chapter 4 

EXPANSION WAVE TUBE 

4.1 N ucleation pul se method 

introduction 

One of the powerful techniques to measure homogeneous nucleation rates in a supersaturated 
vapour is the nucleation puise method. The principle of this method is the separation of 
the initial nucleation stage from the droplet growth stage. By applying a proper history of 
the thermodynamie state, the nucleation stage is limited to a very short time interval, the 
nucleation pulse. Aftel' this stage a state of supersaturation is maintained over a longer time 
interval which causes the nucleated drops to grow to macroscopie sizes. By doing so, detection 
and counting of droplets is simplified, since all droplets are of nearly the same size. 

In diagram 4.1 the desired saturation profile belonging to a nucleation pulse is schematically 
drawn. Initially, the vapour is undersaturated (S < 1). During a short time interval Ät, 

sj 

----... 
S=1 t ----... 

t 

At At 

Figure 4.1: Schematic saturation history and accompanying pressure history re­
quired to produce a nucleation pulse. 

a state of critical supersaturation (generally S ~ 1) prevails, and homogeneous nucleation 
takes place. Critical supersaturation is the term that refers to the maximum supersaturation 
in the nueleation pulse, which is chosen sueb that the number of droplets formed faIls in the 
detection limit of the apparatus used. Therefore it is not an objective measure, but device 
dependentj the critical supersaturation in diffusion eloud chambers for instanee is lower than 
in expansion chambers. Then supersaturation is lowered, so that the nucleation process is 
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quenched, but because a supersaturated state is maintained, the microscopie droplets formed 
during the nudeation pulse grow further to macroscopie droplets. 

The desired saturation profile can be achieved by gasdynamie means. Subjecting a vapour 
to a fast adiabatic expansion by which also the temperature is lowered leads to the increase of 
the saturation up to the critieal supersaturation. The subsequent reduction of supersaturation 
is produced by a small recompression. In order to keep the supersaturation as well as possible 
at a constant level during the nudeation pulse, the condensing droplets are not allowed to affect 
the thermodynamic state by vapour depletion or heat release. Therefore the nudeation rate is 
limited to an upper bound (in our situation this is always satisfied), while the duration of the 
nueleation pulse must be very limited in time (of the order of milliseconds). 

The nueleation rate J is determined by 

J 
c 

( 4.1) 

where cis the droplet concentration which is measured af ter the droplets acquired a detectable 
size. 

Allard and Kassner (1965) first applied the nueleation pulse method to homogeneous nuele­
ation in a supersaturated vapour in a piston expansion chamber. During an experimental run, 
a programmed piston expanded and recompressed the gas/vapour mixture, in a nuele-
ation pulse duration of about 10 ms, and typical nueleation rates of 10° - 105 . In this 
chamber an extensive study of nueleating water vapour in helium was made, in which also the 
influence of impurities was made dear (Allen and Kassner Jr. 1969, Hagen et al. 1982). The 
inert carrier gas helium did not take part in the condensation process, but acted as a heat 
reservoir for the latent heat released by condensation. The eloud chamber was further refined 
by Schmitt et al. (1982) who studied the nucleation of ethanol and toluene vapour. Wagner 
and Strey (1981) developed a two piston expansion eloud chamber in which the nueleation pulse 
duration was reduced to 1 ms. 

Another useful tooI for condensation studies proved to be the shock tube device [e.g. 
(Wegener and Lundquist 1951, Barschdorff 1975)]. A shock tube consists of two sections: the 
High Pressure Section (HPS), usually called the driver section, and the Low Pressure Section 
(LPS) or driven section. High pressure section and low pressure section are separated by a 
diaphragm. When the diaphragm is removed a wave pattern develops in the shock tube due 
to the initial pressure difference between HPS and LPS. In condensation studies the vapour 
(mixture) subject to investigation is inside the HPS together with a carrier gas. By means of an 
expansion wave, which in duces a pressure and temperature decrease, condensation is initiated. 

Peters (1983, 1987) realized a nucleation pulse in a wave tube, which actually is a shock 
tube, at the endwall of the high pressure section by means of a constriction in the low pressure 
section. In the x t diagram of Fig. 4.2 the wave propagation in Peters' expansion tube is 
given. The nueleation pulse is generated at the endwall by the refiection of the initial shock 
wave at the constriction running behind the initial expansion wave. 

Our pulse expansion tube is a modification of Peters' wavetube; the post nueleation pressure 
is improved by replacing the original constriction in the low pressure section by alocal widening. 
The gasdynamic aspects of the new tube are outlined in sections 4.2 and 4.3. 
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Figure 4.2: Wave diagram and pressure history of the expansion tube of Peters 
with a constriction in the low pressure section. The dashed line shows the position 
of the constriction. A nucleation pulse is formed at the observation point 0 at 
the endwall of the RPS by the reflection of the shock wave at the constriction. 
D denotes the position of the diaphragm. The diagrams were calculated with the 
Random Choice numerical Method (RCM) (see appendix C). The calculations were 
done with nitrogen gas, the pressure was chosen 2 bar in the RPS, and 1 bar in thc 
LPS. 
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In Fig. 4.3 an ordinary shock tube is schematically sketched together with the wave pattern in 
the tube during operation. On the left hand side the high pressure section is situated, the low 
pressure section is on the right hand side. When the diaphragm is opened, the wave pattern 
divides the x t plane in four uniform regions. In the initial state the high pressure section is 
at a pressure P4 and the low pressure section at PI, P4 > Pb The velocity u = 0 in both regions 
(1) and (4). A shock wave, which is a discontinuous compression front of the gas, propagates 
into the LPS, increasing pressure and temperature; P2 > PI, > Tl. In region (2) a flow 
velocity Uz is induced. A centered rarefaction wave propagates into the RPS, lowering pressure 
and temperature; P3 < P4, T3 < The expansion wave has a spatial extension; the head of 
the wave travels with the initial speed of sound C4, the tail of the wave travels with a lower 
speed because of the diminished sound speed Ca, and a flow speed Us to the right, both induced 
by the expansion wave. Regions (2) and (3) are connected by a contact surface. Over this 
contact surface pressure and flow speed are continuous, but there is a jump in temperature and 
density; Uz U3, P2 P3, and Tz > T3 , P2 =t P3. The contact surface travels to the right with 
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A 

HPS (4) LPS (1) 

Figure 4.3: Schematic representation of a shock tube with wave diagram. The wave 
pattern divides the x t plane in uniform regions (1) to (4), The upper diagram 
shows the pressure distribution in the tuhe at time A, 

flow velocity U2, it separates the gas that was initially in the high pressure section from the gas 
that was in the low pressure section. 

The dashed curve in the figure shows the trajectory a fluid particle will follow, Initially, it 
is at rest; when the expansion wave passes it is accelerated to the right, until its speed equals 
the contact surface speed. 

Because of the limited dimensions of the tube, at last the waves will encounter the endwalls 
of the tube, On the left the expansion wave reflects at the endwall bringing the flow into 
stagnation again, 

The shock strength characterized by the shock Mach number MS) which is the ratio of inci­
dent shock wave velocity and the sound speed, and the depth of the expansion are determined 
by the pressure ratio P4/Pl of the driver and driven section, It is possible to calculate thermody­
namic and flow properties by connecting regions (1) up to (4) with the equations that describe 
unsteady wave propagation, In the next sections the wave propagation and wave interactions 
that are of concern in our tube will be outlined. 

l-D unsteady wave propagation 

Neglecting friction, heat transfer, and diffusion, the one-dimensional Ullsteady wave propaga­
tion is described by the Euler equations (Thompson 1984): 

op op ou 
8t + u ox + P ox = 0, (4.2) 

éJu éJu 1 éJp 
éJt + u éJx + P éJx = 0, (4,3) 

and 
ds = 0 
dt ' 

(4.4) 
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In the last equation, s is the specific entropy. In case of discontinuous waves like shock waves, 
the integral conservation laws must be applied. This will be described further on. The above 
non-linear equations are of the hyperbolk type. It is therefore convenient to write them in the 
characteristic form: 

(! + (u ± c)!) (u ± F) = 0, 

in which c is the sound speed defined as 

and the thermodynamic variabie F by: 

F= {P 
lpo pc 

(4.5) 

(4.6) 

(4.7) 

(u ± F) == J± are called the Riemann invariants. Equation (4.5) expresses that in the charac­
teristic directions ~ (u ± c) the Riemann invariants (u ± F) are constant. 

For a perfect gas with the ideal gas equation of state p = pRT, and the isentropic relations 
<!:f!. = _1_4>: and !!I!. =..1:r...4>: the Riemann invariants turn into: 
P 1'-1 c P 1'-1 c ' 

J±=u±~, 
1'-1 

with the constant isentropic exponent l' defined by the ratio of specific heats: l' = ~. 
Cv 

(4.8) 

The method of characteristics can be applied to calculate the solution in a neighbouring 
region of a line segment on which the J+ and J- are known, and which does not coincide wUh 
a characteristic. This is illustrated in Fig. 4.4. The C+ characteristic coming from point (a) on 

t 

a b 
x 

Figure 4.4: Method of eharaeteristies. If the Riemann invariants are known on the 
line segment a - b, the flow properties ean be calculated in the region bounded by 
a band the characteristics C-, and C+, denoted by "determined". 

which J+ is uniform intersects with the C- characteristic corning frorn (b) with constant J- in 
point (d). The values Ud and Fd can be calculated from 

(4.9) 
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Solving this system yields 

Ud ~ (J: + Jb") 

Fd = ~ (J: - Jb-) • (4.10) 

As Fis known in point (d), all thermodynamic variables are known. Similarly, the solution in 
the whole region enclosed by line a - band chara.cteristics C+ and C- ean be determined. 

The expansion wave 

In the x t diagram of Fig. 4.3 a eentered rarefaction wave runs into the HPS. Because it is 
bounded by the uniform region (4), this expansion wave is a so-called simple wave. The C­
characteristics all form straight lines ~ = Cu c) over which J- is uniform. Since the C+ 
characteristics originate from the uniform region (4), all J+ Riemann invariants have the same 
value Jt. The solution on a C- characteristic is by 

u 

F 

The shock wave 

~ (r + Jt) 

~(r Jt). (4.11) 

The Euler equations (4.2) and (4.3) cannot he employed in differential form for discontinuous 
changes of the flow, such as is the case for shock waves. Applying the integral conservation 
equations in a reference frame attached to the shock front, 

pU 

p+ pu2 

1 
_u2 + h 
2 

we obtain the Rankine-Hugoniot relation: 

(jJ-p) O+~) 2(h hl· 

(4.12) 

(4.13) 

An illustration of a standing shockwave is given in Fig. 4.5. Since the enthalpy h also satisfies 
an equation of state h = h(p, p), the Rankine-Hugoniot relation yields all states conceivable 
for a shock transition. A useful parameter is the shock Mach number M., defined by 

u 
M.=-, 

c 

which can he considered a measure for the shock strength. 

(4.14) 
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Figure 4.5: Stationary shock wave in a gas. 

The Riemann problem 

With the expressions for the expansion wave and the shock wave it is possible to solve the shock 
tube problem of fig. 4.3. The initial motion in a shock tube is caused by the discontinuity in 
pressure at the position of the diaphragm. The shock tube problem is a special variant of a 
Riemann problem. A Riemann problem is an initial value problem where a solution U(x, t 0) 
is known at the interval (xa , Xb). In the middle of the interval a discontinuity is present. Left 
and right from the discontinuity U is uniform. 

The shock tube problem ean be solved by eonnecting regions (1) up to (4) by the relations 
for u and p. This is illustrated in Fig. 4.6. The curve starting at state (4) in Fig. 4.6b represents 

(a) eb) 

t 50 èJb 
:s:,0 

"" 
40 

-;:::-
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Figure 4.6: x-t diagram (a) and u-p diagram (b) ofthe shock tube problem. The 
intersection of the isentrope starting at state (4), and the shock adiabate starting at 
state (1) (Fig. bl represents the state of the middle regions (2) and (3) in the u p 
plane. 

all states achievable by an adiabatic expansion wave in the HPS. The curve starting at (1) is 
the shock adiabate giving all states possible by a shock compression in the LPS. The solution 
in the middle region (2) and (3), Um,Pm, is given by the intersection of both curves. Of course 
at the interface of the regions (2) and (3) the relations U2 = Ua and P2 = Pa hold. 
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Not only the initial waves in the tube are described by a Riemann problem. Also the shock 
wave reflection at changes of the tube diameter can be described in the form of a Riemann 
problem. 

Shock wave reflection at a widening 

When a shock wave running to the right arrives at a widening, we obtain the Riemann problem 
of Fig. 4.7. In the x t diagram an extra transition accounting for the change in tube cross sec­
tion in addition to a contact discontinuity, divides the middle region into three distinct regions. 
When the flow on the spot of the cross section change is assumed to behave isentropically the 
following relations hold: Conservation of maS8 requires 

Ar 
UlPI = Al UrPr· ( 4.15) 

The Bernoulli equation gives 

( 4.16) 

The assumption of isentropy states 
(4.17) 

The subscript land r refer to the the regions left and right from the position at which the 
cross section changes. The above equations yield two extra relations for u and pover the 

(a) (b) 

p 

x u 

Figure 4.7: x - t diagram (a) and u - p (b) diagram of the shock reflection at a 
widening in the tube. The curve connecting regions (5a) and (5b) to (5c) in the 
u - p plane represents the flow transition over the widening. 

widening. In the u - p diagram these relations form a curve from state (5a) to (5c) representing 
the transition of the flow over the widening. The pressure in region (5c) appears to be below 
the intersection of the expansion isentrope and shock adiabate that corresponds to the middle 
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region of the original shock tube problem. Therefore it follows that the refiection of the shock 
wave is a (small) expansion wave. 

Shock wave reflection at a constriction 

The shock wave refiection at a constriction in the shock tube is similar to the refiection at a 
widening, see Fig. 4.8. The curve connecting region (6a) and (6b) to (6c) appears at a pressure 

(a) (b) 

t p 

x u 

Figure 4.8: x - t diagram (a) and u - p (b) diagram of the shock wave reflection at 
a constrictiou.The curve couuectiug regions (6a) l'tud (6b) to (6c) in the u - p plane 
represents the flow transition over the constriction. 

higher than the intersection of the isentropic and the shock adiabate. The refiection therefore 
is a weak shock. 

4.3 The nucleation putse expansion tube 

4.3.1 Gas dynamic aspects 

By choosing a special tube configuration the state of maximum supersaturation is realized only 
during exactly one nucleation period. A diaphragm separates the driver section, or high pressure 
section HPS of the tube, from the low pressure section LPS. In the LPS alocal widening is 
situated 8 cm from the diaphragm. On both sides of the widening the tube cross section equals 
the cross section of the HPS. Af ter diaphragm rupture, a wave pattern as in the x - t diagram 
of Fig. 4.9 is formed. At time t 0 the diaphragm bursts. A rarefaction wave travels to the 
left into the HPS, while a shock wave runs into the LPS. Wh en the rarefaction wave arrives at 
the observation point 0 at the endwall, it refiects and causes a rapid adiabatic drop of pressure. 
The shock wave first partly refiects at cross section change Cl as a small centered rarefaction 
wave, that rUns behind the first strong expansion wave and causes a second decrease in pressure 
at O. 
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Figure 4.9: x - t diagram of wave propagation in the pulse expansion tube with 
schematic tube configuration and pressure versus time diagram. The dashed lines 
show the position of the local widening. A nucleation pulse is formed at the obser­
vation point 0 at the endwall of the RPS by the reflections of the shock wave at the 
local widening. D denotes the position of the diaphragm. The diagrams were cal­
culated with the Random Choice numerical Method (RCM). The calculations were 
done with nitrogen gas, the pressure was chosen 2 bar in the RPS, and 1 bar in the 
LPS. 

Af ter the waves have reflected from the endwall they will run back into the right hand 
direct ion and will meet again at the local widening. New reflections propagate into the RPS; 
as they reach 0, pressure disturbances will be noticed. As a result of the configuration, these 
disturbances lead to a slight temporary recompression only. This can be understood as follows: 
The reflected first strong rarefaction wave reflects again at cross section change Cl, which is 
a widening, as a recompression wave, denoted by the plus signs in the x - t diagram. At C2 

it reflects as a small rarefaction wave, which is denoted by the minus signs. If the spatial 
extent of the rarefaction wave is large in comparison with the length of the widening, both 
reflections will interfere, and the disturbances will partially cancel. Finally, af ter the bump 
shaped disturbance, pressure recovers its undisturbed level. 

4.3.2 Pressure and temperature in the nucleation pulse 

The pressure and temperature in the nucleation pulse are a function of the initial pre ss ure ratio 
P4/PI in the shock tube. For gases that can not be considered to behave as an ideal gas, like 
methane at high pressure, they also dep end on the initial pressure and temperature. The extra 
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expansion at the endwall due to the widening is related to the change in cross section. An 
analysis is made on the basis of the gas dynamic principles described in section 4.2. In Fig. 
4.10 results are shown for methane in the wave tube. The ratio of cross sections Ar/Al, with 
Ar the cross section of the widening, and Al the cross section of the remainder of the tube, 
was taken 1.297. The calculations were performed for three different initial pressures P4 in the 
RPS: 20, 50, and 80 bar, and for an initial temperature of 295 K. The equation of state used is 
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Figure 4.10: Pressure after the initial expansion, and pressure and temperature in 
the nucleation pulse as a function of the initial pressure ratio P4/Pl. Calculations 
were done for three different initial pressures in the RPSj 20, 50, and 80 bar. In both 
the RPS and the LPS the gas was methane. The initia! temperature was 295 K, the 
ratio of cross sections Ar / Al was 1.297. 

the equation proposed by Sychev et al. (1987) which is described in appendix A. Oue to real 
gas effects, which include Joule Thompson cooling, the temperature Tb in the nucleation pulse 
appears to be lower at higher initial pressure. 

The depth of the nucleation pulse depends on the ratio of the cross sections right (Ar), and 
left (Al) from the widening. This is illustrated in Fig. 4.11 for an initial pressure of 20 bar in 
the RPS. Of course the pulse depth also depends weakly on the initial pressure 4.10) and 
temperature, but it appeared rather insensitive to the initial pressure ratio P4/Pl. 

4.3.3 Numerical simulation and experiment 

The gasdynamic behaviour of the described expansion-shock tube configuration has been stud­
ied nuruerically (Looijmans et al. 1993). The numerical method used is the so called one­
dimensional Random Choice Method (RCM) described by Chorin (1976); see also appendix 
C. This numerical method solves unsteady flow probiems as a sequence of Riemann prob­
Ierus at each time level. A quasi-random sampling determines the solution on the next time 
level. Sruolders et a1. (1992) applied an operator splitting method to include the infiuence of 
condensation relaxation processes in the unsteady flow in all expansion tube. 

At the position of a varying cross section the Riemann problem becomes more complicated. 
The area change is situated in the middle of a numerical ceU, which is the position of the initial 
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Figure 4.11: Depth ofthe nucleation pulse compared to the initial expansion, as a 
function ofthe ratio of the cross sections right (Ar), and left (Al) from the widening. 
The initial conditions of the HPS are listed in the figure. The gas was methane in 
both the HPS and LPS. The arrows indicate the ratios of the widenings used in the 
nucleation experiments. 

discontinuity in the Riemann problem. Two equations must be added to connect the areas left 
and right of the change in cross section. Conservation of mass requires: 

(4.18) 

where u and p are the gas velo city and density in the areas left and right of the in cross 
section, and the ratio Ar/Al is the ratio of cross section areas. The stearly Bernoulli equation 
for a perfect gas yields: 

1 2 "( 1 2 
-UI + = -u + (4.19) 
2 "(-IPl 21' "I lp,. 

with p the pressure. Equations (4.18) and (4.19) give a quasi stationary model for the gas flow at 
the cross section change. This cross section change is treated as ideal; the gas flow is considered 
to behave isentropically, and no loss coefficient to include vortex shedding is incorporated in 
the model. 

With an expansion-shock tube having a configuration as described above, the pressure has 
been measured at the endwall as a function of time. A diaphragm made of Melinex polyester 
film separates the RPS, of length 1.25 m, from the LPS. At the initial time t 0 the membrane 
is removed by weakening it by a filament. Then the pressure difference causes the diaphragm 
to rupture. A pressure gauge of type KistIer 603B is mounted in the endwall which measures 
pressure p at the observation point O. Figure 4.12 gives the results of two experiments, together 
with the numerical simulations with the RCM. Both experiment and simulation show a pressure 
profile as expected from the gasdynamical analysis. Numerical simulation and experiment agree 
satisfactorily. The minimum pressure plateau at which nucleation has to take place is somewhat 
above the expected theoretical value and shows a slight variation. This variation diminishes as 
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Figure 4.12: Pressure history at the endwall of the high pressure section of the 
expansion-shock tube, together with a numerical simulation by the ReM. The gas 
in the tube was nitrogen, initial temperature was 293 K. 
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the operation pressure of the tube is increased. Some improvement may further be expected 
from optimizing the diaphragm bursting mechanism. As time proceeds, a slight difference 
between simulation and experiment occurs. This probably arises from wall friction. Af ter 15 
ms, both pressure curves start to deviate. This is a consequence of different boundary conditions 
at the right end of the expansion-shock tube in experiment and simulation. 

In Fig. 4.13 a simulation is shown of the nudeation rate during the nucleation pulse. The 
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Figure 4.13: Simulation of the nucleation rate by classical nucIeation theory for 
water vapour during the nucIeation pulse. 
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variations in nucleation rate appear to be 40% of the maximum nucleation rate due to pressure 
variations during the nucleation pulse. Before and af ter the nueleation puise the nucleation 
rate is 6 orders of magnitude lower than during the nucleation pulse, which ean be eonsidered 
as negligible smalL 

If a measured first expansion signal is eompared with an analytical pressure time history of a 
centered rarefaetion wave refleeting from the endwall, it appears that the taU of the experimental 
expansion fan arrives 140 ± 20 /1,8 later than theoretically predicted. This retarded expansion 
is an indication for the effeetive opening time of the membrane which is small in comparison 
with the total expansion time of 1.1 ± 0.1 ms. From the result of the effective opening time 
of the membrane, an estimate of the minimum length of the HPS can be made. Reducing the 
length of the tube has the advantage of an increasing cooling rate, while the amount of test 
gas required is kept as small as possible. If we allow the time of the disturbanee eaused by 
the opening of the membrane to be one fifth of the expansion time, this results in a minimum 
length of the HPS of 66 cm. 
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Chapter 5 

EXPERIMENTAL METHOD 

5.1 Introduction 

In chapter 4 the principle of the nucleation pulse method and its implementation in a shock 
tube was discussed. This chapter deals with the construction and operation of the high pressure 
puise expansion tube for homogeneous nucleation and droplet growth studies. The experimental 
techniques employed are outlined as weU as the measuring procedure. 

5.2 The nucleation experiment 

The pulse expansion tube was constructed according to the principle described in chapter 4. 
Figure 5.1 gives a schematic drawing of the wave tube facility together with its peripherals. On 
the left side is the HPS and on the right side we recognize the LPS with the local widening; HPS 
and LPS are separated by the diaphragm consisting of a polyester membrane clamped in the 
diaphragm section DS. Af ter the system has been evacuated, the binary gas-vapour mixture is 
prepared in the HPS. To obtain a homogeneous mixture, the gas is circulated through the HPS 
by a rotary pump RP in the mixing circuit. The initial pressure is between ambient pressure 
and 100 bar, while the initial temperature is room temperature (293-295 K). The pressure in 
the LPS is adjusted to the HPS pressure such that the conditions desired are obtained during 
the nucleation pulse. Af ter the diaphragm has ruptured the wave pattern develops as described 
in section 4.3.3. The nucleation puise is formed near the endwall of the HPS, where nucleated 
droplets are detected by two optical techniques: a light extinction method providing droplet 
concentration, and a light scattering method yielding droplet concentration and time resolved 
droplet sizes. The electronic signals from the pressure transducer near the endwall, and from 
the light extinction and scattering instruments are recorded by a waveform recorder. 

5.3 Expansion tube construction 

5.3.1 High pressure section and mixing circuit 

The HPS consists of three main parts: The endwall chamber with windows and a valve to 
the mixing circuit, a tube of 1 m length, and achamber housing two valves connected to the 
mixing circuit and the vacuum pump. The inner circular cross section of the tube is of 36 mm 
diameter, the outer tube diameter is 56 mmo To minimize distortion of wave propagation the 
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VP 

LPS 

gassupply 

HPS high pressure sectioo V'.< ... 4 valves 
LPS low pressure seetioo VP vaeuumpump 
OS diaphragm sectioo MP mixiogpump 
PM photomultiplier lP injection point 
PO photodiode Pd statie pressure (Oruek POeR 200) 
L leos Pk dyoamie pressure (Kistier 603 B) 
RH humieap (HMP 124B) 

Figure 5.1: Experimental set-up. 

valves close flush to the wall. Also the pressure transducers in the endwall chamber and valve 
chamber are mounted as flush as possible to the walls. In order to avoid corrosion and to reduce 
vapour adsorption on walls, almost all parts of the RPS are made of stainless steel. For sealing 
purposes rubber O-rings and quad-rings are used. The totallength of the RPS is 1.26 mand 
the tube was designed to withstand over 100 bar pressure. 

The mixing circuit is linked to the RPS by valves V2 and V3 (Fig. 5.1). It consists of 
stainless steel tubing with an inner diameter of 8 mmo In the mixing circuit the gas inlet, an 
injection point lP for the vapour component, a rotary pump RP, and a humidity gauge are 
integrated. All valves and coupling parts have metal seals to minimize vapour adsorption. The 
rotary pump in the mixing circuit is a double plunger pump which is sketched in 5.2. 
The operating conditions of the mixing pump requirc no moving parts eonnceted to the outside 
world, as the pump has to be gas tight at vacuum eonditions as weIl as at pressures up to 
100 bar. Furthermore, no lubricator was allowed, for this would eontaminate the gas mixture. 
Aecordingly, the plunger PI and pistons Pil and Piz are driven by magnetic induction due to 
coils Cl to C6 placed outside the pump tubing. 

In thc situation of Fig. 5.2 eoils Cl' C4 , and C5 are activated. Piston Pil is foreed upwards 
and rests against the upper valve seat, piston Piz is in thc downward position. The plunger 
travels from Ieft to right indueing a flow in the pump as sketched in thc figure (aecordingl-y itis 
required that the opening time of the pistons is small eompared to thé time in which thc piston 
travels from one end to the other). Wh en the plungcr has reached the most left position eoils 
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Figure 5.2: Schematic representation of the mixing pump. 

O2 , 0 3 , and 06 are activated, the others are switched off. Piston Ph now doses the downward 
branch, and Piston Pi2 the upward branch, while the piston starts moving in the opposite 
direction. In this case, the flow through the pump is still in the downward direction. When 
the plunger has reached the right end, the whole process starts over again. For an optimum 
performance there has to be a phase delay between piston and plunger; the movement of the 
plunger starts first, af ter the pistons already have dosed the respective branches. 

To test the mixing pump the RPS and mixing circuit were filled with water vapour. Then, 
nitrogen was added until the pressure was 100 bar. The humidity gauge with a time constant 
of 15 s monitored the relative humidity in the circuit during the mixing process. The pump 
speed appeared to be too low to provoke turbulent mixing, but due to the instationary flow 
induced by the plunger and piston movements, sufficient mixing is achieved. For the conditions 
mentioned no significant variations in humidity were observed any more af ter 12 minutes of 
mixing, indicating the water/nitrogen mixture being homogeneous. At lower pressures the 
required mixing time is Iess than 12 minutes. 

5.3.2 Diaphragm construction 

The diaphragm section is an important part of the pulse expansion tube; the "quality" of the 
generated waves, and thus of the nucleation puise shape, are particularly determined by the 
opening of the diaphragm. Therefore the mechanism is subjected to the following requirements: 
The opening time of the diaphragm must be as short as possible, the diaphragm section is not 
permitted to form any obstruction to the flow, and obviously it must withstand the forces that 
act on it during high pressure experiments. 

The diaphragm section is sketched in fig. 5.3. A polyester diaphragm (polyethylenterephta­
late, thickness 50 /.Lm - 500 /.Lm) separates the RPS from the LPS. The diaphragm is squeezed 
against an electrically high-resistant ribbon (Kanthal) on the LPS side. This ri~g-shaped rib­
bon is located around the tube cross section in a special polyester (Vespel) that insulates the 
ribbon from other metal parts, and which also can stand temperatures up to 800 K. The ribbon 
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Figure 5.3: Diaphragm section. 

is eiectrically heated, thereby weakening the polyester diaphragm, which subsequently ruptures 
by the pressure difference between LPS and HPS. The tempcraturc of thc hot ribbon increases 
in a period of 50 ms from room temperature up to 600 oe. The opening time of the diaphragm 
appears to be of the order of 100 ihs (see section 4.3.3). 

5.3.3 Low pressure section including local widening 

The low pressure section is formed by a straight stainless steel tube of 6.4 m length with a 
circular inner diameter of 36 mm which equals the diameter of the HPS. Behind the diaphragm 
at a distance of 18 cm the local widening is located. This widening is made of brass. The 
widening has a length of 15 cm, the inner diameter is 41 mm resulting in a cross section ratio of 
1.29 compared to the remaining tube cross section. The length of the widening (in combination 
with the pressure ratio P4IPl) determines the nucleation puise duration, while the cross section 
ratio determines the pul,>e depth. The total measuring time af ter the nucleation pulse is a 
function of the totallength of the HPS and LPS together, which is illustrated in Fig. 5.4. 

The shock wave reflecting from the endwallof the LPS raises the pressure when it arrives 
back at the endwallof the HPS. Because of this, the supersaturation faUs below unity, and the 
droplets evaparate. A rough estimate of the measuring time tgrowth is given by: 

tgrowth (5.1) 

In this equation LLPS is the lengths of the LPS. Taking as an example the velocity of sound c 
at an average of 400 mIs and a shock Mach number of 1.2, a measuring time tgrowth of 27 ms 
is found. 

5.4 Experimental techniques 

Our major objective is to measure nucleation rates for different thermodynamic states of the 
gas mixture. For this purpose the following parameters must be experimentally determined: 
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In the following sections the experimental techniques to measure each individual parameter will 
be described. 

In the case of hydrocarbon mixtures at high pressures, the direct determination of gas 
composition by generally applied methods has been proven not to be straightforward by virtue 
of several effects. As an alternative approach we propose an indirect determination of gas 
composition. The gas compostion is deduced from measured droplet growth rates (section 
5.4.3). 

5.4.1 Thermodynamic state 

Measuring the pressure 

Two pressure gauges are mounted in the HPSj a Druck PDCR 200 piezo-resistive pressure 
transducer for high pressure experiments to measure the statie pressure of the gas-vapour 
mixture before the expansion, possibly replaced by a PDCR 81 for Iow pressure experiments, 
and aKistler 603 B (piezo-electric) that records the dynamic pressure during the expansion and 
subsequent measuring time. As the Kistler 603 B is sensitive to temperature gradients in its 
surface, the pressure transducer was coated with a silicon rubber (type black, nr. 732RTV) of 
approximately 1 mm thickness. This coating delays the influence of temperature effects during 
and af ter the expansion. 
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Calculating the temperature 

The initial temperature is measured with a thermocouple (Keitley 871A, NiCr-NiAl) in good 
thermal contact with the wall of the HPS. It is assumed that the wall temperature equals the 
gas temperature inside the HPS. The temperature during the experiment is calculated under 
the assumption that the changes of the thermodynamic state are adiabatic in the core of the 
expansion tube: 

T (p)'" 
To = Po 

(5.2) 

In case of au ideal gas, Eq. (5.2) is an isentropic relation where the "cooling coefficient" Cl! is 
given by Cl! with I the ratio of specific heats: I = 

1 ~ 

When a gas does not behave ideally, Cl! is no longer a constant but depends on temperature 
and pressure, and includes the effect of Joule-Kelvin cooling. The exponent Cl! is derived from 
thermodynamics; it reads 

(5.3) 

The compressibility factor Z eau be calculated from an appropriate equation of state (EOS). 
For the calculation of Cl! we have chosen the EOS, and the relation of the specific heat cp given 
by Sychev et al. (1987), see appendix A. 

In the experiments Cl! will be mainly determined by the gas component. The presence of 
a minor amount of vapour will change the "cooling coefficient" only a little. Since the effect 
on the temperature during the nucleation puise is limited to less than 0.1 K, no correction has 
been applied to the cooling coefficient of the pure gas. 

5.4.2 Opties 

Introduction 

Optical droplet detection based on scattering of electromagnetic radiation at small particles has 
been proven to be very successful in various studies on homogeneous nucleation and droplet 
growth, e.g., (Wagner and Strey 1984, Peters and Paikert 1989, Strey et al. 1994). In our ex­
pausion tube an extinction method is applied to measure droplet concentration, and a 90° light 
scattering method to measure droplet sizes. In this section first the results of Mie theory are 
summarized, next both the experimental techniques are outlined. 

Mie theory 

Light Scattering. Light scattering from spherical particles of auy si ze is governed by the 
Maxwell equations. Depending on particle size it of ten is useful and possible to make certain 
simplifications. For particles smaIl compared to the wavelength of the light, the Rayleigh theory 
is a good approximation, for droplets much larger than the wavelength, geometrical opties may 
be used. Good textbooks about light scattering are available, e.g., (Bohren and Huffman 1983, 
Van de Hulst 1981, Kerker 1969). In th is work the notation of Van de Hulst is followed. 
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In our experiment droplet sizes during the droplet growth stage range from 0 to about 2 /Lm 
radius. This size typieally is of the order of the wavelength of visible light. Light seattering 
from sueh particles is described by the Mie theory. This theory (Mie 1908) gives a rigorous 
solution of the Maxwell equations of a plane electromagnetic wave incident on adielectric 
spherical particle of arbitrary size. Both seatterer and surrounding medium are assumed to be 
homogeneous and isotropic. 

The seattered irradianee I (energy flux per unit area, from now on ealled intensity, following 
most texts about light scattering) depends on the refractive index m relative to the surrounding 
medium, the droplet size relative to the wavelength a, and on the scattering angles 0 and ó. 
Figure 5.5 shows the geometry of the scattering problem. The plane E.M. wave of wave number 

x 

Figure 5.5: Geometry of scattering of a plane light wave incident on a spherical particle. 

k in the surrounding medium, incident along the z-axis, is assumed to have a linear polarization 
in the x - z plane. The angles 0 and ó are the the angles between scattering direction and 
direetion of propagation of the incident wave, and between plane of scattering and plane of 
polarization respeetively. The terms i 1 and i 2 refer to the intensity scattered perpendicular and 
parallel to the plane of scattering. 

The scattered intensity (of one scattering sphere) is given by: 

(5.4) 

where r d is the droplet radius. Droplet radius, wave number and size parameter a are related 
according to 

(5.5) 

The numbers i 1 and i 2 are given by Mie theory as the squares of the modulus of the amplitude 
functions S(O) 

151 (8)12 

152 (8)12
, (5.6) 
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whereas 8 1 and 8 2 are given by: 

(5.7) 

The scattering coefficients an and bn are combinations of Bessel-, Neumann-, and Hankel­
functions, the angle dependent functions 1fn and Tn are corpbinations of the first derivatives of 
the Legendre polynomials. 

The functions i 1 and i 2 can be evaluated numerically. Then, Eq. (5.4) gives the scattered 
intensity I for a single partiele. To obtain the intensity scattered by a monodispersed eloud of 
droplets, I has to be multiplied by the number of droplets N, provided that the droplets are 
randomly distributed in space ensuring independent scattering, and provided that no multiple 
scattering occurs. 

Extinction. In the previous paragraph, an expression for the intensity of the scattered light 
by a cloud of droplets was given. The energy of the scattered light is, because of conservation 
of energy, withdrawn from the incident light beam. The transmitted light beam will therefore 
be attenuated according to the law of Lambert-Beer: 

I Ioexp( -fJL), (5.8) 

where fJ is the extinction coefficient and L the path length through the droplet cloud. The 
light beam wil1 also be attenuated by possible absorption. This will not be considered here, 
the imaginary part of the refractive index of all substances used in this study being very small. 
Also the extinction coefficient can be derived from Mie theory; for a monodispersed droplet 
eloud it reads: 

(5.9) 

The extinction efficiency Q.xt, depending on 0: and m, accounts for the interference of the 
undisturbed beam and the light scattered in forward direction (B = 0). According to Van de 
Hulst (1981), Q.xt can be expressed as: 

(5.10) 

Figure 5.6 shows the dependenee of Qext on a for a refractive index of 1.395 corresponding to 
n-octane (Landolt-Börnstein 1962). 

90° light scat tering method 

Detection of monochromatic light scattered by a eloud of growing droplets can be an excellent 
means of measuring droplet size and concentration. For a fixed scattering the intensity 
shows maxima and minima as the scattering droplets grow. The shape of these maxima called 
"Mie-peaks" - and the rate at which they follow each other depend strongly on the scattering 
angle B. In the expansion tube the observation section is located near the endwallof the HPS, 
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Figure 5.6: Extinction efficiency as a function of the size parameter Oi. The refrac­
tive index m = 1.395 corresponds to n-octane. 
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it is therefore straighforward to choose a e = 90° detection angle (fig. 5.7). A large window 
in the endwall of the tube provides a good optical accessibility. Furtermore, a scattering angle 
of 90° has the advantage of a larger number of Mie-peaks per unit of droplet radius than the 
of ten applied small e forward scattering angles. A disadvantage is the lower intensity of the 
maxima, but this can be compensated by a higher power of the laser beam used. 

In the optical set-up of fig. 5.7 an Argon-Ion laser (wavelength 514.2 nm, power 200 m W) 
passes the tube through two small windows in the sidewall, and illuminates the eloud of droplets. 
To avoid interference in the laser beam by refiections at the window surfaces, the windows are 

Ar-ion laser 

90° -scattering 

Extinction 

Figure 5.7: 90° Mie scattering set-up at the endwall of the expansion tube. 



62 Experimental method 

coated with an anti-reflex coating on the outer surface, and they are placed a little beneath 
the tube axis. Because the angle of incidence of the laser beam is 6° the internal reflections 
of the beam in the windows are spatially separated in the tube. The rectangular diaphragm d 
(llmm x 2 mm) in combination with lens L1 (focallength 10 cm) limits the scattering angles of 
scattered light focused on the photomultiplier PM (Hamamatsu IP28A, red extended) to a 0-
angle of900±1.15° and a 8-angle of900±6°. Because the scattering direction is perpendicular to 
the plane of polarization, the seattered light is also linearly polarized, mainly in the transverse 
direction i2 (Eq. (5.4); sin2 Ó « 1). 

Figure 5.8 shows the 90° scattering intensity Iscat of n-oetane (refractive index m = 1.395) 
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Figure 5.8: Theoretical 90° Mie scattering pattern. The refractive index m 1.395 
corresponds to n-octane. The scat tering angles () and ti were chosen in accordance 
with the experimentallight scat tering set-up. The characteristic maxima and min­
ima of the "Mie-peaks" are numbered. 

as a funetion of the size parameter a according to Mie theory. A sharply peaked pattern is 
observed. In the diagram specific parts of the intensity pattern such as peaks and valleys are 
numbered. These typical points of reference can be recognized easily when a measured intensity 
history is plotted as a function of the square root of time elapsed af ter the nueleation puise 
(fig. 5.9). By mapping the theoretical and experimental Mie pattern together, each marked 
dropIet size ean be assigned uniquely to a point in time, so creating a droplet growth curve as 
a function of time. 

The height of the Mie-peaks is a measure of the droplet number concentration. As remarked 
in section 5.4.2, the intensity scattered by a monodispersed dropiet eloud is proportional to 
the number of droplets illuminated, provided that the droplets are independent scatterers. A 
drawback of determining droplet concentration by means of light scattering compared to the 
extinction method is that the light scattering method must be calibrated, this in contrast to 
the light extinction method. 

Three factors may eomplicate the interpretation of the Mie scattering signal: multiple scat­
tering, attenuation of the incident laser beam and of the scattered light, and finally the droplets 
being size dispersed. 
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Figure 5.9: Experimental 90° Mie scattering pattern of n-octane. The numbers 
match the peak and vattey numbers of Fig. 5.8. Identifieation of the peaks appears 
to be very easy. In order to facilitate peak recognition, the square root of the time 
is used for the x-axÎ8 seale. 
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Multiple scattering arises when the droplet cloud becomes this dense that light already 
scattered by droplets in the measuring volume (the volume illuminated by the laser beam in 
the tube) is scattered again by droplets inside or outside the measuring volume. Dense is used 
here in the sense of optically dense, which depends on droplet concentration as weIl as droplet 
size. Van de Hulst (1981) gives a rule of thumb for the condition that a correction for multiple 
scattering becomes important. If the optical depth f3L < 0.1 no correction is required. Above 
this value correction may be necessary, and above 0.3 multiple scattering cannot be ignored. A 
numerical analysis has shown that multiple scattering detected by the photomultiplier of the 
light scat tering technique, can be neglected at the typical droplet sizes and droplet number 
concentrations appearing in the nucleation and growth experiments. 

A complication that also occurs in dense clouds, and which cannot be neglected, is the 
attenuation of the laser beam in the measuring volume, and the attenuation of scattered light 
before it is detected by the photomultiplier. When the laser beam extinction is significant, 
the intensity of the beam decays exponentially according to the law of Lambert-Beer. The 
contribution to the scattered light therefore varies with the position of the droplets in the 
measuring volume. Furthermore, the scattered light will also be attenuated due to scattering 
at droplets between the measuring volume and the detector, which actually is a form of multiple 
scattering. 

The extinction effects the relative height of the different Mie-peaks. This is because each 
individual peak corresponds to a certain droplet size. Since the level of extinction also is a 
function of droplet size, the lowering is specific for each Mie-peak. Fig. 5.lO shows calculations 
with a n-nonane droplet eloud in our scattering configuration. The attenuation of the first three 
Mie-peaks versus droplet concentration is displayed. The height of the first Mie-peak is only 
attenuated above droplet concentrations of np = 1013 . But if the third Mie-peak should 
be used for determination of the droplet concentration, a correction should be applied above 
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Figure 5.10: Attenuation of scattered light versus droplet number concentration. 
The curves show the amplitude of the first thre€ Mie-peaks relative to the amplitude 
they would have when no attenuation of light occurs in the eloud. The length scales 
L which is the tube diameter, and d the distance of the laser beam to the endwall, 
are valid for our optical set-up. The refractive index m = 1.405 corresponds to 
n-nonane. 

coneentrations of np = 1011 m -3. 

In the experimental situation there will never be an exactly monodispersed doud of droplets. 
The zeroth-order lognormal distribution (ZOLD) is often USE'd to describe the size distribution 
of a doud of droplets (Kerker 1969, Smolders 1992, Rudolf 1994): 

:F(rd) 1 exp (_ (lnCrd/rm ») 2 

/2iifrm €V2 
(2) 
2 ' 

(5.11) 

with rm the modal droplet radius at which :F has its maximum, and with é the relative width 
of the ZOLD. The ZOLD becomes asymmetrie for larger E, and it is only defined for positive 
values of droplet radius r d. The Mie patterns of Fig. 5.11 are obtained by averaging lscat for 
eaeh value of the modal droplet radius r m over the ZOLD: 

(5.12) 

The size distribution has a smoothing effect on the Mie pattern; maxima and minima beeome 
less pronouneed with inereasing é. Still, it is difficult to evaluate the influenee of a size distri­
bution on the light seattering more quantitatively, sinee a eloud of growing droplets tends to 
become more and more monodispersed during the growth proeess, so no unique value of € ean 
be assigned to one particular experiment. 

Light extinction method 

Once the droplet size is known from the light seattering method, the droplet concentration 
ean be determined from the attenuation of the laser beam aeeording to Eqs. (5.8) and (5.9). 



5.4 Experimental techniques 

o 

€= 0.1 

€=0.2 

€=0.3 

2 4 6 

<X= 21trJ'A 

8 

I' \ 

10 

Figure 5.11: The effect of size dispersion of a droplet cloud on the 90° Mie scat­
tering. The parameter € denotes the relative width of the ZOLD function. 
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The advantage of using laser beam extinction for measuring droplet concentration is that no 
calibration is necessary. 

The optical set up of the extinction method is also sketched in Fig. 5.7. Af ter passage of 
the tube, the laser beam is focused by lens L2 on apinhole P with <P = 2 mm, limiting the 
contribution of scattered light on the transmission signal to 8-angles less than 0.2°. Between 
lens and diaphragm a parallel glass plate attenuates the laser beam to approximately 0.2 % of 
the original intensity before it is recorded by photodiode Dl (Telefunken BPW 34). Intensity 
variations of the laser beam are monitored by a reference signal (photodiode D2' Telefunken 
BPW 34). 

Drawbacks of the light extinction set up. Although principally preferabie above the 
light scattering method because of the self calibration property, the light extinction method 
has some practical drawbacks coming forward at high pressure experiments. 

In Fig. 5.12 a cross-section of the tube is shown at the position of the side windows. If the 
refractive index inside the tube equals the refractive index of the surrounding air, the beam 
direction on exit equals the entrance beam direction. However the refractive index of the gas 
inside the tube varies with gas density p according to 

m = 1 + "'p, (5.13) 

where '" is the Gladstone-Dale constant of the gas [for methane '" = 6.15 X 104 m3 kg-l 

(N.V. Nederlandse Gasunie 1988)]. The resulting angular deviation of the laser beam leads to 
a shift of the focus off the pinhole at high gas densities in the tube. An estimate for the angular 
deviation yields 2!1cp/!1p = 0.046° bac1 . This problem has been overcome by replacing the 
pin hole by a lens (not drawn in Fig. 5.7) of focallength = 2 cm and with a diameter of 1.5 cm 
focussing the laser beam on the photodiode. A disadvantage of this is the increase of intensity 
scattered in the forward direct ion that is also focused on the photodiode. Smolders (1992) 
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Figure 5.12: Angle variation of the laser beam as a consequence of a varying 
refractive index. At high pressures the refractive index of the test gas m2 does not 
equal the refractive index of the surrounding gas. The laser beam refraction at the 
inner window surface difIers from the refraction at the outer surface which results 
in a angular deviation <po This deviation is doubled at the laser beam exit from the 
test chamber through the right hand window. 

estimated the contribution of the scattered light on the transmitted beam: 

(5.14) 

where Ps is the scattered power on the photodiode, Pb the power of the transmitted beam, L 
the length of the measuring volume, and ()det angle of detection which is assumed to be smaH. 
Replacing the pinhole with diameter <pp = 2 mm by the lens with diameter <PL 15 mm, 
increases the scattered power detected by the photodiode by a factor <p'iN~ 56. 

When the droplets in the eloud are of the size belonging to the first Mie-peak of the 90° light 
scattering signal, rd 0.16 {Lm, the ratio of scattered power and transmitted power detected 
by the photodiode becomes Ps / Pb 3 x 1O-18nd, and at the second Mie-peak (r d = 0.32 tLm) 

Ps / H = 1 x 1O-16nd. With typical experimental droplet concentrations nd < 2 x 1013 m-3 this 
yields ratios of Ps / Pb < 6 X 10-5 (first Mie-peak), and Ps / Pb < 2 X 10-3 (second Mie-peak). 

The maximum permitted extinction is 10 % of the total transmitted intensity, this being the 
upper limit satisfying the criterium of no multiple scattering, so the contribution of scattered 
light to the extinction signalleads to an error of the order of 10,·2 in droplet number concentra­
tion, for the droplet size belonging to the second Mie-peak. For smaller droplets no significant 
error will occur, for larger droplets the contribution of scattered light to the extinction will be 
significant. 

A second problem is the sensitivity of the extinction method to Schlieren effects. Density 
variations induced by the propagating waves, and developing in boundary layers refract the 
laser beam. Consequently, during and af ter the initial large expansion, the intensity of the 
transmitted laser beam fiuctuates with 1 % of the total intensity. As the maximum permit­
ted extinction is 10 % of the tot al intensity, the optimum feasible accuracy for high pressure 
experiments will be 10 %. 
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Reconsidering these two properties of the extinction set~up leads to the conclusion that 
at high pressures the extinction method can be used only as a calibration for the scattering 
method. The amplitude of the first Mie-peak of the scattering signal can be related to the 
droplet number concentration with a relative uncertainty of 10 %. 

5.4.3 Mixture composition 

Introduction 

A very important parameter that is considered to be the driving force of nucleation and con­
densation is the saturation ratio S. In chapter 2, S was defined as the ratio of vapour fraction 
YI and the equilibrium vapour fraction YI,eq evaluated at the same pressure and temperature: 

S ~'V 
YI,eq PI,eq 

The vapour fraction of the mixture YI, which is much less than the gas fraction Y2, must 
be determined experimentally. Three methods to prepare a gas-vapour mixture of known 
composition are generally applied in nucleation experiments: 

1. The vapour under investigation is in liquid form present in the experiment al set up. This 
method is used in diffusion eloud chambers and of ten in piston expansion chambers. In 
the latter case the vapour pressure in the chamber equals the equilibrium vapour pressure 
which obviously is known when the temperature is known. 

2. A gas mixture is prepared by first letting in one component of which the vapour pressure 
is measured, and next supplying the gas component aft er which the total pressure is 
measured. 

3. The test chamber is circulated for a certain time with a gas flow of fixed composition. 
This is done to saturate the walls of the chamber with the vapour component. Once the 
walls are saturated the flow is stopped, and the experiment can start with the gas mixture 
present in the test chamber. 

In the high pressure expansion tube experiment none of these three methods is wen appli­
cabie. The first method requires that equilibrium is attained by diffusion in the whole RPS. 
A low diffusion coefficient at high pressure slows down this process. Also the temperature in 
the tube cannot be adjusted, so that the achievable supersaturations are limited very much. 
Furthermore, to obtain the equilibrium vapour concentration of a high pressure gas mixture, 
one has to rely on an equation of state. The second approach fails because of the process of 
vapour adsorption on tube walls and seals. This process is strongly dependent on pressure; the 
actual vapour pressure will differ strongly from the initial vapour pressure measured at a much 
lower pressure. Although possibly the best method, the last one has a practical drawback. 
Flushing the tube at a pressure of about 100 bar for several minutes would cost large amounts 
of gas per experiment. 

In the present study we will follow a different approach: The composition of the mixture 
is not fixed precisely before tbe experimental run, but determined afterwards on the basis of 
the growth of the nucleated droplets. The rate at which droplets grow also depends on the 
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supersaturation and hence also on the vapour fraction. By comparing measured droplet growth 
rates to a droplet growth model, the vapour fraction of the mixture can be deduced. The applied 
droplet growth model is the explicit model of Gyarmathy (1982), modified sueh that solution 
of methane in the droplet at high pressures is taken into account. It will be shown that at high 
pressures certain approximations eoncerning the growth model ean be made, leaving only one 
parameter that determines the uneertainty of the actual vapour fraction Yl. In the next section 
this droplet growth model is summarized, for a more extensive treatment the reader is referred 
to papers of Oswatitsch (1990) and Young (1993). 

Droplet growth 

We consider a single droplet surrounded by a supersaturated gas mixture. The droplet will 
grow by ineorporating gas molecules whieh is aceompanied by the release of latent heat. The 
maas and heat flows are sketched in the gas-droplet system of Fig. 5.13. A droplet with radius 
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Figure 5.13: Model of a condensing droplet. 

r d is surrounded by a gas mixture. Far from the droplet at r ",,, r;, » r~, the far field conditions 
are considered to hold: temperature Too , total pressure p~, and vapour mass fraction1 Yoo,l; 
the density of the gas is p~. The droplet is characterized by the quantities Td, pI, pI, and the 
fraction of component one in the droplet Xl' Near the droplet the properties of the gas phase 
are: p~, P~,l' and Yd,l' The maas flow M into the droplet as weIl as the heat flow Q into the 
droplet and the internal heatflow Qint in thc droplct are defined to be of positive sigu when 
they are directed towards the droplet; as a consequenee the heatflow Q will be negative as the 
droplet releases latent heat of condensation. 

The following assumptions are made regarding the droplet system: 

• The droplet system is spherical. 

• Changes in gas pressure are slow; characteristic time 1'p > 10 ms .. 

1 Usually droplet growth models use the vapour pressure as a parameter; in order to avoid any confusion 
about the definition of partial pressures because of real gas effects, we will describe the model in terms of mass 
fractions rather than vapour pressures. The subscript 1 again denotes the vapour component of the mixture, 
i.e. the less volatile component. 
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• No slip between droplet and gas. 

• No coalescence. 

• The vapour fraction is small: Yoo,l « Yoo,2' 

• The speed of the advancing droplet surface is small compared to the barycentric speed. 

• Droplets grow independentlYi r 00 is determined by the droplet number concentration: 

Too = <!3!C47rnd). 

• All quantities in the droplet are uniform (Gyarmathy 1982). 

• No pressure diffusion and thermo-diffusion. 

• The tot al gas pressure in the vicinity of the droplet Pd equals the far field pressure p~ 
(Gyarmathy 1982). 

• The droplet is in mechanic and thermodynamic equilibrium with the surrounding gas: 
pi Pd + 20' ! T d, and Yd,l is the equilibrium vapour fraction belonging to the droplet. 

For the droplet we can write down the following mass and heat balances at the droplet 
surface: 

d (1 4 3) dt P 37rTd = M. (5.15) 

This mass balance couples the increase (decrease) of droplet radius to the mass flux M. The 
heat balance equation 

M ·L= Q;nt - Q (5.16) 

expresses that the latent heat M L released by condensation is partially absorbed in the droplet 
by means of the internal heat flow Qint thereby increasing the droplet temperature, and the 
remainder being absorbed in the gas by heat flow Q increasing the gas temperature. The 
internal heat flow Qint can be expressed by: 

(5.17) 

where hl is the specific enthalpy of the liquid. It can be shown (Smolders 1992) that for the 
circumstances of this study the internal heat flow is small compared to the latent heat release. 
Hence, the growth process becomes stationary. Eq. (5.16) then turns into the equation 

M·L Q (5.18) 

which is known as the wet-bulb approximation. 
It is the task to substitute into the wet-bulb equation the appropriate relations for Mand 

Q. Which equations should be used depends on the flow regime of concern. We discern the 
continuum flow regime and the free molecular flow regime. In the continuum flow regime the 
droplet is large compared to the mean free path of the ambient gas, and therefore mass and 
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heat transfer towards the droplet can be described by the differential equations for diffusion 
that are valid for continuum flow. The Knudsen number Kn 

l 
Kn=-, 

2rd 
(5.19) 

in which 1 is the mean free path of the molecules, is an indication for the particular flow regime. 
When K n < l~O the transfer processes are considered to be continuous. 

In the continuum flow regime the equation describing mass transfer can be derived to be 

M 4 v D Yoe,l Yd,l roe 
= 1rrdPdm m 

, Xl - Yd,l r"" rd 
(5.20) 

The subscripts 00 and d refer to the far field and the neighbourhood of the droplet, respectively. 
The subscript m of the vapour density P'd mand diffusion coefiicient Dm indicates that these 
quantities are to be evaluated at an inter~ediate temperature Tm between droplet tempera­
ture Td and far field temperature T"". A one third rule (Hubbard et al. 1975) proved to be 
appropriate: 

(5.21) 

For later use it is convenient to introduce a dimensionless Nusselt number for mass transfer 

which yields for the continuum regime 

Nu'tt = 2 
Xl 

The continuum heat flow Q is described by the relation 

T
d

) roe 
roo r/ 

(5.22) 

(5.23) 

(5.24) 

with Àm the thermal conductivity. The corresponding Nusselt number for heat transfer is 

(5.25) 

leading to the continuum Nusselt number for heat transfer 

(5.26) 

If the droplet size is small compared to the molecular mean free path, i.e., Kn > 10 the 
mass and heat transfer are determined by impingement rates f3 of single molecules, and surface 
kinetics. This is known as the Knudsen effect. At atmospheric conditions the free molecular 
flow regime or Knudsen regime ranges only to very small droplets r d < 5 nm. Hence, at 
high pressures this effect will not play an important role. For the sake of completeness, the 
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expressions for mass and heat flow in the free molecular flow regime are given below, thereby 
it is assumed that only the vapour component "1" contributes to condensation: 

(5.27) 

(5.28) 

and 

(5.29) 

(5.30) 

where "I is the ratio of speeme heats. 
For Knudsen numbers 1~ < K n < 10 we speak of the transitional :flow regime. The pure 

free molecular :flow regime and the pure eontinuum :flow regime must be eoupled, whieh is done 
here by introducing the following Nusselt numbers for the transitional :flow regime: 

Nuct 

1 + NuC
' • 

Nufm 
(5.31) 

This Nusselt number ean have subscript M as weIl as Q. Nutr satisfies the limits lim Nutr = 
Td-+O 

Nu fm and lim Nu tT = Nuct
• The mass and heat transfer expressions for the total regime can 

Td-+ OO 

llOW be written as 
(5.32) 

and 
(5.33) 

High pressure limit. Substitution of the expressions of the continuum mass :flow (5.20) and 
heat flow (5.24) in the wet bulb equation (5.18) yields 

Pd,mDm (Yoo,l - Yd,l) L Àm (Td - T~) . 
Xl - Yd,l 

(5.34) 

This equatioll is an implicit equation for the droplet temperature Td which ean be solved exactly, 
but regarding the eondition of high pressure we can make a simplifying approximation. If the 
far field vapour density Poo,l is held fixed, the vapour fraction Yoo,l varies illversely proportional 
with the tot al pressure. The product p':"Dm is rather insensitive to the pressure, while the 
latent heat Land the heat conductivity À vary slightly as a function of pressure: L decreases, 
À increases with increasing pressure. So, if the pressure is raised, the droplet temperature will 
approache the far field temperature: 

(5.35) 
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By combining Eqs. (5.15) and (5.20) with the high pressure limit (Td = T",,) we obtain an 
explicit relation for the droplet growth rate: 

d (/ 4 3) 4 "DY"",1 - Yd,l T"" 
- P - 7rTd = 7rTdPd . 
dt 3 Xl - Yd,l T 00 - T d 

(5.36) 

Since Td = T"" the subscript m has been left out of the equation. 
Finally, we rewrite this with the assumption Too » Td (under typical conditions this leads 

to an error less than 3 %) as 
dT~ 
dt 

(5.37) 

The quantities Xl, Yd,b and p~ and pi can be evaluated from the RKS equation of state by 
solving the Kelvin equations (2.7) analogous to the procedure in chapter 2. The parameter 
introducing the largest uncertainty in this equation is the diffusion coefficient D. We applied 
the Fuller method together with the Takahashi high pressure correlation (Reid et al. 1987) to 
determine the diffusion coefficient. For the mixtures n-nonane/methane and n-octanejmethane 
no experimental data of diffusion coefficients are available, but for other mixtures, the diffusion 
coefficients calculated according to the ruller method generally deviate less than 10% from 
measured values. The other terms in Eq. (5.37) are less sensitive to errors: the liquid fraction 
of the heavy hydrocarbon Xl approaches unity, while at large supersaturations the equilibrium 
fraction Yd,l is much smaller than the vapour fraction Y"",l' 

The experimental vapour fraction is found by fitting a droplet growth curve calculated 
according to Eq. (5.37) to the measured growth curve by varying Yoo,l' The procedure is as 
follows: Starting at tOs, Td 0.001 J,Lm, T"" = Too,o, and nd = nd,O and with a first guess for 
Y"",b the parameters p~, pi, D, Yd,1, and Xl are calculated at discrete time intervals. The required 
pressure is taken from the measured pressure history. At each time step the droplet radius T d 

is reca1culated, and the far field vapour fraction Yoo,l and the temperature T"" are corrected for 
vapour depletion and latent heat release. The procedure is repeated with a different Y"",l until 
agreement between ca1culated and measured droplet growth curves is obtained. 

5.5 Experimental procedure 

An experiment starts with mounting the polyester diaphragm in the diaphragm section DS 
(see Fig. 5.1). Subsequently HPS and LPS are evacuated. To remove as much as possible 
foreign particles, like dust particles, that could act as condensation nuclei, and other vapours 
such as water vapour that entered the HPS when the membrane was instalied, thc HPS is 
evacuated for one hour by a turbo-molecular vacuum pump VP. Thc final pressure that is 
attained is below 10-2 Pa. The leakage rate of the tube has been established to be about 0.04 
Pa/min. Af ter the valve VI was closed, the vapour component is injected by means of a syringe 
into the mixing circuit through a septum (Chrompack, chromsep blue) at the injection point 
Il. Typical volumes that are to be injected range from 50 to 500 J,L1. In order to ensure the 
liquid has been evaporated and spread through the tube, the gas component is supplied into 
the HPS to the desired pressure first af ter 15 minutes. Simultaneously, the LPS is brought up 
to the desired pressure with, in case of experiments with methane, a mixture of 60% nitrogen 
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and 40% hydrogen. This mixture is chosen such that the contact surface formed in the tube 
will minimally reflect the expansion wave back into the HPS. Then for another 15 minutes 
the mixture is circulated through the HPS and mixing circuit to homogenize the gas-vapour 
mixture. Then, the mixing circuit is isolated from the HPS by dosing valves V 2 and V 3. At 
this moment the initial pressure and temperature of the HPS are record ed. 

A 50 ms electrical pulse of 4 x 102 W in the rib bon starts the opening of the diaphragm, 
initiating the expansion wave and shock wave. For 32 ms the pressure, light scattering, ex­
tinction and reference signal are recorded with a sampling rate of 32 kHz by a Le Croy 6810 
waveform recorder. In figs. 5.14 to 5.16 typical pressure, light scattering and extinction signals 
are shown for a n-octane/methane experiment with an initial pressure of 74 bar. 

-
10 20 30 
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Figure 5.14: Typical pressure signa! of a n-octanejmethane high pressure experi­
ment. The initial pressure in the HPS was 74 bar. 
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Figure 5.15: Typicallight scattering signa! of the n-octanejmethane experiment. 
The fourth Mie-peak goes outside the range of the transient recorder. Af ter 30 ms 
the shock wave stops the condensation process. The existing droplets start to eVap­
orate. 
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Figul'e 5.16: Typical extinction signal be!onging to the high pressure n­
octanejmethane experiment. The fiuctuations on the signa! are probably due to 
Schlieren effects. 
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Chapter 6 

EXPERIMENTAL RESULTS 

6.1 Introduction 

In the previous chapter we discussed the experimental techniques applied to measure homo­
geneous nucleation rates and droplet growth rates in a pulse expansion tube. This chapter 
deals with experimental results obtained with various gas mixtures. The measuring procedure 
is tested at low pressure with mixtures of nitrogen/water and nitrogen/n-nonane, the results 
are compared with literature data. From the vapours water and n-nonane a lot of nucleation 
rate data measured in a variety of apparatus is known from literature. 

Next we will concentrate on high pressure experiments of the mixtures n-nonane/methane 
and n-octane/methane. Nucleation rates were measured under different conditions: total pres­
sure, temperature, and mixture composition were varied. We shall compare the results with 
the classical model described in chapters 2 and 3, and with a new phenomenological model 
of Kalikmanov and Van Dongen (1995). From the data measured at constant temperature an 
estimate of the composition of the critical nucleus is made. 

6.2 Homogeneous nucleation and drop let growth of water vapour 
in nitrogen 

As a performance test for our new pulse expansion tube a series of experiments of water in 
nitrogen was carried out at more or less "standard" conditionsj the expansion was initiated 
from a pressure slightly above atmospheric. In this type of experiments it is assumed that 
the mixture behaves ideally i.e. the droplets consist of pure water. The carrier gas nitrogen 
causes the necessary cooling rate and acts as a heat reservoir for the latent heat released by the 
condensing droplets. For the preparation of the mixture distilled water was used. The purity 
of the nitrogen gas was better than 99.999 %. 

The experiment al procedure followed in case of nucleation and droplet growth experiments 
with water vapour has been adapted in some ways with respect to the procedure described in 
chapter 5: 

• The initial water vapour concentration in the tube is measured by a capacitive relative 
humidity gauge (Humicap HMP 124B). 

• The droplet concentration is measured by means of the extinction method. At low pres­
sure the position of the laser is much more stabie. So, instead of a lens the pinhole with 
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diameter 4> = 2 mm (fig. 5.7) was installed. This limits the forward scattering angle to 
() = 0.230

• In this situation the influence of light scattering on the extinction signal can 
be omitted completely. 

• The temperature is calculated by means of the isentropic relation: 

(6.1) 

In order to account for the influence of the presence of water vapour on the isentropic 
exponent '1, it is averaged over the mixture components according to 

(6.2) 

where Cp is the averaged isobaric molar specific heat of the mixture. The corrections in 
temperature carried out by the averaging are of the order of 0.1 K. 

• The initial pressure is measured by a Druck PDeR 81 piezo resistive pressure transducer. 

Typical theoretical and measured light scattering and extinction signals of an experiment 
with water/nitrogen are given in Figs. 6.1 and 6.2. 
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Figure 6.1: Theoretical Mie pattern (a) and experiment al Mie signal (b) of wa­
ter droplets. Note the different x-scales. The peculiarly peaked behaviour with 
finestructures predicted by the theory is clearly observed in the experimental signa!. 
In the experimenta! signa! also a De component appears. This is probably due to 
internal refiections of the laser beam inside the expansion tube. The experimental 
conditions in the nucleation pulse were: T = 240.9 K, p 0.62 bar, water vapour 
pressure p" = 5.1 X 102 Pa, and droplet number density nd 2.0 x 1011 m-3• 
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Figure 6.2: Theoretical extinction cross section (a) and experimental extinction 
signal (b) due to growing water droplets. Experimental conditions as in Fig. 6.1. 

Nucleation rates 
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4 

A series of experiments was performed at various nucleation temperatures and vapour pressures. 
The initial pressures of the HPS were between 1.2 and 1.5 bar, the initial temperature was room 
temperature. The variation in nudeation temperature was attained by varying the expansion 
depth. The results are shown in the p - T diagram of Fig. 6.3. Each position of asolid 
marker represents the thermodynamic state of the water vapour during the nuc!eation puise 
for one experiment. The marker shape indicates the order of magnitude of the nudeation 
rate measured. The nudeation rates range from 1 x 107 cm-3s-1 to 1 x 1011 • The 
supersaturations required for these nucleation rates vary with temperature, from about 8 at 
255 K to 80 at 200 K. This lat ter figure must be handled with care however. To calculate the 
supersaturation the vapour-liquid equilibrium curve of water vapour (appendix A) has to be 
extrapolated down to these low temperatures, which is of course a precarious enterprise, because 
this is as much as 70 K below the triple point of water. To express the deviation from equilibrium 
by the undercooling (the temperature difference between Wilson point and saturation curve at 
equal vapour pressure) is less speculative. The undercooling for the nucleation temperatures 
ranges from 30 K to 35 K. To get an impression of the experimental uncertainty, data of three 
experiments are listed in table 6.1. A table of all nucleation experiments can be found in 
appendix D. 

In the diagram alSO nucleation experiments of ot hers are depicted. From the enormous 
amount of data on nucleation of water we selected the data of Peters and Paikert (1989) 
and of Viisanen et al. (1993). The data series of Peters and Paikert denoted by the solid 
curve were obtained in an expansion tube very similar to ours. The curve roughly indicates the 
thermodynamic state at which the nucleation rate was circa 1 x 108 cm-3s-1. From 230 K to 260 
K this data series coincides with our measurements. Below 230 K Peters and Paikert measured 
a decreasing supersaturation with temperature which does not agree with our experiment. 
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Figure 6.3: Pv - T state diagram with of water. Solid markers, present nucleation 
data of water vapour in nitrogen. The marker position denotes the vapour pressure 
and the temperature during the nucleation pulse. The marker shape is an indication 
of the measured nucleation rate. Open markers, data of Viisanen et al. (1993). Solid 
curve, data of Peters and Paikert 1989). Dashed curves, lines of constant nucleation 
rate according to the Classical N ucleation Theory. 

I Pv (Pa) I T (K) 
19± 3 199 ± 1 9 x 109 ± 7 x 10\1 
222± 6 230.1 ± 0.9 5x108 ±lx108 

1.16 x 103 ± 3 x 101 252.9 ± 0.8 7 x 109 ± 2 x 109 

Table 6.1: Experimental uncertainty of the thermodynamic state of water vapour 
during the nucleation pulse and of the corresponding nucleation rate, for three ex­
periments at different conditions. 

The data of Viisanen et a1. were recently obtained in a two piston expansion chamber. They 
measured very accurately several series of nucleation rates, each series at a fixed temperature 
at nine different temperatures and for three different carrier gases. Some of the data, those 
that belong to a nucleation rate ne ar to 1 x 108 cm-3s-I, are depicted in the diagram by the 
open squares. Their data coincide with ours. 

In the diagram also two curves representing the unary Classical Nucleation Theory are 
drawn. The curves of constant nucleation rate give the thermodynamic vapour state at which 
the nucleation rate has a value of 1 x 107 cm-3s-1 and 1 x 1011 cm-3s-I, respectively. All 
experimental data are supposed to fall between the curves, which appears to be so for the 
whole range of temperatures, indicating that CNT predicts the measured nucleation rates 
rather correctly. Later on we will revert to the comparison between experiment and nucleation 
theory. 
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drop let growth 

The droplet growth phase of a quintet experiments is shown in Fig. 6.4. The circles represent 
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Figure 6.4: Droplet growth of water vapour in nitrogen. Circles, experiment. 
Curves, calculations according to the droplet growth model of Gyarmathy (1982). 
The labels denote the water vapour state during the nucleation pulse. 

the Mie-peaks in the light scattering signal, the solid curves are droplet growth calculations 
according to a droplet growth model based on Gyarmathy's model, which is described by Paikert 
(1990). This droplet growth model assumes ideal behaviour of the water/nitrogen mixture, but 
Knudsen effects are taken into account. The origin of the time aris is taken in the middle of 
the nucleation pulse. In the continuum regime the so called "quadratic growth law" is valid, 
i.e. the increase of droplet radius squared is proportional to time: 

dr~ ex: dt, (6.3) 

and therefore along the x-aris Vi is plotted. It is possible to discern between three distin­
guishable regimes in the droplet growth process. During the first stage of droplet growth when 
droplet radii are less than 0.3 /-Lm, Knudsen effects are important; this is expressed in a linearly 
increasing droplet radius with time. Droplets larger than 0.3 /-Lm can be considered to be in the 
continuum regime, the square of the droplet radius increases proportional with time, according 
to the "quadratic growth law". Af ter some time, depending on the amount of water vapour 
present, vapour depletion is noticeable, which results in a decrease of the droplet growth rate. 
The droplet growth rate of the "237 K, 357 Pa experiment" starts to diminish above a droplet 
size of r d = 1.2 /-Lm. 

The decrease of droplet growth rate with decreasing temperature is due to the temperature 
dependency of the diffusion coefficient. 

Furthermore, it turns out that there is a discrepancy between experiment and theory of 
about 10% over the whole range of temperatures and vapour pressures, whereas Peters and 
Paikert (1989, 1994) found excellent agreement between the same growth model and their mea­
surements. The apparent discrepancy between our measurements and the growth model is very 
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probably caused by an error in the vapour pressure determination due to an unexpected sensi­
tivity of the relative humidity sensor to the total gas pressure. Since the humidity sensor was 
calibrated in pure water vapour, this sensitivity yields slightly erroneous values at atmospheric 
pressures. 

We now return to the nucleation results. Since there was no reason to believe that the 
droplet growth model were not correct, the experiment al vapour pressure has been deduced 
from the droplet growth experiment. The original vapour pressure values were multiplied by a 
factor 1.1 and Fig. 6.3 was recaleulated. The result is shown in Fig. 6.5. Due to the logarithmic 
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Figure 6.5: Pv - T state diagram with nucleation rates of water in nitrogen with 
corrected vapour pressure (markers). Dashed curves, Enes of constant nucleation 
rates according to the Classical Nucleation Theory. 

p,,-axis there is only a very small change, but the experimental points seem to fit better with 
the theoretical curves. 

A more detailed analysis of the water vapour nucleation experiments is shown in Fig. 6.6. 
The ratio of measured nucleation rates Jexp and theoretical nuc1eation rates Jth is depicted 
for (a) the unary Classical Nucleation theory and (b) the semi-phenomenological nuc1eation 
theory of Dillmann and Meier (1991) (DMT) as a function of the nucleation temperature. 
The formulas used to do the calculations for these theories are listed in appendix C. Both our 
corrected measurements (solid markers) and the data ofViisanen et al. (1993) with a nucleation 
rate near to 1 x lOl! em-3s-1 are drawn in the figure (open markers). 

Several conclusions ean be drawn. First, a very good agreement is observed between our 
measured nueleation rates and those of Viisanen et al.. The scatter in our data series is a factor 
three larger than the scatter in Viisanens data, which indicates that the reproducibility in the 
expansion tube is a little less than in the two-piston expansion chamber, but better than one 
order of magnitude in nucleation rate. Nevertheless, the magnitudes of the measured nucleation 
rates eorrespond excellently over the temperature range 217 K - 260 K. 

In the theoretical ealculations eorresponding to the expansion tube experiments the cor-
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Figure 6.6: Comparison of experimental nucleation rates to Classical Nucleation 
Theory (a) and Dillmann-Meier Theory (b). Depicted are the fatios ofthe measured 
nucleation rate and the theoretical nucleation rate calculated at the same conditions 
Pv and T. 
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rected nucleation vapour pressure was used. So, actually the vapour pressure was fitted to the 
droplet growth rate. Hence, from the accordance with Viisanens data we conclude that the 
droplet growth method to obtain the vapour pressure yields the correct result for water vapour, 
which gives further confidence in applying this method to high pressure experiments. 

Finally, examining the differences between the classical theory and the theory of Dillmann 
and Meier, we observe at low temperatures an underestimate of the nucleation rate by CNT by 
one order of magnitude, and an overestimate by two orders of magnitude at high temperatures, 
whereas DMT predicts correctly the nucleation rate over the whole temperature range. The 
observation that the discrepancy between the nucleation rates predicted by CNT, and experi­
mentally obtained values, varies with temperature has been conflrmed by several investigations. 
Also the improved temperature dependence of thc predictcd nuc1eation rates by DMT, which 
is expressed by the zero slope of Jexpj Jth in diagram (b), is found for other substances. 

6.3 Homogeneous nucleation and droplet growth of n-nonane 

The second vapour studied in the expansion tube at low pressure concerns the hydrocarbon ll­
nonane, which consists of chain molecules with 9 carbon molecules and 20 hydrogen molecules. 
At room temperature its vapour pressure is about 400 Pa. This vapour has become a key sub­
stance in nucleation studies, on one hand because reliable nucleation data obtained in different 
devices are weU documented in literature, and on the other hand the classical nucleation theory 
is orders of magnitude wrong in predicting nucleation rates, 80 that ll-nonane became a sort of 
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test substance of nueleation theories. 
The experimental procedure is similar to the procedure followed with the water experiments 

except for the ll-nonane vapour fraction determination. After the injection of liquid ll-nonane 
(Merck, purity > 98 %) in the tube, typical injection volumes range from 50 to 300 td, the 
vapour was allowed to establish an adsorption equilibrium with the tube walls for half an hour. 
Then the vapour pressure was measured with a pressure gauge (Barocel type 600 A). This 
vapour pressure was corrected for leakage into the tube and assumed not to change during inlet 
of the carrier gas nitrogen and thus considered to be the initial partial vapour of the experiment. 

A Mie scattering signal and measured extinction coefficient of growing ll-nonane droplets 
are given in Figs. 6.7 and 6.8. Theoretica! patterns were calculated with a refractive index of 
1.405 (Landolt-Börnstein 1962) 
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Figure 6.7: Theoretical Mie pattern (a) and experimental Mie signal (b) of D­

nonane droplets. Conditions dllring the nucleation pulse: p = 0.386 bar, T = 
222.1 K, p" = 89 Pa, nd 7 x 1010 m-3. 

In the p - T diagram of Fig. 6.9 the Wilson points measured in the pulse expansion tube 
are depicted. Again the position of the markers represent the n-nonane vapour state (partia! 
vapour pressure and temperature) in the nueleation pulse. The shape of the markers refers 
to the nueleation rate. The Wilson points are arranged in a band at a temperature about 
50 K below the saturation temperature. The corresponding supersaturations are of the order 
of 200. Among the data of the expansion tube also three measurements of Wagner and Strey 
(1984) performed in a two-piston eloud chamber are shown (open squares). The nucleation rate 
of these points was near to 1 x 109 cm -3S-1. The supersaturation ag rees fairly weU with our 
measurements. The theoretical nueleation rates are represented by the dotted curve (CNT) and 
the dashed curve (DMT). The labels next to the curves denote the nucleation rate in cm-3s-1

. 

It is dear that the nucleation rates predicted by DMT are far better than those predicted by 
CNT. At 220 - 230 K the measured Wilson points fall in between the two DMT curves while 
eNT over the whole temperature range largely underestimates the nucleation rate. 
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Figure 6.8: Theoretical extinction cross section (a) and experimental extinction 
signal (b) of growing u-nonane droplets. Conditions as in Fig. 6.7. 
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Nonane droplet growth is shown in Fig. 6.10. Four experimental growth curves are ac­
companied by calculated growth curves. The theoretical curves are the exact solution of the 
Eqs. (5.15) and (5.16) of Gyarmathy's growth model. We observe a decreasing droplet growth 
rate with decreasing temperature and vapour pressure. The diffusion of n-nonane in nitrogen is 
slowed down because of a decreased diffusion coefficient at lower temperature, and a decreased 
concentration gradient of n-nonane due to the lower nonane fraction in the mixture. 

At the x-axis again the square root of the time is plotted. An increasing growth rate in 
the Knudsen regime is observed for droplets with a radius smaller than 0.3 pm, larger droplets 
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Figure 6.9: Pv - T state diagram of u-nonane with Wilson points and theoretical 
lines of constant nncleation rates according to CNT and DMT. 
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Figure 6.10: Growth rates of n-nonane in nitrogen. Labels denote the temperature 
and n-nonane vapour pressure during the nucleation pulse. 

satisfy the "quadratic growth law" of Eq. (6.3). The flattening that is exhibited by the lowest 
curve at larger times is caused by n-nonane vapour depletion. 

Once more experimental growth rates appear to be larger than theoretical growth rates (by 
about 5%) although the vapour pressure was measured in a different way in comparison to 
the water experiments. It is very likely this time that the assumption of a constant n-nonane 
vapour pressure during the filling of the tube with the carrier gas nitrogen is invalid. Af ter the 
injection of n-nonane into the HPS a large amount, up to 10 times as much as the remaining 
n-nonane in the gaseous phase, was adsorbed on walis. Dne to the pressnre increase caused 
by the supply of nitrogen, the chemical potential of the adsorbed n-nonane is raised. So, the 
n-nonane will tend to leave the walls and evaporate into the gas phase. Therefore, the vapour 
concentration will be somewhat higher than was assumed, leading to a larger growth rate. 

This brings the section of test experiments to an end. We conclude that the pulse expansion 
tube and the procedures followed, lead to results very much in accordance with literature data 
obtained with shock tubes and piston expansion chambers. 

6.4 High pressure nucleation and droplet growth in hydrocarbon 
mixtures 

Up to now, only very little experimental work on high pressure nueleation was reported in liter­
ature. In a diffusion elond chamber study of Heist et al. (1994) nueleation rates of I-propanol 
were measnred in hydrogen and helium, but in contrast to the present investigations it was im­
plicitly assumed that the mixtures behaved ideally, i.e., the carrier gas was not present in the 
nucleating droplets. Kalikmanov and van Dongen (1995) developed a semi-phenomenological 
nucleation model based on Fisher's theory (1967) that ean be used in the supercritical region 
of binary mixtures. The implementation of real gas effects in the Classical Nucleation Theory 
was described in chapter 2. In this section experimental results of n-nonane in methane and 
n-octane in methane are presented and compared with both nucleation theories. 
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6.4.1 Nucleation and droplet growth in n-nonane/methane 

The first mixture that we consider is the n-nonanefmethane mixture. The equilibrium phase 
behaviour of this mixture is shown in the two diagrams of Fig. 6.11. Diagram (a) shows the 
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Figure 6.11: Phase diagrams of n-nonanejmethane. (a), p T diagram with two 
coexistence curves of mixtures with n-nonane molar fraction as denoted by the labels. 
(b), p - x diagram, with boiling curve and dew point curve versus methane molar 
fraction in liquid and vapour, respectively, at fixed T 240 K. This latter diagram 
was calculated with the Peng-Robinson equation of state (NIST 1990). 

/ 

1 

vapour-liquid coexistence curve in the p - T plane at two fixed compositions namely with 
Yl = 1 X 10-4 and Y1 = 1 X 10-5. In the area enclosed by the coexistence curve, which is 
also called coexistence envelope, the mixture of given composition can attain an equilibrium 
state with both vapour and liquid present. This is all analogous to the phase behaviour of 
natural gas. A different view is given by diagram (b)l in which the equilibrium pressure is 
plotted versus the methane molar fraction in the liquid X2 or in the gas Y2 which depends on 
the state of the mixture, at a fixed temperature of 240 K. Below thc lower curve the mixture 
is in the gaseous phase, above the upper curve the mixture is in the liquid phase, in between 
the gas phase of the mixture is in coexistence \\.rith the liquid phase. On the left y-axis where 
the liquid contains only u-nonane the boiling curve and dew points curve come together at the 
pure vapour pressure n-nonane. Since at a temperature of 240 K no pure liquid methane exists, 
the curve does not make contact with the right y-axis. Boiling curve and dew point curve come 
together at a point for which X2 < 1. Since in this point there is no visible meniscus, it is called 
the critical point in analogy to pure vapours. 

For the representatioll of the experimental data wc use the supersaturation parameter S = 
yI!Yl,eq, introduced in Eq. (3.9). Sa, the vapour fraction Il-nonane Yl is the equilibrium property 

1 As an exception, diagram (b) was calcu!ated with the Peng-Robinson equation of state on the basis of a 
commercial data base (NIST 1990). 



88 Experimental results 

that we are most interested in. The equilibrium vapour fraction 'Yl,eq is calculated with the RKS 
equation of state. Unfortunately, only the already mentioned data of Shipman and Kohn (1966) 
were found in the literature, but they lack the desired accuracy to compare to our calculated n­
nonane vapour fractions. Therefore, we have to restriet ourselves to the remark that calculated 
RKS equilibrium n-decane vapour fractions do not depart more than 10% from equilibrium 
data measured by Rijkers et al. (1992) under similar conditions. We consider the calculated 
RKS data for u-nonanejmethane as reliable as for the mixture n-decanejmethane. 

Nucleation rate measurements were performed for the mixture n-nonanejmethane at various 
pressures, temperatures, and vapour fractions u-nonane. The injected liquid n-nonane was of 
a purity > 98% (Merek), while the methane gas was of a purity > 99.995%. 

Droplet growth 

First, a plot of four growth curves of droplets in n-nonanejmethane is shown in Fig. 6.12. The 
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Figure 6.12: Droplet growth rates of n-nonane/methane at various pressures, and 
fixed T = 240 K. Markers, experiment. Solid curves, calculations according to the 
high pressure limit of the droplet growth model. In these ca1culations the vapour 
fraction n-nonane was chosen such that optimum agreement with the experiment 
was obtained. 

labels denote the total pressure in the nucleation pulse, the temperature was approximately 
240 K in all cases. The time origin was taken to be in the middle of the nuc1eation pulse. The 
markers indicate the positions of the peaks and valleys in the Mie scattering signal. It must 
be noted here that the theoretical Mie pattern to which the experimental pattern is compared, 
was calculated with a refractive index of 1.405 which belongs to pure liquid n-nonane. The 
in:!luence of methane in the droplet on the refractive index is unknown, but since the shapes 
of the measured and calculated Mie patterns agree very weIl, it is not to be expected that a 
significant error is made. The experimental growth curves perfectly satisfy the quadratic growth 
law. The solid curves are calculated according to the high pressure limit of the growth model 
of chapter 5; the n-nonane fraction Yl of the mixture was chosen such that optimal agreement 
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between experimental and theoretical curves was achieved. For each experiment, the Yl value 
obtained in this way is used in representing the nucleation rate data. 

Nucleation rates 
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Figure 6.13: Measured nucleation rates of n-nonanejmethane versus supersatura­
tion. The markers indicate the total pressure in the nucleation pulsej the nucleation 
pulse temperature was in all cases approximately 240 K. The horizontallines added 
to some experimental points reHect the experimental uncertainty of the supersatu­
ration. The relative uncertainty of the nudeation rate value is about ±20%, which 
roughly corresponds to the vertical size of the markers. 

Results on homogeneous nucleation are depicted in Fig. 6.13, the measured nucleation rates are 
plotted as a function of ll-nonane supersaturation S for different pressures. The temperature 
in the nucleation pulse was in all cases near to 240 K. 

Besides a natural increase of nucleation rate with supersaturation for each pressure, it 
appears that the supersaturation of ll-nonane, required for a given nucleation rate, decreases 
strongly with increasing pressure. This must be considered a very important result; it clearly 
demonstrates astrong influence of methane on the nudeation process. Fig. 6.13 also shows 
theoretical nucleation rates according to calculations based on the binary Classical Nucleation 
Theory. A significant difference is found between experiment and theory. Still, experiment 
and theory exhibit the same general behaviour of decreasing supersaturation with increasing 
pressure. 

Furthermore, the larger scatter of supersaturations of the 40 bar experiment is eye--çatching. 
A definitive explanation has not been found yet. Possibly, it has to do with the low vapour 
pressure of n-nonane, so that other vapours, present in small amounts in the methane gas, 
infiuence nuc1eation. We tried to find an indication for this, but experiments with methane gas 
with an impurity as high as 10-3 did not give results significantly different, so no proof was 
found. 

The temperature in the nudeation pulse was approximately 240 K In reality the nucleation 
temperature differed from one experiment to the other over a range from 238 K to 243 K. 
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This scatter in nucleation temperature largely causes the scatter in Fig. 6.13. In order to 
diminish the effect of a nucleation temperature deviating from 240 K, a correction factor ~ In S 
is introduced: 

LllnS LlT °:;/1 . 
J,p 

(6.4) 

LlT is the deviation from 240 K. A point in the J - S plane is shifted in the S-direction 
according to Eq. (6.4). The derivative in the equation is calculated on the basis of the binary 
Classic al Nucleation Theory. The consequence of this correction factor can be seen in Fig. 6.14. 
Especially for the 10 to 30 bar experiments the scatter has diminished considerably. 
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Figure 6.14: Nucleation rates of n-nonanejmethane versus supersaturation cor­
rected for temperature deviations from 240 K in the nucleation pulse. Also theo­
retical curves are drawn according to CNT, and to a Quasi-One-Component semi­
phenomenological model (QOC), recently described by Kalikmanov and Van Dongen 
(1995). 

In Fig. 6.14 also nucleation rates calculated according to a recently described nucleation 
theory by Kalikmanov and Van Dongen (1995) are drawn. This theory belongs to the class 
of so-called semi-phenomenological theories. The ideas behind these theories originate from 
the unary nucleation theory formulated by Dillmann and Meier (1991). They described the 
Gibbs formation free energy of a cluster on the basis of a cluster model of Fisher (1967), and 
introduced a new free parameter that corrects for pO&<Jible deviations of the cluster surface 
tension from the equilibrium surface tension. The parameters of the Fisher model and the 
surface tension correction were calculated from the critical point properties of the vapour of 
interest, and by constructing a relation between the new model and the real equation of state. 

The model of Kalikmanov and Van Dongen (referred to as "QOC") is a modification of the 
Dillmann-Meier Theory for binary systems. The binary mixture is reduced to a quasi-one­
component system, and it is applicable in the coexistence region of real mixtures. Calculations 
for the n-nonanejmethane mixture are represented by the dashed curves in Fig. 6.14. It appears 
that predictions of QOC are improved compared to CNT for this mixture at 240 K. 
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The value of the n-nonane supersaturation of course depends on the saturated vapour pres­
sure of n-nonane, which varies strongly with total pressure. So as an alternative representation, 
nuc1eation rate is plotted versus n-nonane molar density in fig. 6.15. The results at 40 bar are 
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Figure 6.15: Nucleation rate versus (temperature corrected) molar density for 
n-nonanejmethane at 240 K. 

not in the diagram because of the larger scatter. Here, all data almost overlap within the 
experiment al uncertainty. Assuming the correctness of the droplet growth model, the explana­
tion could be the following: with a fixed n-nonane density, adding methane results both jnto a 
lowering of the supersaturation, and jnto dissolvjng of methane in the critical droplets which 
lowers the surface tenslon. These two effects have an opposing influence on nucleation rate, 

Figures 6.16 and 6.17 show nucleation rates of n-nonanejmethane at 230 K and 250 K. 
Striking again are the very low supersaturations measured at 230 K and 40 bar. For all 
conditions, QOC predictions of nucleation rate are shifted to lower supersaturations compared 
to CNT predictions, but this does not mean an improvement in all circumstances. 

As an illustration we applied the method described by Oxtoby and Kashchiev (1994) to 
deduce the excess number of molecules ni of both species in the critical nucleus: 

A ~,.... [aCkBTlnJ)] 
Unt"'" , 

aILO,i T 
(6.5) 

where ILO,i is the chemical potentialof component i in the gas mixture, and kB is Boltzmann's 
constant. The excess number represents the extra number of molecules that is present in a 
volume containing a critical cluster, over the number of molecules that occupied the same 
volume before the critical cluster was formed. Results at T 240 K are given in table 6.2. The 
excess numbers of methane molecules in the cluster were estimated from a linear interpolation 
between measurements at different pressures. 
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Figure 6.16: Nucleation rate versus supersaturation of n-nonanejmethane at 230 K. 

6.4.2 Nucleation and droplet growth in n-octane/methane 

A second mixture that was studied at high pressure is n-octanejmethane. The advantage 
of using n-octane above n-nonane is the higher vapour pressure. The phase diagrams of n­
octanejmethane are given in Fig. 6.18. 

Droplet growth 

Droplet growth curves of n-octanejmethane are displayed in Fig. 6.19. Due to the larger n­
octane vapour fraction the droplets grow remarkably faster than did the n-nonanejmethane 
droplets. The theoretical Mie pattern was caIculated with the pure liquid n-octane refrac-
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Figure 6.17: Nuc1eation rate versus supersaturation of n-nonanejmethane at 250 K. 
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I p (bar) I u-nonane I methane I 

110 24± 2 20 
20 24±3 30 

! 30 18±2 40 
.40 12± 7 40 

Table 6.2: Excess number of molecules in the critica! cluster at 240 K, calculated 
according to the relation of Oxtoby and Kashchiev (1994). The values in the last 
column only give a rough indication of the numher of methane molecules. 
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Figure 6.18: Phase diagrams of n-octane/methane. (a), p T diagram with three 
coexistence curves of mixtures with n-nonane molar fraction as denoted hy the labels. 
(b), p - x diagram, with boiling curve and dew point curve versus methane molar 
fraction in liquid and vapour, respectively, at fixed T = 240 K. Diagram (b) was 
calculated with the Peng-Robinson equation of state (NIST 1990). 
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tive index of 1.395 (Landolt-Börnstein 1962). The solid curves are again the best fits to the 
experimental growth curves. 

A check was made whether the high pressure limit was applicable in this situation for the 10 
bar experiment. The 10 bar curve was calculated with the high pressure limit approxirnation, 
and by exactly solving Eqs. (5.15) and (5.16). Both curves are in the diagram, but they appear 
to be indistinguishable; at 29.5 ms the difference is less than 0.1 %. So, we conclude that the 
high pressure limit may be used also at pressures 20 bar to 40 bar. 

Nucleation rates 

Nucleation rates of n-octane/methane at 240 K are given in the J - S diagram of Fig. 6.20. 
Again the experiment al results are compared with the Classical Nucleation Theory and the 
Quasi-One-Component theory. The supersaturations required for nucleation rates between 
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Figure 6.19: Droplet growth of n-octanejmethane at T = 240 K. Markers, ex­
periment. Solid lines, droplet growth according to the high pressure limit. The 
calculations were fitted to the experimental growth rates by varying the vapour 
composition. 
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Figure 6.20: Nucleation rates of n-octanejmethane versus supersaturation at 
T = 240 K. Markers, experiment. Solid curves, binary Classical Nucleation Theory. 
Dashed curves, Quasi-One-Component nucleation theory. 
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109 cm-3s-1 and 1011 cm-3s-1 are somewhat below the n-nonane supersaturations. Finally, 
the nuc1eation rate is plotted versus n-octane molar density in Fig. 6.21. A similar pattern is 
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Figure 6.21: Nucleation rates of n-octane(methane as a function of n-octane vapour density. 

found as in Fig. 6.15. The n-octane vapour density for which the nuc1eation rate is between 
108 cm-3s-1 and 1011 cm-3s-1 appears to be about the same for all pressures. 
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Chapter 7 

CONCLUSIONS AND DISCUSSION 

This study concerns the homogeneous nucleation and droplet growth of rea! mixtures n-nonanej 
methane and n-octanejmethane at high pressures. The development of a pulse expansion tube 
that is able to provide experiment al data on homogeneous nucleation rates at high pressures 
was described. A theoretica! study for fl-nonane on the basis of the Classica! Nucleation Theory 
was carried out, and nucleation and droplet growth experiments were performed in the pulse 
expansion tube with various mixtures. 

A nucleation pulse of about 400 J1$ duration was realized in an expansion tube, which 
actually is a shock tube, by the implementation of alocal widening in the low pressure section. 
The refiections of the initial shock wave at the local widening create one single nucleation pulse 
in the high pressure section, which is the test section. The nueleation pulse appeared to be 
weU shaped, especially at elevated pulse pressures up to 40 bar. Droplets originate by the 
homogeneous nucleation process induced by the pressure and temperature increase in the high 
pressure section. 

A light scattering method and a light extinction method provide accurate data on the droplet 
size and the droplet number density. The droplets are illuminated by a laser beam. Detection 
of the light scattered over an angle of 90° and comparison with a theoretica! Mie-signal yields 
very accurate droplet sizes as a function of time. The light extinction method in combination 
with the scattering method yields droplet number density at high pressures with a relative 
uncertainty of 10% 

Nucleation and droplet growth experiments of water in nitrogen demonstrated at low pres­
sure an excellent performance of the expansion tube. The results of the nueleation experiments 
were compared with very reliable experiments of Viisanen et al. (1993) in a two-piston eloud 
chamber. Over a temperature range of 215 K - 260 K close agreement was found. Only the 
scatter in our experiments was a factor 3 larger. This larger scatter is possibly due to the 
the experimental uncertainty of the pressure measurement. The water experiments were also 
compared to the unary Classical Nucleation Theory and the theory of Dillmann and Meier 
(1991). CNT predicted values of the nucleation rate being one order of magnitude too Iow, 
at a temperature of about 210 K. At higher temperatures, above 240 K, CNT overestimated 
the nucleation rate by about two orders of magnitude. This in contrast to the DMT which 
predicted the nudeation rates correctly within the experimental uncertainty. The Dillmann­
Meier theory performs very weU not only for water, but also for other substances like fl-nonane. 
The agreement with experimental results is much improved with respect to CNT, as has been 
found by many other researchers. The basis of the success of DMT is not dear yet. All the 
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more because Laaksonen et al. established an inconsistency in the theory. Removal of this 
inconsistency led to a deterioration of the nucleation rate predictions. However, by simplifying 
the model they succeeded in resto ring the agreement between experiment and theory. 

Droplet growth of water was compared to a droplet model of Gyarmathy (1982). Experimen­
tal droplet growth rates appeared to be 10% larger than theoretical ones over the whole range 
of temperatures. This is attributed to an inadequate calibration procedure of the humidity 
sensor used. 

Measured nucleation rates of ll-nonane in nitrogen at low pressure appeared to agree with 
experiment al results of Wagner and Strey (1984). Again a systematic deviation was found be­
tween experimental droplet growth rates and Gyarmathy's model. Probably, vapour desorption 
from tube walls af ter the supply of nitrogen into the tube slightly increased the vapour concen­
tration. Since the amount of ll-nonane present in the tube was determined by measuring the 
vapour pressure before nitrogen was added, the n-nonane concentration was underestimated 
which explains the experimental growth rates exceeding the theoretical growth rates. 

The effect of vapour desorption increases with pressure. Therefore an alternative way of 
determining the vapour composition on the basis of the observed droplet growth rate was 
described in chapter 5. The theoretical growth rate which was calculated from the high pressure 
limit of Gyarmathy's growth model, was fitted to the measured growth rate by varying the 
vapour concentration of the less volatile component in the mixture. The main uncertainty 
in this method is the value of the binary diffusion coefficient. An incorrect value yields a 
systematic error in the value for the vapour fraction of the less volatile component. 

Mixtures of methane and one or more higher hydrocarbons show real gas effects that 
lead to retrograde phase behaviour. To study homogeneous condensation of the mixture ll­
nonanejmethane mixture in the coexistence region of the mixture, the binary Classical Nu­
cleation Theory has been adapted to account for the real gas properties of the mixture. The 
Redlich-K wong-Soave equation of state was implemented in CNT to calculate the Gibbs free 
energy of droplet formation. An analysis with the new model shows that the amount of methane 
dissolved in the critical droplet increases with pressure, but remains less than the equilibrium 
methane concentration in the liquid. The resulting decrease of surface tension leads to an 
increased nucleation rate at fixed temperature and supersaturation. 

Nucleation rates in ll-nonanejmethane were measured for temperatures from 230 K to 250 K 
and pressures from 10 bar to 40 bar. Measured nucleation rates are of the order of 108 to 1011 

cm-3s-1 . The supersaturations required to obtain these values of the nucleation rate decrease 
with pressure, e.g. at T = 240 K, p = 10 bar, S ::::: 30; at p = 40 bar, S ::::: 5. This is in 
qualitative agreement with the results theoretically obtained by CNT. However, quantitatively, 
the agreement between experiment and CNT is very poor. Also a comparison of the experiment 
with a semi-phenomenological model (QOC) by Kalikmanov and Van Dongen (1995) was made. 
At T = 240 K the agreement between QOC and experiment appeared to be bet ter than that 
between CNT and experiment, while at T = 250 K the agreement was worse. A conclusion 
about the validity of the semi-phenomenological theory cannot be drawn yet. 

When the nucleation rate was plotted versus ll-nonane density instead of supersaturation, a 
totally different view is obtained. At T = 240 K the experimental curves at different pressures 
are situated inside a very small interval of ll-nonane vapour density. This may be an indication 
that two opposing effects play a role. 
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Experiments on the n-octanejmethane mixture show similar results as sketched for D­
nonanejmethane. 

We end up with the important conclusion that real gas properties present in the coexis­
tence region of hydrocarbon mixtures at high pressures strongly effect the nucleation rate as a 
function of supersaturation. The picture is less clear when the D-nonane vapour density is con­
sidered. Experiments on other mixtures and at different cÏrcumstances should reveal whether 
this behaviour either is typical for fl-nonane and n-octane, or is a result of the peculiarity of 
the rea! gas behaviour considered in this work. 
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Appendix A 

PHYSICAL PROPERTIES 

Material properties of gases and liquids: critical density Pc, critical pressure Pc, critical tem­
perature Tc, Pitzer's acentric factor w, Rackett compressibility factor ZRA, molar mass M, 
parachor P, refractive index m, liquid density pi, surface tension u, saturation vapour pressure 
Peq, second virial coefficient B. For temperature dependent properties the absolute temperature 
T in K must be inserted: 

water: unit literature 
Pc = 323 kg m-3 (e) 
Tc = 647.3 K (a) 
M = 18.015 kg kmol-1 (a) 
m = 1.334 (c) 
pi = 999.84 + 0.086(T - 273.15)-

0.0108(T - 273.15)2 kg m-3 (d) 
u = 0.111773(1 - T /Tc)O.7120l2 N m-1 (c) 
Peq = 610.8 exp( -5.1421In(T /273.15)-

6828.77(1/T -1/273.15)) N m-2 (f) 
B = 17.1 - 102.9(Tc/T)2-

33.6 x 1O-3T /Tc exp(5.255Tc/T) cm3 mol-1 (e) 

methane: 
Pc = 46.0 bar (a) 
Tc = 190.4 K (a) 
Pc = 163.5 kg m-3 (i) 
w = 0.011 (a) 
ZRA = 0.2892 (a) 
M = 16.043 kg kmol-1 (a) 
P = 81.0 gl/4cm3s-1/ 2mol-1 (a) 

ll-nonane: 
Pc = 22.9 bar (a) 
Tc = 594.6 K (a) 
Pc = 234 kg m-3 (e) 
w = 0.445 (a) 
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ZRA = 0.2543 
M = 128.259 
P = 81.0 
m = 1.405 
pi = 733.3 O.75(T - 273.15)+ 

4.55 x 1O-4(T 273.15)2 
cr = (24.72 - 0.09347(T - 273.15))/1000 
Peq = 1000exp( -1647.6676 + 27512.569/T-

0.96917185T + 4.7629229 x 1Q-4T2+ 
316.163341n(T) ) 

B = 369.2 705.3Tc/T + 17.9(Tc/T)2-
427(Tc/T)3 8.9(Tc/T)8 

n-octane: 
Pc = 24.9 
Tc = 568.8 
w = 0.398 
ZRA 0.2571 
M = 114.232 
P = 350.6 
m = 1.395 

unit 

kg kmol-1 

gl/4cm3s-1/ 2mol-1 

bar 
K 

g mol-1 

gl/4cm3s-1/ 2mol-1 

Binary interaction parameters kij used in the RKS equation of state: 

n-nonane/methane 
n-octane/methane 

kij = 0.0448 
kij = 0.0448 

Physical properties 

literature 
(a) 
(a) 
(a) 
(c) 

(g) 
Cg) 

(h) 

(g) 

(a) 
(a) 
(a) 
Ca) 
Ca) 
(a) 
(c) 

(b) 
Cb) 

Diffusion coefficients of n-nonane/methane and n-octane/methane are calculated according to 
the method proposed by Fuller et al. (1987), together with the Takahashi correlation T (1987) 
for the effect of pressure on the diffusion coefficient. Temperatures are inserted in K, pressure 
in bar: 

(a) 
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methane: Eu 25.4 
ll-octane: 168.78 
ll-nonane: Eu 189.3 

(a) 
(a) 
(a) 
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To calculate the temperature during the expansion the isentropic exponent 'Y is used for nitro­
gen. For methane the compressibility factor Z, and the isobaric heat capacity cp are calculated 
according the equation of state given by Sychev et al. (1987): 

nitrogen: 
'Y = 1.40 

methane: 
Z=l+Ao 
~ = 7f - 1 + A5 + (1 + A2)2/(1 + AI) 

_ 10 .. .eL 
Ao - L'=1 b'J Tl. 

A - ",10 + l)b·.eL 1 - L..i=l '3 Tl 

A - - ",10 ",7 (J' - l)b .eL 
2 - L..i=l L..j=O 'J T! 

A - - ",10 i.fJ..::::]1b.eL 
5 - L....i=l i tJT!. 

~ = ",10 a.AJ + f3.Á..-j 
R L..J=O Jr J'P 

Á.._ T 
<V-100K 

P -.I!.. r-
pc 

T - T 
r - Tc 

coefficients: 
blO = 0.5365574 
bn = -0.1671289 x lOl 
b12 = 0.1704335 X 101 
bl3 = -0.4003982 X lOl 

b14 = 0.3491415 X 101 
bIS = -0.1332024 X 101 
bl6 = 0.5440249 X 10-1 

bl7 = 0.5211075 X 10-1 

b20 = 0.7187518 X 10-1 

b21 = 0.5481658 
b22 = -0.1932578 X 101 
b23 = 0.4295984 X 101 
bu = -0.3969273 X 101 
b25 = 0.1944849 X 101 

b26 = -0.5923964 

b34 = -0.1690813 X 101 
b35 = 0.1154217 X 101 
b36 = 0.9352795 X lO-l 

b40 = 0.2431204 X 10-1 

b41 = 0.3478417 
b42 = 0.3587548 X 10-1 

b43 = 0.2945131 
b44 = 0.1565847 X 10-1 

b45 = -0.4257759 

bso = -0.1779964 
bSl = -0.2754465 X 10-1 

b52 = -0.5843797 
bS3 = 0.2273617 
b54 = -0.7393567 X 10-1 

b6S = -0.1025381 
b64 = 0.7468426 X 10-1 

b70 = -0.8863694 X lO-1 

b71 = -0.6837762 X 10-1 

b72 = 0.5915308 X 10-1 

b73 = 0.2985520 X 10-2 

b80 = 0.3030236 X 10-1 

b81 = -0.1014545 X 

bS2 = -0.1847890 X 10-1 

bB3 = -0.3250667 X 10-2 

b90 = -0.6183691 X 10-2 

b91 = 0.6643026 X 10-2 

b92 = 0.9014904 X 10-3 
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b30 = 0.4802716 X 10-1 

bal = 0.1443345 
b32 = -0.1249822 X lOl 
b33 = 0.1618220 X 101 

ao = 0.146696186 x 103 

al -0.656744186 x 102 

a2 0.202698132 x 102 

a3 -0.420931845 x lOl 
a4 0.606743008 
as -0.612623969 x 10-1 

a6 = 0.430969226 x 10-2 

a7 = -0.206597572 x 10-3 

a8 = 0.642615810 x 10-5 

a9 = -0.116805630 x 10-6 

alO = 0.940958930 x 10-9 

Literature: 
(a) Reid et al. (1987) 
(b) Knapp et al, (1982) 

b55 = 0.1461452 X 10-1 

bso 0.1650834 
b61 = 0.1337959 
b62 = 0.1158357 

/31 = -0.209233731 X 103 
/32 0.206925203 X 103 

/33 = -0.135704831 X 103 

/34 = 0.564368924 X 102 

/35 = -0.134496111 X 102 

/36 = 0.139664152 X lOl 

(c) Landolt-Börnstein (1960, 1962) 
(d) Pruppacher and Klett (1978) 
(e) Dillmann and Meier (1991) 
(f) Vargaftik (1975) 
(g) Adams et al. (1984) 
(h) Boublik et al. (1984) 
(i) Sychev et al. (1987) 
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Appendix B 

RANDOM CHOICE METHOD 

Introduction 

This appendix outlines the Random Choke numerical Method as it is used to calculate the 
pressure history of the pulse expansion tube in section 4.3.3. 

The Random Choice Method (RCM) is a numerical technique capable to solve quasi-one­
dimensional hyperbolic partial differential equations. The gasdynamic wave propagation in a 
shock tube is governed by the hyperbolic 1D wave equation. The RCM was first described by 
Chorin (1976) in a way feasible for computational use. Since then, the efficiency of the RCM 
in terms of computer time has gradually been improved. A good review of the method is given 
by Toro (1987). 

The RCM is a time explicit method; the solution at a time level tn, U(tn, x), is calculated by 
solving a sequence of Riemann problems at the foregoing time level tn-l' Toro (1987) mentions 
four virtues that make RCM particularly suitable to gasdynamic problems: 

• Discontinuities like shocks and contacts are captured with infinite resolution. 

• Wave interactions are handled automatically. 

• Ad hoc procedures and adjustable arbitrary parameters are absent. 

• The method has good physical and mathematical foundations. 

The main concept of RCM will be described below. 

Concept of the Random Choice Method 

Our goal is to describe the time development of the distribution of the flow parameters pressure 
p, density p, and velo city u in a quasi-1D tube configuration. Our treatment of the RCM on a 
non-staggered grid is analogous to the approach described by Toro (1987). 

We start with a known solution U(tn, x) at time tno The first step concerns the discretization 
of the initial data U(tn, x) with respect to the spatial coordinate x. This is illustrated in fig. 
B.l. One of the parameters of the problem (for example pressure or density) at time tn is 
plotted versus the spatial coordinate X. The data are approximated as a piecewise constant 
function of X. At the interval [i ~~x, i + ~,6.xl the function value equals the value of the 
computational node i. The transition discontinuity is positioned in the middle between two 
successive computational nodes. We now consider the computational cen from node i to node 
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i - 1 i + 1 x 

Figure B.I: Approximation of data at time tn in the spatial domain by a piecewise 
constant function. 

i + 1. In our approximation, the variables are assumed to be constant Ieft and right from the 
discontinuity in the middle of the ceIl, so that the time development of the cell variables is 
described by the solution of a Riemann problem. This way the whole spatial domain forms a 
sequence of Riemann problems, that can be solved independently by the procedure described 
in section 4.2. 

Figure B.2 schematically shows the solution of the Riemann problem in two adjacent cells. 
In each cell a left running wave, a right running wave, and a contact discontinuity develop. 

sampling interval 

i - 1 i + 1 
Figure B.2: Two adjacent eomputational eells with schematic representation of the 
solution of the Riemann problem. At time tn=l the sampling procedure is illustrated. 
The solution of the Riemann problem at the sampling position Xpi, U(tn+1,xpi), is 
assigned to the nearest computational node. 

Either wave can be a shock or expansion wave, allowing four possible combinations. The so­
lutions of the Riemann problems are calculated by means of an exact Riemann solver using 
Newton-Raphson iteration. The solution of the Riemann problem at time level tn+1 is multi­
valued, therefore a (quasi-) random sampling method is applied to assign a solution to the 
grid points at tn+l (fig B.2). On the sampling interval li - !~x, i + !~xJ one solution of the 
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RiemaJlll problems concerned is selected randomly. This solution is allocated to the nearest 
computational node i. The van der Corput sequence is applied for the random number gener­
ation (Collela 1982). It selects an alternating sampling position left and right from the node 
i. 

By repeating the procedure described above, the solution is advanced from t n+! to the next 
time level tn+2' etc. Af ter a large number of time steps, the averaging property of the random 
selection of solutions of the Riemann problems will result in a correct description of the wave 
propagation in the x - t domain. 

To obtain a maximum "computational speed" the time step t:..T was chosen as large as pos­
sible. The length of t:..T is limited by the Courant-Friedrichs-Lewy condition (CFL condition). 
In the context of RCM, the CFL condition states that no interaction of waves of neighbouring 
Riemann problems is allowed before the sampling procedure was carried out. 80, the time step 
is chosen to satisfy: t:..T (1/2t:..x)/ Smax, where Smax is the maximum wave speed at a given 
time level. 
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Appendix C 

UNARY NUCLEATION 

In chapter 6 experimental homogeneous nucleation rates for water in nitrogen, and n-nonane in 
nitrogen are compared to unary Classical Nucleation Theory, and the Dillmann Meier Theory 
of unary nucleation. The expressions used in the calculations are listed below. 

The expression for CNT reads: 

~ (pu )2 ( 
JCNT = V -:;- k1T2pl exp (C.1) 

The radius of the critical nucleus r* is given by: 

r* = plT~lnS' (C.2) 

with the specific gas constant Rm, and the supersaturation defined by S pV Ip~q' 

The nucleation rate according to DMT is described by the following set of equations: 

JDMT 

~F(i*) 

Al 

V* 

al = 

a2 = 

K(l) 

K(2) = 

1 aAl (1 + a1(i*)-1/3 + 9rkBT (i*)-2/3) x 
3 kBT1f 2aAI 

AIPv (-~F(i')) 
v21fmkBT exp kBT ' 

-kBTi* In S + (1 + al (i*)-1/3 + a2(i*)-2/3) a Al (i*)2 /3 + 
kBTTlni* - kBTln(qoV*), 

( 
r= 1)2/3 

6y1fV , 

i'vl
, 

(K(2) -1) - (K(l) -1)2- 2/ 3 

2-1/ 3 2-2/ 3 

(K(2) 1) - (K(l) 1)2-113 

----2-1/ 3 - 2-2/ 3 

kBT In ( P~q ) 
aAl qOkBT' 

-=--~ In [- (qO~:T r 2T

-
IqO B]. 
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(C.3) 

(CA) 

(C.5) 

(C.6) 

(C.7) 

(C.8) 

(C.9) 

(GlO) 
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In these equations Vi is the molecular volume of the liquid, and B the second virial coefficient. 
The parameters T and qo are related to the critica! point properties; the values are listed in 
table C.l. The number of molecules in the critica! cluster i* is determined by the solution of 

T qo 
, water 2.166 48.84 
n-nonane 2.190 39.97 

Table C.1: Parameters DMT. 

the cubic equation: 

InS = 0 (C.11) 
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TABLES OF EXPERIMENTAL DATA 

This appendix contains a list of the experimental data concerning the nucleation experi­
ments of water/nitrogen and n-nonane/nitrogen at low pressure, and n-nonane/methane and 
n-octane/methane at high pressures . 

• n° I p* (bar) I pi (Pa) I T* (K) I J (cm 3S 1) I 
402 OA13 51 
403 OA04 50 
404 0.572 273 
405 0.550 269 
407 0.807 961 
408 0.838 LOlx103 

409 0.920 1.17x103 

411 0.621 515 
412 0.713 475 
413 0.719 476 
414 0.771 585 
415 0.741 568 
417 0.628 353 
418 0.574 223 
419 . OA68 116 

• 421 OA64 110 
422 OA29 70 
423 0.375 . 34 
424 0.368 34 
425 34 
427 19 
428 19 

212.6 
209.7 
234.6 
233.2 
249A 
251.7 
252.9 
240.9 
239.7 
240.0 
244.5 
242A 
236.5 
230.1 
222.5 
220.7 

1214.7 
208.0 

,206.8 
·206.3 

198.9 
197.6 

L9x109 

6.9xlOlO 

9.0x107 

3Ax108 

L2x1010 

L2x108 

7.1 X 109 

L7x109 

3.7x109 

1.0x109 

LOx108 

7.3x108 

2.4x108 

• 5.3xl08 

2.8xl08 

, L7x109 

6.6x109 

8 8.7xl0 
2.3x109 

3.8x109 

9.1x109 

4Ax1010 

Table D.l: Experimental nucleation data of water/uitrogen at low pressure. The 
data are represeuted in Fig. 6.3. 
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I n° I p. (bar) I pi (Pa) I T* (K) I J (cm 3s 1) I 
433 0.350 66 212.0 1 x 1010 

434 0.370 76 216.4 8 x 107 

435 0.360 63 214.9 7 x 107 

437 0.358 69 213.5 9 x 108 

438 0.367 80 214.5 8 x 108 

.439 0.374 79 215.5 3 x 107 

·440 0.364 65 213.7 5 x 108 

443 ·0.363 75 214.3 5 x 108 

462 0.365 90 220.2 3 x 108 

464 0.387 88 223.1 4 x 108 

465 0.386 87 223.9 2 x 108 

470 0.404 119 225.7 3 x 109 

471 0.361 82 218.3 3 x 1010 

472 0.360 81 218.7 1 x 1010 

473 0.386 89 222.1 3 x 108 

474 0.336 56 213.7 1 x 1010 

475 0.362 62 217.8 2 x 108 

477 0.303 34 207.5 2 x 109 

478 0.316 34 210.3 3 x 108 

481 0.266 14 201.0 3 x 109 

482 0.264 17 200.0 8 x 109 

483 0.271 17 202.0 3 x 109 

484 0.407 117 226.2 2 x 108 

486 0.404 119 226.6 2 x 108 

491 0.365 88 222.8 3 x 109 

Table D.2: Experimental nucleation data of n-nonane/nitrogen at low pressure. 
The data are represented in Fig. 6.9. 

1.48 x 10- 7.8 x 10 
1.44 X 10-4 1.6 X 109 

729 19.9 1.48 x 10-4 5.0 X 108 

730 19.6 1.59 x 10-4 3.6 X 109 

731 19.6 1.63 x 10-4 1.2 X 1010 

732 20.1 242.9 1.96 x 10-4 4.3 X 109 

735 19.8 240.5 1.79 x 10-4 7.0 X 1010 

740 20.2 241.1 1.79 x 10-4 . 2.0 X 1010 

• 741 19.6 239.4 • 1.72 x 10-4 4.6 X 1010 

1742 19.6 239.1 . 1.35 x 10-4 5.9 X 108 

Table D.3: Experimental nucleation data of n-nonane/methane at 20 bar, 240 K. 
The data are represented in Fig. 6.13. 
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1.14 X 10-4 3.4 x 10 
39.6 8.7 x 10-5 1.1 X 1011 

39.8 6.9 x 10-5 1.0 X 1010 

39.8 240.4 4.43 x 10-5 1.8 X 1010 

754 i 39.8 240.0 4.30 x 10-5 1.3 X 1010 

755 41.7 243.3 6.6 x 10-5 7.9 X 109 

821 39.8 239.9 4.54 x 10-5 8.3 x 10 
822 39.9 241.6 6.02 x 10-5 5.1 X 108 

Table D.4: Experimental nucleation data of n-nonanejmethane at 40 bar, 240 K. 
The data are represented in Fig. 6.13. 

8.48 x 10- 1.0 x 10 
30.4 1.14 x 10-4 5.3 X 109 

802 30.2 1.08 x 10-4 2.5 X 1010 

803 30.0 239.1 1.08 x 10-4 4.0 X 1010 

804 31.3 242.2 1.22 x 10-4 1.4 X 1010 

805 30.8 240.9 1.21 x 10-4 3.2 X 1010 

806 30.6 241.4 1.30 x 10-4 1.4 X lOll 

808 31.6 242.8 1.13 x 10-4 1.0 X 109 

809 29.9 238.2 1.07 x 10-4 9.1 X 1010 

810 30.1 239.0 8.64 x 10-5 8.3 X 108 

811 29.2 238.4 9.87 x 10-5 1.0 X 1010 

Table D.5: Experimental nucleation data of n-nonanejmethane at 30 bar, 240 K. 
The data are represented in Fig. 6.13. 

In° Ip'(bar)IT* IYi 

• 812110.2 238.3 2.28 x 10 4 1.4 X 108 

·814 10.2 241.4 2.93 x 10-4 6.0 X 108 

815 i 10.3 241.2 2.80 x 10-4 3.9 X 108 

816 i 10.0 239.6 2.71 x 10-4 2.2 X 109 

817 9.9 238.7 2.87 x 10-4 1.5 X 1010 

818 10.1 240.3 3.01 x 10-4 9.0 X 109 

819 10.0 239.5 3.05 x 10-4 1.8 X 1010 

820 10.1 239.2 2.54 x 10-4 4.5 X 108 

Table D.6: Experimental nucleation data of n-nonanejmethane at 10 bar, 240 K. 
The data are represented in Fig. 6.13. 
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I n° I p* (bar) I T* I yr 
831 19.9 229.7 6.47 x 10 5 4.2 X 1011 

832 20.2 230.8 7.91 x 10-5 1.6 X 1010 

833 20.0 230.0 7.46 x 10-5 2.1 X 1011 

834 20.6 233.6 8.95 x 10-5 1.5 X 109 

835 20.1 231.6 8.60 x 10-5 2.0 X 1010 

837 19.9 230.0 7.74 x 10-5 4.5 X 1010 

Table D.7: Experimental nucleation data of n-nonane/methane at 20 bar, 230 K. 
The data are represented in Fig. 6.16. 

1.24 X 10- 3.0 xl 
230.2 1.47 X 10-4 1.6 X 109 

10.0 230.5 1.47 x 10-4 3.5 X 109 

10.1 230.9 1.55 X 10-4 6.5 X 109 

10.0 229.3 1.57 x 10-4 7.4 X 1010 

10.1 230.2 1.53 X 10-4 2.0 X 1010 

10.0 229.5 1.31 x 10-4 3.1 X 109 

10.0 229.3 1.22 x 10-4 7.3 X 108 

Table D.S: Experimental nucleation data of n-nonane/methane at 10 bar, 230 K. 
The data are represented in Fig. 6.16. 

I n° I p* (bar) I T* I yr 
854 30.0 229.7 2.56 X 10 5 1.2 X 1011 

855 30.3 230.3 2.16 x 10-5 6.7 X 1010 

856 29.9 230.1 2.73 x 10-5 3.9 X 1010 

857 30.4 231.0 2.23 x 10-5 2.6 X 1010 

Table D.9: Experimental nucleation data of n-nonane/methane at 30 bar, 230 K. 
The data are represented in Fig. 6.16. 

2.42 X 10-
250.8 2.82 X 10-4 

249.3 2.63 X 10-4 

250.5 2.55 x 10-4 

Table D.IO: Experimental nuc1eation data of n-nonane/methane at 30 bar, 250 K. 
The data are represented in Fig. 6.17. 
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I n° I p* (bar) I T* 1 vt 
846 I 40.3 251.2 2.17xlO 4 IA x 108 

! 

847 40.1 250.6 2.38 x 10-4 4.9 X 109 

848 40.0 250.5 2.33 x 10-4 IA X 1010 

849139.9 249.6 2.25 x 10-4 6.4 X 109 

I 850 40.0 .250.2 2.34 x 10-4 6.1 X 1010 

Table D.ll: Experimental nucleation data of n-nonanejmethane at 40 bar, 250 K. 
The data are represented in Fig. 6.17. 

10.2 
9.9 • 240.1 
10.0 239.6 

Table D.l2: Experimental nucleation data of n-octanejmethane at 10 bar, 240 K. 
The data are represented in Fig. 6.20. 

I n° I p* (bar) I T* I yi 
951 20.3 • 240.9 4.52 x 10-4 4.0 X 101S 

952 20.2 239.6 4.56 x 10-4 2.0 X 1010 

953 20.2 240.3 4.87 x 10-4 9.6 X 109 

.966 20.2 239.8 • 4.64 x 10-4 4.2 X 109 

Table D.l3: Experimental nucleation data of n-octane/methane at 20 bar, 240 K. 
The data are represented in Fig. 6.20. 

I n° I p* (bar) I T* I vt 
1 958 29.9 

1
238.6 2.81 x 10 4 2.3 X 1010 

• 959 30.1 i 240.5 2.94 x 10-4 5.5 X 108 

960 30.1 
1

240
.
1 3.04 x 10-4 3.8 X 109 

965 30.0 239.7 3.01 x 10-4 6.1 X 109 

Table D.l4: Experimental nucleation data of n-octane/methane at 30 bar, 240 K. 
The data are represented in Fig. 6.20. 

1.77 x 10-
956 40.0 240.9 1.95 x 10-4 

957 ! 39.7 239.6 1.93 x 10-4 

964 i 39.5 240.2 1.94 x 10-4 • 

Table D.l5: Experimental nucleation data of n-octanejmethane at 40 bar, 240 K. 
The data are represented in Fig. 6.20. 
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SYMBOLS 

This list of symbols contains the main symbols used in this thesis. Occasionally, the symbols 
can have a different meaning; this will be explicitly mentioned in the section concerned. 

Roman symbols: 

a m3 

A m2 

b J mol-1 

c m3 

c m S-1 

c 
C m-3 

Cext m2 

Cp J kg-1 K-1 

Cv J kg-1 K-l 
D m2 S-l 

D J 
F J 
G J 
t::.G J 

J kg-1 

i 
I J m-2 S-l 

j 
J cm-3 

J± m 
k m-1 

K cm-3 S-l 

kb J K-1 

kij 

Kn 
1 m 
L J kg-l 
m 
m kg 
M kg S-l 

M. 

coefficient RKS equation 
surface area 
coefficient RKS equation 
Peneloux correct ion 
speed of sound 
equilibrium cluster concentration 
actual cluster concentration 
extinction cross section 
isobaric specific heat 
isochoric specific heat 
diffusion coefficient 
tensor with second derivatives of free energy 
Helmholtz free energy 
Gibbs free energy 
Gibbs free energy of droplet formation 
specific enthalpy 
number of molecules of component 1 
irradiance 
number of molecules of component 2 
nucleation rate 
Riemann invariants 
wave number 
kinetic prefactor 
Boltzmann's constant 
interaction parameter 
Knudsen number 
molecular mean free path 
latent heat of evaporation 
refractive index 
(molecular ) mass 
rate of mass transfer to a droplet 
shock Mach number 
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n 
nd m-3 

n* , 
N 
NA mol-1 

NUM -

NUQ -

p Pa 
P kg1/ 4 m3 S-1/2 mol-1 

Ps J S-l 

Q J S-l 

Qint J S-l 

Qext -

r m 
R J mol-1 K-1 

R S-l 

Rav S-l 

S J kg-1 K 
S 
S J K-1 

t s 
6.t s 
T K 
u m S-l 

v m3 

V m3 

V m3 mol-1 

VRKS m3 

W m-2 

x m 
Xi 

Y m 
Yi 

X m 
Z 

Z 

ZRA -

Greek symbols: 

a 
a 
(3 

number of molecules 
droplet concentration 
number of excess molecules in critical cluster 
number of monomers in gas 
Avogadro's number 
Nusselt number for mass transfer to a droplet 
Nusselt number for heat transfer to a droplet 
pressure 
parachor 
scattered power 
rate of heat transfer to a droplet 
rate of heat transfer into a droplet 
extinction efficiency 
droplet radius 
universal gas constant 
growth rate tensor 
average growth rate 
specific entropy 
saturation ratio 
entropy 
time 
nucleation pulse duration 
temperature 
flow speed 
molecular volume 
volume 
molar volume 
molar volume in RKS equation 
width factor 
space coordinate 
liquid fraction 
space coordinate 
vapour fraction 
space coordinate 
Zeldovich factor 
compressibility factor 
Rackett compressibility factor 

"cooling coefficient" 
size parameter 
impingement rate 
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(j m-1 

'Y 
'Y m-2 S-l 

Ó 

é 

() 

K m3 kg-l 
À m 
À J m-1 S-l K-1 

I-t J 
p mol m-3 

(j N 
'P 
w 

Subscripts: 

c 
eq 

ij 
m 
1 
2 
00 

Superscripts: 

s 
sp 
t 
v 

* 

extinction coefficient 
ratio of specific heats 
evaporation coefficient 
scattering angle 
relative width of size distribution 
scattering angle 
Gladstone-Dale constant 
wavelength of light 
thermal conductivity 
chemical potential 
density 
surface tension 
angle determining direction of saddle point flux 
Pitzer's acentric factor 

pertains to critical point 
pertains to thermodynamic equilibrium 
pertains to component i 
pertains to an (i, j) cluster 
pertains to mixture (RKS equation) 
pertains to component 1 
pertains to component 2 
pertains to far field 

pertains to the liquid state 
pertains to the surface layer 
pertains to the saddle point 
pertains to the total cluster 
pertains to the vapour state 
pertains to the critical nucleus 
pertains to the state af ter shock wave passage 
pertains to average 
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SUMMARY 

Homogeneous nucleation is the first stage of droplet formation in a supersaturated vapour in 
the absence of foreign condensation nuclei. This thesis describes both the experimental and 
theoretical study of homogeneous nucleation and the subsequent growth of droplets in the 
coexistence region of binary mixtures of methane and either n-nonane or n-octane at pressures 
up to 40 bar. Since these mixtures exhibit real gas properties at pressures above a few bar, the 
consequences of these real gas properties for nucleation received special attention. 

The vapour-liquid phase behaviour of a mixture of methane with a small amount of a 
higher alkane in the gas phase shows a large similarity with the phase behaviour of natural 
gas of which the main component is also methane. In the p - T phase diagram, at tempera­
tures above the critical temperature of methane a coexistence region exists in which the gas 
phase can be in thermodynamic equilibrium with the liquid phase. Entering this region from 
outside the coexistence envelope by a change of the thermodynamic state results in condensa­
tion. When the thermodynamic state changes slowly, condensation will occur on the mixture's 
equilibrium curve or coexistence envelope or very near to it on foreign nuclei or walls. If the 
change of thermodynamic state proceeds rapidly, for example by a rapid expansion, homoge­
neous nucleation will occur inside the coexistence region. Now, the supersaturation will be 
large since the formation of nuclei requires the forming of a droplet surface. This process is 
energetically unfavourable, and therefore an energy bàrrier must be passed before droplets are 
formed. Subsequently, the droplets will continue growing as long as a state of supersaturation 
is maintained. 

A high pressure pulse expansion tube for nucleation and droplet growth studies was designed 
and built. Actually, this tube is a special shock tube. The site from whieh nucleation and 
condensation are observed, is near the end plate of the high pressure section. Reflections of the 
initial shock wave at a Iocal widening in the low pressure section generates a nucleation pulse at 
the endwall of the high pressure section. A nucleation puise is a short time interval in which the 
supersaturation of the vapour is raised to a level such that considerable nucleation takes place. 
Af ter the nucleation pulse, droplets grow to macroscopie sizes but without any new droplets 
to be formed. This is achieved by reducing the supersaturation. An important quantity is the 
nucleation rate, which is the number of droplets formed per unit time and volume. 

Droplet detection was performed by optical means. A light extinction method provided 
droplet number density, droplet size was measured by a 90° Mie scattering method. Division 
of the droplet number density by the nucleation puise duration then yields the nucleation rate. 

The performance of the pulse expansion tube was tested by comparing experimental nu­
cleation rates of water and n-nonane in nitrogen at low pressures with literature data. A good 
agreement was found. Measured nucleation rates are of the order of 108 -1012 cm-3s-I . Droplet 
growth rates were compared with a theoretical model of Gyarmathy. A small deviation between 
experiment and theory was found; this was attributed to vapour adsorption on the tube walls 
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which altered the vapour concentration of the mixture. 

A thermodynamic droplet model for the calculation of the Gibbs free energy of formation of 
the critical droplet, based on the Redlich-Kwong-Soave equation of state was formulated. This 
model was implemented in the Classical Binary Nucleation Theory. Detailed calculations were 
performed for the mixture n-nonanejmethane. Raising the pressure at a fixed supersaturation 
and temperature resulted in an increased amount of methane in the critical droplet, a reduced 
surface tension, and a strongly increased nucleation rate. 

High pressure nuc1eation experiments were performed for the binary mixtures n-nonanejme­
thane and n-octanejmethane. The nucleation pulse pressure varied from 10 bar to 40 bar, while 
the nucleation temperature was between 230 K and 250 K. A major experiment al difficulty 
appeared to be the determination of the initial gas composition in the test section of the tube. 
The problem was solved by comparing measured droplet growth rates with a high pressure limit 
of a droplet growth model of Gyarmathy. The molar fraction of the heavier hydrocarbon in the 
mixture was determined by the best fit of the model to the measured growth rate. 

The experimental results show a similar view as the calculations according to the classical 
nucleation theory. At higher pressure and fixed temperature the (critical) supersaturation 
that corresponds to nucleation rates of the order of 108 1012 cm-3s-1 declines strongly: this 
(critical) supersaturation for n-nonane at 240 K and 10 bar is about 30, and at 40 bar it is 
even lees than 10. Although this tendency is observed both in theory and experiment, the 
quantitative agreement between both is quite poor. An improved agreement was found with a 
new phenomenological model at certain pressures and temperatures, but the improvement was 
not systematic for all measured data. An estimate of the molecular content of the critical cluster 
on the basis of the experimental nucleation rates showed an increasing amount of methane with 
increasing pressure. This confirms once more that homogeneous nucleation at high pressures 
in the mixtures investigated, has to be considered as a binary nucleation process, which is a 
direct consequence of real gas behaviour. 



SAMENVATTING 

Homogene nucleatie is de eerste fase van druppel vorming in een oververzadigde damp waarin 
geen vreemde condensatiekernen aanwezig zijn. Dit proefschrift geeft zowel een experimentele 
als theoretische beschrijving van homogene nucleatie en de daaropvolgende druppelgroei bij 
hoge drukken tot 40 bar, in het coëxistentie gebied van de binaire mengsels n-nonaanjmethaan 
en u-octaan/methaan. Deze mengsels vertonen afwijkingen van ideaal gas gedrag indien de 
druk groter is dan enige malen de atmosferische druk. Een belangrijk aspect van het onderzoek 
betrof de invloed van deze zogenoemde reële gas effecten op het nucleatieproces. 

Het damp--vloeistof fase gedrag van een mengsel bestaande uit methaan met een geringe 
hoeveelheid van een hogere alkaan in de gasfase, vertoont grote gelijkenis met het fase gedrag 
van aardgas, waarvan methaan ook de belangrijkste component is. In het p - T fase diagram, 
bij een temperatuur boven de kritische temperatuur van methaan, bestaat een coëxistentie 
gebied waarin de gas fase in thermodynamisch evenwicht kan zijn met de vloeistof fase. Wan­
neer de thermodynamische toestand van het gasmengsel binnen dit coëxistentie gebied ligt, 
zal er condensatie optreden. Als de verandering van de thermodynamische toestand langzaam 
plaats vindt zal de condensatie optreden op of dichtbij de evenwichtscurve van het mengsel, 
op wanden of op aanwezige vreemde kernen. Bij een snelle toestandsverandering, bijv. door 
middel van een snelle expansie, zal homogene condensatie optreden in het coexistentie gebied. 
De oververzadiging zal in dit geval hoog zijn omdat de kernvorming de vorming van een drup­
peloppervlak vereist. Aangezien dit proces energetisch niet gunstig is, moet een energiedrempel 
worden overwonnen alvorens er druppels worden gevormd. Daarna zullen de druppels verder 
groeien zolang er een oververzadigde toestand bestaat. 

Een puls-expansiebuis voor onderzoek van nucleatie en druppelgroei bij hoge druk is ont­
worpen en gebouwd. De observatie van nucleatie en druppergroei vindt plaats dicht bij de 
eindwand van de hogedruksectie. De expansiebuis is een speciale uitvoering van de schokbuis. 
Reflecties van de schokgolf aan een lokale verwijding in de lagedruksectie van de buis veroorza­
ken een nucleatiepuls aan de eindwand van de hogedruksectie. Een nucleatiepuls is een kort 
tijdsinterval waarin de oververzading van de damp zo hoog is dat nucleatie in voldoende mate 
optreedt. Na de nucleatiepuls zullen de gevormde druppels doorgroeien naar macroscopische 
afmetingen zonder dat daarbij nieuwe druppels worden gevormd. Dit wordt bereikt door de 
oververzadiging te verlagen. Een belangrijke grootheid die het nucleatieproces kenmerkt is de 
nucleatiesnelheid. Dit is het aantal druppels dat wordt gevormd per eenheid van tijd en volume. 

Detectie van druppels vindt plaats met behulp van optische meettechnieken. De druppel­
concentratie wordt gemeten met een op licht-extinctie gebaseerde methode. De druppelgrootte 
wordt gemeten door middel van Mie-verstrooiing onder 90°. Door de druppelconcentratie te 
delen door de lengte van de nucleatiepuls wordt de nucleatiesnelheid berekend. 

De puls-expansiebuis is getest door de resultaten van lage-druk nucleatie-experimenten van 
water in stikstof en u-nonaan in stikstof te vergelijken met waarden bekend uit de literatuur. 
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Hierbij werd een goede overeenkomst gevonden. De gemeten nucleatiesnelheden zijn van de 
grootteorde 108 1012 cm-Ss-I. Druppelgroeisnelheden werden vergeleken met een theoretisch 
model van Gyarmathy. Hier was sprake van een klein verschil tussen experiment en theorie. 
Het verschil wordt veroorzaakt door adsorptie van damp op de wanden van de buis, waardoor 
de dampconcentratie in het mengsel verandert. 

Een thermodynamisch druppelmodel voor de berekening van de Gibbs vrije energie nodig 
voor de vorming van een kritische druppel, gebaseerd op de Redlich-K wong-Soave toestandsver­
gelijking, werd opgesteld. Dit model is geïmplementeerd in de binaire klassieke nucleatietheorie. 
Voor het mengsel n-nonaan/methaan zijn gedetailleerde berekingen gedaan. Uit de resultaten 
blijkt dat wanneer bij constant gehouden oververzadiging en temperatuur de druk wordt ver­
hoogd, de hoeveelheid opgelost methaan in de druppel toeneemt, de oppervlaktespanning daalt, 
en de nucleatiesnelheid sterk toeneemt. 

Voor de mengsels n-nonaan/methaan en n-octaan/methaan zijn hoge-druk nucleatie~experi­
menten verricht. De druk in de nucleatiepuls was hierbij tussen 10 bar en 40 bar, terwijl de 
nucleatietemperatuur tussen 230 K en 250 K lag. Een belangrijke moeilijkheid bij deze exper­
imenten bleek de bepaling van de beginsamenstelling in de testsectie van de buis te zijn. Dit 
probleem is opgelost door de gemeten druppelgroeisnelheid te vergelijken met een hoge-druk 
limiet van het druppelgroeimodel van Gyarmathy. De concentratie van het hoger alkaan werd 
bepaald door de "best fit" van het model aan de gemeten groeisnelheid. 

De experimentele resultaten tonen kwalitatief eenzelfde verloop als de berekeningen vol­
gens de klassieke nucleatietheorie. Bij constante temperatuur en toenemende druk neemt 
de oververzadiging die nodig is om een nucleatiesnelheid te verkrijgen van de grootte 108 

1012 cm-3s-1 sterk af: Deze (kritische) oververzadiging voor n-nonaan bij 240 K en 10 bar is 
ongeveer 30, voor 40 bar is deze zelfs lager dan 10. Alhoewel deze tendens in experiment en the­
orie hetzelfde lijkt, is de kwantitatieve overeenkomst vrij slecht. Betere overeenstemming wordt 
gevonden wanneer het experiment wordt vergeleken met een nieuw fenomenologisch model. De 
verbetering geldt echter slechts bij enige drukken en temperaturen, en geldt niet systematisch 
voor het hele onderzochte bereik. Een schatting van het aantal molekulen in het kritische klus­
ter op basis van gemeten nucleatiesnelheden liet zien dat de hoeveelheid methaan in het kluster 
toeneemt bij hogere druk. Dit bevestigt dat homogene nucleatie bij hoge druk voor de onder­
zochte mengsels een binair proces is, hetgeen een direct gevolg is van reële gaseigenschappen. 



Nawoord 
Dit proefschrift is het eindresultaat van mijn vierjarig promotieonderzoek verricht in de vak­
groep Transportfysica van de Faculteit der Technische Natuurkunde aan de Technische Uni­
versiteit Eindhoven. Hoewel slechts mijn naam op de kaft staat vermeld, is dit werk tot stand 
gekomen dankzij de inzet van velen. Het is ondoenlijk op deze plaats iedereen die zijn of haar 
steentje heeft bijgedragen te noemen, echter wil ik enige mensen in het bijzonder danken voor 
de goede en prettige samenwerking in de afgelopen jaren. 

Allereerst betreft dit Rini van Dongen die mij in de gelegenheid heeft gesteld dit onderzoek 
uit te voeren, en wiens steun en betrokkenheid mij de afgelopen jaren zeer geholpen hebben 
dit resultaat te bereiken. Verder ben ik dank verschuldigd aan de collega's van de werkeenheid 
Gasdynamicajaëroakoestiek Harm Jager, Eep van Voorthuisen, Louis Wasser, Bram Wijnands 
en Jan Willems voor hun grote bijdragen aan het realizeren van de schokbuisopstelling, en 
voor de vele ideeën om tot een zo goed mogelijk resultaat te komen. Hierbij mogen ook niet 
ontbreken Marcel Muit jens, Kris Snoeijs, Mico Hirschberg en Vitaly Kalikmanov voor de talloze 
suggesties, ideeën en discussies op ieder denkbaar gebied. 

De afstudeerders Geert Hofmans, Pierre Kriesels en Carlo Luijten hebben allen belangrijke 
bijgedragen geleverd met hun arbeid, en ook het werk van de stagiair(e)s Wilbert Bosch, Karel­
Joop Bosschaart, Eric Commeren, Bart Heiligenberg, Hugo Hendriks, Peter Hesen, Michael 
Louwers, Rob van Schaijk, Joost Smits, Serge Toussaint, Michèle van der Voorn en Chi-Ho 
Wong heeft het onderzoek goed vooruit geholpen. 

Ik wil tevens bedanken Prof.dr.-ing. F. Peters van de Universität-Gesamthochshule Essen 
die mij in de gelegenheid heeft gesteld het "nucleatie vak" te leren in zijn laboratorium. 

Tot slot dank ik de promotoren Prof.dr.ir. M.E.H. van Dongen en Prof.drjr. P.P.J.M. Schram 
voor het kritisch doorlezen van het manuscript en voor hun suggesties ter verbetering van dit 
proefschrift. 
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Stellingen behorende bij het proefschrift 
"Homogeneous nucleation and droplet growth in the coexistence region of 

n-alkane/methane mixtures at high pressures". 
door K.N.H. Looijmans 

1. De kritische oververzadiging in het binaire reële gasmengsel n-nonaan/methaan waar­
bij waarneembare homogene nucleatie optreedt, neemt af bij toenemende totaaldruk. 

Dit proefschrift. 

2. Binaire diffusiecoëfficiënten in gasmengsels bij hoge druk kunnen nauwkeurig worden 
bepaald in een puls-expansiebuis d.m.v. de meting van druppelgroeisnelheden. 

3 .. Dichtheidsveranderingen van een gas in de adiabatische kern van een schokbuis kun­
nen worden bepaald door de afbuiging te meten die een lichtbundel ondergaat welke 
de buis passeert door twee t.O.V. elkaar niet parallel gesitueerde vensters, zonder dat 
aanwezige temperatuurgrenslagen de meting beïnvloeden. 

4. De door Kalikmanov en Dyadkin beschreven suspensies van hoge Tc-supergeleidende 
deeltjes kunnen dienen als een modelsysteem voor de studie naar collectieve ver­
schijnselen in de vaste stof fysica. 

Kalikmanov V.l. & Dyadkin l.G., (1989), J. Phys.: Condens. Matter 1,993-997. 
Kalikmanov V.I., (1993), J. Magn. Magn. Mater. 122, 154-158. 

5. Het is mogelijk gunstige eigenschappen van de puls-expansiebuis en de zuiger-ex pan­
siekamer voor nucleatieonderzoek te combineren in een zUilger-c~Xi)aI1Sl;ebl11s. 

Meyer K.A.J., (1994), Proefschrift, Universität-Gesamthochschule Essen. 



6. De door Clarke en Delale geïntroduceerde "frozen" activiteitsfunctie Bf(T), waarin 
T de absolute temperatuur is, voor de beschrijving van nucleatie heeft anders dan zij 
veronderstellen voor water geen fysisch realistisch minimum. 

Clarke J.H. & Delale C.F., (1986), Phys. Fluids 29(5),1398-1413. 
Delale C.F., Schnerr G.H., & Zierep J., (1993), Phys. Fluids A 5(11), 2982-2995. 

7. Doordat in de recente fenomenologische nucleatietheorieën enigszins willekeurige mo­
del parameters worden ingevoerd die de consistentie verbreken met de clustertheorie 
van Fisher waarop zij gebaseerd waren, kunnen deze theorieën worden beschouwd als 
een aanpa.'lsing aan experimentele resultaten in een meer-dimensionale parameter­
ruimte. 

Dillmann A. & Meier G.E.A., (1991), J. Chem. Phys. 94(5),3872-3884. 
Delale C.F. & Meier G.E.A., (1993), J. Chem. Phys. 98(12), 9850-9858. 
Laaksonen A., Ford LJ., & Kulmala M., (1994), Phys. Rev. E 49(6), 5517-5524. 

8. De beschrijving van de nucleatiekinetiek volgens Katz en Wiedersich kan worden 
uitgebreid naar binaire systemen. 

Katz J.L. & Wiedersich H., (1977), J. Col1. Int. Sci. 61(2),351-355. 
Hofmans G.C.J., (1993), Afstudeerverslag, Technische Universiteit Eindhoven. 

9. Indien het Nucleatie Theorema beschreven door Oxtoby en Kashchiev wordt gecom­
bineerd met de binaire klassieke nucleatietheorie volgens Wilemski kan de kinetische 
voorfactor in deze theorie volledig consistent worden berekend. 

Oxtoby D.W. & Kashchiev D., (1994), J. Chem. Phys. 100(1O),7665-767l. 
Wilemski G., (1987), J. Phys. Chem. 91(10),2492-2498. 

IQ. Een experimentator doet er goed aan de door de fabrikant opgegeven specificaties 
van geleverde apparatuur te wantrouwen. 

Eindhoven, 16 mei 1995 


